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T
E
D
 PIn many cells, increase in intracellular calcium ([Ca2+]i) activates a Ca2+-dependent chloride (Cl−) conductance

(CaCC). CaCC is enhanced in cystic fibrosis (CF) epithelial cells lacking Cl− transport by the CF transmembrane
conductance regulator (CFTR). Here, we show that in freshly isolated nasal epithelial cells of F508del-
homozygous CF patients, expression of TMEM16A and bestrophin 1was unchanged. However, calcium signaling
was strongly enhanced after induction of expression of F508del-CFTR, which is unable to exit the endoplasmic
reticulum (ER). Since receptor-mediated [Ca2+]i increase is Cl− dependent, we suggested that F508del-CFTR
may function as an ER chloride counter-ion channel for Ca2+. This was confirmed by expression of the double
mutant F508del/G551D-CFTR, which remained in the ER but had no effects on [Ca2+]i. Moreover, F508del-
CFTR could serve as a scavenger for inositol-1,4,5-trisphosphate [IP3] receptor binding protein released with
IP3 (IRBIT). Our data may explain how ER-localized F508del-CFTR controls intracellular Ca2+ signaling.
dustry.
: +49 941 943 4315.
g.de (K. Kunzelmann).
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R1. Introduction

There is a well described relationship between the cystic fibrosis
transmembrane conductance regulator (CFTR) and Ca2+-activated
Cl− channels (CaCCs). Enhanced Ca2+ activated Cl− conductance
has been detected in the airways of cystic fibrosis (CF) patients and
in cultured airway cells [1–4]. Other studies demonstrated an inhibi-
tory effect of CFTR on CaCCs [5,6]. Yet, the reasons for enhanced CaCC
in CF cells remained unclear, although polarized primary cultures,
exhibit an expansion of the endoplasmic reticulum (ER) compart-
ment, which correlated with enhanced Ca2+-dependent activation
of luminal Cl− channels [7].

Pro-inflammatory pathways which appear to be constitutively
active in CF airways, may be the cause for the observed Ca2+i mobi-
lization from ER Ca2+ stores and the augmented Ca2+-activated Cl−

conductance. However, it is currently under debate whether upregu-
lation of pro-inflammatory pathways in CF airway epithelial cells
78

79

80

81

82
leading to those ER/Ca2+ effects, is due to exogenous infection or if
this is an intrinsic property of CF cells, caused by misfolded F508del-
CFTR, unfolded protein response (UPR) and ER-stress [8]. Increased
ERmass and ER-derived Ca2+i signals revert to normal in primary cul-
tures of F508del-CF bronchial epithelia maintained in the absence of
luminal infection, while primary cultures of non-CF cells exhibit
the same ER/Ca2+ effects as CF cells, when exposed to supernatant
purulent material (SMM) collected from lungs of CF patients [9].
Moreover, patients with other non-F508del mutants not retained in
the ER may also have enhanced CaCCs [2]. Thus, the current view
is that the ER expansion observed in CF cells is, in fact, an acquired
epithelial response to chronic airway infection/inflammation. Still,
the ER/Ca2+ effects in CF cells may be accentuated by the absence
of wtCFTR expression in epithelial cells [7,10–13]. However, how
CFTR plays a role in such events leading to enhanced Ca2+ signaling
remains unclear.

Two Cl− channels have been shown to contribute to Ca2+-
dependent Cl− conductance in the airways [14]. Bestrophin 1 (Best-1)
facilitates Ca2+ activated Cl− conductance, as airway epithelial
cells from Best-1 knockoutmice have reduced ATP-dependent Cl− con-
ductance [15]. Recent data suggest that ER-localized Best-1 facilitates
receptor-mediated intracellular Ca2+ signaling, probably by serving as
aling that causes enhanced calcium-dependent Cl−
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a Cl− counter-ion channel in the ER [16]. In contrast TMEM16A was
identified as the luminal membrane localized Ca2+-activated Cl− chan-
nel [14,17–19]. By analyzing Cl− transport in TMEM16A null mice,
we demonstrated that TMEM16A is essential for Ca2+-dependent Cl−

secretion as well as mucociliary clearance of mouse airways [20,21].
Therefore we further investigated whether expression of Best-1
and TMEM16A is different in CF and non-CF epithelial cells, and
also whether expression of these two CaCCs changes upon exposure
to bacterial lipopolysaccharide (LPS). We were unable to detect sig-
nificant differences in expression of TMEM16A and Best-1 and pro-
pose a mechanism for increased receptor-mediated Ca2+ signaling
in F508del-CFTR expressing cells.

2. Methods

2.1. Cell culture

CFBE cells stably expressing wtCFTR or F508del-CFTR [22]
were a generous gift from Dr. J.P. Clancy (University of Alabama at
Birmingham, Birmingham, Alabama). Baby hamster kidney (BHK)
cells were transfected with wtCFTR or F508del-CFTR. A549 cells
were grown on glass cover slips and expression of wtCFTR or
F508del-CFTR was induced with 1 μg/ml doxycycline (Sigma-Aldrich,
Taufkirchen, Germany). Calu3 cells were grown on permeable
supports under air–liquid interface (ALI) conditions. For detection of
IL-8 secretion, media from CFBE cells were collected following exposure
to LPS. Interleukin (IL)-8 was measured by ELISA (R&D Systems)
according to manufacturer instructions.

2.2. cDNAs, siRNAs and transfection

cDNA for humanTMEM16A was inserted with a FLAG tag into
pcDNA3.1V5-His (Invitrogen, Karlsruhe, Germany). The pRK5 vector
carrying cDNA for human bestrophin-1 (hbest1, NM_004183)
was kindly provided by Dr. Hugh Cahill, (John Hopkins University,
USA). The N-glycosylation (Asn-Ala-Thr) site was inserted into the
N-terminus of hBest1. Mouse IRBIT (NM_145542) was cloned into
PEXPR-IBA103.

2.3. Participant selection and nasal cell collection

Following approval by the Ethical Review Board of the University of
Lisbon and written consent by patients, samples were collected from
F508del-homozygous CF through nasal scraping, and RNA was isolated
as described earlier [23]. Real-time PCR was used to quantify the
amount of a target sequence in a cDNA sample using an ABI 7000
Sequence detection System (Applied Biosystems) and primers:
hTMEM16A (NM_018043.4) 5′-CCTCACGGGCTTTGAAGAG-3′, 5′-CTCC-
AAGACTCTGGCTTCGT-3′; hBest1 (NM_004183) 5′-TCTTCACGTTCCTG-
CAGTTCT-3′, 5′ TCCTCTCCAAAGGGGTTGAT 3′ and β-actin (NM_001101)
5′-CAACGGCTCCGGCATGTG-3′, 5′-CTTGCTCTGGGCCTCGTC-3′.

2.4. Western blotting, co-immunoprecipitation, antibodies, N-glycosylation
assay, immunofluorescence

Expression of hbest1-NG was analyzed by Western blotting as
described earlier [24,25]. Co-immunoprecipitation experiments were
performed in A549 cells overexpressing wtCFTR or F508del-CFTR and
in baby hamster kidney (BHK) cells transiently expressing wtCFTR or
F508del-CFTR according to Refs. [24,25]. For immunofluorescence BHK
cells were transfected with hbest1-FLAG or TMEM16A- FLAG-His and
fixed with 4% (v/v) formaldehyde. Permeabilized cells were treated
with Triton X-100 (0.25% w/v) for 20 min and incubated with the
ANTI-FLAG® M2 antibody for 45 min. Cells were observed using an
Axioskop fluorescence microscope (Zeiss, Jena, Germany).
Please cite this article as: J.R. Martins, et al., F508del-CFTR increases intra
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2.5. Iodide quenching, Ca2+ measurement

Quenching of intracellular fluorescence generated by the iodide
sensitive YFP (EYFPI152L) was used to measure anion conductance
as described earlier [26]. For measurement of intracellular Ca2+ con-
centrations, cells were loaded with 2 μM Fura-2/AM (Molecular
Probes, Eugene, OR) and Ca2+ measurements were performed as
described earlier [16]. For measurements under polarized conditions,
CFBE cells were grown on 12-mm Snapwell coated permeable supports
(300,000 cells/well, Costar). The media from the apical compartment
was removed to enable an air–liquid interface (ALI). Measurements
were performed after 3 days.

2.6. Double electrode voltage clamp (DEVC)

cRNAs encoding IRBIT, P2Y2-receptors or F508del-CFTR were
injected and oocytes from Xenopus laevis female frogs were measured
in DEVC as described previously [16].

3. Results

3.1. Cellular localization of TMEM16A and Best-1

TMEM16A has been identified as a CaCC showing all typical fea-
tures described previously for endogenous channels [18,27]. Previous
work indicated that endogenous TMEM16A is membrane localized
while Best-1 resides in the ER [14,16]. We reexamined membrane ex-
pression using fluorescent labeled protein constructs overexpressed
in BHK cells. With the help of an extracellularly accessible Flag-tag,
TMEM16A can be clearly localized in the cell membrane (Supplement
1A). In contrast to TMEM16A, Best-1 was found in an intracellular
compartment (Supplement 1B). Moreover, by introducing glycosyla-
tion sites, we demonstrate that Best-1 remains in a core-glycosylated
form as shown by incubation of cell lysates with N-glycosidase F or
Endo Hwhich similarly produced only a single band of lower mobility,
indicating that the low-mobility form is endoH-sensitive and hence
ER-specific (Supplement 1C). These data reinforce that indeed Best-1
does not move out of the ER and therefore does not reach the cell
membrane.

The present result is in complete agreement with recent findings,
which locate Best-1 in the ER, where it augments intracellular Ca2+

signaling due to its function as a counter-ion channel [16]. In contrast,
TMEM16A is a strictly membrane localized Ca2+-activated Cl− chan-
nel that forms the luminal exit pathway for Cl−[14]. Both ion channels
are expressed endogenously in Calu3 cells where both contribute
to Ca2+-dependent Cl− secretion. As expected activation of CaCC in
Calu3 cells was inhibited by siRNA-suppression of both TMEM16A
and Best-1 (Fig. 1) [14]. The effect of siRNA for Best-1 was even
more pronounced when compared with siRNA-TMEM16A, which is
probably due to higher efficacy (80% vs. 50%) in inhibiting mRNA.

3.2. Expression of TMEM16A and bestrophin 1 in CF and Non-CF airway
epithelial cells and effects of LPS

Since enhanced Ca2+-activated Cl− conductance has been
reported earlier in CF nasal epithelial cells [2], we investigated here
whether this is due to increased transcript levels for TMEM16A
and Best-1. To this end, we quantitatively analyzed by real-time
qRT-PCR levels of transcripts from these two genes in freshly isolated
nasal epithelial cells from 5 non-CF healthy individuals (mean
age=14.8 years, 2 male and 3 female) and 5 patients homozygous
for F508del-CFTR (mean age=15.8 years; 3 male and 2 female), as
well as in isogenic human airway epithelial cell lines expressing wt-
or F508del-CFTR. In native nasal cells, transcripts for TMEM16A were
abundant in contrast to those from Best-1, which were expressed
at very low levels. However, no significant differences between CF
cellular Ca2+ signaling that causes enhanced calcium-dependent Cl−
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Fig. 1. Contribution of TMEM16A and bestrophin 1 to Ca2+ activated Cl− conductance
in polarized Calu3 cells. A) Original traces of the transepithelial voltage measured in
Calu3 cells grown on permeable supports. Activation of Ca2+ activated Cl− conduc-
tance (CaCC) by ATP (100 μM) as indicated by negative voltage deflection. Activation
of CaCC by ATP was inhibited by the CaCC-inhibitor DIDS (200 μM). B) Summary of
the activation of short circuit currents by ATP in the absence and presence of DIDS.
C) Summary of ATP-activated equivalent short circuit currents (Isc-ATP) in Calu3 cells
treated with scrambled siRNA and siRNA for TMEM16A or bestrophin 1. Mean±SEM,
(n)=number of monolayers measured. *Significant effect of DIDS on Isc-ATP (paired
t-test). # Significant difference between control cells (scrbld) and siRNA treated
cells (unpaired t-test).

Fig. 2. Expression of TMEM16A and bestrophin 1 in CF and Non-CF airway epithelial
cells and effect of LPS. A) Real-time RT-PCR analysis of TMEM16A-expression in freshly
isolated nasal epithelial cells from non-CF volunteers and patients homozygous
for F508del-CFTR. B) Real-time RT-PCR analysis of bestrophin 1-expression in freshly
isolated nasal epithelial cells from non-CF volunteers and patients homozygous
for F508del-CFTR. C,D) Real-time RT-PCR analysis of expression of TMEM16A and
bestrophin 1 in CFBE cells stably expressing wtCFTR or F508del-CFTR. E) Time course
of IL-8 secretion from CFBE cells following exposure to two different concentrations
of LPS. F,G) Real-time RT-PCR analysis of expression of TMEM16A and Best-1 in CFBE
cells stably expressing wtCFTR or F508del-CFTR. Change of expression (%) induced by
incubation of cells with LPS (10 μg/ml, 18 h). No significant changes were induced by
LPS. Mean±SEM, (n)=number of experiments. # Significant difference between
wtCFTR and F508del-CFTR and significant increase in IL-8 secretion (unpaired t-test).
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channels neither in native cells (Fig. 2A,B) nor in cell lines (Fig. 2C,D).
Reduced levels of mRNA for TMEM16A in F508del-expressing CFBE
cells are probably due to a clonal drift. Although the number of patients
participating in this study is limited, it is probably unlikely that changes
in ion channel expression account for enhanced CaCC activity in native
CF airway epithelial cells.

We further examined whether exposure to lipopolysaccharides
(LPS; 10 μg/ml) for 18 h regulate TMEM16A or Best-1 in wt- and
F508del-CFTR CFBE cells. We decided to choose the CFBE cell model
in order to have stable cellular background conditions, when com-
paring the effects of F508del-CFTR and wtCFTR on intracellular
Ca2+ signalling and Ca2+ activated Cl− currents. For detection of IL-
8 secretion, media were collected from CFBE cells following exposure
to two different concentrations of LPS. Because we found maximal
IL-8 secretion after 18 h incubation with LPS at 10 μg/ml, we used
this concentration to analyze transcripts by real-time RT-PCR (Fig. 2E).
The data indicate that after incubation with LPS for 18 h, expression
of TMEM16A or Best-1 (shown as relative changes in expression)
were not significantly changed in CFBE cells expressing either wtCFTR
or F508del-CFTR (Fig. 2F,G). Taken together, enhanced Ca2+ activated
Cl− conductance observed in airway epithelial cells expressing
F508del-CFTR is not explained by an increase in transcripts of known
CaCCs. While CFBE/wt-CFTR cells did not show activation of CaCC by
stimulation with the purinergic agonist UTP (100 μM), activation of
CaCC was readily detectable in CFBE/F508del-CFTR cells (Supplement
2A,B). As expected, substantial activation of a CFTR Cl−-conductance
by adenosine (100 μM) was observed in CFBE/CFTR but not in
CFBE/F508del-CFTR cells (Supplement 2A,B). Moreover, exposure to
LPS (10 μg/ml 18 h) only slightly enhanced activation of CaCC by
UTP in both CFBE/wt-CFTR and CFBE/F508del-CFTR cells (Supplement
Please cite this article as: J.R. Martins, et al., F508del-CFTR increases intra
conductance in cystic fibrosis, Biochim. Biophys. Acta (2011), doi:10.10
2C,D). Thus neither the presence of F508del-CFTR nor exposure to
pro-inflammatory agents such as LPS increases ion channel expression.

3.3. F508del-CFTR changes intracellular Ca2+ signaling

Since expression of Ca2+ activated Cl− channels was not different in
cells expressing F508del-CFTR, we examined whether F508del-CFTR
has an effect on receptor-mediated Ca2+ signaling. An increase in
agonist-mediated [Ca2+]i signals in human CF airway epithelia has
cellular Ca2+ signaling that causes enhanced calcium-dependent Cl−
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been already reported earlier [7]. In the present study, intracellular
Ca2+ was enhanced by UTP stimulation (100 μM) in both CFBE/wt-
CFTR and CFBE/F508del-CFTR cells (Fig. 3). We found that UTP-
induced increases in both peak and plateau [Ca2+]i were significantly
enhanced in CFBE/F508del-CFTR cells, while baseline [Ca2+]i was iden-
tical in both CFBE/wt-CFTR and CFBE/F508del-CFTR cells (Fig. 3A–C).
We also examined whether exposure to LPS (10 μg/ml, 18 h) changed
intracellular Ca2+ signals induced by UTP (100 μM) in CFBE/wt-CFTR
and CFBE/F508del-CFTR cells. The summary of these experiments indi-
cates a 10% increase of the UTP-induced peak [Ca2+]i but a 40% decrease
of the Ca2+ plateau after exposure to LPS, which was however only
observed in F508del-CFTR expressing cells (Fig. 3D). We propose
that the small increase in peak Ca2+ is due to slightly augment Ca2+

release from the ER-store, while reuptake of Ca2+ into the ER-store
may be enhanced under LPS treatment, thus reducing plateau Ca2+.
It remains currently unclear why these effects were only observed in
F508del-CFTR cells. Finally, Ca2+ signals were also measured in CFBE
cells grown under polarized (ALI) conditions, which fully confirm
results obtained in cells grown on glass cover slips (Fig. 3E,F).

To further examine how F508del-CFTR changes intracellular Ca2+

signaling, and to demonstrate that this was not unique to CFBE cells,
U
N
C
O

R
R
E
C
T

276

277

278

279

280

281

Fig. 3. Ca2+ signaling in CFBE/wt-CFTR and CFBE/F508del-CFTR and effect of LPS.
A,C) Summary recordings of increase in intracellular Ca2+ ([Ca2+]i) in CFBE/wt-CFTR
(A) and CFBE/F508del-CFTR (C) cells activated by stimulation with UTP (100 μM). B)
Summary of baseline [Ca2+]i and UTP-induced increase peak and plateau [Ca2+]i after
stimulation with UTP of CFBE/wt-CFTR and CFBE/F508del-CFTR (D) cells. D) Change
(%) of UTP-induced peak and plateau [Ca2+]i after incubation of CFBE/wt-CFTR and
CFBE/F508del-CFTR cells with LPS (10 μg/ml, 18 h). E) Summary recordings of [Ca2
+]i in CFBE/wt-CFTR (left) and CFBE/F508del-CFTR (right) cells. F) Summary of Ca2+

levels (right) obtained in polarized grown CFBE cells. Mean±SEM, (n)=number of
cells measured (corresponding to the number of experiments). *Significant effects
of UTP (paired t-test). #Significant difference between wtCFTR and F508del-CFTR or
control and LPS-treatment (unpaired t-test).
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we created inducible airway epithelial (A549) cell lines, which stably
express wtCFTR or F508del-CFTR under an inducible (Tet-ON) pro-
moter (Figs. 4A, 5A). Both cell lines were seeded at exactly the same
density and bothwtCFTR and F508del-CFTR expressing cells weremea-
sured as confluent monolayers. Moreover, for the measurements
we discarded cells with excessive CFTR-expression or cells showing ex-
cessive loading with Fura2, in order to avoid cell stress and unfolded
protein response (UPR). We measured UTP (100 μM) activated Ca2+

transients in wtCFTR A549 cells under non-induced (no expression)
and induced (expression of wtCFTR) conditions, and found no increase
in Ca2+i but rather a significant decrease in both peak and plateau
(Fig. 4C). This is due to the depolarization of the membrane voltage by
CFTR, which reduces the driving force for Ca2+ release and influx [28].
Notably, CFTR is also activated by stimulationwith UTP [29]. In contrast,
induction of expression of F508del-CFTR significantly increased Ca2+

signals elicited by stimulation with UTP (Fig. 5B,C). Thus, expression
of ER-localized F508del-CFTR clearly augments intracellular Ca2+

signals elicited by stimulation of GTP-coupled membrane receptors.

3.4. ER-trapped F508del-CFTR facilitates Ca2+ movements by acting as a
Cl− counter-ion channel

Next, we examined the mechanism by which ER-localized F508del-
CFTR possibly augments intracellular Ca2+ signals. We hypothesized
that F508del-CFTR trapped in the ER could affect receptor-mediated
Ca2+ release from ER Ca2+ stores. One possibility is that F508del-CFTR
functions as a Cl− channel in the ER membrane, thereby allowing Cl−

fluxes in parallel to Ca2+ movements. Such a counter-ion channel
E
D

Fig. 4. Induction of expression of wtCFTR does not augment Ca2+ signaling. A) Expression
of wtCFTR in non-induced (left upper) and induced (right upper) A549 cells. B) Original
recordings of intracellular Ca2+ [Ca2+]i signals elicited by UTP (100 μM) in non-induced
(no wtCFTR, left) and induced (wtCFTR, right) A549 cells. C) Summary of baseline
[Ca2+]i (con) and peak and plateau [Ca2+]i after stimulation with UTP. *Significant effects
of UTP (paired t-test). #Significant difference between +/− wtCFTR and F508del-CFTR
(unpaired t-test).

cellular Ca2+ signaling that causes enhanced calcium-dependent Cl−
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Fig. 5. Induction of expression of F508del-CFTR augments Ca2+ signaling. A) Expression
of F508del-CFTR in non-induced (left upper) and induced (right upper) A549 cells.
B) Original recordings of intracellular Ca2+ ([Ca2+]i signals elicited by UTP (100 μM)
in non-induced (no F508del-CFTR, left) and induced (F508del-CFTR, right) A549 cells.
C) Summary of baseline [Ca2+]i (con) and peak and plateau [Ca2+]i after stimulation
with UTP. Bar=20 μm. Mean±SEM, (n)=number of cells measured. *Significant
effects of UTP (paired t-test). #Significant difference between wtCFTR and
F508del-CFTR (unpaired t-test).
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function has been discussed for a long time and was recently proposed
to be the Ca2+-activated Cl− channel Best-1 [16]. We therefore, tested
whether UTP-induced Ca2+ signaling in A549 cells was Cl− dependent.
To that end, we measured Ca2+i transients in induced A549/wtCFTR
and A549/F508del-CFTR cells in Cl−-depleted cells (0 mM extracellular
Cl−; Fig. 6A). UTP-induced increase in [Ca2+i] was largely reduced in
the absence of extracellular Cl− and when compared to Ca2+ increase
in physiological Ringer (145 mM extracellular Cl−) solution (Fig. 3B).
Notably, attenuation of Ca2+ transients in Cl− free solution was
more pronounced in F508del-CFTR expressing cells (Figs. 3B, 6A)
and increased Ca2+ signals in F508del-CFTR expressing cells were no
longer observed under Cl− free conditions (Fig. 6A).

In order to further examine whether the ability of F508del-CFTR
to produce a Cl− conductance in the ER membrane may influence the
Ca2+ signal, we expressed the double mutant F508del/G551D-CFTR
that i) does not traffic to the cell membrane but remains in the ER
(caused by the F508del mutation; Fig. 6C) and ii) does not operate
as a Cl− channel, due to defective channel gating (caused by the
G551D mutation; data not shown). The experiments were performed
on confluent monolayers. In fact, A549 cells expressing the double mu-
tant F508del/G551D-CFTR cells did no longer produce enhanced Ca2+

signals (Fig. 6B). These results suggest that the presence of F508del-
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CFTR in the ER, which has been shown earlier to be functional when
retained in endoplasmic reticulum [30], may affect intracellular Ca2+

signaling by acting as a Cl− counter-ion channel, thereby facilitating
Ca2+ movement over the ER membrane.

3.5. Expression of IRBIT antagonizes enhanced Ca2+ signals in
Xenopus oocytes

It was recently reported, that the protein inositol-1,4,5-trisphosphate
[IP3] receptor binding protein released with IP3 (IRBIT) binds to CFTR
when released from the IP3-receptor upon binding of inositol-1,4,5-tri-
sphosphate [IP3] [25]. Because F508del-CFTR accumulates in the ER
being thus in close proximity to the IP3-receptor, we speculated that
F508del-CF may compete with IP3receptors for binding to IRBIT [31].
Thus reduced binding of IRBIT to the IP3receptor would enhance
agonist-induced Ca2+ release from the ER. To test this hypothesis, we
made use of the expression system in Xenopus oocytes since it allows
parallel expression of several proteins. Although oocytes express at
low temperatures (18 °C), the amount of mature F508-CFTR in the cell
membrane is probably low as whole cell conductance in these cells
were only 12±2.1 μS (n=12), which is low compared to wtCFTR-
expressing oocytes (123±10.7 μS; n=14). When P2Y2-receptors
were expressed in oocytes, stimulation by UTP (100 μM) activated
endogenous Ca2+-dependent TMEM16A channels and produced a
transient and outwardly rectifying whole cell Cl− current (Fig. 7A).
Notably, co-expression of wtCFTR with P2Y2-receptors slightly, but
significantly augmented the Ca2+-activated Cl− current, while co-
expression of F508del-CFTR induced a significantly larger Ca2+ acti-
vated Cl− current (Fig. 7B–D). Additional co-expression of IRBIT
had little effects on Ca2+ activated currents in wtCFTR-expressing
cells, but dramatically inhibited UTP-induced currents in F508del-
CFTR co-expressing cells (Fig. 7D). These results would be in agree-
ment with the idea that F508del-CFTR accumulating in the ER may
bind IRBIT thereby facilitating agonist-induced IP3 binding to the
IP3 receptor and further increase in intracellular Ca2+, or it could
simply be a non-specific antagonistic effect of IRBIT. To examine
binding of IRBIT to CFTR we performed co-immunoprecipitation ex-
periments in two different cell lines: A549 cells stably expressing ei-
ther wtCFTR or F508del-CFTR, and baby hamster kidney (BHK) cells
transiently expressing wtCFTR or F508del-CFTR. Moreover,
two different co-immunoprecipitation protocols [24,25] were used
and either IRBIT or CFTR were immunoprecipitated. Under no condi-
tions we could observe a co-immunoprecipitation, as observed in
[25], and we have therefore no evidence that IRBIT binds directly
to CFTR when expressed in these two different cell lines (Supple-
ment 3). Taken together, the present results suggest that enhanced
Ca2+-activated Cl− conductance in CF epithelial cells is due to
augmented intracellular Ca2+ signaling, caused by ER-localized
F508del-CFTR. F508del-CFTR may probably function as an ER-located
counter-ion channel which facilitates Ca2+ release from ER stores.
In this regard it is probably interesting to note that in an earlier
study we were unable to detect enhanced Ca2+ activated Cl− transport
in epithelial tissues of transgenic G551D mice [32].

4. Discussion

4.1. Inflammation in CF

Although CFTR is known for more than 20 years, it remains enig-
matic how abnormalities in CFTR can cause chronic and persistent
pulmonary inflammation. There is agreement that loss of functional
CFTR results in activation of neutrophils that produce large amounts
of proteases and reactive oxygen species (ROS). These changes
are associated with reduced mucociliary clearance of bacteria,
and induction of hyperinflammatory responses in CF airways. The
NF-κB pathway and Ca2+ mobilization in airway epithelial cells are
cellular Ca2+ signaling that causes enhanced calcium-dependent Cl−
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Fig. 6. Intracellular Ca2+signaling is Cl− dependent. A) Summary of intracellular Ca2+ [Ca2+]i signals elicited by UTP (100 μM) stimulation of A549 cells expressing wt-CFTR or F508del-
CFTR in Cl− depleted cells (0 mM extracellular Cl− concentration). Peak and plateau Ca2+ increase were largely attenuated in both A549/wt-CFTR and A549/F508del-CFTR cells in the
absence of extracellular Cl−. B) Summary of [Ca2+]i increase induced by UTP (100 μM) in A549 cells expressing F508del-CFTR or the doublemutant F508del/G551D-CFTR in the presence
of 145 mM extracellular Cl− concentration. C) Expression of F508del/G551D-CFTR (left panel) and pcDNA3 control plasmid (right panel) in A549 cells. Mean±SEM, (n)=number of
cells measured. *Significant effects of UTP (paired t-test). #Significant difference between wtCFTR and F508del-CFTR or F508del-CFTR and the double mutant (unpaired t-test).

Fig. 7. Potential role of IRBIT for enhanced Ca2+ activated Cl− conductance in F508del-
CFTR expressing oocytes. A) Original recording of whole cell Cl− currents activated by
UTP (100 μM) in P2Y2-receptor expressing Xenopus oocytes. B) Original recording of
whole cell Cl− currents activated by UTP in P2Y2-receptor and wtCFTR co-expressing
Xenopus oocytes. C) Original recording of whole cell Cl− currents activated by UTP
in P2Y2-receptor and F505del-CFTR co-expressing Xenopus oocytes. D) Summary of calcu-
lated relative whole cell conductances activated by UTP in the absence or presence of
coexpressed IRBIT. Mean±SEM, (n)=number of cells measured. *Significant effects
of UTP (paired t-test). #Significant difference between different batches (unpaired t-test).
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Ebelieved to be of key importance for lung inflammation, through release
of mediators such as interleukin-8 [33]. Evidence suggests that CFTR
mutations, most importantly F508del-CFTR itself can produce a
pro-inflammatory milieu in the airways that precedes infection.
Thus F508del-CFTR has been demonstrated to accumulate in the
ER and to trigger a stress response that leads to NFκB activation
and IL8 production [12,13,34]. Another study found that inhibition
of CFTR in airway epithelial cells mimicked the CF-typical inflam-
matory profile with increase in nuclear NFχB and IL-8 secretion
[11], while others showed that expression of functional CFTR on
the cell surface negatively regulates NFκB mediated innate immune
response [35].

Other studies demonstrated increased secretion of pro-
inflammatory cytokines by CF airway cells only after exposure to
pathogenic bacteria [7,10,36]. Thus Ribeiro and collaborators demon-
strated expansion of an ER compartment close to the luminal mem-
brane of chronically infected and inflamed airway epithelia, like those
affected by cystic fibrosis [7]. Large luminal ER pools lead to enhanced
apical Ca2+ signaling, which explains the augmented Ca2+ activated
Cl− secretion observed in cystic fibrosis airways. In contrast to these
studies, we were not able to detect any significant effects of the
major bacterial component LPS. Moreover, in preliminary experiments
we incubated airway cells with purulent sputum from CF patients
(kindly provided by Dr. Carla Ribeiro, UNC, Chapel Hill, USA) in 1:200
and 1:1 dilutions, 16 h) but did not see a change in expression of
Best-1 or TMEM16A (data not shown).

4.2. Enhanced Ca2+-dependent activation of TMEM16A

Interestingly, pro-inflammatory interleukins have been shown to
stimulate both Ca2+-activated Cl− and SK4 K+ channels [37]. Galietta
and colleagues actually identified TMEM16A as a Ca2+ activated Cl−

channel because Ca2+ activated Cl− secretion in bronchial epithelial
cells was upregulated by IL4 [18,37]. Although Best-1 was found to be
upregulated during renal inflammation [16,27] it was only minimally
cellular Ca2+ signaling that causes enhanced calcium-dependent Cl−
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enhanced in F508del-CFTR expressing cells upon exposure of the
cells to bacterial LPS. The fact that retention of misfolded F508del-
CFTR leads to imbalances in Ca2+ homeostasis is a well recognized
fact, however, the reasons for the Ca2+ increase are poorly understood
[13]. Our present data suggest a direct link between F508del-CFTR
and intracellular Ca2+ signaling, thereby connecting F508del-CFTR to
enhanced Ca2+-dependent Cl− secretion in CF. Notably; we also
found recently that baseline Cl− currents mediated by the Cl− channel
SLC26A9 are enhanced in wtCFTR-expressing cells when compared to
airway cells expressing F508del-CFTR [38].

Our data would explain why conversely Ca2+ signaling is affected
by F508del-CFTR, as this defective, but still partially active CFTR
channel may provide a Cl− conductance in the ER membrane and
thus facilitate Ca2+ movement by allowing transport of the counter-
ion Cl−[30]. The concept of a counter-ion channel in the ER to balance
negative charges occurring through Ca2+ release and reuptake into
the ER-store has long been proposed [39]. In the sarcoplasmic reticu-
lum (SR), Cl− channels play an essential role in excitation–contraction
coupling, by balancing charge movement during calcium release and
reuptake [40,41]. This is also known from airway smooth muscle
cells. SR-localized Cl− channels in the SRmembrane allow for neutral-
ization of electrostatic charges that would otherwise build up during
Ca2+ movement [42]. Blockage of these Cl− channels in airway
smooth muscle cells might be an effective way in inhibiting airway
smooth muscle hyperresponsiveness observed in asthma [43]. Also
for Best-1, a function as a counter-ion channel in the ER of epithelial
cells has been proposed recently [16].

4.3. Enhanced Ca2+ signaling, proliferation and the role of IRBIT

Our present data also provide an explanation for the enhanced
proliferation observed for CF epithelial cells. It has been shown earlier
that cell proliferation in bronchial epithelium and submucosal glands
of cystic fibrosis patients is much increased when compared to non-
CF cells [44]. The high proliferation rate of CF airway epithelial cells
has been explained by the chronic inflammatory process that takes
place in CF airways. However, it is also observed under in vitro condi-
tions and in the absence of exogenous pro-inflammatory factors [45].
A change in intracellular Ca2+ signaling in cells expressing F508del-
CFTR could explain enhanced proliferative activity and delayed cellu-
lar differentiation. Finally, the present experiments also demonstrate
a functional interference of CFTR with the IP3-receptor binding pro-
tein IRBIT. IRBIT has been shown to suppress the activity of IP3 recep-
tors by competing with IP3 for a common binding site [31]. A recent
report showed that IRBIT coordinates epithelial fluid and HCO3-
secretion due to stimulation of the Na+/HCO3

− co-transporter and
CFTR [25]. However, in contrast to this study we were unable to
coimmunoprecipitate CFTR and IRBIT in the present study (Supplement
3) and therefore propose that F508del-CFTR affects Ca2+ signaling in
an IRBIT and Cl− dependent manner, due to its ability to operate as an
ER-trapped ion channel.

Supplementary materials related to this article can be found
online at doi:10.1016/j.bbadis.2011.08.008.
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