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ABSTRACT

Introduction The incubation of airway epithelia cells
at low temperatures is a common in vitro experimental
approach used in the field of cystic fibrosis (CF) research
to thermo-stabilise F508del-CFTR and increase its
functional expression. Given that the airway epithelium
includes numerous ion transporters other than CFTR, we
hypothesised that there was an impact of low temperature
incubation on CFTR-independent ionoregulatory
mechanisms in airway epithelia derived from individuals
with and without CF.
Methods After differentiation at the air–liquid interface,
nasal epithelia were incubated at either 37°C or 29°C (low
temperature) for 48 hours prior to analysis in an Ussing
chamber.
Results While F508del-CFTR activity was increased
after low temperature incubation, activity of CFTR in
non-CF epithelia was unchanged. Importantly, cultures
incubated at 29°C demonstrated decreased transepithelial
potential difference (TEPD) and short-circuit currents (Isc)
at baseline. The predominant factor contributing to the
reduced baseline TEPD and Isc in 29°C cultures was the
reduced activity of the epithelial sodium channel (ENaC),
evidenced by a reduced responsiveness to amiloride. This
effect was observed in cells derived from both non-CF and
CF donors.
Discussion Significant transcriptional downregulation of
ENaC subunits β and γ were observed, which may partially
explain the decreased ENaC activity. We speculate that
low temperature incubation may be a useful experimental
paradigm to reduce ENaC activity in in vitro epithelial
cultures.

INTRODUCTION
The conducting and respiratory airway
epithelia of the nose, mouth, trachea,
bronchi and alveoli process inhaled air for gas
exchange while protecting from potentially
harmful inhaled particles and pathogens.
Key to both the respiratory and protective
functions of airway epithelia is maintaining
hydromineral balance of the periciliary fluid
compartment of the airway surface liquid
(ASL), a thin layer of fluid that serves to trap

Key messages
►► Given the wide use of low temperature incubation

of airway epithelial cells to experimentally correct
mutant cystic fibrosis transmembrane conductance
regulator (CFTR), the current investigation sought to
evaluate the impact of low temperature on the activities of other epithelial ion transporters of the airway
epithelium.
►► It appears that low temperature treatment downregulates the epithelial sodium channel (ENaC) activity and expression through a mechanism that is
not dependent on CFTR, and that the reduced ENaC
function at low temperature has a direct impact on
baseline transepithelial membrane potential.
►► Future studies seeking to use low temperature incubation to experimentally correct mutant CFTR should
consider the impact low temperature incubation
may have on other ion transporters as well as on epithelial function more broadly, including impacts on
transepithelial potential difference, airway surface
hydration and mucociliary transport.

and flush out debris and pathogens.1 ASL
hydration is maintained by the osmotic movement of water driven by ion transport across
the epithelium. Three of the most prominent ion transporters on the apical side of
the airway epithelium are: (i) epithelial Na+
channel (ENaC), which transports Na+ from
the ASL into the cell; (ii) cystic fibrosis transmembrane conductance regulator (CFTR), a
Cl− channel that transports Cl− out of the cell
to the ASL and (iii) Ca2+-activated Cl− channels (CaCCs), which also transport Cl− out to
the ASL.2
Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the CFTR
gene resulting in a deterioration of the
ASL and an overaccumulation of mucus in
the airways leading to respiratory dysfunction and chronic lung disease.3 The most
common CFTR mutation, F508del,4 results
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in misfolding and retention of the mutant CFTR protein
in the endoplasmic reticulum, leading to the premature
degradation of F508del-
CFTR by proteasomes and an
inadequate amount of F508del-CFTR at the cell surface.5 6
The misfolding of F508del-CFTR is temperature-sensitive
and can be partially rescued by incubation at low
temperature.7–9 Thus, a widely used experimental methodology to correct F508del-CFTR folding in vitro is to
thermo-
stabilise F508del-
CFTR using low temperature
incubation (at ~27°C–29°C rather than 37°C) of cells
harbouring F508del-CFTR. Low temperature correction
of F508del-CFTR is also an important experimental tool
in translational research on CF as it has served as a positive control treatment in studies screening for and investigating the efficacy of novel pharmacological correctors
of F508del-CFTR.10–12
In CF research, ENaC has also been widely investigated for its abundance on the airway epithelium and
its prominent contribution to ion and fluid homeostasis
on the airway surface.2 The balance of ENaC-mediated
ion absorption and CFTR-mediated ion secretion largely
determines proper ASL homeostasis.13 CFTR and ENaC
interact on the apical membrane of the airway epithelium,14 both through direct and indirect means. In non-CF
epithelia, membrane-expressed CFTR directly interacts
with and downregulates the function of ENaC. Likewise,
ENaC activity is increased in CF epithelia, which have
low membrane expression of CFTR.14 This relationship
between ENaC and CFTR is so crucial that it has been
suggested that ENaC should be a target in treating CF.15 16
For example, it has been posited that pharmacologically
reduced ENaC activity on the apical surface could lead to
increased periciliary fluid and enhanced lung function in
CF airways.13 This paradigm is perhaps most conspicuous
in murine models of CF, of which models overexpressing
ENaC in the airway more closely exhibit pulmonary
symptoms of CF than Cftr -/- models.17
Given the use of low temperature incubation experiments to investigate F508del-CFTR and airway epithelial ion transport, the current study sought to evaluate
the impact of low temperature on the activities of other
epithelial ion transporters of the airway epithelium.
In this study, we exposed patient-derived non-CF and
CF (F508del homozygous) nasal epithelial cells to low
temperature. We performed electrophysiological analyses to examine the effect of low temperature incubation
on the activities of amiloride-sensitive ENaC, forskolin-
activated CFTR and ATP-responsive CaCCs. This report
provides further characterisation of the impact of low
temperature on the electrophysiological properties and
ion channel functions of cultured airway epithelia.
MATERIALS AND METHODS
Primary human nasal epithelial cell expansion and
maintenance
Primary nasal cells were obtained from three to four
individuals with and without CF by nasal brushing
and cultured as previously described.18–21 Cells were
2

expanded on irradiated National Institutes of Health
(NIH)-registered 3T3 feeder layers with F-media (73%
complete Dulbecco’s Modified Eagle’s Medium (DMEM)
(89% DMEM, 9% fetal bovine serum, 1% L-glutamine,
1% penicillin/streptomycin), 0.1% hydrocortisone/
EGF mix, 0.00086% cholera toxin, 1.6% adenine, 0.1%
insulin, 25% Ham’s F-12) containing 10 µM Y-27632 Rho
kinase inhibitor. For differentiation at air–liquid interface (ALI), expanded cells were seeded on type 1 bovine
collagen-coated (3 mg/mL) cell culture permeable polyester transwell inserts (Corning) at a density of 250 000
cells/cm2 in PneumaCult-Ex Plus (STEMCELL Technologies). Apical media was removed and basal media was
replaced by PneumaCult-ALI media (STEMCELL Technologies) after 2 days of expansion. The basal media
was changed every 2–3 days with fresh PneumaCult-ALI
media. Cells were well-differentiated and analysed after
21–28 days at ALI. For low temperature incubation, cells
were either held at 37°C (control) or transferred to 29°C
for 48 hours prior to analysis in the Ussing chamber (four
replicates per group for each individual donor).
Electrophysiological measurement by Ussing chamber
Electrophysiological measurements were performed in
an Ussing chamber (Physiological Instruments) under
open-circuit conditions with continuous measurement of
transepithelial potential difference (TEPD). Monolayers
were intermittently voltage-clamped to 0 mV for measurement of short-circuit current (Isc). During periods
of short-
circuiting, epithelia were pulsed (200 ms of
±5 mV) and measurements of transepithelial electrical
resistance (TEER) were obtained. Cells were placed
between apical and basolateral compartments filled with
Ringer’s solution (120 mM NaCl, 10 mM D-glucose, 3.3
mM KH2PO4, 0.83 mM K2HPO4, 1.2 mM MgCl2, 1.2 mM
CaCl2, saturated with 95% O2/5% CO2, pH 7.4 at 37°C).
After mounting in the Ussing chamber, solutions were
continuously gassed with 5% CO2 and 95% O2. Acute
treatments of the monolayers in the Ussing chamber
consisted of apical 100 µM amiloride (Alfa Aesar),
apical/basal 20 µM forskolin (Fsk; Tocris)/100 µM
3-isobutyl-1-methylxanthine (IBMX; Sigma), apical 1 µM
VX-770 (Selleck Chemicals), apical 10 µM CFTR(inh)-172
(CFTR Chemical Compound Distribution Program) and
apical 100 µM ATP (Sigma). For non-CF cultures, CFTR
was potentiated with VX-770 then activated by Fsk/IBMX.
For CF cultures, CFTR was activated by Fsk/IBMX then
potentiated with VX-770. After Ussing chamber analysis,
monolayers were immediately frozen and stored at −80°C.
Gene expression analysis
Total RNA was isolated from frozen cells using the TRI-zol
method following manufacturer’s protocol (Molecular
Research Center) and quantified and assessed for purity
using a NanoDrop spectrophotometer (ND-1000; NanoDrop Technologies). First-
strand complementary DNA
(cDNA) was synthesised using a reverse transcription kit
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following the manufacturer’s protocol (M-MLV Reverse
Transcriptase; Invitrogen). Real-
time quantitative PCR
(RT-qPCR) was performed using a StepOnePlus system
(Applied Biosystems) and carried out in 10 μL reactions
containing 10 ng cDNA, 150 nM forward and reverse
primers and 1X SYBRselect master mix, following the
manufacturer’s protocol (ThermoFisher). The thermal
profile of the reactions was 2 min at 50°C, 2 min at 95°C
(holding and activation), 40 cycles of 15 s at 95°C, 30 min
at 60°C, 30 s at 72°C (cycling), then finally a ramp from
60°C to 95°C (melt curve analysis) was used to confirm a
single product in each reaction. Relative mRNA expression of SCNN1A, SCNN1B and SCNN1G (the genes corresponding to α, β and γ subunits of ENaC, respectively)
was calculated using the comparative method (2-ΔΔCT)
using α-tubulin (ATUBA1A) as a reference gene. Nucleotide sequences of primer pairs used for analysis were
as follows: SCNN1A forward, 5’-AGGGGAACAAGCGTGAGGA-3’; SCNN1A reverse, 5’-GGTGGAACTCGATCAGGGC-3’; SCNN1B forward, 5’-CCCGGCTACACGTACAAGG-3’; SCNN1B reverse, 5’-CCCTCACAGATGATGCGCTT-3’; SCNN1G forward, 5’-GCACCCGGAGAG
AAGATCAAA-3’; SCNN1G reverse, 5’-TACCACCGCATC
AGCTCTTTA-3’.
Western blot analysis
Frozen monolayers were washed with ice-cold phosphate-
buffered saline and lysed with 1X Laemmli buffer. Equal
amounts of protein (20 μg) were loaded for SDS-PAGE,
then transferred on to nitrocellulose membrane (GE-Amersham Biosciences). Blots were subsequently blocked
with 5% Blotto (non-fat dry milk; Sigma) in tris-buffered
saline with 0.1% Tween-20 (TBS-T) for 1 hour at room
temperature (RT), followed by overnight incubation with
primary antibodies: ENaC (1:1000 dilution; Invitrogen,
Cat. No. 920A); actin (1:3000 dilution; Cell Signaling
Technology, Cat. No. 12262). After primary incubation,
blots were washed with TBS-T then incubated in HRP-
conjugated secondary antibodies (1:3000 dilution; Cell
Signaling Technology, Cat. No. 7074) for 1 hour at RT,
then washed again before chemiluminescent detection
(ECL western blotting substrate; Pierce, Cat. No. 32106).
ENaC α-subunit band densities were normalised to
β-actin and quantified using ImageJ software (NIH).
Calculations and statistical analysis
to-
donor variation, data were
To control for donor-
normalised to the donor-matched 37°C control. Statistical analyses were carried out on normalised replicates
from each donor (n=16–34 replicates from three to four
donors) by either one-way or two-way analysis of variance
with Tukey’s multiple comparisons test, unpaired t-test or
linear regression as described in figure legends. All data
are presented as mean±SD. Figure assembly and all statistical analyses were completed in Prism V.6.0 (GraphPad
Software).
Yadav S, et al. BMJ Open Resp Res 2021;8:e000861. doi:10.1136/bmjresp-2020-000861

Figure 1 Electrophysiological properties of nasal airway
epithelia. (A) Traces of transepithelial potential difference
(TEPD) across non-cystic fibrosis (non-CF) (A) and CF
(F508del/F508del) (B) primary nasal epithelial cells after
48 hours incubation at low temperature (29°C) and normal
temperature (37°C) were obtained by analysis in an Ussing
chamber. Baseline TEPD (C), amiloride-responsive ΔTEPD
(D) and VX-770/Fsk/IBMX-mediated ΔTEPD (E) in non-CF
and CF epithelia were quantified. Data are presented as
mean±SD (n=16–34 replicates, from three individual donors
for each group). Brackets and asterisks indicate significant
differences (t-test; ****p<0.0001).

Patient and public involvement
Patients or the public were not involved in the design,
or conduct, or reporting, or dissemination plans of our
research.
RESULTS
CF and CF primary nasal epithelial cell cultures
Non-
formed visibly ciliated and electrically tight monolayers,
ranging 93–358 Ω/cm2 at baseline. All monolayers exhibited an immediate response and subsequent stabilisation
after exposure to the test compounds amiloride, VX-770,
Fsk/IBMX, CFTR(inh)-172 and ATP (figure 1A,B).
Non-CF and CF epithelia had significantly different baseline TEPD (non-
CF: −6.3±2.3 mV; CF: −10.5±2.5 mV),
amiloride-responsive ΔTEPD (non-CF: 5.9±2.8 mV; CF:
13.6±2.5 mV) and VX-770/Fsk/IBMX-responsive ΔTEPD
(non-CF: −3.8±1.8 mV; CF: −0.92±0.29 mV) (figure 1C–E).
We first sought to compare the effects of low temperature (29°C) incubation on baseline values (prior to
administration of test compounds) for TEPD, Isc and
TEER between non-
CF and CF nasal epithelial cell
cultures. We observed a significant reduction in baseline
TEPD and Isc after 29°C incubation compared with the
control temperature (37°C), and this effect was consistent in both non-
CF and CF epithelial cell cultures
(figure 2A,B). Low temperature-mediated decreases in
baseline TEPD and Isc were greater in CF cells (TEPD
3
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Figure 2 Baseline transepithelial properties. Effects of
48 hours treatment with normal (37°C) and low temperature
(29°C) on baseline transepithelial potential difference
(TEPD) (A), short-circuit currents (Isc) (B) and transepithelial
electrical resistance (TEER) (C) across non-cystic fibrosis
(non-CF) and CF (F508del/F508del) primary nasal epithelial
cells were quantified. Values were normalised to donor-
matched 37°C values. Data are presented as mean±SD
(n=16–34 replicates, from three individual non-CF and three
individual CF donors). Brackets and asterisks indicate
significant differences (two-way analysis of variance;
Tukey’s post hoc; **p<0.01; ****p<0.0001).

was reduced 82%±14%; Isc was reduced in 80%±17%)
compared with non-
CF cells (TEPD was reduced
60%±13%; Isc was reduced in 67%±13%). Low temperature incubation had only modest influences on TEER,
slightly increasing TEER in non-CF cells and having no
effect in CF cells (figure 2C).
The acute application of amiloride, a potent inhibitor
of ENaC, had large and temperature-dependent effects
on TEPD and Isc across both non-CF and CF epithelia.
The magnitude of amiloride-
responsive ΔTEPD and
ΔIsc were significantly reduced at 29°C compared with
37°C control epithelia (figure 3A,B). In non-CF epithelia
at 29°C, amiloride-
responsive ΔTEPD and ΔIsc were
decreased to 47%±22% and 59%±21%, respectively,
compared with 37°C controls. In CF epithelia at 29°C,
amiloride-responsive ΔTEPD and ΔIsc were decreased
to 62%±9% and 59%±13%, respectively. In non-
CF
epithelia, CFTR activation by VX-770 and Fsk/IBMX
was not different between 29°C and 37°C treatments
(figure 3C,D). However, in CF epithelia, CFTR activation by Fsk/IBMX and VX-770 resulted in a significant
increase in ΔTEPD at 29°C compared with the 37°C
4

Figure 3 Transepithelial response to amiloride, cystic
fibrosis transmembrane conductance regulator (CFTR)
activation and ATP stimulation. Treatment with normal
(37°C) and low temperature (29°C) for 48 hours affects
amiloride (100 μM)-sensitive Δtransepithelial potential
difference (TEPD) (A) and Δshort-circuit currents (Isc) (B)
in non-cystic fibrosis (non-CF) and CF (F508del/F508del)
epithelia. CFTR-mediated changes in TEPD (C) and Isc (D)
responded to low temperature in CF (F508del/F508del) but
not non-CF primary nasal epithelial cells. Values for CFTR
activation represent total changes in response to VX-770
and Fsk/IBMX application. ATP-responsive ΔTEPD (E) in
non-CF and CF primary nasal epithelial cells remained
unchanged. Data are presented as mean±SD (n=16–34
replicates, from three individual non-CF and three individual
CF donors). Brackets and asterisks indicate significant
differences (two-way analysis of variance; Tukey’s post hoc;
**p<0.01; ***p<0.001; ****p<0.0001).

control (figure 3C). Low temperature incubation had no
detectable effect on CFTR-activated ΔIsc in either non-CF
or CF epithelia (figure 3D). It is important to note that
the effect of temperature correction on F508del-CFTR
is very moderate when assayed under symmetrical Cl−
conditions; more dramatic increases in F508del-
CFTR
activity after low-temperature incubation are observed in
the presence of a Cl− gradient.18 Although the acute addition of ATP elicited a strong response in Cl− conductance
in both non-CF and CF epithelia (figure 1), no significant effect of low temperature incubation on the ATP
response was detected in either non-CF or CF epithelia
(figure 3E).
For non-
CF and CF epithelia at both incubation
temperatures, baseline TEPD was significantly correlated
with ENaC-mediated ΔTEPD (figure 4A). The results of
linear regression were as follows: 37°C non-CF: m=−0.7796,
r2=0.9191, p<0.0001; 29°C non-CF: m=−0.5133, r2=0.9441,
p<0.0001; 37°C CF: m=−0.9911, r2=0.9535, p<0.0001; 29°C
CF: m=−1.060, r2=0.8251, p<0.0001. The influence of
ENaC on baseline TEPD was greater in CF epithelia than
in non-CF epithelia; the slopes of the lines were significantly different (p<0.0001). In non-
CF epithelia, the
influence of ENaC on baseline TEPD was greater at 37°C
compared with 29°C (p=0.0007). Baseline TEPD was only
significantly associated with CFTR activity in non-CF cells
Yadav S, et al. BMJ Open Resp Res 2021;8:e000861. doi:10.1136/bmjresp-2020-000861
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Figure 4 Relationship between ion transporter activities
and baseline epithelial properties. The effect of 48 hours
treatment with normal (37°C) and low (29°C) temperature
on transepithelial potential difference (TEPD) across non-
cystic fibrosis (non-CF) and CF (F508del/F508del) primary
nasal epithelial cells was analysed. Correlations between
baseline TEPD and amiloride (100 μM)-sensitive ΔTEPD (A)
or ΔTEPD from cystic fibrosis transmembrane conductance
regulator (CFTR) activation (B) are presented. Values for
CFTR activation represent total changes in response to
VX-770 (1 µM) and Fsk/IBMX (20 µM/100 µM) application.
(C–E) Absolute values for TEPD, short-circuit currents (Isc)
and transepithelial electrical resistance (TEER) in non-CF
epithelial cells at normal (37°C) and low (29°C) temperature
after the acute addition of amiloride were quantified. Data
in panels A and B are presented as individual replicates
(n=12–34 replicates, from three individual non-CF and three
individual CF donors) and analysed using linear regression.
Data in panels C–E are presented as mean±SD. Brackets
and asterisks indicate significant differences (t-test;
**p<0.01).

(figure 4B): 37°C non-CF: m=1.053, r2=0.6530, p=0.0002;
29°C non-CF: m=0.6273, r2=0.5941, p=0.0005. After the
addition of amiloride in non-
CF epithelia, significant
differences in TEPD and Isc (but not TEER) remained
between 37°C and 29°C treatments (figure 4C–E).
Lastly, we hypothesised that the effect of low temperature incubation on ENaC activity was explained by reduced
ENaC expression. RT-
qPCR analysis (figure 5A–C)
revealed that SCNN1B and SCNN1G transcript expression
were significantly reduced at 29°C compared with 37°C
(over 50% reduction each). This effect of temperature
was observed in both non-CF and CF epithelia. Interestingly, SCNN1A transcript expression was not significantly
downregulated at 29°C. Further analysis of SCNN1A by
western blot analysis indicated that low temperature
incubation resulted in a modest (~25%) but significant
decrease in levels of ENaC α-subunit—the 97 kDa band
corresponds to the glycosylated, thus active, form of
ENaC α-subunit.22 23 This downregulatory effect on glycosylated ENaC α-subunit protein expression was observed
in both CF and non-CF cells (figure 5D,E).
Yadav S, et al. BMJ Open Resp Res 2021;8:e000861. doi:10.1136/bmjresp-2020-000861

Figure 5 Transcript and protein expression of epithelial
sodium channel (ENaC) subunits. (A–C) Transcript
expression of ENaC subunits α, β and γ (SCNN1A,
SCNN1B and SCNN1G, respectively) are presented.
Transcript expression data were calculated using the
comparative method (2-ΔΔCT) with α-tubulin (ATUBA1A)
serving as the reference gene. Transcript levels are
presented as relative to 37°C (set to 1) (n=4 replicates). (D)
Western blot analyses demonstrate the expression of ENaC
α-subunit in cystic fibrosis (CF) and non-CF after 48 hours
treatment with normal (37°C) and low temperature (29°C).
β-Actin was used as a loading control. (B) Quantification
of ENaC protein band densities are presented (n=5–6
replicates from two donors). Data are presented as
mean±SD. Asterisks indicate significant differences
(unpaired t-test; *p<0.05; **p<0.01, ****p<0.0001).

DISCUSSION
The balance between ENaC and CFTR on the airway
epithelium is critical in maintaining airway surface ion
and fluid homeostasis. In the present study, we demonstrated that low temperature treatment of airway epithelial cells in vitro, which is an experimental approach
often used to modulate F508del-
CFTR, also reduced
ENaC activity in both non-CF and CF airway epithelia. We
further demonstrated that ENaC activity is highly correlated to baseline TEPD, implying that ENaC is critical in
producing the lumen-negative TEPD present in non-CF
and CF airway epithelia. Protein-level and transcript-level
data indicate that temperature-sensitive changes in ENaC
activity may be attributed to the downregulation of ENaC
expression.
Low temperature incubation is a widely used experimental tool in vitro to enhance folding and trafficking
of F508del-CFTR.8 10–12 24–27 Fewer studies have sought to
identify the impact of experimental temperature manipulation on other epithelial ion transport processes. In
5
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CF bronchial epithelial (CFBE) cells, low temperature
incubation increased CFTR surface expression and
channel activity, and resulted in lower activity of another
Cl− channel, the outwardly rectifying Cl− channel.9 In
the present investigation, low temperature incubation
resulted in an expected increase in F508del-CFTR activity
after incubation at 29°C compared with 37°C, a decrease
in ENaC activity and no effect on the ATP response,
which is traditionally viewed as an indicator of CaCC
activity. Thus, the impact of low temperature, which
could affect many protein regulatory processes, such as
protein synthesis, proteolytic activation or protein turnover, appears to be protein-specific rather than general.
Importantly, the impact of low temperature incubation
on ENaC activity was substantial and will be the primary
topic of the discussion that follows.
In the 37°C controls for our study, ENaC activity was
greater in CF than non-CF airway epithelia (figure 1D).
The upregulation of ENaC activity in CF cultures is firmly
established.13 14 28–36 In both epithelial and non-epithelial
cells, CFTR membrane expression and activity is negatively associated with ENaC expression or ENaC-mediated
Na+ transport.14 28–34 The reciprocal balance of the activities of ENaC and CFTR on the airway epithelium may aid
in maintaining proper osmoregulation of periciliary fluid
in non-CF epithelia, but likely exacerbates the dysregulation of ASL homeostasis caused by mutations in CFTR.35
When CFTR membrane expression on airway epithelia
decreases due to improper folding and membrane-
trafficking (such as in the case of F508del-CFTR), ENaC
functional expression is enhanced,36 leading to decreased
ASL volume, thus worsening mucociliary clearance.13
The mechanism by which CFTR and ENaC interact
is not well understood. Investigations into the CFTR
interacting proteome (ie, the CFTR ‘interactome’)
using co-immunoprecipitation (co-IP) of endogenously
expressed CFTR did not find any interaction between
ENaC and wild-
type-
CFTR or F508del-
CFTR at 37°C
or F508del-CFTR at 30°C.37 38 Conversely, studies using
systems exogenously overexpressing CFTR and ENaC
have shown a direct interaction between CFTR and
ENaC α, β and γ subunits in co-
IP and fluorescence
energy transfer (FRET) experiments.28 39 40 Interestingly, low-
temperature (27°C) incubation is required
for F508del-CFTR to exhibit direct interaction (co-IP)
and physical proximity (FRET) with ENaC,39 indicating
that the interaction between CFTR and ENaC likely
takes place only once the proteins have trafficked to the
plasma membrane. Neither incubation at 37°C nor 27°C
resulted in any such interaction between ENaC and the
Cl− channel CLC-1,39 although ENaC is known to interact
with another CLC family member, CLC-2.41 From these
previous studies, it appears that the functional relationship between CFTR and ENaC is likely occurring through
direct and indirect mechanisms, which both require
future investigation. It appears that CFTR can physically
interact with ENaC on the plasma membrane to reduce
ENaC function in cell lines exogenously expressing CFTR
6

and ENaC, and that the defective membrane-trafficking
of F508del-CFTR prevents direct interaction with ENaC.
However, the lack of detection of ENaC in the interactome of wild-type-CFTR or F508del-CFTR in cell lines
endogenously expressing CFTR indicates that indirect
functional interaction between CFTR and ENaC, facilitated through intermediary or accessory proteins, is likely
a predominant mode of interaction between CFTR and
ENaC.28 34 42
In the present study, low temperature incubation of
F508del-CFTR monolayers resulted in increased CFTR
activity and decreased ENaC activity (figure 3A and C).
This finding agrees with the well-known effects of low
temperature in modulating F508del-
CFTR membrane
presence.7–9 A novel aspect of the present study is that
we assessed the influence of low temperature in non-CF
in addition to CF primary-
derived epithelial cells. In
CFBE41o- cells, which exogenously express CFTR, low
temperature (29°C) incubation reduced wild-type-CFTR
activity.25 In contrast, in the present study we found no
change in CFTR activity in non-
CF epithelia at 29°C
(figure 3C). The difference between the exogenous
expression of CFTR in CFBE41o- cells and the endogenous expression of CFTR in our primary-derived nasal
epithelial cells may account for this difference in the
CFTR-regulatory response at low temperature.
An important finding in the present study was that in
both non-CF and CF epithelial cells, low temperature
incubation reduced apparent ENaC activity (figure 3A).
Furthermore, the reduction in ENaC activity substantially
altered baseline transepithelial electrical properties such
as membrane potential (figure 4A). The strong relationship between ENaC activity and baseline TEPD demonstrates the important influence of ENaC function on
hydromineral balance on the airway epithelium. ENaC
activity appeared to have a greater influence on baseline TEPD in CF than non-CF epithelia, which is likely
due to lower CFTR activity in CF epithelia. Furthermore,
in CF epithelia, the relationship between ENaC activity
and baseline TEPD was similar regardless of temperature incubation (figure 4A). From these data, it appears
that low temperature treatment affects ENaC function
through a mechanism that is not necessarily dependent
on CFTR, and that the reduced ENaC function at low
temperature has a direct impact on baseline transepithelial membrane potential.
The cellular/molecular mechanisms responsible for
the downregulation of ENaC activity at low temperature
are not clear. Dysregulation of ENaC channel gating,
membrane localization and surface residency time are all
known pathologies for several human diseases.43 Along
with reduced CFTR function, hyperactivity of ENaC-
mediated Na+ absorption exacerbates mucous dehydration and worsens symptoms of CF.44 Hyperactivation of
ENaC as a contributing factor of CF lung disease specifically is thought to be the result of increased ENaC open
probability (Po) and/or increased ENaC surface expression. It has been shown in Xenopus oocytes that CFTR

Yadav S, et al. BMJ Open Resp Res 2021;8:e000861. doi:10.1136/bmjresp-2020-000861

BMJ Open Resp Res: first published as 10.1136/bmjresp-2020-000861 on 23 February 2021. Downloaded from http://bmjopenrespres.bmj.com/ on April 14, 2021 by guest. Protected by
copyright.

Open access

activation decreases the ENaC Po without affecting its
surface expression.45 Increased ENaC Po can occur by
proteolytic cleavage of an extracellular loop by various
proteases.46 Increased ENaC surface expression can be
regulated by cAMP/PKA inhibition of NEDD4-mediated
ubiquitination and proteasomal degradation of ENaC.46
The extent to which altered Po and/or surface expression is the cause of the reduced ENaC activity that we
observed at 29°C is only partially answered in the present
study. Direct comparisons of the results in the present
study to the literature are difficult. Although many
studies have used low temperature incubation to experimentally enhance F508del-CFTR, we could not identify
any studies describing the effect of low temperature incubation on the ENaC activity. It was shown in CFBE41ocells that low temperature (29°C) incubation increased
TEER independently of CFTR membrane presence or
activity,24 although the impact of low temperature incubation on ENaC expression or activity was not disclosed.
In the present study, we similarly demonstrate an increase
in TEER after low temperature incubation (figure 1C)
and attribute this change primarily to a change in ENaC
activity. Experimentally applied acute low temperature
treatment has been shown to increase ENaC Po.47 48
It is possible that prolonged exposure to low temperature (such as in the present study) results in sustained
increases in ENaC Po, thus eliciting a regulatory response
by the cells to decrease ENaC activity.
Our RT-qPCR and western blot analyses demonstrated
that transcript and/or protein expression of all three
ENaC subunits (α, β and γ) were downregulated. As
ENaC activity requires all three subunits to be present, the
downregulation of any one of the ENaC subunits could
explain the observed decreases in ENaC activity. Our
results indicate differential regulation of ENaC subunits;
transcription of SCNN1B and SCNN1G was strongly downregulated at low temperature whereas SCNN1A was not
(figure 5A–C). Despite no observed reduction at the transcript level, protein expression of the ENaC α subunit was
still reduced (figure 5E). Given this finding, we surmise
that protein expression of β and γ subunits, which were
strongly downregulated at the transcript level, were likely
reduced. Thus, our results indicate that it is possible that
downregulation of ENaC transcript and protein synthesis
at low temperature can fully explain the downregulation in ENaC activity. It is important to note that both
microarray12 and proteomic27 analyses have revealed that
many cellular functions are affected by low temperature
incubation. Therefore, there could be other cellular
mechanisms responding to low temperature incubation
that may be affecting ENaC activity. Given that, in the
present study, differences in the TEPD and Isc of non-CF
epithelia were observed between 37°C and 29°C treatments after the addition of amiloride (figure 4C–E), we
think it is likely that low temperature incubation affects
other processes related to epithelial ion transport in
addition to the downregulatory effect low temperature
incubation has on ENaC activity.
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In conclusion, we have reported that ENaC activity in
primary-derived airway epithelia is substantially reduced
after low temperature incubation. This effect of low
temperature appears to be specifically acting on some ion
transport mechanisms, namely F508del-CFTR and ENaC,
but not others, such as CaCCs. Importantly, the reduction
in ENaC activity and expression after low temperature
incubation was observed in both non-CF and CF cultures
indicating that this effect may occur through a CFTR-
independent mechanism. Future studies seeking to use
low temperature incubation to experimentally correct
mutant CFTR should consider the impact low temperature incubation may have on other ion transporters as
well as on epithelial function more broadly, including
impacts on TEPD, ASL hydration and mucociliary transport. Lastly, for investigators interested in studying ENaC
function, we speculate that low temperature incubation
may be a useful experimental paradigm to induce specific
downregulation of ENaC activity in order to study the
ENaC dysfunction in various disease and model systems.
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