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Abstract

Cystic fibrosis (CF) arises from mutations in the CF transmembrane conductance regulator (CFTR) gene, resulting in progressive
and life-limiting respiratory disease. R751L is a rare CFTR mutation that is poorly characterized. Our aims were to describe the
clinical and molecular phenotypes associated with R751L. Relevant clinical data were collected from three heterozygote individu-
als harboring R751L (2 patients with G551D/R751L and 1 with F508del/R751L). Assessment of R751L-CFTR function was made in
primary human bronchial epithelial cultures (HBEs) and Xenopus oocytes. Molecular properties of R751L-CFTR were investigated
in the presence of known CFTR modulators. Although sweat chloride was elevated in all three patients, the clinical phenotype
associated with R751L was mild. Chloride secretion in F508del/R751L HBEs was reduced compared with non-CF HBEs and asso-
ciated with a reduction in sodium absorption by the epithelial sodium channel (ENaC). However, R751L-CFTR function in
Xenopus oocytes, together with folding and cell surface transport of R751L-CFTR, was not different from wild-type CFTR. Overall,
R751L-CFTR was associated with reduced sodium chloride absorption but had functional properties similar to wild-type CFTR.
This is the first report of R751L-CFTR that combines clinical phenotype with characterization of functional and biological proper-
ties of the mutant channel. Our work will build upon existing knowledge of mutations within this region of CFTR and, importantly,
inform approaches for clinical management. Elevated sweat chloride and reduced chloride secretion in HBEs may be due to al-
ternative non-CFTR factors, which require further investigation.

CFTR mutations; cystic fibrosis; primary airway epithelial cells; R751L

INTRODUCTION

Cystic fibrosis (CF) is a life-limiting autosomal recessive
condition arising from mutations in the gene encoding the
CF transmembrane conductance regulator (CFTR) protein
(1). This gives rise to multisystem disease involving chronic
respiratory infection and inflammation, pancreatic exocrine
insufficiency, and complications of CF, including CF-related
diabetes, liver disease, and male infertility (2). In the lungs,
defective chloride and bicarbonate transport by CFTR leads
to airway surface dehydration and acidification (3–5). This
results in impaired mucociliary clearance, chronic endo-
bronchial infection, neutrophilic inflammation, and even-
tual respiratory failure (2, 6).

CFTR is a member of the ATP-binding cassette (ABC)
transporter family. It comprises two homologous units each
containing a transmembrane domain (TMD1 and TMD2) that
form the ion channel pore and a nucleotide-binding domain
(NBD1 and NBD2) connected by a regulatory (R) domain (7).
The combined actions of R domain phosphorylation, ATP
binding to the NBDs, and subsequent TMD conformational
change result in CFTR activation and chloride secretion (8).

More than 2000 CFTR mutations have been identified to
date, of which around 400 currently fulfill functional and
clinical criteria for CF disease. Information regarding these
mutations can be accessed from two databases: http://genet.
sickkids.on.ca and the CFTR2 database at https://cftr2.org.
Mutations can be broadly divided into six classes according
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to the specific defect in CFTR protein biology (9, 10). Class I
mutations arise from nonsense, frameshift, or splicing muta-
tions that produce premature termination signals or no
mRNA, leading to absent protein production. Class II muta-
tions occur as a result of misfolded CFTR protein, endoplas-
mic reticulum (ER)-associated degradation, and reduced
CFTR trafficking to the cell surface. Although CFTR is
expressed at the cell surface in class III mutations (e.g., the
G551D mutation), defective nucleotide binding results in
impaired channel gating. Class IV mutations arise from
abnormalities in the channel pore resulting in restricted ion
transport and conductance defects. Low levels of CFTR arise
from splicing defects in class V mutations. Instability of
CFTR at the cell surface results in high turnover and reduced
levels of CFTR apical expression in class VImutations (10).

Classifying the basic defect associated with CFTR muta-
tions has facilitated a new therapeutic era in CFwith the pro-
duction of targeted small-molecule modulator therapies (11,
12). However, not all mutations are confined to individual
classes, which poses additional challenges. This is exempli-
fied by F508del, the most common CFTR mutation, where
phenylalanine deletion at position 508 results in NBD1 insta-
bility and abnormal protein folding (class II), defective chan-
nel gating of CFTR that escapes ER processes (class III), and
high turnover at the cell surface (class VI) (10). Classification
is further complicated by the potential impact of modifier
genes together with environmental, microbiological, and
other non-CFTR factors.

R751L is a missensemutation involving arginine to leucine
substitution at codon 751 within the R domain of CFTR aris-
ing from a G>T change at cDNA nucleotide position c.2252.
R751L is poorly characterized; clinical information is limited
to one reported case of an infant with pancreatic insuffi-
ciency and a sweat chloride of 73mmol/L (http://genet.
sickkids.on.ca), and there is no information regarding the
underlying molecular defect. Two additional variants at
position R751, R751C and R751P, are associated with respira-
tory disease (http://genet.sickkids.on.ca), but again detailed
information is lacking.

The specific location of R751L could give rise to a number
of potential functional defects. First, proximity to the con-
sensus phosphorylation site Serine 753 (S753) and other sites
interacting with the NBDs and COOH terminus may reduce
CFTR function (13–15). Second, mutation of the methylation
site Arg751 could impact upon posttranslational modification
of CFTR, as proposed for R751P and R751C (16). Third, ATP
binding and channel gating may be affected by interactions
of residues 748 to 778 with NBD1 (13). Finally, loss of positive
charge arising from arginine to leucine substitution may
impact upon CFTR instability.

In the current era of CFTR modulator therapy, there is an
essential need to understand the molecular and functional
implications of rare mutations to correctly inform the most
appropriate therapies. Here, we have identified a family of
three individuals carrying two CFTR mutations, of which one
is R751L, and describe their clinical phenotype. We provide a
molecular characterization of R751L-CFTR and the resultant
impact on CFTR function using an in vitro expression system
and an ex vivo cell culture model derived from a heterozygote
patient with R751L and the severe disease-causing F508del
mutation.

MATERIALS AND METHODS

Study Subjects and Ethical Approvals

This study involved retrospective data collection from
patient medical records with relevant written permissions.
Primary human bronchial epithelial (HBE) cells were col-
lected from children with and without CF undergoing a clini-
cally indicated bronchoscopy with written informed consent
and relevant ethical approval (UK National Research Ethics
Committee 15/NE/0215).

Primary Cell Culture

HBEs were collected by bronchoscopic brushing of the mu-
cosal surface of a second- or third-generation bronchus. First-
passage HBEs were seeded on collagen-coated Transwell
inserts (Corning, Sigma-Aldrich, Dorset, UK) and maintained
in an air-liquid interface (ALI) culture for 3 to 4 wk. Fully dif-
ferentiated HBEs were characterized through demonstration
of mucus production, cilia formation, and transepithelial re-
sistance (Rt) values >300 X.cm2 (STX2 electrodes, EVOM2TM
Epithelial Voltohmmeter; World Precision Instruments,
Hertfordshire, UK).

Short-Circuit Current Assessment

To assess CFTR function, differentiated first-passage HBE
ALI cultures were mounted in Ussing chambers (Physiologic
Instruments, San Diego, CA) to measure short-circuit cur-
rents (Isc). HBEs were equilibrated in symmetrical apical and
basolateral Krebs buffer solution (containing in mM: 115
NaCl, 25 NaHCO3, 5 KCl, 1 CaCl2, and 1 MgCl2, pH 7.4, 37�C)
and gassed with 5% CO2-95% O2. The following reagents (all
from Tocris Bioscience, Abingdon, UK) were sequentially
added to the apical compartment and corresponding short-
circuit current (Isc) changes recorded: amiloride (100mM) to
inhibit the epithelial sodium channel (ENaC), forskolin
(10mM) to stimulate CFTR, and CFTRinh-172 (20mM) to in-
hibit CFTR. Data were recorded and digitized using Acquire
and Analysis software (version 2.3; Physiologic Instruments,
San Diego, CA).

Heterologous Expression of cRNA in Xenopus Oocytes
and Two-Electrode Voltage Clamp Recordings

Synthesis of cRNA and heterologous expression in
Xenopus oocytes.
The R751L-CFTRmutation was generated by site-directedmu-
tagenesis using the QuikChangeLightning Kit (Agilent
Technologies, Cheshire, UK) according to the manufacturer’s
instructions and using the forward (50-ctgatcacgctgatgagagg-
cagtatcgcct-30) and reverse primer (50-aggcgatactgcctctcat-
cagcgtgatcag-30) sequences. Successful mutation generation
was verified by DNA sequencing and cRNA synthesized as
previously described (17). Plasmid DNA containing human
CFTR was kindly provided by Professor Blanche Schwappach
(University of Goettingen).

Procedures using Xenopus tissues were approved by the
Newcastle University Animal Welfare and Ethical Review
Body (project ID 630). Xenopus laevis ovaries (European
Xenopus Resource Center, Portsmouth, UK) were dissected
and incubated for 90min in 2.6mg/mL collagenase A
(Roche, West Sussex, UK) at room temperature in ORII
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solution (containing in mM: 82.5 NaCl, 2 KCl, 1 MgCl2 �
6H2O, and 10 HEPES, pH 7.5). The cell suspension was
washed with equal volumes of ORII and Modified Barth’s
solution (MBS in mM: 88 NaCl, 1 KCl, 2.4 NaHCO3, 0.82
MgSO4 � 7H2O, 0.33 Ca(NO3)2 � 4H2O, 0.41 CaCl2 � 2H2O,
10 HEPES, 20 mg/mL gentamycin, pH 7.5). Stages V and VI
oocytes were stored at 16�C in MBS. Fifty-one nanoliters of
cRNA was injected into oocytes with a Nanolitre-Injector
(Drummond Scientific, Broomall, PA), yielding final con-
centrations of 12.5 ng RNA/oocyte. Injected oocytes were
cultured for 3 days at 16�C in MBS.

Oocytes were placed in a Lucite chamber and continu-
ously perfused with oocyte Ringer’s solution (in mM: 90
NaCl, 1 KCl, 2 CaCl2, and 5 HEPES, pH 7.4). Microelectrode
recordings were performed as previously described (17).
Transmembrane currents (IM) were recorded at a holding
potential of �60mV, low-pass filtered at 1 kHz (LPF-202;
Warner Instruments, Hamden, CT), and recorded by a strip
chart recorder (Kipp & Zonen, Delft, The Netherlands).
Experiments were designed to investigate maximal differen-
ces in CFTR activation, where IM responses to forskolin
(5mM), a CFTR potentiator, genistein (40mM), and CFTRinh-
172 (10mM; Tocris Bioscience, Abingdon, UK) were recorded
and digitized using Inkscape (version 0.91). All recordings
were performed at room temperature.

Pulse Chase Experiments and Transport Assays in
Human Embryonic Kidney 293 Cell Transfectants

Human embryonic kidney 293 (HEK-293) cells were
transfected with pBi.CMV2-CFTR constructs harboring the
R751L-CFTR mutant, as described below. Cells were used
after 24h for radioactive pulse chase-limited proteolysis
experiments or cell surface biotinylation assays in the
presence of known CFTR modulators as described previ-
ously (18, 19) and below.

HEK-293 cell culture and transient expression.
HEK-293 cells were maintained in DMEM (Thermo Fisher
Scientific, Paisley, UK) supplemented with 10% FCS (quali-
fied, E.U. approved, South America origin) and 2mM
Glutamax (Thermo Fisher Scientific, Paisley, UK) at 37�C and
5% CO2. Cells were grown in 6 cm2 dishes to �70% conflu-
ency and transfected using Lipofectamine 3000 (Thermo
Fisher Scientific, Paisley, UK) according to the manufac-
turer’s instructions or PEI MAX40 (Polysciences, Hirschberg
an der Bergstrasse, Germany) as previously described (19).
The R751L-CFTR mutant was made by Gibson assembly
(New England Biolabs, Leiden, The Netherlands) using the
template pBi.CMV2-CFTR (19) and the following primers: 50-
gaggcgatactgcctctcatcagcgtgatcagc-30, 50-tgctgatcacgctgatga-
gaggcagtatcgcctc-30, 50-taaccctgataaatgcttcaataatattgaaaaag-
gaagagt-30, and 50-agcatttatcagggttattgtctcatgagc-30.

Pulse-chase analysis and limited proteolysis.
HEK-293 cells were used 24h posttransfection for pulse-
chase experiments as described (18, 19). Briefly, cells were la-
beled for 15min with 143 mCi/6 cm2 dish of EasyTag Express
35S-protein-labeling mix (Perkin Elmer, Groningen, The
Netherlands). Labeling was stopped by adding excess unla-
beled cysteine and methionine, and the labeled protein was
chased for different periods of time. Where indicated, CFTR

modulators VX-770 or VX-809 (Selleckchem, Houston, TX)
were added to 3mM (final concentration) inmedia during star-
vation, pulse, and chase. Dishes were transferred to ice and
washed twice with ice-cold HBSS (Life Technologies,
Bleiswijk, The Netherlands). Cells were lysed using 1% Triton
X-100 in a mixed buffer containing (in mM) 20 MES, 100
NaCl, and 30 Tris·HCl, pH 7.5 (MNT) (all from Sigma-Aldrich,
Zwijndrecht, The Netherlands). Lysates were cleared by cen-
trifugation for 10min at 16,000 g and 4�C. The supernatant
was used for limited proteolysis (see below) or direct immuno-
precipitation and analysis using 7.5% or 12% SDS-PAGE (19,
20). In brief, detergent lysates were incubated with 25mg/mL
proteinase K from tritirachium album (Sigma-Aldrich,
Zwijindrecht, The Netherlands) for 15min on ice. Digestions
were stopped by adding an equal volume of MNT, 1%
Triton X-100, 2mM PMSF, and 2 mg/mL of chymostatin, leu-
peptin, antipain, and pepstatin A (all from Sigma-Aldrich,
Zwijndrecht, The Netherlands), and fragments were ana-
lyzed using domain-specific antibodies.

Immunoprecipitation.
Full-length CFTR in nontreated lysates and limited-proteoly-
sis samples were transferred to 50mL of protein-A beads (GE
Healthcare Life Sciences, Eindhoven, The Netherlands) with
pre-adsorbed antibody and immunoprecipitates as described
(19). Rabbit antibodies Mr. Pink (against NBD1), transmem-
brane domain (TMD) 1C (against TMD1), TMD2C (against
TMD2), and mouse monoclonal 596 (against NBD2) were
previously described (19); 596 was kindly provided by Dr.
John Riordan (University of North Carolina School of
Medicine) (21).

All immunoprecipitates were washed twice for 10min at
room temperature. Proteolytic fragments originating from
TMD1 were immunoprecipitated for 3h at 4�C with TMD1-C
antibody and washed with 10mM Tris·HCl, pH 8.6, 300mM
NaCl, 0.05% SDS, and 0.05% Triton X-100. NBD1 fragments
were immunoprecipitated overnight at 4�C with Mr. Pink
antibody and washed with 10mM Tris·HCl, pH 8.6, 300mM
NaCl, 0.1% SDS, and 0.05% Triton X-100. Fragments derived
from TMD2 were immunoprecipitated for 3h at 4�C with
TMD2-C antibody and washed with 50mM Tris·HCl, pH 8.0,
150mM NaCl, and 1mM EDTA. NBD2-derived fragments
were immunoprecipitated for 3 h at 4�C with 596 antibody
and washed using 30mM Tris·HCl, pH 7.5, 20mM MES,
100mM NaCl, and 0.5% Triton X-100. Washed immuno-
precipitates were resuspended in 10 mL of 10mM Tris·HCl,
pH 6.8, plus 10 mL of 2� reducing Laemmli sample buffer
and denatured for 5min at 55�C before analysis by 12%
SDS-PAGE. Gels were dried and exposed to X-ray film for
display.

Cell-surface biotinylation andWestern blot.
The pool of plasma membrane CFTR was assayed by cell-
surface biotinylation, followed by neutravidin pulldown
and Western blot, as previously described (19). In brief,
cells received fresh medium with VX-770 or VX-809
(3 mM) 4 h after transfection and were maintained for
16 h. Dishes were transferred on ice and washed twice
with PBSþ þ . Next, dishes received 500 mL of PBSþ þ con-
taining 0.5mg/mL sulpho-NHS-SS-Biotin (Thermo Fisher
Scientific, Bleiswijk, The Netherlands) and were incu-
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bated for 30min on ice. Nonreacted sulpho-NHS-SS-
Biotin was quenched, and cells were lysed in 300 mL of
MNT, 1% Triton X-100, 1 mg/mL of chymostatin, leupep-
tin, antipain, and pepstatin A, and 1mM PMSF (all from
Sigma-Aldrich, Zwijndrecht, The Netherlands). Lysates were
cleared by centrifugation for 10min at 16,000 g and 4�C. An
aliquot of 10mL of lysate was transferred to an equal volume
of 2� reducing Laemmli sample buffer and saved as input
sample. The remaining lysate was incubated with 25mL of
Neutravidin beads (Thermo Fisher Scientific, Paisley, UK) for
1h at 4�C and washed twice with 10mM Tris·HCl, pH 8.6,
300mM NaCl, 0.1% SDS, and 0.05% Triton X-100 (all from
Sigma-Aldrich, Zwijndrecht, The Netherlands). Beads were
resuspended in 15mL of 10mM Tris·HCl, pH 6.8, and 15mL of
2 � reducing Laemmli sample buffer, and bound proteins
were eluted and incubated for 5min at 55�C. Samples were
resolved on 7.5% SDS-PAA gels and analyzed by Western blot
using monoclonal antibody 596 (1:5,000), rabbit anti-actin
(1:5,000; Sigma-Aldrich, Paisley, UK), and goat-anti-mouse
Alexa-800 (1:10,000; LI-COR, Hamburg, Germany) and don-
key-anti-rabbit Alexa-680 (1:10,000; LI-COR) secondary anti-
bodies. Detection was performed using infrared imaging
(Odyssey CLx; LI-COR, Hamburg, Germany).

Statistical Analysis

Results are presented as individual data points with the
mean (SD) for HBE culture inserts or Xenopus oocytes.
Normality of data was assessed with Shapiro-Wilk testing.
Statistical analysis was performed using an unpaired t test
(unless specified otherwise) in GraphPad Prism software
(version 8.2; GraphPad, San Diego, CA). P values of <0.05
were considered statistically significant.

RESULTS

Individuals with R751L-CFTR Display a Mild Disease
Phenotype

We identified three individuals with one R751L allele
within the same family. None of the patients were on CFTR
modulator therapies, and R751L was not linked to another

CFTR variant in cis. Here, we present a clinical description
for each individual (summarized in Table 1).

Patient 1 (F508del/R751L).
Patient 1 was a Caucasian male born in 2011. Immunoreactive
trypsin (IRT) was elevated on newborn screening with identi-
fication of F508del on subsequent DNA analysis. Repeat IRT
at 1mo remained elevated. In 2016, R751L was identified as
the second allele following an extended screen of 50 CFTR
mutations.

As a young infant, initial sweat chloride was elevated
(74mmol/L), with evidence of mild pancreatic insuffi-
ciency (fecal elastase 110 mg/g). A repeat investigation at 1
yr showed an elevated sweat chloride (88mmol/L) and
improved exocrine pancreatic function (487 mg/g) and pan-
creatic sufficiency. Growth was well maintained with
height and weight parameters following the 91st centiles.
Burkholderia cepacia was isolated on a respiratory culture
in 2016 following persistent respiratory symptoms despite
standard antimicrobial therapy. The patient remained
clinically well thereafter with regular mucolytic adminis-
tration and physiotherapy for low-grade sputum produc-
tion. Pseudomonas aeruginosa was isolated on a routine
respiratory culture in 2019 and treated with targeted anti-
microbial therapy. Annual chest X-ray (CXR) surveillance
did not show features of respiratory disease. and recent
lung function assessment with forced expiratory volume
in 1 s (FEV1) was 116% predicted.

Patient 2 (G551D/R751L).
Patient 2 (aunt to patient 1) was a Caucasian female diag-
nosedwith CF in 1993 at 6mo of age following elevated sweat
chlorides (73–100mmol/L) and persistent respiratory symp-
toms. Subsequent DNA analysis revealed the G551D CFTR
mutation. The second mutation was identified as R751L with
extended mutation analysis in 2016. IRT was negative, and
the patient remained pancreatic sufficient with normal fecal
elastase. P. aeruginosa was isolated in 2003 but eradicated
with antimicrobial treatment. Patient 2 has remained well
without treatment with recent predicted FEV1 of 106% and
normal CXR findings.

Table 1. Clinical summary of study individuals and F508del/F508del participants

Parameter Patient 1 Patient 2 Patient 3 F508del/F508del CF Patients (n = 3)

Age at assessment, yr 8 26 35 Mean 7.7 (range 5.7–11.4)
Sex (M/F) M F M M: 1

F: 2
CFTR genotype F508del/R751L G551D/R751L G551D/R751L F508del/F508del
Sweat chloride, mmol/L 71–88 73–100 80–100 107 ± 6.3 (mean ± SD)
Pancreatic status Sufficient Sufficient Sufficient Insufficient
Nutritional status Height and weight:

91st centiles
BMI (kg/m2):
39

BMI (kg/m2):
23

Radiological findings CXR - normal CXR - normal CXR - normal CXR � bronchial wall thickening (2/3)
CT � bronchiectasis (1/3)

Recent FEV1, %predicted 116 106 92 94.6 (range 86 to 100)
Respiratory microbiology B. cepacia

P. aeruginosa
P. aeruginosa H. influenzae H. influenzae

S. pneumoniae
A. fumigatus
P. aeruginosa
Parainfluenza virus

BMI, body mass index; CT, computerized tomography; F, female; FEV1, forced expiratory volume in 1 s; M, male.
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Patient 3 (G551D/R751L).
Patient 3 (uncle to patient 1, brother to patient 2) was a
Caucasian male born in 1984 and was diagnosed with CF fol-
lowing the diagnosis of patient 2 in 1993. Initial DNA analy-
sis revealed G551D as one of the CFTR mutations, and R751L
was identified on extended mutation analysis in 2016. Sweat
chloride values were elevated (80–100mmol/L), and respira-
tory microbiology included one Haemophilus influenzae iso-
late that was successfully treated. Semen analysis showed
normal sperm function, and additional medical history
included recurrent episodic pancreatitis. The patient
remained clinically well without treatment with normal CXR
findings and recent predicted FEV1 of 92%.

F508del/R751L HBEs Have Reduced but Functional
CFTR Activity

To investigate CFTR function associated with F508del/
R751L, we measured Isc responses in differentiated primary

HBEs derived from patient 1. In this system, functional
CFTR is represented by a positive Isc deflection arising from
net anion basolateral-apical secretion. After ENaC inhibition
with amiloride, forskolin-mediated cAMP elevation resulted
in CFTR activation (Fig. 1A). This response was inhibited by
CFTRinh-172, confirming the presence of functional CFTR.
The mean CFTRinh-172-sensitive Isc was 15% greater than the
forskolin response, suggesting basal CFTR activity in the ab-
sence of forskolin.

Responses were compared with HBEs derived from chil-
dren without CF and three F508del homozygous children
(clinical profiles summarised in Table 1), the latter as a com-
parator of a CFTR mutation associated with developing
severe disease. Representative Isc responses from non-CF
and F508del/F508del HBEs are shown in Fig. 1A.

The forskolin-induced Isc was greater in F508del/R751L
HBEs compared with F508del/F508del HBEs but 71% smaller
than the mean forskolin-induced Isc derived from non-CF

A

B

Figure 1. Short-circuit current responses in F508del/R751L, non-cystic fibrosis (CF), and F508del/F508del human bronchial epithelial (HBE) cultures. A: short-cir-
cuit current (Isc) responses to amiloride (100mM), forskolin (10mM), and CF transmembrane conductance regulator (CFTR)inh-172 (20mM) were measured using
Ussing chamber experiments in F508del/R751L, non-CF, and F508del/F508del HBEs. Representative traces shown from n=1 donor in each graph. Lines indicate
reagent addition to the apical Ussing chamber, which remained present in solution throughout the recordings. Functional CFTR is represented by a positive Isc
deflection arising from net anion basolateral-apical secretion following forskolin addition. Dashed line indicates the baseline Isc prior to forskolin addition. CFTR is
inhibited by the addition of CFTRinh-172. Amiloride addition inhibits epithelial sodium channel (ENaC)-mediated sodium absorption, resulting in a downward Isc
deflection. B: comparative assessment of Isc showed greater responses to forskolin and CFTRinh-172 in non-CF compared with F508del/R751L HBEs. F508del/
R751L HBEs demonstrated the smallest response to amiloride. Data are presented as mean (SD) responses for each donor and analyzed using unpaired t test.
F508del/R751L HBEs were not included in statistical comparisons; n=1 F508del/R751L donor, n=5 non-CF donors, and n=3 F508del/F508del donors for each
graph. Minimum 3 culture inserts used from each donor. �P< 0.05.
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HBEs (Fig. 1B). These differences were paralleled in responses
to CFTRinh-172, where mean F508del/R751L HBE responses
were 55% smaller than those in non-CF HBEs and greater
than those in F508del/F508del HBEs. The amiloride-sensitive
Isc was lowest in F508del/R751L HBEs compared with both
non-CF and F508del/F508del HBEs. As expected, F508del/
F508del HBE responses to forskolin and CFTRinh-172 were sig-
nificantly lower than those seen with non-CF HBEs due to the
lack of functional CFTR (P< 0.05).

These findings demonstrate residual CFTR function in
F508del/R751L HBEs, which was smaller in magnitude than
in non-CF HBEs. ENaC current was reduced in F508del/
R751L HBEs compared with non-CF and F508del/F508del
HBEs.

R751L CFTR-Expressing Xenopus Oocytes Demonstrate
CFTR Activity

To further investigate CFTR activity associated with
R751L in isolation, IM responses to forskolin and genistein
were measured in R751L-CFTR-expressing Xenopus
oocytes, with wild-type (WT)-CFTR-expressing oocytes as
a positive control. Representative IM traces for WT-CFTR
and R751L-CFTR are shown in Fig. 2A. In both WT and
R751L-CFTR-expressing oocytes, forskolin induced an IM
increase, as indicated by the downward deflection. This
was further augmented with genistein and inhibited with
CFTRinh-172 (Fig. 2B).

Comparative assessment of the total CFTR current (IM
induced by forskolin and genistein) did not reveal signifi-
cant differences between WT and R751L-CFTR (Fig. 2C).
Furthermore, there was no difference between WT and
R751L-CFTR in relative stimulation of channel activity by
forskolin with respect to total currents (Fig. 2D).

These findings confirm functional CFTR activity associ-
ated with R751L, with a magnitude analogous toWT-CFTR in
a heterologous expression system.

R751L Is Transported to the Golgi Complex like
WT-CFTR

In light of these findings, we next assessed the transport of
R751L in the secretory pathway. HEK-293 cells expressing
R751L-CFTR, WT-CFTR (positive control), and F508del-CFTR
(negative control) were labelled with 35S-methionine/cyste-
ine during a 15-min pulse (Fig. 3A), and the radiolabelled
protein was chased in the presence of excess unlabeled
amino acids (Fig. 3B). Detergent cell lysates were subjected
in parallel with immunoprecipitation of CFTR (Fig. 3, A and
B, panel i) and limited proteolysis (Fig. 3, A and 3B panels ii–
iv), as previously detailed (19, 20, 22).

In the 15-min pulse time, both mutants were synthesized
to similar levels as WT-CFTR (Fig. 3A, panel i, control lane).
During the chase, both WT and R751L-CFTR completed fold-
ing and traveled to the Golgi complex, where the ER forms
changed into the Golgi forms due to glycan modifications
(Fig. 3B, panel i, control lane). The F508del mutation instead
caused CFTR misfolding and degradation, leading to ab-
sence of the Golgi form and a decrease in ER form to
68± 13% (n = 3).

These findings demonstrated that the R751L-CFTRmutant
reached the Golgi as efficiently asWT-CFTR.

Folding of CFTR Is Not Affected by R751L

To assess folding of R751L-CFTR, detergent lysates were
subjected to limited proteinase K digestion (25mg/mL for
15min on ice), followed by immunoprecipitation with CFTR-
domain-specific antibodies. Using this technique, misfolded
proteins demonstrate increased protease susceptibility,
which can be detected by SDS-PAGE (19, 20, 22).

Immediately after synthesis, the major fragments of the
first transmembrane domain, TMD 1 (T1a-c), and the second
TMD, TMD2, (T2b), were the same for R751L-CFTR, WT-
CFTR, and F508del-CFTR, suggesting similar folding of both
TMDs in all three proteins (Fig. 3A, panels ii and iv, control
lanes). Whereas R751L NBD1 folding was similar to WT NBD1
(fragment N1a), F508del NBD1 was completely digested (Fig.
3A, panel iii, control lanes). NBD2was not resistant to digestion
immediately after synthesis, and because of epitope absence,
the antibody demonstrated increased immunoprecipitated
background for all three constructs (Fig. 3A, panel v, control
lanes).

At 2h (1200 chase), R751L was still indistinguishable from
WT-CFTR; TMD1, TMD2, and NBD2 became more protease
resistant (Fig. 3B, panels i, ii, iv, and v, control lanes), yield-
ing larger fragments, whereas NBD1 remained folded (Fig.
3B, panel iii, control lanes).

The sensitivity of each construct to VX-770 or VX-809 was
examined by modulator addition from 15min before pulse
labeling to the end of the chase. VX-809 rescued some
F508del CFTR from the ER, since after 2h of chase a Golgi
band was visible (Fig. 3B, panel i). NBD1 was not rescued, but
the other domains showed a small increase in protease re-
sistance (Fig. 3B, panels ii–iv) (19). Both R751L and WT-CFTR
showed a small increase in expression upon VX-809 treat-
ment, also yielding an increase in the Golgi form (Fig. 3B,
panel i). The effects of VX-770 on WT and R751L-CFTR were
also the same (Fig. 3B, panel i), demonstrating a small, desta-
bilizing effect on TMD1 (decrease of T1e and T1f) and TMD2
(decrease of T2b and T2c) (Fig. 3B, panels ii–v) (19).

R751L andWT-CFTR Show Similar Cell Surface
Localization

To establish whether the Golgi form of R751L-CFTR
reached the cell surface, we compared this mutant with WT
and F508del-CFTR (Fig. 3C). Cell-surface biotinylation
showed that only the Golgi form of CFTR was detectable on
the cell surface, with no difference between WT and R751L-
CFTR (Fig. 3C, control lanes). F508del-CFTR did not reach
the cell surface detectably, either with or without VX-809.

Quantification of experiments to assess total CFTR, per-
centage of Golgi-modified form (G), and CFTR domain-spe-
cific fragments as shown in Fig. 3 are demonstrated in Fig. 4.

In conclusion, R751L-CFTR was biochemically indistin-
guishable from WT-CFTR in relation to folding, domain as-
sembly, transport out of the ER to the Golgi complex and cell
surface, and responses to VX-809 and VX-770.

DISCUSSION

In this study, we have provided a description of the disease
phenotype associated with R751L. We have combined func-
tional assessment of R751L-CFTR activity with molecular
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assays to provide the first detailed characterization of this var-
iant. We have shown that the patients harboring the R751L
variant have mild disease clinically and that R751L-CFTR is
biochemically indistinguishable fromWT-CFTR.

R751L-CFTR Is Associated with aMild Clinical Phenotype

All three individuals in this study had a mild clinical
phenotype, as reflected by lung function, nutritional

status, and evidence of pancreatic exocrine sufficiency.
This is in contrast to the severe phenotype of pulmonary
dysfunction and pancreatic insufficiency classically asso-
ciated with F508del (resulting in defective protein folding)
and G551D (resulting in defective channel gating) when
arising in conjunction with another severe disease-causing
mutation (2). Notably, patient 1 (F508del/R751L) had an
increase in respiratory symptoms compared with patients

D

WT-CFTRA R751L-CFTR

CFTRinh-172

forskolin

genistein

genistein

5 min
50

0 
nA

............................... ...............................

forskolin

CFTRinh-172

B

C

Figure 2. Transmembrane currents in
wild-type (WT) and R751L-CFTR-express-
ing Xenopus oocytes. A: transmembrane
current (IM) responses to forskolin (5 mM),
genistein (40 mM), and cystic fibrosis
transmembrane conductance regulator
(CFTR)inh-172 (10 mM) were measured in
Xenopus oocytes expressing WT and
R751L-CFTR, with representative traces
shown from n = 1 oocyte. Experiments
were performed at room temperature.
Arrows indicate reagent addition to the
bathing solutions, with evidence of a
time lag between reagent addition and
response. Downward deflections in IM
are indicative of anion efflux. Dashed
lines indicate zero current for represen-
tative recordings. B: IM measurement in
oocytes expressing WT and R751L-CFTR
demonstrated forskolin and genistein-
induced IM, which were inhibited by
CFTRinh-172. Peak IM values depicted af-
ter drug application from individual
experiments with corresponding mean
(SD). Data were analyzed using paired t
test to demonstrate that added reagents
affected the resultant IM. C: comparative
assessment of total CFTR IM (the sum of
forskolin and genistein-induced IM) was
the same in WT and R751L-CFTR-
expressing oocytes. Peak IM values
depicted after drug application from indi-
vidual experiments with corresponding
mean (SD). Data analyzed using unpaired
t test. D: the forskolin fraction of the
CFTR current (%total CFTR current) was
the same in WT and R751L-CFTR-
expressing oocytes. Data were analyzed
using unpaired t test; n = 6 WT-CFTR and
n = 8 R751L-CFTR-expressing oocytes. �P
< 0.05; ��P < 0.01; ���P < 0.001. ns, not
significant.

CHARACTERIZATION OF R751L-CFTR

L294 AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00137.2020 � www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at Utrecht Univ Lib (131.211.012.011) on December 30, 2021.

http://www.ajplung.org


2 and 3 (G551D/R751L) and isolated B. cepacia and P. aeru-
ginosa. These organisms are typically associated with
poorer respiratory outcomes in CF but did not impact
upon patient 1’s lung function (2). This described clinical
phenotype is comparable with that seen with other muta-
tions associated with pancreatic sufficiency and residual
CFTR function, including the class IV R117H (p.Arg117His)
and class V 3849 þ 10kbC->T mutants (23). Notably, all
three individuals had elevated sweat chloride levels, and
this has been discussed in detail below.

CFTR-Mediated Chloride SecretionWas Reduced in
F508del/R751L HBEs

Chloride transport was reduced in F508del/R751L com-
pared with non-CF HBEs, but to a lesser degree than in
F508del/F508del HBEs. Importantly, this differed to our IM

assessment of R751L-CFTR-expressing oocytes and biochem-
ical evaluation in HEK-293 cells. It is possible that a “nor-
mal” CFTR current arising from R751L in conjunction with
the presence of dysfunctional F508del could explain the
reduction in CFTR function seen in the F508del/R751L HBEs
relative to non-CF HBEs.

Short-circuit current response to CFTRinh-172 in F508del/
R751L HBEs was 15% greater than the forskolin-induced Isc
response. CFTRinh-172 is a potent CFTR inhibitor, and this
finding suggests that there was some constitutive CFTR ac-
tivity in these cultures. Alternatively, CFTRinh-172 may in-
hibit chloride secretion by a CFTR-independent mechanism,
including inhibition of alternative chloride channels, which
requires further investigation (24).

Samples from one patient source are not sufficient to
draw firm conclusions; however, there are no detailed
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Figure 3. Impact of R751L on cystic fibrosis transmembrane conductance regulator (CFTR) protein folding and transport and cell surface expression. A
and B: i) human embryonic kidney 293 (HEK-293) cells expressing wild-type (WT), R751L, and F508del CFTR constructs were labeled with 35S-methio-
nine/cysteine for 15min and chased for 0 (00; A) and 2h (1200; B) in the presence of VX-770 (3mM), VX-809 (3mM), or DMSO control (ctrl). Cells were lysed
in 1% Triton X-100, and lysates were treated or not with proteinase K (25mg/mL) for 15min. CFTR and fragments were immunoprecipitated using TMD1C
(TMD1; ii), Mr. Pink (NBD1 and full-length CFTR; iii), TMD2C (TMD2; iv), or 596 (NBD2) antibodies (v). �Nonspecific bands. N1a, protease-resistant NBD1-spe-
cific fragment; N2a, protease-resistant NBD2-specific fragment; T1d-f, protease-resistant TMD1-specific fragments; T2c, protease-resistant TMD2-specific
fragment. T1, T2, and N2 fragments represent domain assembly, which is a late-folding stage of CFTR. C: cell surface biotinylation was performed in HEK-
293 cells expressing CFTR constructs in the presence of VX-809, VX-770, or DMSO ctrl pretreatment. Cells were lysed in 1% Triton X-100, and lysates were
used for pulldown of biotinylated proteins with Neutravidin beads. Proteins were analyzed on 7.5% SDS-PAA gels and transferred to PVDF membrane and
blotted for CFTR (596) or actin. R751L was similar to WT-CFTR in transport to the Golgi (1200 chase), protein folding (protease resistance) of all 4 domains at
both time points, and presence at the cell surface. Quantification for this data from 4 independent experiments is shown in Fig. 4.
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Figure 4. Quantification of total cystic fibrosis transmem-
brane conductance regulator (CFTR), %Golgi-modified form,
and CFTR domain-specific fragments as shown in Fig. 3. A–
F: quantification data for 4 independent experiments to-
gether with mean and SD values for the following. A: fold
increase in the amount of total CFTR [endoplasmic reticu-
lum form of CFTR (ER) þ complex-glycosylated Golgi form
of CFTR which has left the ER and resides in or beyond the
Golgi complex including the plasma membrane (G)] relative
to wild-type (WT)-CFTR. B: %Golgi-modified form [G/(ER þ
G). C–F shows the fold increase in the amount of folded
CFTR domain-specific fragments relative to WT-CFTR in
DMSO as follows: TMD1 (T1d-f/(ER þ G) (C), NBD1 (N1a/(ER þ
G) (D), TMD2 (T2c/(ER þ G) (E), and NBD2 (N2a/(ER þ G) (F).
Data in A and D have been normalized to WT-CFTR in DMSO
(ctrl) at the 0-h (00) chase for each experiment. Data in C, E,
and F have been normalized to WT-CFTR in DMSO (ctrl) at
the 2-h (1200) chase for each experiment. No samples at the
0-h chase contained N2a, and this time point has not been
normalized. �One data point/condition was removed from
lanes where the signal/noise ratio was less than 1.5� back-
ground. N1a, protease-resistant NBD1-specific fragment; N2a,
protease-resistant NBD2-specific fragment; T1d-f, protease-re-
sistant TMD1-specific fragments; T2c, protease-resistant
TMD2-specific fragment. T1, T2, and N2 fragments represent
domain assembly, which is a late-folding stage of CFTR.
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published clinical or in vitro data on the R751L-CFTR
mutation preceding our study. Our work was performed in
accordance with existing ethical approval and available
culture material sampled at clinical bronchoscopy. In the
absence of available cultures from patients 2 and 3, we
chose to compare Isc responses of F508del/R751L HBEs
with non-CF and F508del/F508del HBEs. Notably, the
observed inter-donor variability of Isc responses in non-CF
HBEs paralleled findings in other studies and provided a
useful comparator group (25).

Molecular and Functional Properties of R751L-CFTR Are
Similar to WT-CFTR

In contrast to our work in HBEs but in keeping with the
clinical phenotype, our functional and molecular characteri-
zation of R751L-CFTR demonstrated that 1) the functional
properties of R751L-CFTR were similar to WT-CFTR, 2) CFTR
transport to the cell surface and CFTR folding were not com-
promised by R751L, and 3) the biochemical responses of
R751L-CFTR to both CFTR modulators VX-770 and VX-809
were indistinguishable from those seen withWT-CFTR.

The total CFTR conductance of a cell is a product of chan-
nel number, open probability, and single-channel conduct-
ance (26); our IM measurements found that this parameter
was not different between R751L and WT-CFTR. Because our
biochemical data demonstrated similar cell surface expres-
sion ofWT and R751L-CFTR, this suggests that channel num-
ber was not affected by the mutation. The response to the
CFTR potentiator genistein was also not different between
WT and R571L, suggesting that channel gating might not be
defective. However, response to a potentiator alone cannot
tell whether the absolute open probability is fundamentally
different. Specific investigation of any impact of R751L-CFTR
on open probability and/or channel conductance would
require single-channel recordings using the patch clamp
technique, which was not possible in the context of this work
and is a limitation of this study (27). However, R751L-CFTR
may not affect single-channel conductance due to its specific
location in the R domain, which is not within the anion per-
meation pathway of CFTR in its open state (28).

Comparison of R751L-CFTR with Other Mutations in the
R Domain

We hypothesized that the specific location of R751L and its
proximity to key phosphorylation sites, such as S753, could
influence CFTR channel function, including channel gating
and open probability. Assessing forskolin concentration
responses in Xenopus oocytes could have further elucidated
this; however, recognized transient and variable forskolin
responses in oocytes would limit the utility of this experimen-
tal approach and ability to draw firm conclusions. Responses
to the CFTR potentiator genistein in our experimental work
did not differ between R751L-CFTR and WT-CFTR expressing
oocytes, which supports the possibility that R751L-CFTR may
not affect channel gating. We do, however, acknowledge that
genistein application in this context is unlikely to have
revealed differences in phosphorylation. Furthermore,
although PKA sites are highly conserved, the R domain is con-
sidered the least conserved region in CFTR (8). Previous work
has shown that complete removal of the R domain has a

minimal effect on CFTR gating, and removal of R domain resi-
dues from 708–759 (D708–759-CFTR) generated similar trans-
epithelial chloride currents to WT-CFTR (29, 30). The D708–
759-CFTR variant would have incorporated deletion of the
consensus phosphorylation site S753, suggesting that not all
phosphoserines are required for CFTR channel activity.

Although not abundant, missense mutations within the R
domain have varying implications. One study found a clear
separation between mutations within the highly conserved
NH2-terminal region of the R domain that affected CFTR
processing to the cell membrane with those in proximity to
consensus phosphorylation sites (such as R751L) within the
COOH terminus that did not affect CFTRmaturation but had
varying effects on channel function, including reduced (e.g.,
R792G) or no effect on chloride channel activity (e.g.,
R766M) (31). Other neighboring mutations can be associated
with varying degrees of pancreatic sufficiency. These include
L619S, which affects chloride channel function, and the
D614G and I618T variants that show partial channel function
due to altered rates of opening. Although first ascribed to
arise in proximity to the NH2 terminus of the R domain,
more recent cryo-EM modeling has shown that these muta-
tions are localized in NBD1 (32, 33). Another interesting vari-
ant is T2562G, which affects CFTR function and stability
through its effects on the Thr854 residue (again in proximity
to R751L). Although not CF causing, T2562G is associated
with CFTR-related disorders (34); however, recent CFTR
modeling has shown that it is located in TMD2 (32).

There is little evidence to suggest that missense mutations
within the R domain significantly affect CFTR function, as
supported by our findings with R751L. Although R751 is the
site of two other variants (R751C and R751P), and despite
their association with mild respiratory disease, detailed in-
formation regarding these variants is still lacking.

Interpretation of Elevated Sweat Chloride Values
Associated with R751L-CFTR

All three study individuals had abnormally elevated sweat
chloride values (>60mmol/L). Notably, the mean sweat
chloride in our patients (96mmol/L) was greater than values
seen in two previous studies of pancreatic sufficient patients
(73 and 85mmol/L) and more comparable with pancreatic
insufficient patients (102mmol/L in both) and our study
F508del/F508del individuals (104mmol ±6) (23, 35). CFTR
genotype is strongly correlated with abnormal sweat chlo-
ride levels despite its weaker correlation with clinical out-
come (36, 37). The presence of F508del or G551D as the
second allele in our individuals with R751L could have influ-
enced elevated sweat chloride and contributed to reduced
Cl� transport in F508del/R751L HBEs.

Alternative mechanisms for elevated sweat chloride in the
study individuals must also be considered, including the pos-
sibility of reduced ENaC function. In the healthy sweat duct,
the combined actions of ENaC and CFTR result in net sodium
chloride absorption (26). A reduction in ENaC-mediated so-
dium absorption would result in reduced chloride absorption
and an increase in sweat chloride. The F508del/R751L HBEs
in our work did indeed show a smaller Isc response to amilor-
ide, suggesting reduced ENaC function, but this finding
does require further investigation. Importantly, ENaC
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mutations have been identified in people with one or no
CFTR mutations, and heterozygosity of CFTR and ENaC
mutations have been associated with dysfunctional ion trans-
port and diffuse bronchiectasis (38, 39). Type 1 systemic pseu-
dohypoaldesteronism (PHA) is also caused by ENaC
mutations and is associated with elevated sweat chloride and
lower respiratory tract infections (40–42). However, this diag-
nosis is unlikely in our study individuals due to the absence
of other symptoms typically associated with type 1 PHA,
including salt-wasting crises characterized by dehydration
and failure to thrive early in life (40, 43). Other external fac-
tors, including the presence of alternative chloride channels,
may contribute to elevated sweat chloride (5). Notably, this
latter notion could also be supported by the relatively larger
CFTRinh-172-sensitive Isc response in F508del/R751L HBEs
compared with the forskolin-stimulated Isc.

Concluding Remarks

This report of R751L-CFTR combines clinical phenotype
with associated functional and biological implications. It will
help inform approaches toward patient follow-up, surveil-
lance, and counseling for parents with newly diagnosed
infants with R751L-CFTR. Information regarding the mild
associated phenotype will prevent undue anxiety in a
situation where the outlook was previously uncertain.
Furthermore, it will build upon existing knowledge of muta-
tions within this specific region of the R domain. There is a
significant unmet need to characterize rare mutations in the
present evolving era of CFTR modulator development to
importantly guide their appropriate application.

Our findings suggest that R751L-CFTR is associated with
similar functional properties to wild-type CFTR. Alternative
factors may be responsible for the clinical features in our
study patients, specifically elevated sweat chloride and the
suggestion of reduced ENaC function, which may not be
adequately explained by dysfunctional CFTR alone. Our
work has importantly raised the possibility that alternative
molecular defects involving ENaC or alternative chloride
channels may be implicated, and further studies are
required to elucidate this further.

DATA AVAILABILITY

Data created in this research are openly available at the
Newcastle University Data Repository (https://ncl.ac.uk).

ACKNOWLEDGMENTS

We thank Dr. Blanche Schwappach (University of Goettingen,
Germany) for providing plasmid DNA containing human CFTR,
and Dr. John Riordan (University of North Carolina at Chapel Hill)
and the CFF for providing the 596 antibody. We would also like to
thank Dr. Joseline Houwman and Dr. Ann Thomas from the
Braakman group (Utrecht University, Utrecht, The Netherlands)
for thorough work in quantification of the biochemical data, and
Prof. T. C. Hwang (University of Missouri) for valuable contribution
to and expertise with this work.

GRANTS

This work was supported by a Wellcome Trust Clinical
Research Training Fellowship [203520/Z/16/Z] to I.J.H; a Medical

Research Council Clinician Scientist Fellowship [MR/M008797/1]
to M.B; CF Trust Strategic Research Center grants [SRC003] and
[SRC013] to M.A.G., C.W., and M.B.; the Netherlands Organization
for Health Research and Development [ZonMw TOP 40-00812-
98-14103], Dutch Research Council [LIFT 731.017.404], and CFF
[BRAAKM14XX0] for the P.vdS.-I.B. Laboratory. The research was
supported by the National Institute for Health Research (NIHR)
Newcastle Biomedical Research Center based at Newcastle
Hospitals NHS Foundation Trust and Newcastle University.

DISCLAIMERS
The views expressed are those of the authors and not necessar-

ily those of the NHS, the NIHR, or the Department of Health.

DISCLOSURES

M.B. has received investigator-led research grants from Pfizer
and Roche Diagnostics; speaker fees were paid to Newcastle
University from Novartis, Roche Diagnostics, and TEVA and travel
expenses from Boehringer Ingelheim and Vertex Pharmaceuticals.
C.O. has received expenses from Fisher and Paykel and speaker
fees from Abbvie. None of the other authors has any conflicts of in-
terest, financial or otherwise, to disclose.

AUTHOR CONTRIBUTIONS

I.J.H., I.B., C.W., M.A.G., M.B. and M.A. conceived and designed
research; I.J.H., M.A., H.Y.Y. and U.J. performed experiments; I.J.H.,
M.A., H.Y.Y. and U.J. analyzed data; I.J.H., P.v.d.S., I.B., C.W., M.A.G.,
M.B., M.A., A.I.G., H.Y.Y., U.J., V.S. and B.V. interpreted results of
experiments; I.J.H., M.A., H.Y.Y. and U.J. prepared figures; I.J.H.
and M.A. drafted manuscript; I.J.H., M.B., M.T., S.B., P.v.d.S., I.B.,
C.W., M.A.G., M.B., M.A., A.I.G., H.Y.Y., U.J., V.S., B.V., J.T. and C.O.
edited and revised manuscript; I.J.H., I.B., C.W., M.A.G., M.B. and
M.A. approved final version of manuscript.

REFERENCES

1. Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R,
Grzelczak Z, Zielenski J, Lok S, Plavsic N, Chou JL. Identification of
the cystic fibrosis gene: cloning and characterization of complemen-
tary DNA. Science 245: 1066–1073, 1989. [Erratum in Science 245:
1437, 1989]. doi:10.1126/science.2475911.

2. Elborn JS. Cystic fibrosis. Lancet 388: 2519–2531, 2016. doi:10.1016/
S0140-6736(16)00576-6.

3. Button B, Cai LH, Ehre C, Kesimer M, Hill DB, Sheehan JK,
Boucher RC, Rubinstein M. A Periciliary brush promotes the lung
health by separating the mucus layer from airway epithelia. Science
337: 937–941, 2012. doi:10.1126/science.1223012.

4. Haq IJ, Gray MA, Garnett JP, Ward C, Brodlie M. Airway surface liq-
uid homeostasis in cystic fibrosis: pathophysiology and therapeutic
targets. Thorax 71: 284–287, 2016. doi:10.1136/thoraxjnl-2015-207588.

5. Martin SL, Saint-Criq V, Hwang TC, Csanády L. Ion channels as tar-
gets to treat cystic fibrosis lung disease. J Cyst Fibros 17: S22–S27,
2018. doi:10.1016/j.jcf.2017.10.006.

6. O'Sullivan BP, Freedman SD. Cystic fibrosis. Lancet 373: 1891–
1904, 2009. doi:10.1016/S0140-6736(09)60327-5.

7. Hwang TC, Sheppard DN. Gating of the CFTR Cl� channel by ATP-
driven nucleotide-binding domain dimerisation. J Physiol 587: 2151–
2161, 2009. doi:10.1113/jphysiol.2009.171595.

8. Hwang TC, Yeh JT, Zhang J, Yu YC, Yeh HI, Destefano S.
Structural mechanisms of CFTR function and dysfunction. J Gen
Physiol 150: 539–570, 2018. doi:10.1085/jgp.201711946.

9. Haq IJ, Parameswaran MC, Abidin NZ, Socas A, Gonzalez-
Ciscar A, Gardner AI, Brodlie M. Modulator therapies for cystic
fibrosis. Paediatr Child Health 29: 151–157, 2019. doi:10.1016/j.
paed.2019.01.011.

10. Veit G, Avramescu RG, Chiang AN, Houck SA, Cai Z, Peters KW,
Hong JS, Pollard HB, Guggino WB, Balch WE, Skach WR, Cutting

CHARACTERIZATION OF R751L-CFTR

L298 AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00137.2020 � www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at Utrecht Univ Lib (131.211.012.011) on December 30, 2021.

https://ncl.ac.uk
https://doi.org/10.1126/science.2475911
https://doi.org/10.1016/S0140-6736(16)00576-6
https://doi.org/10.1016/S0140-6736(16)00576-6
https://doi.org/10.1126/science.1223012
https://doi.org/10.1136/thoraxjnl-2015-207588
https://doi.org/10.1016/j.jcf.2017.10.006
https://doi.org/10.1016/S0140-6736(09)60327-5
https://doi.org/10.1113/jphysiol.2009.171595
https://doi.org/10.1085/jgp.201711946
https://doi.org/10.1016/j.paed.2019.01.011
https://doi.org/10.1016/j.paed.2019.01.011
http://www.ajplung.org


GR, Frizzell RA, Sheppard DN, Cyr DM, Sorscher EJ, Brodsky JL,
Lukacs GL. From CFTR biology toward combinatorial pharmacother-
apy: expanded classification of cystic fibrosis mutations. MBoC 27:
424–433, 2016. doi:10.1091/mbc.E14-04-0935. doi:10.1091/mbc.e14-
04-0935.

11. Brodlie M, Haq IJ, Roberts K, Elborn JS. Targeted therapies to
improve CFTR function in cystic fibrosis. Genome Med 7: 1–16, 2015.
doi: https://doi.org/10.1186/s13073-015-0223-6.

12. Clancy JP, Cotton CU, Donaldson SH, Solomon GM, VanDevanter
DR, Boyle MP, Gentzsch M, Nick JA, Illek B, Wallenburg JC,
Sorscher EJ, Amaral MD, Beekman JM, Naren AP, Bridges RJ,
Thomas PJ, Cutting G, Rowe S, Durmowicz AG, Mense M, Boeck
KD, Skach W, Penland C, Joseloff E, Bihler H, Mahoney J, Borowitz
D, Tuggle KL. CFTR modulator theratyping: Current status, gaps and
future directions. J Cyst Fibros 18: 22–34, 2019. doi:10.1016/j.
jcf.2018.05.004.

13. Bozoky Z, Krzeminski M, Muhandiram R, Birtley JR, Al-Zahrani
A, Thomas PJ, Frizzell RA, Ford RC, Forman-Kay JD. Regulatory
R region of the CFTR chloride channel is a dynamic integrator of
phospho-dependent intra- and intermolecular interactions. Proc
Natl Acad Sci USA 110: E4427–E36, 2013. doi:10.1073/
pnas.1315104110.

14. Seibert FS, Tabcharani JA, Chang XB, Dulhanty AM, Mathews
C, Hanrahan JW, Riordan JR. cAMP-dependent protein kinase-
mediated phosphorylation of cystic fibrosis transmembrane con-
ductance regulator residue Ser-753 and its role in channel acti-
vation. J Biol Chem 270: 2158–2162, 1995. doi:10.1074/jbc.270.
5.2158.

15. Stevers LM, Lam CV, Leysen SF, Meijer FA, van Scheppingen DS,
de Vries RM, Carlile GW, Milroy LG, Thomas DY, Brunsveld L,
Ottmann C. Characterization and small-molecule stabilization of the
multisite tandem binding between 14-3-3 and the R domain of CFTR.
Proc Natl Acad Sci USA 113: E1152–E1161, 2016. doi:10.1073/
pnas.1516631113.

16. Pankow S, Bamberger C, Yates JR 3rd. A posttranslational modifi-
cation code for CFTR maturation is altered in cystic fibrosis. Sci
Signal 12: eaan7984, 2019. doi:0.1126/scisignal.aan7984. doi:10.1126/
scisignal.aan7984.

17. Perniss A, Preiss K, Nier M, Althaus M. Hydrogen sulfide stimulates
CFTR in Xenopus oocytes by activation of the cAMP/PKA signalling
axis. Sci Rep 7: 3517, 2017. [Erratum in Sci Rep 8: 4420, 2018].
doi:10.1038/s41598-017-03742-5.

18. McCaul N, Yeoh HY, van Zadelhoff G, Lodder N, Kleizen B,
Braakman I. Analysis of protein folding, transport, and degradation
in living cells by radioactive pulse chase. JoVE: e58952, 2019.
doi:10.3791/58952.

19. van Willigen M, Vonk AM, Yeoh HY, Kruisselbrink E, Kleizen B, van
der Ent CK, Egmond MR, de Jonge HR, Braakman I, Beekman JM,
van der Sluijs P. Folding–function relationship of the most common
cystic fibrosis–causing CFTR conductance mutants. Life Sci Alliance
2: e201200172, 2019. doi:10.26508/lsa.201800172.

20. Hoelen H, Kleizen B, Schmidt A, Richardson J, Charitou P, Thomas
PJ, Braakman I. The primary folding defect and rescue of DF508
CFTR emerge during translation of the mutant domain. PloS one 5:
e15458, 2010. doi:10.1371/journal.pone.0015458.

21. Cui L, Aleksandrov L, Chang XB, Hou YX, He L, Hegedus T,
Gentzsch M, Aleksandrov A, Balch WE, Riordan JR. Domain
Interdependence in the Biosynthetic Assembly of CFTR. J Mol Biol
365: 981–994, 2007. doi:10.1016/j.jmb.2006.10.086.

22. Kleizen B, van Vlijmen T, de Jonge HR, Braakman I. Folding of
CFTR Is Predominantly Cotranslational.Mol Cell 20: 277–287, 2005.
doi:10.1016/j.molcel.2005.09.007.

23. Wilschanski M, Dupuis A, Ellis L, Jarvi K, Zielenski J, Tullis E,
Martin S, Corey M, Tsui LC, Durie P. Mutations in the cystic fibrosis
transmembrane regulator gene and in vivo transepithelial potentials.
Am J Respir Crit Care Med 174: 787–794, 2006. doi:10.1164/
rccm.200509-1377OC.

24. Melis N, Tauc M, Cougnon M, Bendahhou S, Giuliano S, Rubera I,
Duranton C. Revisiting CFTR inhibition: a comparative study of
CFTR(inh)-172 and GlyH-101 inhibitors. Br J Pharmacol 171: 3716–
3727, 2014. doi:10.1111/bph.12726.

25. Pranke IM, Hatton A, Simonin J, Jais JP, Le Pimpec-Barthes F,
Carsin A, Bonnette P, Fayon M, Stremler-Le Bel N, Grenet D,
Thumerel M, Mazenq J, Urbach V, Mesbahi M, Girodon-Boulandet

E, Hinzpeter A, Edelman A, Sermet-Gaudelus I. Correction of CFTR
function in nasal epithelial cells from cystic fibrosis patients predicts
improvement of respiratory function by CFTR modulators. Sci Rep 7:
7375, 2017. doi:10.1038/s41598-017-07504-1.

26. Saint-Criq V, Gray MA. Role of CFTR in epithelial physiology. Cell
Mol Life Sci 74: 93–115, 2017. doi:10.1007/s00018-016-2391-y.

27. GrayMA,Harris A, Coleman L,Greenwell JR, Argent BE. Two types
of chloride channel on duct cells cultured from human fetal pan-
creas. Am J Physiol Cell Physiol 257: C240–C51, 1989. doi:10.1152/
ajpcell.1989.257.2.C240.

28. Zhang Z, Liu F, Chen J. Conformational changes of CFTR upon
phosphorylation and ATP binding. Cell 170: 483–491.e8, 2017.
https://doi.org/10.1016/j.cell.2017.06.041.

29. Bompadre SG, Ai T, Cho JH, Wang X, Sohma Y, Li M, Hwang TC.
CFTR gating I: characterization of the ATP-dependent gating of a
phosphorylation-independent CFTR channel (DR-CFTR). J Gen
Physiol 125: 361–375, 2005. doi:10.1085/jgp.200409227.

30. Ostedgaard LS, Zabner J, Vermeer DW, Rokhlina T, Karp PH,
Stecenko AA, Randak C, Welsh MJ. CFTR with a partially
deleted R domain corrects the cystic fibrosis chloride transport
defect in human airway epithelia in vitro and in mouse nasal mu-
cosa in vivo. Proc Am Thorac Soc 99: 3093–3098, 2002.
doi:10.1073/pnas.261714599.

31. Vankeerberghen A, Wei L, Jaspers M, Cassiman JJ, Nilius B,
Cuppens H. Characterization of 19 Disease-Associated Missense
Mutations in the Regulatory Domain of the Cystic Fibrosis Transmem-
brane Conductance Regulator. Hum Mol Genet 7: 1761–1769, 1998.
doi:10.1093/hmg/7.11.1761.

32. Liu F, Zhang Z, Csanády L, Gadsby DC, Chen J.Molecular Structure
of the Human CFTR Ion Channel. Cell 169: 85–95.e8, 2017. https://
doi.org/10.1016/j.cell.2017.02.024.

33. Pasyk EA, Morin XK, Zeman P, Garami E, Galley K, Huan LJ, Wang
Y, Bear CE. Conserved region of the R domain of cystic fibrosis
transmembrane conductance regulator is important in processing
and function. J Biol Chem 273: 31759–31764, 1998. doi:10.1074/
jbc.273.48.31759.

34. Kirchner S, Cai Z, Rauscher R, Kastelic N, Anding M, Czech A,
Kleizen B, Ostedgaard LS, Braakman I, Sheppard DN, Ignatova Z.
Alteration of protein function by a silent polymorphism linked to
tRNA abundance. PLOS Biol 15: e2000779, 2017. doi:10.1371/journal.
pbio.2000779.

35. Goubau C, Wilschanski M, Skalická V, Lebecque P, Southern KW,
Sermet I, Munck A, Derichs N, Middleton PG, Hjelte L, Padoan R,
Vasar M, De Boeck K. Phenotypic characterisation of patients with
intermediate sweat chloride values: towards validation of the
European diagnostic algorithm for cystic fibrosis. Thorax 64: 683–
691, 2009. doi:10.1136/thx.2008.104752.

36. Collaco JM, Blackman SM, Raraigh KS, Corvol H, Rommens JM,
Pace RG, Boelle PY, McGready J, Sosnay PR, Strug LJ, Knowles
MR, Cutting GR. Sources of Variation in Sweat Chloride
Measurements in Cystic Fibrosis. Am J Respir Crit Care Med 194:
1375–1382, 2016. doi:10.1164/rccm.201603-0459OC.

37. Durmowicz AG, Witzmann KA, Rosebraugh CJ, Chowdhury BA.
Change in sweat chloride as a clinical end point in cystic fibrosis
clinical trials: the ivacaftor experience. Chest 143: 14–18, 2013.
doi:10.1378/chest.12-1430.

38. Azad AK, Rauh R, Vermeulen F, Jaspers M, Korbmacher J, Boissier
B, Bassinet L, Fichou Y, des Georges M, Stanke F, De Boeck K,
Dupont L, Balascáková M, Hjelte L, Lebecque P, Radojkovic D,
Castellani C, Schwartz M, Stuhrmann M, Schwarz M, Skalicka V, de
Monestrol I, Girodon E, F�erec C, Claustres M, T€ummler B, Cassiman
JJ, Korbmacher C, Cuppens H. Mutations in the amiloride-sensitive
epithelial sodium channel in patients with cystic fibrosis-like disease.
HumMutat 30: 1093–1103, 2009. doi:10.1002/humu.21011.

39. Fajac I, Viel M, Gaitch N, Hubert D, Bienvenu T. Combination of
ENaC and CFTR mutations may predispose to cystic fibrosis-like
disease. Eur Respir J 34: 772–773, 2009. doi:10.1183/09031936.
00057309.

40. Edelheit O, Hanukoglu I, Gizewska M, Kandemir N,
Tenenbaum-Rakover Y, Yurdak€ok M, Zajaczek S, Hanukoglu A.
Novel mutations in epithelial sodium channel (ENaC) subunit
genes and phenotypic expression of multisystem pseudohypoal-
dosteronism. Clin Endocrinol) 62: 547–553, 2005. doi:10.1111/
j.1365-2265.2005.02255.x.

CHARACTERIZATION OF R751L-CFTR

AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00137.2020 � www.ajplung.org L299
Downloaded from journals.physiology.org/journal/ajplung at Utrecht Univ Lib (131.211.012.011) on December 30, 2021.

https://doi.org/10.1091/mbc.E14-04-0935
https://doi.org/10.1091/mbc.e14-04-0935
https://doi.org/10.1091/mbc.e14-04-0935
https://doi.org/10.1186/s13073-015-0223-6
https://doi.org/10.1016/j.jcf.2018.05.004
https://doi.org/10.1016/j.jcf.2018.05.004
https://doi.org/10.1073/pnas.1315104110
https://doi.org/10.1073/pnas.1315104110
https://doi.org/10.1074/jbc.270.5.2158
https://doi.org/10.1074/jbc.270.5.2158
https://doi.org/10.1073/pnas.1516631113
https://doi.org/10.1073/pnas.1516631113
https://doi.org/0.1126/scisignal.aan7984
https://doi.org/10.1126/scisignal.aan7984
https://doi.org/10.1126/scisignal.aan7984
https://doi.org/10.1038/s41598-017-03742-5
https://doi.org/10.3791/58952
https://doi.org/10.26508/lsa.201800172
https://doi.org/10.1371/journal.pone.0015458
https://doi.org/10.1016/j.jmb.2006.10.086
https://doi.org/10.1016/j.molcel.2005.09.007
https://doi.org/10.1164/rccm.200509-1377OC
https://doi.org/10.1164/rccm.200509-1377OC
https://doi.org/10.1111/bph.12726
https://doi.org/10.1038/s41598-017-07504-1
https://doi.org/10.1007/s00018-016-2391-y
https://doi.org/10.1152/ajpcell.1989.257.2.C240
https://doi.org/10.1152/ajpcell.1989.257.2.C240
https://doi.org/10.1016/j.cell.2017.06.041
https://doi.org/10.1085/jgp.200409227
https://doi.org/10.1073/pnas.261714599
https://doi.org/10.1093/hmg/7.11.1761
https://doi.org/10.1016/j.cell.2017.02.024
https://doi.org/10.1016/j.cell.2017.02.024
https://doi.org/10.1074/jbc.273.48.31759
https://doi.org/10.1074/jbc.273.48.31759
https://doi.org/10.1371/journal.pbio.2000779
https://doi.org/10.1371/journal.pbio.2000779
https://doi.org/10.1136/thx.2008.104752
https://doi.org/10.1164/rccm.201603-0459OC
https://doi.org/10.1378/chest.12-1430
https://doi.org/10.1002/humu.21011
https://doi.org/10.1183/09031936.00057309
https://doi.org/10.1183/09031936.00057309
https://doi.org/10.1111/j.1365-2265.2005.02255.x
https://doi.org/10.1111/j.1365-2265.2005.02255.x
http://www.ajplung.org


41. Welzel M, Akin L, B€uscher A, G€uran T, Hauffa BP, H€ogler W,
Leonards J, Karges B, Kentrup H, Kirel B, Senses EE, Tekin N,
Holterhus PM, Riepe FG. Five novel mutations in the SCNN1A gene
causing autosomal recessive pseudohypoaldosteronism type 1. Eur
J Endocrinol 168: 707–715, 2013. doi:10.1530/EJE-12-1000.

42. Mora-Lopez F, Bernal-Quiros M, Lechuga-Sancho AM, Lechuga-
Campoy JL, Hernandez-Trujillo N, Nieto A. Novel mutation in the

epithelial sodium channel causing type I pseudohypoaldosteronism
in a patient misdiagnosed with cystic fibrosis. Eur J Pediatr 171: 997–
1000, 2012. doi:10.1007/s00431-012-1697-5.

43. Boiko N, Kucher V, Stockand JD. Pseudohypoaldosteronism type 1
and Liddle’s syndromemutations that affect the single-channel prop-
erties of the epithelial Naþ channel. Physiol Rep 3: e12600, 2015.
doi: https://doi.org/10.14814/phy2.12600.

CHARACTERIZATION OF R751L-CFTR

L300 AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00137.2020 � www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at Utrecht Univ Lib (131.211.012.011) on December 30, 2021.

https://doi.org/10.1530/EJE-12-1000
https://doi.org/10.1007/s00431-012-1697-5
https://doi.org/10.14814/phy2.12600
http://www.ajplung.org

