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Correspondence to Margarida D. Amaral: mdamaral@fc.ul.pt (M.D. Amaral), @madalenacfpinto (M.C. Pinto)
https://doi.org/10.1016/j.jmb.2021.167436
Edited by Igor Stagljar

Abstract

An attractive approach to treat people with Cystic Fibrosis (CF), a life-shortening disease caused by
mutant CFTR, is to compensate for the absence of this chloride/bicarbonate channel by activating alter-
native (non-CFTR) chloride channels. One obvious target for such “mutation-agnostic” therapeutic
approach is TMEM16A (anoctamin-1/ANO1), a calcium-activated chloride channel (CaCC) which is also
expressed in the airways of people with CF, albeit at low levels. To find novel TMEM16A regulators of both
traffic and function, with the main goal of identifying candidate CF drug targets, we performed a fluores-
cence cell-based high-throughput siRNA microscopy screen for TMEM16A trafficking using a double-
tagged construct expressed in human airway cells. About 700 genes were screened (2 siRNAs per gene)
of which 262 were identified as candidate TMEM16A modulators (179 siRNAs enhanced and 83
decreased TMEM16A traffic), being G-protein coupled receptors (GPCRs) enriched on the primary hit list.
Among the 179 TMEM16A traffic enhancer siRNAs subjected to secondary screening 20 were functionally
validated. Further hit validation revealed that siRNAs targeting two GPCRs – ADRA2C and CXCR3 –
increased TMEM16A-mediated chloride secretion in human airway cells, while their overexpression
strongly diminished calcium-activated chloride currents in the same cell model. The knockdown, and likely
also the inhibition, of these two TMEM16A modulators is therefore an attractive potential therapeutic strat-
egy to increase chloride secretion in CF.

� 2022 Elsevier Ltd. All rights reserved.
Introduction

Cystic Fibrosis (CF) is a life-threatening
autosomal recessive disease caused by mutations
in the CFTR (CF Transmembrane Conductance
Regulator) gene,1,2 which encodes a cAMP-
regulated chloride (Cl�) and bicarbonate (HCO3

�)
channel expressed at the apical membrane of
epithelial cells.3 CFTR dysfunction destabilizes the
td. All rights reserved.
epithelial ion and water homeostasis, and possibly
also pH, resulting in dehydrated lung secretions,
enhanced mucus viscosity and impaired mucocil-
iary clearance (MCC), culminating in progressive
obstruction of the airways.4,5

More than 2,100 CFTR genetic variants have
been reported, of which �360 are confirmed as
CF-causing mutations. Various CFTR modulators
have been approved for clinical use for individuals
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with specific CF genotypes. Recently, a new highly
effective CFTR modulator therapy, consisting of a
combination of two correctors and one potentiator
(Trikafta/Kaftrio�) was approved for people over
12 years old carrying at least one copy of the
most common CFTR mutation, F508del, which
represents around 80% of all people with CF
worldwide.6,7 Although these drugs are significantly
improving the quality of life of individuals carrying
this mutation, they cannot be used to pharmacolog-
ically rescue all CFTR mutations, e.g., large gene
deletions or frameshift mutations. Hence, people
with CF bearing these non-rescuable mutations8

(also grouped as Class VII), and other mutations
which are not eligible for Trikafta, still lack an effec-
tive therapy and constitute �20%.9 Although gene
therapy/editing constitutes an appealing
approach,10 efficacious and safe protocols are still
not foreseen in the short/medium term.
An interesting alternative is to develop “mutation-

agnostic” therapies, namely through the activation
of other (non-CFTR) anion channels that could
compensate for the absence of CFTR-mediated
Cl�/HCO3

� secretion. Anoctamin 1 (ANO1)/
TMEM16A, a calcium (Ca2+)-activated Cl�

channel (CaCC)11–13 expressed in lung epithelia,14

is one of the most promising alternative channels
that can compensate for the absence of epithelial
CFTR-mediated anion secretion in CF.15–17

TMEM16A has a fundamental importance for
Ca2+-dependent Cl� secretion in numerous
tissues, namely in the airways, salivary gland,
pancreatic gland, and hepatocytes.18–20 There is,
however, some controversy in the field since some
authors question whether activation of TMEM16A
will have a positive impact in the lives of people with
CF, mostly because TMEM16A has been claimed
to play a positive role in mucus secretion, this imply-
ing that its activation may possibly cause further
harm for people with respiratory obstructive dis-
eases. TMEM16A has been associated with goblet
cell metaplasia, as its expression is strongly upreg-
ulated concomitantly with mucus hypersecre-
tion.21,22 Additionally, during inflammation,
TMEM16A expression is increased namely by Th2
interleukins (IL-4 and IL-13), particularly in mucus
producing cells, with only little expression in ciliated
cells.23 A number of studies has shown that inhibi-
tion of TMEM16A occurs alongside with decreased
mucus secretion in primary human airway surface
epithelial cells24 and also in intestinal cells,22 thus
proposing a causal relationship between the two
events. Notwithstanding, other studies indicate that
there is no causal link between TMEM16A and pro-
duction of MUC5AC, the main constituent of human
respiratory mucus and that cell proliferation is the
main driver of TMEM16A upregulation.25 Indeed, it
was demonstrated that in the absence of prolifera-
tion (goblet cell metaplasia) MUC5AC is still upreg-
ulated, but not TMEM16A. Moreover, the same
studies indicate that TMEM16A inhibition has a neg-
2

ative impact in airways homeostasis by decreasing
the height of airway surface liquid, thus causing air-
way dehydration.25 Additionally, it has been recently
shown that a TMEM16A potentiator (ETX001,
Enterprise Therapeutics) increases anion secretion
and ASL height in primary human bronchial epithe-
lial cells from individuals with CF, and promotes
MCC in in vivo sheep models,26 without any stimu-
lation of airway mucus secretion.27 Another impor-
tant aspect to consider is the relationship between
TMEM16A and CFTR, since tissue-specific
TMEM16A-KO in mouse intestine and airways not
only eliminates Ca2+-activated Cl� currents, but
also abrogates CFTR-mediated Cl� secretion, sim-
ilarly to human cells.28 Thus, we propose that
potentiating TMEM16A trafficking and, conse-
quently, its function as a Cl� channel, is a potentially
good approach to take advantage of this channel in
CF, compensating for the absence of functional
CFTR.
Although there are several arguments supporting

both sides, many studies relied on rather unspecific
(possibly affecting other TMEM16A-related effects,
e.g., cell proliferation) and low-potency TMEM16A
modulators to draw conclusions on the effect of
this channel in CF. The identification of novel
regulators of TMEM16A can provide meaningful
information on the possible applications of this
protein as a therapeutic target.
While TMEM16A was described to localize to the

apical PM of airway epithelial cells, it is present at
the cell surface at low levels, particularly in CF
airways.29 Our hypothesis is that TMEM16A PM
levels can be pharmacologically stimulated by mod-
ulating its (yet unknown) traffic regulators, ideally
also potentiating the channel activity independently
of Ca2+. The goal of the present study was thus to
identify TMEM16A regulators as potential drug tar-
gets for novel (“mutation-agnostic”) therapies for
CF. Using high-throughput microscopy screens
(HTS), we have identified 262 candidate TMEM16A
modulators (179 siRNAs enhanced and 83
decreased TMEM16A traffic), being G-protein cou-
pled receptors (GPCRs) enriched on the primary hit
list. Among hits in the latter group, we have function-
ally validated ADRA2C and CXCR3, two G-protein
coupled receptors (GPCRs), as potent modulators
of TMEM16A trafficking and function. Antagonists
of these GPCRs can thus be used to improve Cl�

secretion in people with CF, regardless of their
CFTR mutations.

Results

Identification of TMEM16A traffic regulators by
high-content siRNA screening

Using a highly specific TMEM16A antibody to
stain cryosections of human airways (CF and non-
CF), we have previously shown that there is
TMEM16A at the apical surface of epithelial cells
of CF airways, albeit at low levels.29 The same
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was observed in cellular models, namely in CFBE
cells expressing F508del-CFTR, which display sig-
nificantly reduced PM expression of TMEM16A
when compared to wt-CFTR expressing cells.30

These data emphasize the need to identify
TMEM16A traffic regulators that promote its traffic
to the cell surface in the absence of CFTR expres-
sion, in order to use this Cl� channel as an alterna-
tive drug target to compensate for the loss of CFTR-
mediated Cl� transport in CF.
We have previously generated a cell model

expressing double tagged TMEM16A (CFBE 3HA-
TMEM16A-eGFP cells) and used it to develop,
optimize and validate a screening platform to
identify TMEM16A traffic regulators.29,31 Using this
tool, we performed here a high-content siRNA
screen to assess the effect of knocking down 691
genes on TMEM16A traffic to the PM (Figure 1(A,
B)). This siRNA library comprised siRNAs that: (1)
enhance F508del-CFTR PM expression; (2) inter-
act with CFTR; (3) or are involved in general protein
trafficking (Amaral lab, unpublished data). The
rationale for testing such set of siRNAs was two-
fold, firstly to increase TMEM16A PM expression
and consequently increase the potential for Cl�

secretion; and secondly, by targeting these genes
in F508del-CFTR expressing cells, besides
TMEM16A, CFTR-mediated Cl� secretion would
also be enhanced. Nonetheless, the screen was
performed in CFTR-null cells (CFBE 41o-), to
enable the identification of TMEM16A traffic enhan-
cers independently of CFTR. As a negative control,
a non-targeting siRNA (“siNEG1”) was used. This
primary traffic screen identified 262 regulators of
TMEM16A traffic: 179 inhibitor genes, i.e., targeted
by siRNAs enhancing TMEM16A traffic, and 83
enhancer genes, i.e., targeted by siRNAs inhibiting
TMEM16A traffic (Figure 1(A, B), Dataset S1(A, B)).
Since the main goal in CF therapies is to increase

anion secretion, we focused on the 179 siRNAs
augmenting TMEM16A PM expression for further
validation. Representative images obtained for
TMEM16A traffic enhancers are shown in Figure 2
(A).
Analysis of these 179 genes using the Gene

Ontology Bioinformatics Resource,32,33 employing
a high classification stringency, identified as most
important biological processes: (i) regulation of tran-
scription; (ii) G-protein coupled receptor (GPCR)
signalling; (iii) protein phosphorylation; (iv) inflam-
matory response; and (v) negative regulation of cell
proliferation.

Secondary screen: Functional validation of
TMEM16A traffic hits

Next, we aimed to assess how the knockdown of
the 179 genes affected TMEM16A function using
the halide-sensitive (HS)-YFP assay upon ATP-
stimulation, as previously described 34(Figure 1
(C)). We used HEK cells stably expressing
TMEM16A and a HS-mutant (YFP-H148Q/I152L)
3

form of YFP (HEK-TMEM16A-YFP) and analysed
the rate of iodide (I–) uptake after siRNA knockdown
of target genes by calculating the slope of the
curves after ATP stimulation.
The knockdown of 20 out of the 179 genes

significantly increased the rate of ATP stimulated
I– transport into the cells, as determined by the
steeper slopes observed in the YFP fluorescence
decay curves (Figure 2(B, C), Dataset S1(C)). The
ATP-mediated YFP-quenching is essentially
accomplished by TMEM16A alone since, in the
presence of an siRNA targeting TMEM16A
(Figure 2(B)), there is a substantially reduced
effect. Accordingly, we can confirm that these
siRNAs increase TMEM16A function (Figure 2(B,
C)).
Out of the 20 TMEM16A regulators, we selected

the top 6 hits for mechanistic validation (Table 1)
based on several factors, namely: (i) their scores
are positive and consistent in both screens; (ii)
they are druggable by specific inhibitors (e.g.,
receptors and kinases); (iii) they are biologically
relevant, as their knockdown does not appear to
have deleterious/pleiotropic effects on cells; and
(iv) GPCRs have a strong relationship with
TMEM16A.30 We confirmed the expression of the
6 selected genes in both CFBE and HEK cells by
PCR (Figure S1, Table S1).
To further functionally validate these 6 hits, the

effects of the respective siRNAs on TMEM16A
function were first evaluated by whole-cell patch-
clamp, where TMEM16A was activated using the
Ca2+ ionophore ionomycin (Figure 3). We
considered that the use of ATP for TMEM16A
activation could be disadvantageous in this case
due to its possible interactions with the GPCRs
identified as hits (namely through purinergic
receptors), therefore masking the real regulatory
effects on TMEM16A. Therefore, we stimulated
the cells with ionomycin. Experiments were
performed in CFBE cells stably expressing
F508del-CFTR (CFBE F508del-CFTR), which
endogenously express TMEM16A, transfected
with siRNAs targeting each of the 6 selected hits.
Two siRNAs, targeting ADRA2C and CXCR3
(a2C-adrenergic receptor [a2C-R], and C-X-C
chemokine receptor type 3, respectively),
significantly increased Ca2+-activated currents at
larger depolarizing currents, when compared to
the non-targeting control (siNEG1) (Figure 3).
Notably, no siRNA affected the cAMP-activated
currents (IBMX + Forskolin), therefore showing no
direct effects on F508del-CFTR function
(Figure S2).
To confirm that the increase in TMEM16A

function observed by knocking down ADRA2C
and CXCR3 is not unspecific, such as due to an
increase in the concentration of intracellular Ca2+

([Ca2+]i), total [Ca2+]i was measured using a
FURA2-AM probe (Figure S3). The knockdown of
these GPCRs did not alter [Ca2+]i, neither basal



Figure 1. Overview of the screen data. (A) Workflow showing the different steps in the primary and secondary
screens and the number of hit genes found in each step. (B) Distribution of averaged scores obtained for every siRNA
in the primary TMEM16A traffic screen. siRNAs with scores above +1 (red shade) were considered as TMEM16A
traffic enhancers (inhibitory genes) and with score below �1 were considered TMEM16A traffic inhibitors (enhancer
genes). (C) Distribution of averaged scores obtained for every siRNA in the secondary screen. siRNAs with scores
above +1 (orange shade) were considered as enhancers of TMEM16A function.
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nor after ionomycin stimulation. Interestingly, their
knockdown seems to decrease the [Ca2+]i peak
(and plateau) observed after ATP stimulation.
These data suggest that the increase in
TMEM16A function observed by knocking down
ADRA2C or CXCR3 is not caused by an increase
4

in [Ca2+]i, but instead by increased TMEM16A PM
expression, pointing these genes as suitable drug
target candidates to enhance Cl� secretion in CF.
These data, however, do not exclude an
undetectable increase in localized [Ca2+]i, namely
in microdomains located close to the PM.



Figure 2. Summary of the TMEM16A trafficking and functional screens. (A) Representative widefield
epifluorescence microscopy images obtained for the TMEM16A traffic screen using siRNAs targeting the selected
genes (n = 4) in CFBE 3HA-TMEM16A-eGFP cells. Cell imaging was performed with (automated) widefield
epifluorescence microscope with a Scan^R software (Olympus Biosystems) with a 10� UPlanApo objective
(Olympus). Scale bar: 50 mm. (B) Representative ATP-induced (5 mM) YFP-quenching curves obtained by knocking
down the selected genes in HEK-TMEM16A-YFP cells. (C) Average of the normalized scores obtained for the
selected hits in the YFP-quenching validation screen. Data are represented by mean ± SEM (n = 4). #Significant
difference when compared with the negative control siNEG1 (p < 0.05; unpaired t-test).
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Regulation of TMEM16A by Gi-Protein coupled
receptors ADRA2C and CXCR3

Since knocking down ADRA2C or CXCR3
significantly enhances endogenous TMEM16A
function (Figure 3), next we aimed to confirm
5

whether this effect on endogenously expressed
TMEM16A also resulted from increased
trafficking. Indeed, TMEM16A immunostaining in
CFBE F508del-CFTR cells showed a significant
increase in its PM expression after transfection



Table 1 Primary and secondary screen hits selected for mechanistic validation.

Hits selected for validation Gene name

ADRA2C Adrenoceptor alpha 2C

CXCR3 C-X-C motif chemokine receptor 3

DRD1 Dopamine receptor D1

LTB4R Leukotriene B4 receptor

PFKFB4 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 4

PRKACB Protein kinase cAMP-activated catalytic subunit beta
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with siRNAs targeting ADRA2C or CXCR3 (Figure 4
(A, B)).
To understand how ADRA2C and CXCR3

regulate TMEM16A, we evaluated TMEM16A
protein expression by Western Blot (WB) after
knocking down these genes in CFBE F508del-
CFTR cells. TMEM16A expression appears to be
increased with the knockdown of ADRA2C, while
no changes were observed with siCXCR3, when
compared to siNEG1 (Figure 4(C–H)). Importantly,
only the expression of the glycosylated form30 of
Figure 3. Validation of hits in CFBE F508del-CFTR ce
cell patch clamp. (A) Whole cell currents obtained in siRNA
by ionomycin (Iono; 1 lM). The number of cells (n) measured
of Iono-induced currents with different siRNA treatments, ca
*Significant current activation (p < 0.05; paired t-test). #S
control siNEG1 (p < 0.05; unpaired t-test).

6

TMEM16A (i.e., putatively the PM form) was signif-
icantly increased when ADRA2C was knocked
down. These results reinforce the evidence that
the knockdown of ADRA2C is increasing
TMEM16A PM expression, either by promoting its
anterograde traffic or by stabilizing it at the cell sur-
face. Additionally, the knockdown of ADRA2C or
CXCR3 did not affect F508del-CFTR expression
(Figure 4(C, D, F, G)).
To analyse the opposite effects on TMEM16A

trafficking and function, we overexpressed the
lls that endogenously express TMEM16A by whole-
-transfected cells (current/voltage (I/V) curves) activated
in each condition is shown in each graph. (B) Summary

lculated at +100 mV. Data represented as mean ± SEM.
ignificant difference when compared with the negative
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ADRA2C or CXCR3 receptors with either no tags,
or with an mCherry tag at the C-terminus of each
protein. Even without ligand stimulation, the
overexpression of ADRA2C and CXCR3 in CFBE
F508del-CFTR cells decreased the trafficking of
endogenously expressed TMEM16A (Figure 5(A,
B)). Likewise, TMEM16A function, measured by
whole-cell patch clamp, was strongly reduced
after overexpression of either ADRA2C or CXCR3
(Figure 5(C–E)). As we confirmed that these
GPCRs do not affect purinergic receptor signalling
(Figure S3), and because it is known that
receptor-dependent activation of TMEM16A is
more efficient than stimulation by elevating
[Ca2+]i,

11,30 we used ATP to activate TMEM16A in
further experiments. Agonist stimulation of overex-
pressed ADRA2C and CXCR3 (with 10 lM cloni-
dine or 100 ng/mL CXCL11, respectively) did not
further decrease TMEM16A function (Figure S4).
These results were also validated in a system

expressing heterologous TMEM16A, namely HEK
cells co-transfected with TMEM16A and ADRA2C
or CXCR3. In these cells, TMEM16A traffic to the
PM was significantly reduced vs mock-transfected
cells (Figure 5(F, G)). TMEM16A function was
also compromised upon overexpression of
ADRA2C or CXCR3, as YFP-quenching data in
HEK-TMEM16A-YFP showed a strongly
diminished I– uptake in cells overexpressing
ADRA2C or CXCR3 when compared to mock-
transfected cells (Figure 5(H, I)).

TMEM16A function and cAMP levels

Both the ADRA2C and the CXCR3 genes encode
Gi protein-coupled receptors, being adrenoceptor
alpha 2c (a2C-R) activated by catecholamines
(e.g., epinephrine or norepinephrine),35 and c-x-c
motif chemokine receptor 3 (CXCR3) by chemoki-
nes CXCL9, CXCL10 or CXCL11.36 Since receptor
stimulation leads to the inhibition of adenylyl
cyclase (AC) and consequently blocks the synthe-
sis of the second messenger cAMP from ATP,37

we can infer that knocking down these genes (and
consequently inhibiting Gi) can increase intracellu-
lar cAMP levels. On the other hand, receptor over-
expression could lead to AC inhibition, thus
lowering intracellular cAMP levels ([cAMP]i). More-
over, due to crosstalk between Ca2+ and cAMP sig-
nalling reported before,30 it is expected that higher
concentrations of cAMP also lead to an increase
in Ca2+-activated Cl� currents. We thus postulated
that the observed effects of these Gi protein-
coupled receptors on TMEM16A function could be
related to changes in cAMP levels.
To confirm this hypothesis, we started by

measuring [cAMP]i in HEK cells transfected with
either ADRA2C or CXCR3, using a fluorescence
resonance energy transfer (FRET)-based Epac
cAMP sensor (YFP-Epac-CFP).38,39 The exchange
protein directly activated by cAMP (Epac) sensor
allows for a quantitative analysis of changes in
7

[cAMP]i, where increases in the ratio CFP/YFP indi-
cate higher concentrations of cAMP (see Methods).
No differences were observed in basal cAMP levels
in cells transfected with either ADRA2C or CXCR3
(Figure S5(A)). Inhibition of Gi protein-coupled sig-
nalling pathways by pertussis toxin (PTX)40 strongly
increased intracellular cAMP, thus augmenting the
FRET signal. Cells overexpressing either ADRA2C
or CXCR3 showed significantly higher cAMP levels
when compared to control (mock-transfected) cells
after PTX incubation. AC stimulation by forskolin led
to the same levels of intracellular cAMP in all condi-
tions. Finally, incubation with phosphodiesterase
inhibitor IBMX did not further increase cAMP levels,
reflecting a near-complete saturation of cAMP bind-
ing to Epac (Figure S5(A)). These data suggest
that, even though basal [cAMP]i is unaltered in cells
transfected with ADRA2C or CXCR3, Gi protein-
coupled signalling is more active than in control
cells, even without ligand stimulation.
Thus, to determine if this increase in Gi protein-

coupled signalling activation is reflecting on
TMEM16A function, we incubated HEK-
TMEM16A-YFP cells with compounds that
increase [cAMP]i. If the overexpression of the
GPCRs ADRA2C and CXCR3 were inhibiting
TMEM16A function due to the inhibition of cAMP
synthesis, then adding exogenous cAMP would
likely restore TMEM16A function in ADRA2C/
CXCR3-transfected cells. After incubating cells for
2 h with compounds that increase [cAMP]i, namely
PTX, the membrane permeable cAMP analogue
8-bromo-cAMP, or forskolin (with or without co-
stimulation with IBMX), we observed an increase
in the ATP-induced YFP quenching in HEK-
TMEM16A-YFP cells (Figure S5(B, C)). Yet, the
increase in ATP-induced YFP quenching was
proportional in all conditions – either in cells
transfected with an empty vector or with ADRA2C
or CXCR3 – being the YFP quenching always
higher in the control cells (mock), as observed
before (Figure 5).
Altogether, these data suggest that although the

overexpression of ADRA2C or CXCR3 increase Gi

protein-coupled signalling, and the rise in cAMP
levels leads to higher TMEM16A activity, possibly
by a crosstalk in cAMP and Ca2+ signalling
pathways, the regulation of TMEM16A by these
GPCRs is most likely not directly due to changes
in cAMP concentration.

ADRA2C and CXCR3 regulate TMEM16A
expression by influencing its PM stability

To further investigate the mechanism of action
(MoA) of the identified hits, we assessed the
effects of combining siADRA2C and siCXCR3 with
siRNAs targeting known components of the COPI
trafficking machinery (COPB1 and COPZ1) –
which were hits in the present study, and had
already been described as modulators of
TMEM16A PM expression29,41 – or AP2M1 (Adap-
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tor Related Protein Complex 2 Subunit l), a subunit
of AP-2 clathrin adaptor, an essential component of
the endocytic clathrin coat,42 on the PM localization
of TMEM16A. The combination of siADRA2C or
8

siCXCR3 with siCOPB1 and siCOPZ1 were addi-
tive to the effect of the knockdown of the receptors
alone by further increasing TMEM16A PM expres-
sion (Figure 6(A, B)). Interestingly, the simultane-
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ous knockdown of ADRA2CandCXCR3 is not addi-
tive, and even decreased the effect of the separate
knockdown of these GPCRs (although the differ-
ence is not statistically significant), suggesting that
their MoA is similar. Finally, although the knock-
down of AP2M1 did not significantly increase
TMEM16A PM expression (score = 0.843), when
combining the siRNAs targeting AP2M1 and one
of the GPCRs (ADRA2C or CXCR3), the potentia-
tion of TMEM16A PM expression observed with
the individual knockdown of the receptors is abol-
ished (Figure 6(A, B)). Thus, these data suggest
that ADRA2C and CXCR3 are influencing
TMEM16A PM expression in a post-Golgi process,
probably by destabilizing it at the PM and/or
enhancing its endocytosis (Figure 7).
Discussion

Searching for new therapies for all: TMEM16A
as an alternative Cl� channel in CF

Recent advances in drug development have
made it possible to deliver an effective therapy for
the majority of CF patients (�80–85%). Yet, the
remaining �20% with mutations that are not
effectively corrected by the available modulators
justify the need to search for new therapies
suitable for all individuals with CF, regardless of
their CFTR genotype. Targeting alternative Cl�

channels might just be an effective way of doing so.
While there is still some controversy on whether

TMEM16A should be activated or inhibited in the
context of CF, it is nevertheless essential to
understand the multiple cellular roles of
TMEM16A and how this channel is regulated
before using it as a therapeutic target. Thus, the
TMEM16A traffic screening data generated here
constitute a highly valuable tool, as they shed light
on the global regulatory network of TMEM16A.
Indeed, in a recent study using cancer cell lines,
we showed how the traffic screen can also be
useful for the identification of TMEM16A inhibitors,
namely in the context of head and neck cancers.43

Aberrant upregulation of TMEM16A has been
reported in various types of cancers, including
gastro-intestinal squamous cancer,44 head and
neck squamous cell carcinoma,45 breast cancer,46

and lung cancer,47 being generally linked with a
Figure 4. Effects of ADRA2C or CXCR3 knockdown on
Representative fluorescence microscopy images of endogen
with siNEG1 or siRNAs targeting ADRA2C or CXCR3 and re
F508del-CFTR cells transfected with a siRNA targeting ADR
(D) Quantification of TMEM16A and CFTR expression de
glycosylated TMEM16A expression after transfection w
Quantification of ADRA2C knockdown. (F) Western Blot o
targeting CXCR3 or siNEG1 non-targeting siRNA as contro
detected in (F). (H) Quantification of CXCR3 knockdown.
difference when compared with the negative control (p < 0.
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poor prognosis.48 Interestingly, in some cancer cell
lines, although TMEM16A expression is highly
upregulated, the Ca2+-activated currents are not
increased. This may be explained by the fact that
TMEM16A is mostly localized intracellularly and
not at the cell surface.49 Also, TMEM16A upregula-
tion has been shown to occur under conditions that
also stimulate cell proliferation,25 being therefore
not clear if TMEM16A aberrant expression in can-
cer is a cause or a consequence of increased
proliferation.
Concerns about the effects of activating

TMEM16A on bronchoconstriction have also been
raised.24 However, a new TMEM16A potentiator,
ETX001, increased Cl� secretion and ASL height
and promoted MCC in primary CF bronchial epithe-
lial cells in in vivo sheep models, while showing no
effects on airway smoothmuscle contraction.26 This
compound is currently in phase I clinical trials, and
the results will be fundamental to understand the
potential of using TMEM16A as an alternative Cl�

channel in CF.
Furthermore, it is important to note that

TMEM16A and CFTR are intimately connected.
The knockout of TMEM16A in mouse airways and
intestine, and also in human cells, eliminates both
Ca2+ and cAMP-activated Cl� currents.28 The
expression of CFTR at the PM is also compromised
in the absence of TMEM16A. Moreover, we have
previously reported that there is a significant over-
lap between cAMP-dependent and Ca2+-activated
Cl� currents due to the crosstalk of compartmental-
ized signalling molecules.30 We found that in the
absence of PM-localized CFTR, a significant por-
tion of the cAMP-activated Cl� current is due to
TMEM16A.30 Additionally, we have recently
observed in several cell models that TMEM16A
and TMEM16F, another PM-localized TMEM16
paralogue, are essential for CFTR function and
insertion at the PM, as well as for F508del-CFTR
correction by its modulator drugs VX-809 + VX-
770.50
ADRA2C and CXCR3 as regulators of
TMEM16A PM expression and function

In the present study, because we focused on
increasing the PM expression of TMEM16A to
potentiate Cl� secretion in CF cells, we searched
endogenous TMEM16A expression and function. (A)
ous TMEM16A in CFBE F508del-CFTR cells transfected
spective quantification in (B). (C) Western Blot of CFBE
A2C. siNEG1 non-targeting siRNA was used as control.
tected in (C), showing only a significant difference in
ith siADRA2C when compared to the control. (E)
f CFBE F508del-CFTR cells transfected with a siRNA
l. (G) Quantification of TMEM16A and CFTR expression
Mean ± SEM (number of cells measured). #Significant
05; unpaired t-test).
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for modulators that improved its traffic and not its
total expression levels, while also not increasing
Ca2+ levels inside the cell. In our HTS, among the
691 genes screens, we identified 262 hits putative
regulators (179 siRNAs enhancing and 83
decreasing) of TMEM16A PM traffic (38% hit
10
rate). This number is quite high, but in order to
avoid having false negatives in the primary
screen, we considered all genes with at least one
siRNA with a score above +1. However, only 20
hits out of 179 putative inhibitor genes were
confirmed during the secondary screen, validating
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their role on TMEM16A function (11% validation
rate). This validation rate is actually lower that the
one reported in data from multiple high-content
screens, which have estimated that �30% of
siRNAs effects can be confirmed.51–53 The reason
for this may be two-fold: (1) our parameters to con-
sider genes as hits were more stringent in the vali-
dation screen; (2) different cell lines express
different genes, and consequently some of the hits
obtained in CFBE cells (traffic screen) may not be
expressed in HEK cells (functional assay).
ADRA2C and CXCR3 are negative regulators of

TMEM16A PM expression and function in a CF
relevant cellular model (CFBE cells). While these
data highlight again the importance of this
screening platform for unravelling the TMEM16A
interactome and for drug discovery, they
demonstrate that the two GPCRs identified, when
blocked, might enhance TMEM16A-mediated Cl�

secretion in all individuals with CF, thus being
potential novel targets for CF therapies.
ADRA2C and CXCR3 encode Gi protein-coupled

receptors (a2C-adrenergic receptor [a2C-R], and C-
X-C chemokine receptor type 3, respectively).
Upon receptor stimulation, the ai subunit of the
heterotrimeric G protein is activated and
dissociated from the bc dimer, leading to the
inhibition of AC, and consequently blocking the
synthesis of the second messenger cAMP from
ATP 37. Hence, our first hypothesis was that inhibi-
tion (or in this case silencing) of GPCRs would lead
to an increase in cAMP levels, which could be the
cause of TMEM16A increased activity, due to the
crosstalk between Ca2+ and cAMP signalling path-
ways. Accordingly, receptor overexpression would
decrease [cAMP]i, also diminishing TMEM16A
activity. Our data with ADRA2C or CXCR3 overex-
pression, however, showed no differences in basal
cAMP levels when compared to control cells, while
demonstrating a strong increase in [cAMP]i when Gi

was inhibited by PTX, indicating that Gi is more
active in cells overexpressing ADRA2C or CXCR3.
These data suggest that these GPCRs, when over-
expressed, are either active without ligand stimula-
Figure 5. Effects of ADRA2C or CXCR3 overexpres
Representative images of endogenous TMEM16A staining
tagged ADRA2C or CXCR3 and respective quantification
microscope equipped with ApoTome and AxioVision (Zeiss
(number of cells measured). (C, D) Current/voltage curves a
CFBE F508del-CFTR cells transfected with ADRA2C, CXCR
cell overlay currents (Vc = ±100 mV, steps 20 mV) activa
microscopy images of TMEM16A in HEK cells co-transfected
with mCherry and respective quantification in (G). Scale bar
the graph. (H) ATP-induced YFP quenching curves of H
CXCR3 and respective slope quantification in (I). Mean
activation (p < 0.05; paired t-test). #Significant difference
unpaired t-test).

11
tion or they can be activated due to the presence of
receptor agonists in the culture medium, which is
true at least for ADRA2C, as epinephrine and/or
norepinephrine are present in foetal bovine serum
(FBS) used in cell culture.54

In fact, our microscopy experiments with
mCherry-tagged ADRA2C and CXCR3 show a
great number of internalized receptors, which then
co-localize with TMEM16A intracellularly,
suggesting ligand-induced desensitization/internali
zation of these GPCRs. Also, our data show that
agonist stimulation of ADRA2C (with clonidine) or
CXCR3 (with CXCL11) does not further inhibit
TMEM16A activity. Functional studies of
TMEM16A under the presence of cAMP-
increasing agents confirmed that the effects of
ADRA2C and CXCR3 on TMEM16A traffic and
function are not caused by changes in global
cAMP levels. Small, localized changes, however,
cannot be excluded.
Although inhibition of AC is the main coupling

pathway for the a2-adrenergic receptors, studies
showed that a2A-R (another a2 receptor subtype)
agonist stimulation leads to an increase in [Ca2+]i
that involves activation of phospholipase C (PLC)
by Gbc subunits.

55 Likewise, agonist stimulation of
CXCR3 leads to [Ca2+]i increase in T cells in a
PLC-dependent process.56 Additionally, studies in
rat aorta suggested that increased cAMP (which is
expected with ADRA2C/CXCR3 knockdown)
depletes intracellular Ca2+ stores through activation
of Protein Kinase A (PKA) and EPAC, thus reducing
the amount of Ca2+ released by IP3-generating ago-
nists, such as ATP.57 This is a possible explanation
for the lower [Ca2+]i upon ATP stimulation observed
in siRNA-transfected cells, and for the small (not
significant) increase in basal [Ca2+]i in these cells.
Altogether, these data suggest that the increase

in TMEM16A PM expression and function
observed with the knockdown of ADRA2C and
CXCR3 are not caused by intracellular Ca2+ nor
cAMP increase. Instead, the two GPCRs seem to
interact with TMEM16A in a similar way, likely by
destabilizing it in a post-Golgi event, either by
sion on TMEM16A expression and function. (A)
in CFBE F508del-CFTR cells overexpressing mCherry-
in (B). Images were acquired with an Axiovert 200

, Germany), with a 63� objective. Scale bars = 30 lm
nd corresponding summary of ATP-induced currents in
3 or an empty vector, calculated at +100 mV. (E) Whole
ted by ATP (100 lM). (F) Representative fluorescence
with a mCherry vector or with ADRA2C/CXCR3 tagged
= 30 lm. The number of cells (n) measured is shown in
EK-TMEM16A-YFP cells transfected with ADRA2C or
± SEM (number of experiments). *Significant current
when compared with mock-transfected cells (p < 0.05;



Figure 6. The effect of knocking down ADRA2C and CXCR3 on TMEM16A PM expression is additive with
siCOPB1 and siCOPZ1 but not with siAP2M1. (A) Representative widefield epifluorescence microscopy images
obtained for TMEM16A PM expression using siRNAs targeting the two selected hits (ADRA2C and CXCR3) in
combination with other siRNAs involved in endocytosis/trafficking. Cell imaging was performed with a Leica DMI
6000B widefield microscope (objective: 20x water, 0.75 NA; exposure times: Hoechst: 50 ms, GFP: 3 s, Alexa647:
3 s). Scale bar: 30 mm (n = 4). (B) Average of the normalized scores obtained for TMEM16A PM expression obtained
in (A). #Significant difference when compared with siNEG1-transfected cells (p < 0.05; unpaired t-test).
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promoting endocytosis or preventing its recycling to
the PM (Figure 7). This was confirmed by
simultaneously knocking down the GPCR hits and
genes involved in the retrograde transport or in
clathrin-mediated endocytosis.
The increase in TMEM16A PM expression

caused by knocking down ADRA2C or CXCR3
was further augmented by the knockdown of
12
COPB1 and COPZ1, which mediate traffic within
the Golgi and from the cis-Golgi back to the ER
(retrograde). Silencing of components of the COPI
trafficking machinery had already been shown to
promote TMEM16A PM expression.29 These
results suggest that the interaction between the hits
and TMEM16A occurs after the latter exits the Golgi
(Figure 7).



Figure 7. Model for the regulation of TMEM16A traffic by ADRA2C/CXCR3.
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GPCR signalling is commonly regulated by
receptor phosphorylation and internalization,
processes which depend on agonist binding.
Agonist-bound GPCRs are phosphorylated by
GPCR kinases (GRKs), which then bind to
arrestin proteins and are internalized.58 Internaliza-
tion seems to be important for dephosphorylation
and resensitization of GPCRs.59] a2 receptors, such
as the a2C-adrenergic receptor, seem to follow the
same mechanism.60 In contrast, although CXCR3
is also endocytosed after ligand binding, it is not
recycled to the PM, being instead degraded after
internalization.61 Therefore, since overexpressed
ADRA2C and CXCR3 were partially internalized
and co-localized with TMEM16A intracellularly, our
interpretation of this data is that TMEM16A is endo-
cytosed together with ADRA2C and/or CXCR3
when they are internalized. Consequently, siRNA
knockdown of these GPCRs leads to increased sta-
bilization of TMEM16A at the PM, which is further
potentiated when there is more TMEM16A exiting
the Golgi (namely after COPB1 and COPZ1
knockdown).
Although not much is known regarding TMEM16A

endocytosis and recycling, CFTR is endocytosed in
clathrin-coated vesicles, and approximately 50% is
recycled back to the PM.62 Also, we have previously
seen that treatment of CFBE cells with brefeldin A
(which collapses the Golgi and thus blocks secre-
tory traffic) does not decrease Ca2+-activated Cl�

currents nor TMEM16A PM levels up to 24 hours,30

which indicates that TMEM16A is either following an
alternative trafficking route, or, most likely, that it is
rapidly recycled to the PM after internalization.
13
AP-2 is an endocytic adaptor important for cargo
uptake in clathrin-mediated endocytosis.39,63 The
knockdown of the subunit l of AP-2 (siAP2M1),
did not significantly alter TMEM16A expression at
the PM, although its score is close to the hit thresh-
old (score = 0.843). This result might be explained
by previous data showing a small but detectable
expression of AP-2 in the clathrin coated pits that
still form (although in lower amounts) in the siRNA
treated cells.39 Alternatively, TMEM16A might have
additional endocytosis routes. However, co-
transfection of cells with siAP2M1 and siRNAs tar-
geting either ADRA2C or CXCR3 strongly reduced
the effects observed when the siRNAs are
employed individually. Other findings suggest that
depletion of AP-2 affects endocytic trafficking
through the non-clathrin, ADP-ribosylation factor
(Arf) 6 regulated pathway, promoting lysosomal tar-
geting and degradation of Arf6-pathway cargo over
recycling.64 Therefore, siAP2M1 might not com-
pletely inhibit endocytosis, but instead block
TMEM16A recycling to the PM. Consequently,
although siADRA2C or siCXCR3 prevent some
endocytosis of TMEM16A, simultaneous knock-
down of AP2M1 inhibits TMEM16A recycling, elim-
inating the positive effects of silencing the GPCRs.
Conclusions

Here we present two GPCRs (ADRA2C and
CXCR3) as novel modulators of TMEM16A, which
appear to work as destabilizers of TMEM16A at
the PM. Uncoupling of TMEM16A membrane
sorting from these GPCRs or silencing/blocking
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them may be a way of increasing Cl� secretion in
CF. However, owing to TMEM16A importance in
physiology and pathology, as well as to its
therapeutic potential, there is an urgent need to
improve our understanding of how TMEM16A
contributes to human disease, and to better define
drugs and conditions for using this channel as a
therapeutic target in CF and other respiratory
disorders. We believe that, similarly to what
happens with CFTR modulator drugs, CF patients
would benefit from a combination of therapies.
Namely, the knockdown (and possibly the
inhibition) of these GPCRs would increase the PM
expression of TMEM16A, and its activation could
be further potentiated by compounds such as
EXT001 that has been proven to enhance fluid
secretion and ASL height in CF-HBE cells, and
also mucociliary clearance in ovine models.26
Materials and methods

Cell culture

Cystic Fibrosis Bronchial Epithelial cells (CFBE)
stably overexpressing 3HA-TMEM16A-eGFP were
cultured in MEM (Minimum Essential Media) with
L-Glutamine supplemented with 10% (v/v) heat
inactivated foetal bovine serum (FBS), 400 lg/mL
G418 and 2.5 lg/mL puromycin. CFBE stably
expressing F508del-CFTR were grown in MEM
supplemented with 10% FBS and 2.5 lg/mL
puromycin. Human Embryonic Kidney (HEK)
293 T were cultured in DMEM (Dulbecco’s
Modified Eagle Medium) with 10% FBS, without
antibiotics. HEK cells stably expressing halide
sensitive (HS)-YFP and TMEM16A were cultured
in DMEM supplemented with 10% FBS, 0.5 mg/mL
puromycin and 150 mg/mL hygromycin B. All cells
were cultured at 37 �C in a humidified atmosphere
of 5% (v/v) CO2.
Immunocytochemistry

To identify TMEM16A regulators through the
TMEM16A trafficking assay we knocked down 691
genes (Dataset S1A), targeted by 1364 siRNAs
previously identified (Amaral lab, unpublished
data).
Multi-well plates (BD Falcon) were coated with

customized siRNAs pre-mixed with lipofectamine
for solid-phase reverse transfection adapted from
a previously reported protocol 65 with adjustments
also described before.31 CFBE 3HA-TMEM16A-
eGFP cells were seeded on the siRNA coated
384-well plates (50 lL/well, 3 � 103 cells/well).
TMEM16A expression was induced 24 h after seed-
ing with antibiotic-free medium supplemented with
1 lg/mL doxycycline, and the extracellular HA-tag
was immunostained in non-permeabilized cells
72 h after seeding (48 h after Dox induction). Cells
were washed in cold PBS with 0.7 mM CaCl2 and
1.1 mM MgCl2 and incubated 1 h at 4 �C with a
14
mouse monoclonal anti-HA antibody (Biolegend,
901502). Cells were washed 3x with PBS, incu-
bated 20 min with 3% (w/v) paraformaldehyde
(PFA) at 4 �C and transferred to room temperature
(RT). After washing, cells were incubated for 1 h
with an anti-mouse Alexa Fluor� 647 conjugated
secondary antibody and Hoechst 33342 (200 ng/
mL), and finally washed and incubated with PBS
overnight before imaging.
For endogenous TMEM16A stainings, cells were

grown on glass coverslips and fixed with methanol
and acetone (4:1) for 10 min at �20 �C. After
washing 3 times with PBS supplemented with
0.7 mM CaCl2 and 1.1 mM MgCl2, cells were
blocked with 3% (w/v) bovine serum albumin
(BSA) in PBS for 30 min at RT and incubated with
the primary antibody DOG1 (Novus Biologicals
#NP060513) in 1% BSA overnight at 4 �C. Binding
of the primary antibody was visualized by
incubation with an anti-rabbit Alexa Fluor� 488
conjugated secondary antibody in 1% BSA for 1 h
at RT (Invitrogen, A-21206). Nuclei were stained
with Hoechst 33342. Cells were mounted on glass
slides with mounting medium (DAKO Cytomation,
Hamburg, Germany) and examined with an
Axiovert 200 microscope equipped with ApoTome
and AxioVision (Zeiss, Germany).

Image acquisition and analyses

Automated cell imaging of 384-well plates was
performed with a widefield epifluorescence
microscope with a Scan^R software (Olympus
Biosystems) equipped with motorized stage and a
metal halide light source (MT20), a 12-bit
1344 � 1024 pixel resolution C8484 CCD camera
(Hamamatsu OrcaFlash4) and a 10x UPlanApo
objective (Olympus) and 0.4 of numerical
aperture. Exposure times were for Hoechst, eGFP
and Alexa Fluor� 647 of (ms) 10–20, 500 and
2000, respectively. The Hoechst channel was
used for contrast-based autofocus. Filter settings
(Excitation wavelengths/excitation band (nm) – Ex,
Emission wavelengths/emission band (nm) – Em):
Hoechst – Ex 347/50, Em 460/50; eGFP – Ex
470/40, Em 525/50; Alexa 647 – Ex 640/30, Em
690/50.
Image analysis was performed with open source

software tools (CellProfiler and R) using specific
pipelines appropriate for traffic assays, all as
described previously,29,31 with minor changes.
Briefly, the fluorescence quantification of the Alexa
647 channel allowed the determination of
TMEM16A PM expression in each cell. After aver-
aging TMEM16A PM expression for all images from
the same siRNA treatment, the effect of different
siRNAs on TMEM16A traffic was compared with
the results obtained with the non-targeting siRNA
(siNEG1) treatments, using the following formula:

Z � scoreðxplatei
Þ ¼ xplatei

� AveragesiNEG1;platei

SDsiNEG1;platei



M.C. Pinto, H.M. Botelho, Iris A.L. Silva, et al. Journal of Molecular Biology 434 (2022) 167436
SDsiNEG1 is the standard deviation for PM
TMEM16A with the treatment with non-targeting
siRNA. Significant effects on the PM expression of
TMEM16A were considered when the magnitude
was larger than the siNEG1 SD. Hence, genes
with a score above +1 were considered traffic
enhancers, and genes having a score below �1
were considered traffic inhibitors. Additionally, two
tailed Student’s t-tests were performed to quantify
statistical significance versus siNEG1.
YFP-Quenching

HEK-TMEM16A-YFP (expressing the YFP-
H148Q/I152L variant)66 were seeded at a density
of 3 � 104 cells/well on siRNA-coated 96-well
plates. 48 h after seeding, cells were washed once
with 20 mM Na-Gluconate solution (in mM: NaCl
120, Na-Gluconate 20, KCl 5, MgCl2 1, CaCl2 2,
Glucose 10, HEPES 10), and placed in the plate
reader for measurements (NOVOstar, BMG Lab-
tech). After measuring the baseline fluorescence,
cells were incubated with 10 mM NaI solution (final
concentrations in mM: NaCl 120, NaI 10, KCl 5,
MgCl2 1, CaCl2 2, Glucose 10, HEPES 10) for
20 s, and then were stimulated with 5 mM ATP (final
concentration) for 30 s, to induce I– uptake and con-
sequently the quenching of the YFP fluorescence.
The experiments were performed at 37 �C, and
the excitation and emission wavelengths were,
respectively, 485 and 520 nm.
The maximum slope of the curves obtained with

the different siRNA treatments was calculated
using the BMG LABTECH’s MARS Data Analysis
Software. After averaging the maximum slope
after ATP stimulation of the same siRNA
treatment, the effect of different siRNAs on
TMEM16A function was compared with the results
obtained with the non-targeting “siNEG1” siRNA
treatments, using the following formula:

Score ¼ Max slopesiRNA �Max slopesiNEG1

SDsiNEG1

Alternatively, HEK-TMEM16A-YFP were seeded
at a density of 10,000 cells/well on collagen-
coated 96-well plates and transfected for 48 h with
plasmids or siRNAs. YFP quenching (maximum
slope) was calculated as described above.
Patch clamping

Cells grown on glass-coated cover slips were
mounted on the stage of an inverted microscope
(Zeiss, Munich, Germany) and kept at 37 �C.
Patch pipettes were filled with a cytosolic-like
solution containing (mM): KCl 30, K-gluconate 95,
NaH2PO4 1.2, Na2HPO4 4.8, EGTA 1, Ca-
gluconate 0.758, MgCl2 1.03, D-glucose 5, ATP 3,
pH 7.2. The intracellular (pipette) Ca2+ activity was
0.1 mM. Patch-clamp experiments were performed
in the fast whole-cell configuration. The bath was
perfused continuously with Ringer solution
15
containing (mM): NaCl 145, K2HPO4 1.6, MgCl2 1,
KH2PO4 0.4, Ca-Gluconate 1.3, Glucose 5, pH
7.4, at a rate of 8 mL/min. TMEM16A was
activated by ATP (100 lM) or ionomycin (1 lM)
and CFTR was activated by IBMX (3-isobutyl-1-
methylxanthine, 100 lM) and Forskolin (2 lM).
Additionally, experiments were performed in the
presence of 50 nM TRAM34 (Abcam, ab141885),
a potent and highly selective blocker of
intermediate conductance Ca2+-activated K+

channels. Patch pipettes had an input resistance
of 2–4 MX and whole cell currents were corrected
for serial resistance. Currents were recorded using
a patch clamp amplifier (EPC 7, List Medical
Electronics, Darmstadt, Germany), the LIH1600
interface and PULSE software (HEKA, Lambrecht,
Germany) as well as Chart software (AD
Instruments, Spechbach, Germany). In regular
intervals, membrane voltage (Vc) was clamped in
steps of 20 mV from �100 to +100 mV from a
holding voltage of �60 mV. Current density was
calculated by dividing whole-cell currents by cell
capacitance.
Intracellular Ca2+ measurements

CFBE cells were seeded on coated glass
coverslips and transfected with siRNAs for 72 h.
Cells were then loaded with 5 mM Fura-2/AM and
0.02% Pluronic F-127 (Life Technologies,
Germany) in Ringer solution for 1 h at RT.
Fluorescence was detected in cells perfused with
Ringer’s solution (containing (mM): NaCl 145,
K2HPO4 1.6, MgCl2 1, KH2PO4 0.4, Ca-Gluconate
1.3, Glucose 5, pH 7.4) at 37 �C using an inverted
microscope (Axiovert S100, Zeiss, Germany) and
a highspeed polychromator system (VisiChrome,
Germany). Fura-2 was excited at 340/380 nm,
and emission was recorded between 470 and
550 nm using a CoolSnap camera (CoolSnap HQ,
Visitron). For calibration, to obtain the maximum
intracellular Ca2+ concentration we added 1 lM
ionomycin in Ringer. To obtain the minimum
concentration of Ca2+, we used Ca2+ free Ringer,
where Ca-Gluconate was replaced by EGTA
5 mM. The control of the experiment, imaging
acquisition and data analysis were done with the
software package MetaFluor (Universal imaging,
USA).
The [Ca2+]i was calculated from the 340/380 nm

fluorescence ratio after background subtraction.
The formula used to calculate [Ca2+]i was the
following:

½Ca2þ�i ¼ Kd � R � Rminð Þ=ðRmax � RÞ � ðSf2=Sb2Þ

where R is the observed fluorescence ratio. The values
Rmax and Rmin (maximum and minimum ratios) and the
constant Sf2/Sb2 (fluorescence of free and Ca2+-bound
Fura-2 at 380 nm) were calculated using 1 lM
ionomycin (Calbiochem), 5 lM nigericin, 10 lM
monensin (Sigma-Aldrich), and 5 mM EGTA to
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equilibrate intracellular and extracellular Ca2+ in intact
Fura-2-loaded cells.
RT-PCR

Semi-quantitative RT-PCR was performed to
detect the expression of the selected genes in
CFBE and HEK cells, or to quantify ADRA2C/
CXCR3 knockdown. Total RNA was isolated using
the NZY Total RNA Isolation kit (Nzytech,
Portugal). RNA (1 lg/20 lL reaction) was reverse-
transcribed using random primers and NZY M-
MuLV Reverse Transcriptase (Nzytech, Portugal).
Each RT-PCR reaction contained sense and
antisense primers for the genes of interest
(0.5 mM) or for GAPDH (0.5 mM), 0.5 lL cDNA
and NZYTaq II DNA polymerase (Nzytech,
Portugal). After 2 min at 95 �C cDNA was
amplified during 35 cycles for 30 s at 95 �C, 30 s
at 56 �C and 1 min at 72 �C. PCR products were
visualized by loading on RedSafe Nucleic Acid
Staining Solution (Intron Biotechnology) containing
agarose gels and analysed using Image Lab
(BioRad).
Western blotting

Protein extracts were separated on 8.5% (w/v)
polyacrylamide gels and transferred into
polyvinylidene difluoride (PVDF) membranes.
Membranes were blocked with 5% (w/v) non-fat
milk powder (NFM) in Tris buffer saline with
Tween 20 (TBS-T) or in PBS-T for 1 h at RT and
incubated overnight at 4 �C with primary
antibodies (rabbit TMEM16A antibody [Abcam,
ab64085] diluted 1:500 in 1% NFM/TBS-T, mouse
ADRA2C antibody [Abcam, ab167433] 1:500 in
5% PBS-T, mouse CXCR3 antibody [sc-137140
(SantaCruz)] 1:500 in 5% NFM/PBS-T, or mouse
CFTR 596 antibody [Cystic Fibrosis Foundation
(CFF)] 1:3000 in 5% NFM/PBS-T). Mouse a-
tubulin antibody diluted 1:3000 in 5% NFM/PBS-T
was used as loading control. Membranes were
then incubated with HRP-conjugated goat anti-
rabbit/anti-mouse IgG (diluted 1:3000 in 1% or 5%
NFM TBS-T or PBS-T) for 2 h at RT.
Chemiluminescent detection was performed using
the ClarityTM Western ECL substrate (BioRad, 170-
5061) and the ChemidocTM XRS system (BioRad).
The quantification of band intensity was performed
using the Image Lab software (BioRad) and
normalized to the loading control as appropriate.
cAMP measurements

HEK cells were transfected with a fluorescence
resonance energy transfer (FRET)-based Epac
cAMP sensor (YFP-Epac-CFP)38,39 to analyse
changes in intracellular cAMP levels. When
expressed in cells, YFP-Epac-CFP displays signifi-
cant FRET, due to close proximity of CFP (donor)
and YFP (acceptor). Rises in cAMP levels induce
16
a conformational change that rapidly lowers FRET,
which can then be recovered by adding cAMP-
lowering agents.67 Therefore, increases in the ratio
CFP/YFP (measured using a fluorescence micro-
scope) indicate higher concentrations of cAMP
and, consequently, unfolding of Epac. Differences
in cAMP levels in HEK cells transfected with either
ADRA2C or CXCR3 were measured using the ratio
CFP fluorescence/YFP fluorescence. Gi protein-
coupled signalling pathways were inhibited by per-
tussis toxin (PTX), increasing intracellular cAMP,
thus augmenting the FRET signal. Adenylyl cyclase
(AC) stimulation by forskolin and phosphodi-
esterase inhibition with IBMX were also used to
increase cAMP levels.
Statistical analyses

Data are reported as means ± SEM. Two-tailed
student’s t-test (for paired or unpaired samples as
appropriate) or ANOVA were used for statistical
analysis. A value of p < 0.05 was accepted as a
significant difference. The number of experiments
performed (n) is indicated in figure legends.
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