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Abstract 

Background  The high variety of mutations found in the Cystic Fibrosis Transmembrane Regulator (CFTR) gene 
is responsible for the clinical heterogeneity observed in people with Cystic Fibrosis (CF) and the atypical manifesta-
tions in CFTR-related disorders (CFTR-RD). The intronic c.489+3A>G (c.621+3A>G) variant has been reported to have 
questionable pathogenicity, although its alleged severity was probably due to its co-segregation in cis with another 
undetected mutation, as previously reported from countries in the Mediterranean region. In the island of Cyprus, sev-
eral rare CFTR variants have been previously identified, among them the c.489+3A>G in co-segregation with the path-
ogenic p.Cys1400Ter (cDNA name = c.4200_4201del or legacy name = 4332delTG) mutation. We aimed to investigate 
the prevalence of these variants in Cyprus and describe their clinical impact in patients and carriers.

Results  The intronic variant c.489+3A>G has been so far identified to co-segregate with the pathogenic 
p.Cys1400Ter mutation in the same allele in six unrelated Cypriot families and in total of 20 subjects. Three of them 
were diagnosed with CF, presenting with persistent respiratory symptoms, pancreatic insufficiency and a second 
CF-causing mutation. Two were diagnosed with CFTR-RD, presenting with bronchiectasis, intermediate sweat test 
and a second mutation known to cause CFTR-RD. Also, four carriers had a high suspicion of CFTR-RD, with bronchi-
ectasis or emphysema and intermediate sweat test, although due to the lack of another CFTR mutation and a second 
functional test, definite diagnosis has not been made. Haplotype analysis provided evidence of a common haplotype 
in all individuals with co-segregation of the c.489+3A>G variant with p.Cys1400Ter mutation.

Conclusion  The intronic c.489+3A>G variant co-segregates extensively with p.Cys1400Ter in Cyprus as an ances-
tral combination due to a possible founder effect. Before providing genetic counselling to subjects identified 
through population screening to harbour the c.489+3A>G variant, extensive analysis of CFTR including gene rear-
rangements should be performed to identify possible other mutations in cis, especially in Mediterranean countries 
where this complex allele is probably common. Further research is warranted to fully delineate the clinical implica-
tions of the in cis co-segregation of p.Cys1400Ter with c.489+3A>G, even in the absence of pathogenic variants 
in the other CFTR allele.
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Introduction
More than 2000 pathogenic mutations have been 
reported to date in Cystic Fibrosis Transmembrane 
Regulator (CFTR) gene and this explains, at least partly, 
the clinical heterogeneity observed in people with Cystic 
Fibrosis (pwCF) and the atypical manifestations in CFTR-
related disorders (CFTR-RD) [1]. The most common 
pathogenic mutation across the world is p.Phe508del, but 
in Southern European populations the proportion of non 
p.Phe508del alleles in CF carriers is high [2, 3], and not 
surprisingly the pathogenicity of some of these variants 
is disputed. Defining the exact role of these nucleotide 
substitutions is essential to provide genetic counselling to 
subjects identified through population screening.

The intronic c.489+3A>G (c.621+3A>G) variant was 
first reported to the Cystic Fibrosis Mutation Database 
(CFTR1) [4] as a neutral polymorphism. According 
to the CFTR2 database that superseded CFTR1, the 
c.489+3A>G variant has varying consequences [1]. In 
some cases, individuals with this variant, in combination 
with another CF-causing variant, may develop CF. 
However, in other instances, individuals with the same 
combination of variants may not exhibit any symptoms 
of CF. Subsequently, this variant was identified in four 
Greek pwCF as a severe disease-causing mutation, 
disrupting the splicing of exon 4 and leading to the 
formation of a non-functional CFTR protein [5]. Recent 
functional and clinical evidence from Italy suggested 
that the c.489+3A>G variant should not be classified as 
a CF disease-causing mutation [6]. Another Italian study 
[7] reported a patient with CFTR-RD who harboured 
the c.489+3A>G/p.Phe508del in trans, exhibited a 
sweat chloride level of 40 mmol/L, and presented with 
isolated bronchiectasis. These studies implied that 
the severe phenotype reported by Tzeti et  al. in four 
Greek pwCF carrying c.489+3A>G was likely due to an 
undetected in cis mutation that was not identified by 
the mutation analysis protocol performed at the time 
[6]. Interestingly, complex alleles involving c.489+3A>G 
and p.Cys1400Ter in cis have been identified recently in 
a CF patient from Algeria [8] and another from France 
[9]. Of the two co-segregated mutations in these patients, 
p.Cys1400Ter (cDNA name = c.4200_4201 delor legacy 
name = 4332 delTG) is known to be pathogenic and its 
frequency is extremely low (0.00013 in 18/142,036), while 
c.489+3A>G variant’s frequency is even lower (0.00007 
in 10/142,036) [1].

A CF registry was established in Cyprus in 2017. 
This was created using the operating procedures of 
the European Cystic Fibrosis Society Patient Registry 
(ECFSPR) [10]. The p.Phe508del mutation accounts 
for approximately 45% of CF-causing mutations in the 
country. Additionally, several rare genotypic profiles 

have been identified, including the unique p.Leu346Pro 
mutation, the intra-CFTR rearrangement known 
as CFTR-dup2, and a complex allele featuring both 
p.Cys1400Ter and c.489+3A>G mutations in cis. This 
complex pathogenic variant in cis was identified in 
three unrelated patients, representing 2.9% of the CFTR 
alleles in the country’s CF registry in 2019 [10]. Given 
that this combination has been previously reported 
in populations around the Mediterranean Sea [8, 9], 
we hypothesized that c.489+3A>G co-segregation 
with p.Cys1400Ter may represent an ancestral variant 
that spread in Cyprus due to a founder effect. In this 
study, we sought to investigate the prevalence of 
the c.489+3A>G and p.Cys1400Ter variants, both 
independently and in co-segregation within the Cypriot 
population. Furthermore, we aimed to characterize the 
clinical impact of these mutations in affected patients 
and carriers.

Methods
Patients’ and carriers’ identification
Over the past 4.5 years, from January 2020 to July 2024, 
we have conducted an active search for the specific 
CFTR variants, c.489+3A>G and p.Cys1400Ter. This 
search was initiated within the family pedigrees of the 
three known CF patients identified by 2019, as well in 
the families of any new carriers or patients identified 
during this 4.5-year timeframe.

The participants’ status was defined as (1) CF 
patient, if they had (a) two sweat chloride test values 
of ≥ 60 mmol/L, or (b) one sweat chloride test value of 
≥ 60 mmol/L and two disease-causing CFTR mutations, 
or (c) typical CF features at clinical presentation and 
two disease-causing CFTR mutations if sweat chloride 
test value was between 30 and 59 mmol/L or not 
reported [2]; (2) CFTR-related disorder, if patients 
were bearing one CF mutation and one CFTR-related 
disorder mutation or two CFTR-related disorder 
mutations and a sweat chloride between 30 and 59 
mmol/L [11]; and (3) Carrier, if they had these variants 
on one allele, either alone or in cis and a sweat chloride 
≤ 29 mmol/L.

Genotyping and measurement of sweat chloride with 
pilocarpine iontophoresis stimulation of a localized skin 
area was performed for all participants [12]. The earliest 
date when at least one of the above criteria was fulfilled 
was considered as the date of diagnosis. A total of seven 
(four males and three females) unrelated probands and 
eighteen other first-degree relatives with or without 
clinical symptoms were included in the present study.

The study has been approved by the Cyprus National 
Bioethics Committee (EEBK ΕΠ 2017.01.117). A written 
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informed consent was obtained from the probands or 
their legal guardians to participate in this study.

CFTR variant nomenclature and classification of CF‑causing 
mutations
For the CFTR variant nomenclature we used the 
recommendation of the Cystic Fibrosis Mutation 
Database (CFTR1) [4]. However, in the Discussion 
section we opted to use the more widely recognized 
‘legacy nomenclature’ as indicated in parentheses. 
Variant pathogenicity was assessed according to the 
‘Clinical and Functional Translation of CFTR’ database 
(CFTR2) [1] where applicable.

Demographic and clinical data
Patients’ data included demographics, age and clinical 
presentation at diagnosis, sweat chloride concentrations 
(in mmol/L), CFTR genotype, and the most recent 
clinical data from both scheduled clinical visits and 
hospital admissions during the last 4.5 years, including 
clinical manifestations, anthropometrics, spirometry, 
airway microbiology, medical imaging, and treatment 
modalities. Patients’ age at follow up is generally reported 
as of July 31, 2024.

Clinical data were retrieved from patients’ medical 
records. Spirometry (Vitalograph Pneumotrac, 
Vitalograph Inc.; USA) was routinely performed in every 
clinical visit in patients above 6  years of age, according 
to the American Thoracic Society (ATS) and European 
Respiratory Society (ERS) guidelines [13]. The best FEV1 
values per year are given in absolute values, in percent 
predicted and z-scores using the GLI Online Calculator® 
software system [14]. BMI is given in Kg/m2 for adult 
patients and in z-scores for children and adolescents 
using the WHO AnthroPlus® [15]. Sputum or cough swab 
microbiology testing was performed routinely in patients 
during each clinical follow-up. Chronic lung colonization 
with Pseudomonas aeruginosa was defined according to 
the modified Leeds criteria, i.e. when more than 50% of 
the cultures were positive for the pathogen, provided at 
least 4 cultures were performed in the previous year [16]. 
High-resolution chest computed tomography (HRCT) 
scans were performed in all symptomatic patients.

Statistical methods
Categorical variables are presented as frequencies 
(%), while continuous variables are presented as mean 
(standard deviation). Categorical comparisons were 
calculated using the chi-squared test. All summary 
statistics and statistical comparisons were calculated 
using STATA 12 (Version 12, StataCorp, College Station; 
USA).

Genetic Screening of the CFTR gene at diagnosis
Genotypic analysis of the CFTR gene was performed 
using the Devyser CFTR NGS kit (Devyser, Sweden) on 
an Illumina MiSeq platform (Illumina, San Diego, CA, 
USA) using the paired-end 300 cycles MiSeq Reagent 
Micro Kit v2 with a minimum coverage of 150X. Read 
alignment and variant calling were done with the 
Amplicon Suite software (SmartSeq, Novara, Italy).

Genotyping with short tandem repeat (STR) genetic 
markers flanking the CFTR gene
In the present study, five STR markers flanking the CFTR 
gene and according to GRCh38.p14 genome assembly 
reference sequence: NC_000007.14 were used in a mul-
tiplex PCR and analyzed by capillary electrophoresis 
on a genetic analyzer [17–19]. These markers included 
D7S633, IVS8CA, IVS17BTA, CFCA18K and CFAC30. 
The reverse primer of each genetic marker was labelled 
with a fluorescent dye at 3′ (Fig. 1A) (Table 1). Multiplex 
PCR was performed using the QIAGEN multiplex PCR 
kit (QIAGEN) under the following conditions: 20 ng of 
genomic DNA, 12.5 μl QIAGEN Multiplex PCR Master 
Mix, 0.35 μM of each of IVS8CA primers, 0.3 μM of each 
of IVS17BTA primers, 0.2 μM of each of D7S633 primers, 
0.4 μM of each of CFCA18K primers, 0.2 μM of each of 
CFAC30 primers and double distilled water to a final vol-
ume of 25 μl. The amplification reaction was initialized at 
95 °C for 15 min, followed by 30 cycles for 40 s at 95 °C, 
60 s at 58 °C; 60 s at 72 °C and a final extension for 5 min 
at 72 °C. Analysis of PCR products was performed by 
capillary electrophoresis on an ABI 3500xl Genetic Ana-
lyzer (Applied Biosystems) preceded by a denaturation 
step. A mix of 10 μl of HiDi™ formamide (Applied Bio-
systems) and 0.5 μl of GeneScan-600 LIZ size standard 
(Applied Biosystems) was added to 1  μl of diluted PCR 
product and denatured at 95 °C for 5 min. The mixture 
was immediately transferred on ice for 3 min and loaded 
for electrophoresis onto the ABI 3500xl genetic analyser 
(Applied Biosystems). PCR products were visualized and 
analyzed with GeneMapper™ v5 Software (Applied Bio-
systems). A representative example of a visualisation of a 
fragment analysis is illustrated in Fig. 1B. 

Results
Over the study period of 4.5 years, six non-related 
families of Cypriot descent were identified as har-
bouring the p.Cys1400Ter mutation. All subjects from 
these families that harboured the pathogenic muta-
tion p.Cys1400Ter also exhibited co-segregation of the 
intronic variant c.489+3A>G within the same allele. We 
have not identified either the mutation p.Cys1400Ter or 
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the variant c.489+3A>G in isolation in any alleles of CF 
patients or carriers that we have examined in Cyprus to 
date.

CF cases bearing the in cis co‑segregated combination of p.
Cys1400Ter with c.489+3A>G
Three individuals aged 5, 14 and 23 years old har-
boured p.Cys1400Ter with c.489+3A>G in cis, in 
compound heterozygosity with another known 

CFTR pathogenic mutation (p.Ser18ArgfsTer16, 
p.Gly178TrpfsTer5 and p.Asn1303Lys, respectively) 
(Table  2). All three cases were diagnosed in the first 
year of life with persistent respiratory symptoms, had 
elevated sweat chloride (> 60 mmol/L) and typical 
clinical phenotype with pancreatic insufficiency. The 
two older individuals have reduced FEV1 z-scores at 
− 2.6 (1.71 L, 68% predicted) and − 2.7 (3.19 L, 68% 
predicted), as well as extensive bronchiectatic changes. 
One of them has been recently commenced on CFTR 

Fig. 1  Herein are illustrated the five Short Tandem Repeat (STR) markers and their respective positions on chromosome 7, which were used 
to determine the common haplotype in individuals carrying the p.Cys1400Ter pathogenic variant. A. Five STR markers flanking the CFTR gene 
on chromosome 7 used for haplotype analysis. Red colour indicates the p.Cys1400Ter and c.489+3A>G positions relative to the STR markers. B. 
Representative electropherogram of fragment analysis of an individual with the p.Cys1400Ter carrying the common haplotype using the five STR 
markers. Asterisks indicate the sizes in base pairs found in the common haplotype

Table 1  Primer sequences of STRs (Short Tandem Repeats) used in this study. Chromosome location observed fragment sizes and 
fluorescent labeling are indicated

STR Marker Primer sequence (5’–3’) Fluorescent Label Chromosome location according 
to genome assembly GRCh38.p14

Observed sizes (bp) Reference

D7S633 Fwd: TGA​GCC​TCG​CAT​CACTG​ – 117,370,884 163–181 [18]

Rev: CTG​GGG​AGT​CCT​TTA​ACA​GTA​ VIC 117,370,752

IVS8CA Fwd: ACT​AAG​ATA​TTT​GCC​CAT​TAT​CAA​
GT

– 117,548,291 180–196 [19]

Rev: AAT​CTA​TCT​CAT​GTT​AAT​GCT​GAA​
GA

PET 117,548,420

IVS17BTA Fwd: ATG​CTG​CAT​TCT​ATA​GGT​TAT​CAA​T – 117,611,892 199–257 [19]

Rev: GAC​AAT​CTG​TGT​GCA​TCG​G 6-FAM 117,612,098

CFCA18K Fwd: TAT​GAA​GGA​GAC​CAG​GTC​AAC​ – 117,685,683 126–143 Current article

Rev: CAA​GGT​CAG​AAG​TAG​AGC​CA NED 117,685,782

CFAC30 Fwd: AGA​ATA​AAG​CTT​GGG​AGT​TGC​ – 117,773,639 135–162 [17]

Rev: CAC​TTC​CTC​TCC​AAC​TTT​GC 6-FAM 117,773,752
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modulator (elexacaftor, tezacaftor, ivacaftor) because 
of the other CFTR mutation he bears [p.Asn1303Lys] 
[20] with good clinical response (Table 2, Fig. 2). 

CFTR‑RD cases bearing the in cis co‑segregated 
combination of p.Cys1400Ter with c.489+3A>G
Two female siblings aged 69 and 66 years carrying in 
cis the p.Cys1400Ter with c.489+3A>G were found to 
be in compound heterozygosity with cDNA 5T:TG12, 

Fig. 2  Pedigrees of six non-related families of Cypriot descent with individuals bearing alleles that harboured in cis c.489+3A>G and p.Cys1400Ter 
in the CFTR gene. Red colour indicates the common haplotype found in all individuals carrying the in cis c.489+3A>G and p.Cys1400Ter; ST: sweat 
test; * individuals with cystic fibrosis; ** individuals with CFTR-related disorder; *** individuals with possible CFTR-related disorder
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which is known to have variable functional effect and 
controversial clinical consequences [21] (Fig.  2). The 
first patient was diagnosed at the age 66 years with an 
average sweat chloride of 33 mmol/L (sweat test 1: 44.3 
mmol/L, sweat test 2: 21.6 mmol/L). She had a BMI of 
22.3 with no clinically overt manifestations of pancreatic 
insufficiency and established features of chronic lung 
disease for years with reduced FEV1 z-score at − 2.3 
(1.31 L, 63.2% predicted) and bronchiectasis. On chest 
CT, she had moderate cylindrical bronchiectasis at 
both upper lobes and severe bronchiectatic changes 
at the middle and lower lobes bilaterally (Table  2). The 
second patient was diagnosed at the age of 63 years, after 
identification of her sister, and had an average sweat 
chloride of 51 mmol/L (sweat test 1: 40.8 mmol/L, sweat 
test 2: 34.5 mmol/L). Although her BMI was at 18.2, 
she had no clinically overt manifestations of pancreatic 
insufficiency and established features of chronic lung 
disease for years with reduced FEV1 z-score at − 3.2 (1.15 
L, 50.2% predicted) and bronchiectasis. On chest CT, 
she had severe bronchiectatic changes and subsegmental 
atelectasis at the right middle lobe and the lingula and 
mild bronchiectatic changes at both upper lobes and 
both lower lobes (Table 2).

Possible CFTR‑RD cases bearing the in cis co‑segregated 
combination of p.Cys1400Ter with c.489+3A>G
Four individuals aged between 61 and 75 years had a 
phenotype of possible CFTR-RD and were found to 
harbour in cis p.Cys1400Ter with c.489+3 A> G but 
no variant on the other allele on CFTR sequencing. 
All presented for diagnostic work-up at advanced age 
(between 60 to 71 years of age) and the sweat tests 
performed in three of them yielded equivocal results 
(sweat chloride 31.9, 37.6 and 56.5 mmol/L). They had 
manifestations of chronic lung disease for many years, 
reduced FEV1 z-scores ranging from − 0.4 (3.07 L, 94.5% 
predicted) to − 4.5 (0.75 L, 25.9% predicted) in three of 
them, bronchiectasis and/or emphysema on chest CTs. 
Although fecal elastase was not assessed in these patients, 
they had no clinically overt pancreatic insufficiency with 
no manifestations of malabsorption and BMI ranging 
from 31.5 to 20.1 (Table 2, Fig. 2).

Carriers bearing the in cis co‑segregated combination of p.
Cys1400Ter with c.489+3A>G
Eleven individuals (median age: 35.2, range: 2.9; 67.2 
years) were found to harbour p.Cys1400Ter with 
c.489+3A>G in cis, had no variant on the other allele 
on CFTR sequencing and had not displayed any suspect 
clinical manifestations for CF up to the end of the study 
period.

Haplotype analysis of families bearing the CFTR 
p.Cys1400Ter; c.489+3A>G combination
Haplotype examination using five STR markers flanking 
the CFTR gene was performed by fragment analysis in 
20 subjects carrying the p.Cys1400Ter in co-segregation 
with the intronic variant c.489+3A>G on the same 
allele. The subjects were three patients with CF, two with 
CFTR-RD, four with possible CFTR-RD (Table  2) and 
11 carriers. Additionally, nine family members who did 
not carry the p.Cys1400Ter in co-segregation with the 
intronic variant c.489+3A>G on the same allele and 20 
random samples, which were selected from the DNA 
bank of the MGFT department at the Cyprus Institute 
of Neurology and Genetics, also underwent the same 
haplotype analysis. Haplotype analysis revealed a specific 
common haplotype in all individuals who carried the 
complex mutation in cis, suggesting that they originated 
from a common ancestor (Fig. 1B).

Discussion
This study provides evidence that the c.489+3A>G 
variant co-segregates in Cyprus with p.Cys1400Ter 
as an ancestral variants combination that has spread 
on the island due to a possible founder effect. Based 
on the findings of this study, further analysis should 
be conducted to determine whether co-segregation 
is present in other Mediterranean countries. Special 
attention should be given to the findings from isolated 
case reports involving patients of Algerian ancestry, as 
documented in CFTR-France [8, 9]. Conducting further 
analysis to determine whether co-segregation exists in 
other Mediterranean countries is important for several 
reasons. First, it could provide valuable insights into the 
geographic distribution and historical spread of these 
variants, potentially confirming a shared ancestral origin 
or founder effect in the region. Second, understanding 
the prevalence and patterns of these mutations across 
different populations could help refine diagnostic and 
screening strategies, particularly in populations with 
shared genetic backgrounds. Finally, integrating data 
from isolated case reports into broader analyses would 
enhance our understanding of the clinical spectrum 
and variability of these mutations, ultimately improving 
patient management and genetic counselling in affected 
communities.

The clinical utility of testing for co-segregation largely 
depends on whether it contributes to understanding 
disease mechanisms, impacts phenotype or informs 
clinical management. Currently, no direct evidence 
from the current study suggests that co-segregation of 
p.Cys1400Ter and c.489+3A>G affects the CF phenotype 
or disease severity in cases with an additional CF-causing 
mutation. Without such evidence, routine screening for 
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co-segregation in broader populations may have limited 
clinical relevance, especially when another pathogenic 
CFTR mutation explains the clinical phenotype.

Two of our patients bearing the in cis co-segregated 
combination of p.Cys1400Ter with c.489+3A>G 
displayed a compound heterozygosity with the Poly-T 
tract and the TG tract 5T:TG12 and developed 
CFTR-RD and chronic lung disease with ascending age, 
characterised by reduced lung function, bronchiectasis 
and equivocal sweat test results. The 5T:TG12 tract has 
been previously found to produce low levels of correctly 
spliced CFTR mRNA. The high variability and low levels 
of residual functionality of the 5T:TG12 haplotype has 
been reported to cause CFTR-RD, but also mild forms of 
CF [21]. More specifically, the 5T:TG12 tract undergoes 
a high anomalous splicing producing a low quantity of 
wild-type CFTR mRNA, as confirmed in CF patients 
with pancreatic sufficiency, CFTR-RD and congenital 
bilateral absence of the vas deferens. The distribution of 
bronchiectasis on chest CT can point towards a specific 
aetiology, with upper lobe predominant disease found 
in CF and lower and middle lobe predominant disease 
in non-CF conditions [11]. However, bronchiectasis in 
cystic fibrosis is usually widespread, and although upper 
lobe involvement is almost universal, both central and 
peripheral bronchiectasis is present in approximately two 
thirds of patients [22–24]. We believe that in the absence 
of functional assessments, such as the nasal potential 
difference or intestinal current measurements, we cannot 
claim that these two patients have mild CF [11].

Interestingly, four of the 15 (27%) individuals in our 
study harboured the in cis co-segregated combination 
of p.Cys1400Ter and c.489+3A>G with no other CFTR 
allele variant. Despite this, they developed respiratory 
symptoms and abnormalities on CT chest imaging, 
bronchiectasis and/or emphysema, at advanced age 
(60 and 71 years). Unfortunately, electrophysiological 
analysis of CFTR protein function for these individuals 
was not carried out due to lack of availability of nasal 
or intestinal epithelia potential difference. It is therefore 
possible that these patients may have a diagnosis of 
CFTR-RD, but for the purposes of this study they were 
considered to have ‘‘possible’’ CFTR-RD [24].

Of interest are also the asymptomatic 11 individuals 
who were characterized as carriers. They are quite 
younger (median age 35.2 years) than the symptomatic 
individuals with possible CFTR-RD and in light of 
the development of chronic lung disease in the older 
patients with the same CFTR genotype, we cannot 
exclude in some of them the possibility to develop 
chronic lung disease with ascending age. Careful 
follow-up of these individuals is warranted to detect and 

manage accordingly the appearance of any respiratory 
manifestations in the future [25].

In conclusion, this study provides evidence that the 
c.489+3A>G variant co-segregates with p.Cys1400Ter, 
suggesting that they may represent an ancestral variant 
combination in Cyprus, possibly due to a founder 
effect. Additionally, this combination may also be 
prevalent in other Mediterranean countries. In the 
CFTR2 database, c.489+3A>G is currently classified as 
a variant of uncertain significance, while p.Cys1400Ter 
is recognized as a rare and severe pathogenic variant. 
It is essential to perform a comprehensive analysis 
of the CFTR gene, including the assessment of gene 
rearrangements, before providing genetic counselling 
to individuals identified through population screening 
as carriers of this variant. Accurate identification 
is critical for the correct clinical diagnosis and 
management of the disease.

The co-segregation of p.Cys1400Ter with 
c.489+3A>G, even in the absence of additional 
pathogenic variants on the other CFTR allele, may be 
associated with chronic lung disease or potential CFTR-
related disorders (CFTR-RD) in older individuals. 
Further research is necessary with the performance of 
vitro or in vivo functional studies of the c.489+3A > G 
variant and its interaction with p.Cys1400Ter to fully 
elucidate their clinical implications.
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CFTR-RD	� CFTR-related disorders
STR	� Short tandem repeat

Acknowledgements
We are grateful to all families who participated in this study.
Part of these results has been presented as a poster at the 46 th European 
Cystic Fibrosis Conference (Vienna, Austria 7-10 June 2023).

Author contributions
PKY, PA, PF, VN conceived and designed the study. PKY, PA, PK, AMM, PI, TA 
collected the clinical data.VN, PF, GC, CC and LAP performed CFTR genotyping 
analysis. PKY, PA, VN, and PF prepared the first draft of the manuscript and 
developed figures and tables. All authors read and approved the final 
manuscript.

Funding
Open access funding provided by the Cyprus Libraries Consortium (CLC). ECFS 
Patient Registry (ECFSPR) Data-collection Grant; the funder had no role in the 
conceptualization, design, data collection, analysis, decision to publish, or 
preparation of the manuscript.

Availability of data and materials
The datasets used and analysed during the current study are available from 
the corresponding author on reasonable request.



Page 9 of 9Yiallouros et al. Orphanet Journal of Rare Diseases          (2025) 20:205 	

Declarations

Ethics approval and consent to participate
The study has been approved by the Cyprus National Bioethics Committee 
(EEBK ΕΠ 2017.01.117). A written informed consent was obtained from the 
probands or their legal guardians to participate in this study.

Consent for publication
Probands provided family pedigrees, clinical data and gave written consent for 
publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Respiratory Physiology Laboratory, Medical School, University of Cyprus, 
Nicosia, Cyprus. 2 Paediatric Pulmonology Unit, ‘Archbishop Makarios III’ 
Hospital, Nicosia, Cyprus. 3 Pulmonology Clinic, Nicosia General Hospital, 
Nicosia, Cyprus. 4 Molecular Genetics Thalassaemia Department, The 
Cyprus Institute of Neurology and Genetics, Nicosia, Cyprus. 5 Department 
of Molecular Genetics, Function and Therapy, The Cyprus Institute 
of Neurology and Genetics, Nicosia, Cyprus. 

Received: 18 December 2024   Accepted: 4 April 2025

References
	1.	 The Clinical and Functional TRanslation of CFTR (CFTR2); [Internet]. Avail-

able from: http://​cftr2.​org. Accessed 12 Dec 2024.
	2.	 Zolin A, Orenti A, Jung A, van Rens J et al. ECFSPR Annual Report 2021 

[Internet]. 2023. Available from: https://​www.​ecfs.​eu/​sites/​defau​lt/​files/​
Annual%​20Rep​ort_​2021_​09Jun​2023.​pdf

	3.	 De Boeck K, Zolin A, Cuppens H, Olesen HV, Viviani L. The relative fre-
quency of CFTR mutation classes in European patients with cystic fibrosis. 
J Cyst Fibros. 2014;13(4):403–9.

	4.	 CFMD/CFTR1 Team. Cystic Fibrosis Mutation Database [Internet]. Avail-
able from: http://​www.​genet.​sickk​ids.​on.​ca/​cftr/​Home.​html. Accessed 14 
Dec 2024.

	5.	 Tzetis M, Efthymiadou A, Doudounakis S, Kanavakis E. Qualitative and 
quantitative analysis of mRNA associated with four putative splicing 
mutations (621+3A→G, 2751+2T→A, 296+1G→C, 1717–9T→C-D565G) 
and one nonsense mutation (E822X) in the CFTR gene. Hum Genet. 
2001;109(6):592–601.

	6.	 Forzan M, Salviati L, Pertegato V, Casarin A, Bruson A, Trevisson E, et al. 
Is CFTR 621+3 A>G a cystic fibrosis causing mutation? J Hum Genet. 
2010;55(1):23–6.

	7.	 Esposito MV, Aveta A, Comegna M, Cernera G, Iacotucci P, Carnovale V, 
et al. Extensive CFTR Gene Analysis Revealed a Higher Occurrence of 
Cystic Fibrosis Transmembrane Regulator-Related Disorders (CFTR-RD) 
among CF Carriers. J Clin Med. 2020;9(12):3853.

	8.	 Loumi O, Ferec C, Mercier B, Creff J, Fercot B, Denine R, et al. CFTR muta-
tions in the Algerian population. J Cyst Fibros. 2008;7(1):54–9.

	9.	 Claustres M, Thèze C, Des Georges M, Baux D, Girodon E, Bienvenu T, et al. 
CFTR -France, a national relational patient database for sharing genetic 
and phenotypic data associated with rare CFTR variants. Hum Mutat. 
2017;38(10):1297–315.

	10.	 Yiallouros PK, Matthaiou AΜ, Anagnostopoulou P, Kouis P, Libik M, 
Adamidi T, et al. Demographic characteristics, clinical and laboratory 
features, and the distribution of pathogenic variants in the CFTR gene 
in the Cypriot cystic fibrosis (CF) population demonstrate the utility of a 
national CF patient registry. Orphanet J Rare Dis. 2021;16(1):409.

	11.	 Bombieri C, Claustres M, De Boeck K, Derichs N, Dodge J, Girodon E, 
et al. Recommendations for the classification of diseases as CFTR-related 
disorders. J Cyst Fibros. 2011;10:S86-102.

	12.	 Gibson LE, Cooke RE. A test for concentration of electrolytes in sweat 
in cystic fibrosis of the pancreas utilizing pilocarpine by iontophoresis. 
Pediatrics. 1959;23(3):545–9.

	13.	 Graham BL, Steenbruggen I, Miller MR, Barjaktarevic IZ, Cooper BG, 
Hall GL, et al. Standardization of Spirometry 2019 Update. An Official 
American Thoracic Society and European Respiratory Society Technical 
Statement. Am J Respir Crit Care Med. 2019;200(8):e70–88. https://​doi.​
org/​10.​1164/​rccm.​201908-​1590ST.

	14.	 Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, et al. Multi-
ethnic reference values for spirometry for the 3–95-yr age range: the 
global lung function 2012 equations. Eur Respir J. 2012;40(6):1324–43.

	15.	 World Health Organisation. WHO AnthroPlus: Software for assessing 
growth of the world’s children and adolescents [Internet]. Geneva; 
2009. Available from: https://​www.​who.​int/​tools/​growth-​refer​ence-​data 
for-5to19-year

	16.	 Lee TWR, Brownlee KG, Conway SP, Denton M, Littlewood JM. Evaluation 
of a new definition for chronic Pseudomonas aeruginosa infection in 
cystic fibrosis patients. J Cyst Fibros. 2003;2(1):29–34.

	17.	 Deans Z, Fiorentino F, Biricik A, Traeger-Synodinos J, Moutou C, De Rycke 
M, et al. The experience of 3 years of external quality assessment of 
preimplantation genetic diagnosis for cystic fibrosis. Eur J Hum Genet. 
2013;21(8):800–6.

	18.	 Gyapay G, Morissette J, Vignal A, Dib C, Fizames C, Millasseau P, et al. 
The 1993–94 Généthon human genetic linkage map. Nat Genet. 
1994;7(S2):246–339.

	19.	 Morral N, Estivill X. Multiplex PCR amplification of three microsatellites 
within the CFTR gene. Genomics. 1992;13(4):1362–4.

	20.	 Sadras I, Kerem E, Livnat G, Sarouk I, Breuer O, Reiter J, et al. Clinical 
and functional efficacy of elexacaftor/tezacaftor/ivacaftor in peo-
ple with cystic fibrosis carrying the N1303K mutation. J Cyst Fibros. 
2023;22(6):1062–9.

	21.	 Sterrantino M, Fuso A, Pierandrei S, Bruno SM, Testino G, Cimino G, et al. 
Quantitative Evaluation of CFTR Pre-mRNA Splicing Dependent on the 
(TG)mTn Poly-Variant Tract. Diagnostics. 2021;11(2):168.

	22.	 Cartier Y, Kavanagh PV, Johkoh T, Mason AC, Müller NL. Bronchiectasis: 
accuracy of high-resolution CT in the differentiation of specific diseases. 
Am J Roentgenol. 1999;173(1):47–52.

	23.	 Reiff DB, Wells AU, Carr DH, Cole PJ, Hansell DM. CT findings in bronchi-
ectasis: limited value in distinguishing between idiopathic and specific 
types. Am J Roentgenol. 1995;165(2):261–7.

	24.	 Castellani C, De Boeck K, De Wachter E, Sermet-Gaudelus I, Simmonds N, 
Southern K. ECFS standards of care on CFTR-related disorders: Updated 
diagnostic criteria. J Cyst Fibros. 2022;21(6):908–21.

	25.	 Simmonds NJ, Southern KW, De Wachter E, De Boeck K, Bodewes F, Mainz 
JG, et al. ECFS standards of care on CFTR-related disorders: Identification 
and care of the disorders. J Cyst Fibros. 2024;23(4):590–602.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

http://cftr2.org
https://www.ecfs.eu/sites/default/files/Annual%20Report_2021_09Jun2023.pdf
https://www.ecfs.eu/sites/default/files/Annual%20Report_2021_09Jun2023.pdf
http://www.genet.sickkids.on.ca/cftr/Home.html
https://doi.org/10.1164/rccm.201908-1590ST
https://doi.org/10.1164/rccm.201908-1590ST
https://www.who.int/tools/growth-reference-data

	Co-segregation of the c.489+3A>G variant with p.Cys1400Ter pathogenic CFTR mutation in Cyprus: prevalence and clinical implications
	Abstract 
	Background 
	Results 
	Conclusion 

	Introduction
	Methods
	Patients’ and carriers’ identification
	CFTR variant nomenclature and classification of CF-causing mutations
	Demographic and clinical data
	Statistical methods
	Genetic Screening of the CFTR gene at diagnosis
	Genotyping with short tandem repeat (STR) genetic markers flanking the CFTR gene

	Results
	CF cases bearing the in cis co-segregated combination of p.Cys1400Ter with c.489+3A>G
	CFTR-RD cases bearing the in cis co-segregated combination of p.Cys1400Ter with c.489+3A>G
	Possible CFTR-RD cases bearing the in cis co-segregated combination of p.Cys1400Ter with c.489+3A>G
	Carriers bearing the in cis co-segregated combination of p.Cys1400Ter with c.489+3A>G
	Haplotype analysis of families bearing the CFTR p.Cys1400Ter; c.489+3A>G combination

	Discussion
	Acknowledgements
	References


