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Abstract

Cystic fibrosis (CF) is a genetic disease caused by variants in the cystic fibrosis transmembrane conductance regulator (CFTR)
gene. There are over 2,000 different pathogenic and non-pathogenic variants described in association with a broad clinical
heterogeneity. In this work, we identified a novel variant S511Lfs*2 in CFTR gene that has not been reported in patients
with CF. The patient was a female genotyped with c.1000C>T (legacy name: R334W) variant (pathogenic, CF-causing) and
the novel variant (S511Lfs*2). We verified the amino acid sequence, the protein structure, and predicted the pathogenicity
employing computational analysis. Our findings showed that S511Lfs*2 is a frameshift variant and suggest that it is associated
with severe CF phenotype, as it leads to a lack of CFTR protein synthesis, and consequently the loss of its functional activity.
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Introduction

Cystic fibrosis (CF-OMIM 219700) is an autosomal reces-
sive inherited disorder caused by variants in the Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR)
gene [1]. The CFTR gene encodes a protein of 1480 residues
in length (UniProt ID: P13569). This protein belongs to the
ATP-binding cassette (ABC) transporter superfamily and its
function is related to the transport of chloride ions across
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cell membranes [2, 3], regulation of airway fluid homeosta-
sis [4-6], and defense against pathogens by the regulation of
pH and ion content in the airway surface fluid layer [4, 6, 7].

The three-dimensional structure of CFTR protein is
composed by five domains. Two transmembrane domains
(TMDs), responsible for the chloride ion translocation path-
way, two cytoplasmic Nucleotide Binding Domains (NBDs)
with ATPase activity that controls channel gating, and a reg-
ulatory (R) domain that mediates CFTR activity upon phos-
phorylation [8]. More than 2000 variants have been already
described in the CFTR gene (CFTRI, available in http://
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www.genet.sickkids.on.ca/), and around 300 variants are
considered pathogenic (CFTR2, available in https://www.
cftr2.org/). These pathogenic variants are classified into
major seven classes (IA, IB, II, III, IV, V, and VI), according
to the molecular mechanisms’ disruption: synthesis, traffic,
or function of the protein [9, 10]. The classes IA, IB, II,
and III are associated with a more severe prognosis due to
defective protein production, processing, and regulation; the
classes IV, V and VI are associated with milder prognosis,
because CFTR protein maintains residual activity [9]. How-
ever, a mutation expanded classification can be considered
with a combination of classes once a single mutation can
cause defects in the CFTR protein by multiple mechanisms
[11]. Therefore, the study of variants is fundamental to
understand the patient prognostic and also to develop new
treatments based on gene variants [12].

In this study, we described a novel frameshift variant
(S511Lfs*2) resulted from the deletion of two thymines. The
frameshift yielded a codon that specifies the amino acid leu-
cine followed by a premature termination codon (PTC). We
have combined the patient”s clinical features and structural
bioinformatics data to propose the variant’s effects in the
CF phenotype.

Case report
Patient data collection

The subject from a CF Reference Center (Hospital Sdo
Lucas da PUCRS) was a 23-year-old female with a con-
firmed CF diagnosis at the age of twelve. She had the first
sweat test intermediate (57 mmol/L) and the second abnor-
mal (97 mmol/L). The patient had a history of respiratory
infections with the airway colonized by Staphylococcus
aureus, severe bronchiectasis—diagnosed by chest com-
puted tomography (CT)—and mucoid impaction of the
large airways. This subject also showed a mild airflow limi-
tation with FVC =2.75 (87% predicted), FEV1=2.12 (75%
predicted) and a reduced FEV1/FVC ratio=0.77 (86% pre-
dicted), recurrent pancreatitis, pancreatic insufficiency, and
critical failure to thrive (weight Z-score of — 0.88 and height
Z-score of — 2.04).

Molecular genetic analysis of the CFTR gene

Genomic DNA extraction from peripheral blood was per-
formed by salting out assay [13]. The DNA was submitted
to a molecular screening that analyses the presence of the
eleven variants usually found in CF patients from south of
Brazil and the main frequency variant ¢.1521_1523delCTT
(legacy: F508del) found in CF patients worldwide. The
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eleven variants panel was carried out by SNaPshot [14]
and the ¢.1521_1523delCTT was analysed by Sanger
sequencing method as following. A PCR reaction was
performed to amplify the exon 11 of the CFTR gene using
specific primers (5'-TGAATCCTGAGCGTGATTTG-3'
and 5'-TGGGTAGTGTGAAGGGTTCAT-3"). The PCR
product was purified with ExoSAP-IT PCR (Affymetrix,
USA) according to the manufacture’s protocol and used in
the Sanger sequencing that was carried out with BigDye
Terminator Cycle Sequencing kit v3.1 (Applied Biosys-
tems, USA). Then the product was precipitated by ethanol/
ethylenediaminetetraacetic acid (EDTA) protocol recom-
mended by Applied Biosystems chemistry guide [15].
The sequencing system used was the Genetic Analyzer
3130x1 (Applied Biosystems, USA). Sequences obtained
were aligned with the CFTR gene sequence (e.g. RefSeq
NG_016465.4) and examined using SeqMan software v.17
(DNAstar, USA).

Cloning of the novel variant

To precisely characterize the deletion, an allele-specific
cloning and sequencing method was carried out. The
exon 11 of the CFTR gene was amplified by PCR using
specific primers that contains a target sequence at the
3'-end of the primer, a sequence for restriction enzyme
(BamHI in the forward primer and EcoRI in the reverse)
and 6pb at the 5'-end of the primer to ensure efficient DNA
cleavage by the restriction enzymes (CFTR_BamHI_F
5'-ttttttGGATCCTGAATCCTGAGCGTGATTTG-3' and
CFTR_EcoRI_R 5'-ttttttGAATTGATGCTTTGATGA
CGCTTCTG-3'). The PCR product was precipitated using
the sodium acetate/ethanol method [16]. Each 1 ug of
DNA from PCR product purified and pUC18 vector were
sequentially digested with EcoRI and BamHI (Thermo
Fisher Scientific) according to the manufacturer’s instruc-
tions. After that, the DNA reactions were precipitated with
sodium acetate/ethanol method. Using a 1:3 molar ratio of
vector:insert DNA (100 ng of cut plasmid and 26 ng of cut
insert) and 3 units of T4 DNA Ligase (Promega) the liga-
tion reaction was performed according to manufacturer’s
recommendations and incubated for 18 h at 22 °C. The
DNA was precipitated with sodium acetate/ethanol method
and then transformed into XL1-Blue competent cells that
were plated on 25 mL of LB solid medium with 0.85 mg
X-Gal, 1 mM IPTG and 2.5 mg ampicillin. The plate was
incubated overnight at 37 °C. White colonies resulted from
transformation were used as a template to perform a PCR
with the M 13 primers to confirm the correct ligation. The
Sanger sequencing with M 13 primers was performed as
described above in the “Molecular genetic analysis of the
CFTR gene” section.
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Structure and pathogenicity prediction

The ExPASy software was used to obtain the translation of
the nucleotide sequence to a protein sequence [17]. The puta-
tive protein structure was built using UCSF chimera software
based on the structure found in Protein Data Bank (PDB ID:
SUAK) [18]. The MutationTaster software was used to pre-
dict the pathogenicity considering evolutionary conservation,
mRNA, and protein structure/function through phyloP/phast-
Cons scores [19]. The PhyloP measure the conservation or
acceleration, either lineage-specific or across all branches and
PhastCons the conservation scoring and identification of con-
served elements [19].

Results

The SNaPshot genetic analysis identified a compound het-
erozygote. One variant was ¢.1000C>T (legacy: R334W),
which has been previously reported in the CFTR2 database
(Fig. 1). The other variant was a novel deletion variant found
by Sanger sequencing; however, it was challenging to iden-
tify the deletion correctly (Fig. 2a). Thereby, to characterize
this novel variant, we isolated the sequences by allele-specific
cloning (Fig. 2b).

The novel variant, S511Lfs*2 was discovered in exon
11 of the CFTR gene, where two thymines at position
2.98818_98819del (NG_016465.4) were deleted (Fig. 2b). As
a result, this deletion formed the premature termination codon
UGA after replacing serine for leucine being a frameshift vari-
ant type (Fig. 2c). The novel variant was deposited in Cystic
Fibrosis Mutation Database (CFTR1) as well as in the pub-
lic archive of human variations and phenotypes (ClinVar;
SCV000987313) and in the public archive of Single Nucleo-
tide Polymorphism database (dbSNP; rs1562898471).

In silico analysis in MutationTaster software suggests
that this deletion can modify functions of key regions such
as the ATP-binding domain and the PDZ-binding domain
(Fig. 3). The value obtained of two conservation parameters
used, PhyloP (1.528-4.75 value) and PhastCons (1 value),
revealed that deleted thymines are in a conserved region in
the CFTR gene corroborating with pathogenic features. Fur-
thermore, this PTC promotes a loss of approximately 65%
of full-length CFTR protein (Fig. 2c), possibly resulting in
nonsense-mediated mRNA decay (NMD). The structure of
the protein lacking amino acids after the termination codon
is shown in Fig. 3.

Discussion
This is the first study worldwide to describe the S511Lfs*2

variant identified in a Brazilian CF patient. Variants identifi-
cation is essential for diagnosis purposes, specific treatment

67 68 69 70
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Fig. 1 Detection of ¢.1000C>T (legacy name: R334W) variant in
heterozygosity in CFTR gene. Electropherogram of SNaPshot meth-
odology: C allele (wild-type; black peak) and T allele (variant; red
peak)

approaches, and genetic counseling [21]. We also demon-
strate an in silico model to elucidate the protein alteration
at a structural level.

The S511Lfs*2 variant leads to a change in the amino
acids sequence (S511L) and promotes the appearance of a
PTC. The PTC leads to the production of truncated and non-
functional CFTR protein. It is possible that this modifica-
tion may activate a post-transcriptional mechanism called
nonsense-mediated mRNA decay (NMD) which detects and
degrades the mutated transcript [22-24]. However, more
studies would be required to evidence this mechanism. Thus,
it is reasonable to classify this variant as a class IB due to the
possible NMD activation, associated with pathogenicity pre-
diction values, clinical data from the patient, and defective
protein production. [9, 10]. It is important to emphasize that
independently of the NMD activation, the protein structure
would be strongly affected due to the absence of full-length
functional CFTR protein (Figs. 2c and 3). Consequently,
protein functionality would be lost.

Structural analysis of CFTR protein shows that the
novel variant S511Lfs*2 is in the NBD1 domain, near the
c.1521_1523delCTT (legacy: F508del) variant. The in
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Fig.2 From nucleotide A
sequence to the amino acid

sequence of S511Lfs*2 protein.

a Sequence electropherogram

of the exon 11 (CFTR gene)

showing the novel variant al , A l'\
S511Lfs*2 in heterozygous STAVATAVAVAVAVA
state. b Detection of the novel YV YV \ \ \
S511Lfs*2 (deletion of two ANALAALL
thymines) variant in one of the L
alleles after allele-specific clon-
ing. The two red arrows confirm
the deletion of two thymines B AT ATICATICTTTGETGTTTTCCTATGAT:EGAATATAGATA
in one allele. ¢ CFTR protein
amino acid sequence obtained
from ExPASy software. The
wild-type (black) and the
mutated (pink) CFTR amino
acid sequence are represented
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Fig.3 CFTR three-dimensional structures. The dephosphorylated
CFTR structure was modeled using the template SUAK, from Protein
DataBank [20]. The R domains are not represented. a Ribbon repre-
sentation of the CFTR wild-type protein and b the CFTR S511Lfs*2

silico analysis in this region showed a high conservation
grade. Thus, any alterations in this domain have a delete-
rious impact on the protein by to affect essential regions,
such as ATP-binding domain, which is essential to allow
the open-closed status of the channel, and the PDZ-binding
domain, that play a key role in anchoring proteins in the cell
membrane [25].

Additional studies demonstrated that a single-residue
deletion in the region 491-525 elicits an array of abnor-
malities in CFTR function [26]. Although it was found that
specifically the amino acids V510 and S511 deletions did
not cause problems in the processing of the CFTR protein,
our data show that the new mutation S511Lfs*2 is caused
by the deletion of two T nucleotides in different codons.
This modification is a frameshift variant, causing the loss of
the S511 amino acid and changing the reading phase, thus
altering all subsequent positions within the critical region
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protein. The structure was rotated 90° to highlight all the faces of
the protein. The functional domains TMD1 (blue), TMD2 (yellow),
NBDI1 (green), and NBD2 (red) are represented

511-525, in addition to also causing the formation of a pre-
mature codon stop.

Furthermore, this novel variant would potentially elim-
inate the R domain (Fig. 3), which is responsible by the
channel activation and thus essential for the functionality
of the protein. The loss of this domain was predicted based
on sequence and structural analysis, since this domain was
not resolved by the Electron Cryomicroscopy (cryo-EM)
structure [20, 26].

We identified the S511Lfs*2 variant in compound het-
erozygosity with c.1000C>T (legacy: R334W), which
represents the fourth most frequent disease-causing vari-
ant among Brazilian CF patients and leads to a mild CF
phenotype (class IV) [10, 27]. The severity of the clini-
cal features indicates that, although the S511Lfs*2 vari-
ant is associated with no CFTR protein synthesis, the
¢.1000C>T (legacy: R334W) variant confers the residual
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CFTR channel activity, which could explain the delayed
appearance of the symptoms and the late diagnosis of this
patient [28, 29].

The knowledge of new variants, their classification, and
mechanisms are essential to understand CF pathogenicity
and drugs discovery able to correct defective proteins [10,
23]. Furthermore, in silico tools are a helpful strategy to
predict the degree pathogenicity of the uncertain variants,
as shown in this work.

Conclusions

In this study, Sanger sequencing detected a novel variant
in a compound heterozygote that was confirmed by allele-
specific analysis in vitro. The in silico analysis shows that
S511Lfs*2 is a frameshift variant and generates a PTC
which leads to the production of truncated and non-func-
tional CFTR protein. Moreover, CF patients with this novel
variant could benefit from therapies that improve the expres-
sion of full-length CFTR protein.
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