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Abstract Calcium-activated chloride channel regulator 1 (CLCA1) activates calcium-dependent
chloride currents; neither the target, nor mechanism, is known. We demonstrate that secreted
CLCA1 activates calcium-dependent chloride currents in HEK293T cells in a paracrine fashion, and
endogenous TMEM16A/Anoctamini conducts the currents. Exposure to exogenous CLCA1
increases cell surface levels of TMEM16A and cellular binding experiments indicate CLCA1 engages
TMEM16A on the surface of these cells. Altogether, our data suggest that CLCA1 stabilizes
TMEM16A on the cell surface, thus increasing surface expression, which results in increased calcium-
dependent chloride currents. Our results identify the first CI~ channel target of the CLCA family of
proteins and establish CLCA1 as the first secreted direct modifier of TMEM16A activity, delineating
a unique mechanism to increase currents. These results suggest cooperative roles for CLCA and
TMEM16 proteins in influencing the physiology of multiple tissues, and the pathology of multiple
diseases, including asthma, COPD, cystic fibrosis, and certain cancers.

DOI: 10.7554/eLife.05875.001

Introduction

The calcium-activated chloride channel regulator (CLCA- previously known as chloride channel
calcium activated) proteins (Cunningham et al., 1995) are a family of secreted self-cleaving
metalloproteases that activate calcium-dependent chloride currents (Icacc) in mammalian cells
(Yurtsever et al., 2012). CLCA family members are highly expressed in mucosal epithelia where they
play important roles in mucus homeostasis and related diseases (Patel et al., 2009). For example,
human CLCA1 plays a central role in interleukin (IL-) 13-induced mucus cell metaplasia, the main
source of inflammatory mucus overproduction in chronic obstructive airway diseases, such as asthma
and COPD (Alevy et al., 2012). Both clinical and animal model studies suggest a compensatory role
for CLCAs in the context of cystic fibrosis (CF): the fatal intestinal disease, meconium ileus, arising in
CFTR-deficient mice is corrected by overexpression of mMCLCA3 (an orthologue of human CLCA1)
(Young et al., 2007) and, correspondingly, mutations in CLCAT are found in a subset of CF patients
with aggravated intestinal disease (van der Doef et al., 2010). At the cellular level, overexpression of
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elLife digest Many biological processes that are important for our health involve the movement
of ions into, and out of, our cells. For example, the flow of chloride ions out of cells controls the
production of the sticky mucus that lines our windpipe and other airways. This mucus helps trap
pollution and other foreign particles before they reach our lungs, and thus protects the lungs from
harm. However in some diseases—such as cystic fibrosis and asthma—excessive amounts of thick
mucus are produced; this can lead to breathing difficulties and an increased risk of infection.

Proteins belonging to the CLCA protein family were first thought to act as channels that allow
chloride ions to flow through cell membranes. Later studies then revealed that these proteins are not
channels; instead they trigger the movement of chloride ions across cell membranes by activating
other channel proteins. However, the identity of these channel proteins was unknown, and it was
unclear how CLCA proteins might activate these channels.

Sala-Rabanal, Yurtsever et al. have now shown that a member of the CLCA protein family, called
CLCAT1, is released from human cells and causes nearby cells to release chloride ions when the
channel detects calcium ions. The movement of chloride ions triggered by CLCA1 looked very similar
to the way chloride ions flow through a channel protein called TMEM16A, and so Sala-Rabanal,
Yurtsever et al. asked whether these two proteins interact.

TMEM16A was discovered several years ago, but remains the only calcium-dependent chloride
channel known in mammals. Sala-Rabanal, Yurtsever et al. showed that adding CLCA1 to cells caused
more TMEM16A channels to appear in the cell surface membrane and thereby increased the flow of
chloride ions. The CLCA protein also physically interacted with the chloride channel in the membrane
to stabilize it; no other protein has been shown to regulate ion channels in this way before.

The findings of Sala-Rabanal, Yurtsever et al. provide a much clearer understanding of how the
CLCA protein and the chloride channel work. Both of these proteins are known to contribute to
excess mucus production in airway diseases; and both have been linked to cardiovascular diseases
and certain cancers. These new findings may therefore also help researchers to target these proteins
and develop treatments for these diseases.

DOI: 10.7554/elife.05875.002

CLCA proteins leads to activation of calcium-dependent chloride currents (Gandhi et al., 1998,
Britton et al., 2002; Elble et al., 2002; Greenwood et al., 2002), and this functional observation had
caused CLCAs to be initially misidentified as calcium-activated chloride channels (CaCCs) themselves
(Cunningham et al., 1995). However, further bioinformatic and biochemical studies have
demonstrated that CLCA proteins are secreted, soluble proteins and that they act to modulate
CaCCs that are endogenous to mammalian cells (Gibson et al., 2005, Hamann et al., 2009,
Yurtsever et al., 2012). The molecular identity of these channels, the mechanism of CLCA activation,
and their potential roles in CLCA-mediated diseases, remain unknown.

TMEM16A (also known as Anoctamin1/DOG1) was recently identified as the first genuine CaCC
in mammals by three independent groups (Caputo et al., 2008; Schroeder et al., 2008; Yang
et al., 2008). 10 members of the TMEM16/Anoctamin family have been identified (TMEM16A-K, or
Ano1-10); these proteins, predicted to be transmembrane proteins with eight membrane-spanning
helices, have been found to function predominantly as CaCCs (TMEM16A and B) or as phospholipid
scramblases (TMEM16C, D, F, G, and J) (Pedemonte and Galietta, 2014). TMEM16A, the best-
characterized member of the family to date, is expressed in airway epithelia and smooth muscle,
and its activity recapitulates some of the airway disease traits associated with CLCA1. Not only is
TMEM16A expression significantly increased by IL-13 and IL-4 in primary cell models of chronic
inflammatory airway disease (Caputo et al, 2008; Alevy et al., 2012), but TMEM16A
overexpression is also linked to mucus cell metaplasia and airway hyperreactivity (Huang et al.,
2012; Scudieri et al., 2012). In addition, TMEM16A-specific inhibitors decrease mucus secretion
and airway hyperreactivity in cellular models (Huang et al., 2012). Although experiments with
purified TMEM16A protein reconstituted in liposomes indicate that it can form a functional channel
on its own (Terashima et al., 2013), several cytosolic modulators and interaction partners, such as
calmodulin, phosphatidylinositol 4,5-bisphosphate (PIP,), ezrin, radixin, and moesin, have been
described (Tian et al., 2011; Perez-Cornejo et al., 2012; Pritchard et al., 2014). However, no
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secreted regulators of TMEM16A activity have been identified as of yet. Here we report that
secreted CLCA1 modulates TMEM16A-dependent calcium-activated chloride currents, and that this
activation can occur in a paracrine fashion. Furthermore, we show that CLCA1 and TMEM16A co-
localize and physically interact on the surface of mammalian cells, and that CLCA1 increases the
level of TMEM16A protein at the cell surface, representing a novel mechanism of channel regulation
by a secreted protein. We thus demonstrate a first downstream target of CLCA proteins and
provide the first example of a secreted protein modulator of TMEM16A activity. These findings have
significant implications for the roles of CLCA1 and TMEM16A proteins as cooperative partners, not
only in the physiology and pathophysiology of the airways, but also in those of other tissues and
organs.

Results

Secreted CLCA1 can activate Ca?*-dependent chloride currents in

a paracrine fashion

We previously demonstrated that Icacc are activated in HEK293T (293T) cells overexpressing human
CLCA1 (Yurtsever et al., 2012). Given that CLCA1 proteins are cleaved and secreted from these
cells, we hypothesized that exogenous CLCA1 may activate Icacc. In a first set of experiments to
test this idea, GFP-expressing cells that had been co-cultured overnight with cells transfected with
CLCA1-pHLsec plasmid (CLCA1) or with empty pHLsec vector (pHLsec) were tested for Ic,cc by
means of whole-cell patch clamp electrophysiology (Figure 1A). In the presence of 10 pM
intracellular Ca?* and physiological concentrations of extracellular CI-, robust, slightly outward
rectifying currents were activated in cells co-cultured with CLCA1-transfected cells, but only
substantially smaller currents were detected in cells co-cultured with vector-transfected cells
(Figure 1B-D). In a complementary experiment, whole-cell Ic,cc were measured in untransfected
cells that had been cultured in medium obtained from CLCA1- or from pHLsec-transfected cells
(Figure 2A). We observed activation of large currents in cells exposed to CLCA1-conditioned
medium that had the same Ca?*- and voltage-dependence properties as those induced in cells co-
cultured with CLCA1-expressing cells (Figure 2B-D). As shown in Figure 2B-C, outward
rectification of the CLCA1-activated current decreases at higher Ca®* concentrations. In addition,
current reversal potential shifts positive upon lowering extracellular Cl~. These features are in
agreement with the properties of the Ca®*-dependent Cl~ conductance observed in CLCA1-
expressing 293T cells (Hamann et al., 2009; Yurtsever et al., 2012), and consistent with those of
CaCCs in native cells and heterologous expression systems (Jeong et al., 2005; Yamazaki et al.,
2005; Xiao et al., 2011). These data indicate that secreted CLCA1 can activate lcacc in a paracrine
fashion.

CLCA1-dependent Ic,cc are carried by TMEM16A

We next focused on identifying the CaCC responsible for carrying the CLCA1-mediated currents. The
CLCA1-modulated lc,cc in 293T cells are Ca?*-dependent, moderately outward rectifying in the
presence of uM concentrations of intracellular Ca?*, Cl--selective, and blocked by gluconate (Hamann
et al., 2009; Yurtsever et al., 2012) (Figures 1, 2), closely resembling the biophysical characteristics
of those observed for TMEM16A currents in heterologous expression systems (Schroeder et al.,
2008; Yang et al., 2008; Xiao et al., 2011), proteoliposomes (Terashima et al., 2013), and native
tissues (Caputo et al., 2008).

Given the biophysical and pathophysiological parallels between TMEM16A currents, and those
activated by CLCA1, we hypothesized that CLCA1-activated currents may be carried by TMEM16A.
Consistent with this idea, 293T cells were transfected with either TMEM16A siRNA or with non-
specific, scrambled RNA (siControl), and cultured in CLCA1-conditioned medium. Exposure to
secreted CLCA1 led to the activation of Ic,cc in siControl-transfected cells (Figure 3A,B) that were
comparable to the activation recorded in untransfected cells (Figure 2B,D), but these
CLCA1-dependent currents were knocked down to essentially background levels in TMEM16A
siRNA-transfected cells (Figure 3A,B). The TMEM16A siRNA significantly decreased expression
of TMEM16A protein, assessed by Western blot (Figure 3C). These results demonstrate that
CLCA1-dependent Icacc in 293T cells are indeed carried by TMEM16A.
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Figure 1. Paracrine activation of calcium-dependent chloride currents in HEK293T cells by CLCA1. (A) GFP-expressing
cells were co-cultured with pHLsec- or CLCA1-transfected cells, and assayed for Ic,cc by patch clamp electrophysiology.
(B-C) Whole-cell currents measured in GFP-positive cells from experiments as in (A), superfused with standard
extracellular solution, and in the absence or presence of 10 pM free Ca®* in the pipette (respectively, [0 pM Ca?*];, or
[10 uM Ca?*];.). (B) Representative current traces. The pulse protocol is shown at the top left. Outward currents are
represented by upward deflections, and dotted lines indicate zero current. Membrane capacitance was similar in all
cases at ~25 pF. (C) Current-voltage relationships at the end of the 600-ms voltage steps. Membrane potential values
were corrected off-line for the calculated liquid junction potentials, respectively —5.5 mV ([0 pM Ca?*];,) and —6.0 mV
(10 pM Ca**;,). Data are presented as means + S.E. (n = 5-9). (D) Current density at +100 mV, from the same
experiments as in (C). Symbols represent data from individual patches; bars indicate the means + S.E. of all experiments.
*p < 0.01 (one-way ANOVA, F = 30.3 and p = 1.2 x 107; followed by Tukey test).

DOI: 10.7554/elife.05875.003

CLCA1 colocalizes with and increases cell surface levels of TMEM16A
protein

Next, we used immunohistochemistry and confocal microscopy to examine CLCA1 and TMEM16A
localization in non-permeabilized HEK293T cells. Cells transfected with pHLsec vector alone did not
display noticeable staining for either CLCA1 or TMEM16A (Figure 4A-D), consistent with lack of
endogenous expression of CLCA1 and low endogenous levels of TMEM16A in these cells
(Kunzelmann et al., 2009; Pritchard et al., 2014). However, cells transfected with CLCA1 stained
strongly both for CLCA1 and, surprisingly, for TMEM16A (Figure 4E-H), suggesting that CLCA1
increases TMEM16A protein levels. Furthermore, signal for both proteins clearly overlapped with
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Figure 2. Activation of calcium-dependent chloride currents by secreted CLCA1. (A) Untransfected cells were
cultured in medium from pHLsec- or CLCAT-expressing cells, and assayed by patch clamp electrophysiology.
(B-D) Whole-cell currents measured in cells from experiments as in (A), superfused with standard ([154 mM Cl-],) or
reduced CI~ ([14 mM Cl-]o.) extracellular solution; and in the absence or presence of 1 pM or 10 pM free Ca** in the
pipette (respectively, [0 uM Ca?*];,,, [1 uM Ca?*];, or [10 pM Ca?*];,). (B) Representative current traces obtained with
the same pulse protocol and displayed as in Figure 1B. Membrane capacitance was similar in all cases at ~25 pF.
(C) Current-voltage relationships at the end of the 600-ms voltage steps. Membrane potential values were corrected
off-line for the calculated liquid junction potentials, respectively =5.5 mV ([0 pM Ca®*];,) and =6.0 mV ([1 uM Ca?**];,
and [10 uM Ca?*];,) for the experiments in [154 mM Cl7]o.; and —20 mV for the experiments in [14 mM Cl ], Data
are presented as means + S.E. (n = 5-20). Inset, CLCA1-mediated currents right-shifted ~ +15 mV upon reduction of
extracellular CI7; symbols have been removed for clarity. (D) Current density at +100 mV, from the same experiments
as in (C). Symbols represent data from individual patches; bars indicate the means + S.E. of all experiments. *p <
0.01 (one-way ANOVA, F=10.4 and p = 2.1 x 1078, followed by Tukey test).

DOI: 10.7554/elife.05875.004
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Figure 3. Genetic knockdown of TMEM16A inhibits CLCAT-mediated calcium-dependent chloride currents.
(A-B) HEK293T cells transfected with RNAIi negative control (siControl) or TMEM16A siRNA were incubated
in CLCA1-conditioned medium and assayed by patch-clamp electrophysiology, in standard extracellular
solution ([154 mM Cl=],.¢) and 10 pM free Ca?* in the pipette ([10 pM Ca?*];.). (A) Representative current traces
obtained with the same pulse protocol and displayed as in Figure 1B. Membrane capacitance was similar in
all cases at ~25 pF. (B) Current density at +100 mV. Symbols represent data from individual patches (n = 14); bars
indicate the means + S.E. of all experiments. *p < 0.01 (unpaired Student's t test). (C) Effect of CLCA1 and/or TMEM16A
siRNA treatment on TMEM16A protein expression. Upper panel: top, TMEM16A; and bottom, actin (loading control)
Western blot from solubilized HEK293T cells. Lanes are labeled as follows: pHLsec-t, pHLsec transfected cells; CLCA1-t,
CLCA1-transfected cells; CLCA1-c, cells treated with CLCA1-conditioned medium; TMEM16A siRNA, cells transfected
with TMEM16A siRNA; TMEM16A siRNA + CLCAT-c, cells transfected with TMEM16A siRNA and treated with CLCA1-
conditioned medium. Bar graph: quantitation of TMEM16A band intensity normalized to actin band intensity using
ImageJ (NIH).

DOI: 10.7554/eLife.05875.005

the membrane stain (WGA), consistent with a model in which CLCA1 and TMEM16A associate with
and stabilize one another on the cell surface. Since secreted CLCA1 can activate TMEM16A-
mediated lcacc in a paracrine manner (Figures 1-3), we carried out similar imaging experiments to
determine whether exogenously applied secreted CLCA1 also increased TMEM16A surface
expression. Cells cultured in media from pHLsec-transfected cells again displayed no detectable
staining for either CLCA1 or TMEM16A (Figure 4I-L), but cells exposed to secreted CLCA1
displayed robust staining for TMEM16A. Signal for CLCA1 was also detected in a few cells,
overlapping with TMEM16A and WGA staining (Figure 4M-P). Surprisingly, although TMEM16A
surface levels increased after exposure to CLCA1, total TMEM16A in cells did not change
(Figure 3C). These results indicate that exogenous secreted CLCA1 colocalizes with and enhances
the fraction of TMEM16A located at the cell surface.

CLCA1 associates with cell surface TMEM16A

To investigate whether CLCA1 and TMEM16A associate directly with one another on the cell
surface, we adapted an assay commonly used to identify immunological receptor-ligand pairs
(Altman et al., 1996). We previously demonstrated that CLCA1 is cut into two fragments by self-
cleavage and that the N-terminal fragment is necessary and sufficient to activate CaCCs in
HEK293T cells (Yurtsever et al., 2012). Thus, for these assays we developed a CLCA1 cell-staining
reagent composed of the N-terminal fragment of CLCA1 (N-CLCA1) containing a specific
biotinylation motif on the C-terminus (Figure 5A). Biotinylated N-CLCA1 was coupled to SA-PE
(streptavidin conjugated to phycoerythrin) to produce a tetrameric fluorescent reagent with
enhanced avidity toward its ligand. Cell-binding assays were carried out in the presence or absence
of an anti-TMEM16A antibody raised against epitopes in the last extracellular loop and then
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Figure 4. CLCA1 colocalizes with TMEM16A and increases TMEM16A surface expression. (A-D) Membrane (WGA) or immunostaining of HEK293T cells
transfected with pHLsec vector; (E-H), or with CLCA1. Surface TMEM16A is greatly increased by expression of CLCA1. (I-L) Membrane (WGA) or
immunostaining of HEK293T cells cultured in conditioned media from cells transfected with pHLsec vector; (M-P) or cells cultured in conditioned media
from cells transfected with CLCA1. TMEM16A surface expression is greatly enhanced after cells are exposed to secreted CLCAT1.

DOI: 10.7554/eLife.05875.006

analyzed by flow cytometry. The tetramerized N-CLCA1 displayed robust binding to intact
HEK293T cells compared to background, and this binding was significantly reduced by
pre-incubating the cells with the anti-TMEM16A antibody (Figure 5B). Two control antibodies,
one raised against an intracellular epitope of TMEM16A and the other an isotype control, did not
affect N-CLCA1 binding (Figure 5C). In order to validate that the biotinylation of N-CLCA1 did not
adversely affect function, we carried out whole-cell patch clamp experiments where either purified N-
CLCAT1 or purified biotinylated N-CLCA1 was exogenously applied to HEK293T cells. We found that both
of these proteins were able to robustly activate the observed currents (Figure 5D, E). These results indicate
that N-CLCA1 engages TMEM16A on the surface of HEK293T cells, and suggests that the enhanced
TMEM16A level is a consequence of stabilization by CLCA1.
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Figure 5. N-CLCAT engages TMEM16A on the cell surface. (A) Schematic of CLCAT N-terminal fragment (N-CLCAT1) construct with specific biotinylation site and
resultant tetrameric cell-staining reagent created after complexation with SA-PE. (B) Flow cytometry of intact HEK293T cells stained with SA-PE alone (black line),
N-CLCA1/SA-PE (green line), or N-CLCA1/SA-PE in the presence of anti-TMEM16A antibody S-20 (red line). (C) Flow cytometry of intact HEK293T cells either
stained with SA-PE alone (black line), N-CLCA1/SA-PE (green line), N-CLCA1/SA-PE in the presence of anti-TMEM16A antibody C-5 (raised against an intracellular
TMEM16A epitope; orange line), or N-CLCA1/SA-PE in the presence of anti-Aquaporin5 antibody G-19 (blue line). (D-E) Cells were incubated in the absence ([-])
or presence ([+]) of purified N-terminal (N-term) CLCA1 protein before (N-CLCA1) or after biotinylation (N-CLCATpioin), and assayed by patch-clamp
electrophysiology, in standard extracellular solution ([154 mM Cl],.) and 10 pM free Ca*" in the pipette ([10 pM Ca*],.). (D) Representative current traces
obtained with the same pulse protocol and displayed as in Figure 1B. Membrane capacitance was similar in all cases at ~25 pF. (E) Current density at +100 mV.
Symbols represent data from individual patches (n = 8-11); bars indicate the means + S.E. of all experiments. *p < 0.05 (unpaired Student's t test).

DOI: 10.7554/elife.05875.007

Discussion

It has been demonstrated that purified TMEM16A protein reconstituted in proteoliposomes
recapitulates the permeation, pharmacological, voltage- and Ca®*-dependence properties of
TMEM16A channels characterized in heterologous expression systems and native cell models
(Terashima et al., 2013), which implies that TMEM16A does not require association with other
proteins for CaCC activity. However, a recent proteomics approach has identified a large number of
endogenous proteins implicated in protein trafficking, surface expression, folding and stability that
interact with TMEM16A, including SNAREs such as syntaxins and syntaxin-binding proteins, and the
ezrin-radixin-moesin (ERM) scaffolding complex (Perez-Cornejo et al., 2012). Our data identify
CLCA1 as the first secreted direct regulator of TMEM16A, and our findings suggest that CLCA1 may
modulate TMEM16A channel activity by stabilizing it at the cell surface, much like the SNARE and
ERM protein networks of the TMEM16A interactome.

So how does CLCA1 modulate TMEM16A currents? We observe that CLCA1
TMEM16A surface expression without increasing expression of the protein (Figure 3C). A model
consistent with our data and the current literature is that CLCA1 engages and stabilizes dimeric
TMEM16A on the surface of the cell. Previous studies have shown that TMEM16A can exist as
a dimer (Fallah et al., 2011, Sheridan et al., 2011), dimerization being mediated by an

increases
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intracellular region in the N-terminus of TMEM16A (Tien et al., 2013). Mutations to this region
abolish dimerization, prevent protein trafficking to the plasma membrane, and, consequently,
ablate channel activity (Tien et al., 2013). These observations indicate that dimerization regulates
TMEM16A trafficking and channel activity. It is possible that TMEM16A dynamically shuttles
between the cell surface and intracellular compartments. One possibility is that CLCA1 engages
monomeric TMEM16A and drives dimerization; alternatively, CLCA1 may engage and stabilize
dimeric TMEM16A on the cell surface, thereby preventing its removal and, consequently,
increasing calcium-dependent chloride currents (Figure 6). This highlights an unprecedented
mechanism for regulating ion channel currents by a secreted protein.

The identification of CLCA1 as a modulator of TMEM16A activity raises the possibility of
functional associations between other CLCA and TMEM16 family members. Four to eight CLCA
(Patel et al., 2009) and ten TMEM16 family members (Pedemonte and Galietta, 2014) are
expressed in mammalian tissues. A number of these TMEM16 proteins have poorly defined
functions and do not obviously traffic to the cell surface when expressed alone (Duran et al.,
2012). Future studies will be needed to determine whether other CLCA proteins can associate
with other TMEM16 proteins and influence their function. CLCA1 (Yang et al., 2013), CLCA2
(Sasaki et al., 2012; Walia et al., 2012), and CLCA4 (Yu et al., 2013) have all been implicated in
various cancers as have a number of TMEM16 proteins (West et al., 2004; Dutertre et al., 2010;
Duvvuri et al., 2012; Liu et al., 2012; Qu et al., 2014), and such studies could have tremendous
implications for cooperative CLCA/TMEM16 roles in cancer and other diseases.

Here we report that secreted CLCA1 modulates TMEM16A-dependent lc,cc, and that this
activation can occur in a paracrine fashion. Furthermore, we show that CLCA1 and TMEM16A
colocalize and physically interact on the surface of mammalian cells, with CLCA1 increasing the level
of TMEM16A protein at the cell surface. We thus demonstrate a first downstream target of CLCA
proteins, solving the 20-year-old mystery regarding how CLCA proteins activate lcacc, and provide
the first example of a secreted protein modulator of TMEM16A activity. CLCA1 (Alevy et al., 2012)
and TMEM16A (Huang et al., 2012; Scudieri et al., 2012) have been separately observed to play
critical roles in chronic inflammatory airway disease models. Our findings have significant implications
for the roles of CLCA1 and TMEM16A proteins as cooperative partners, not only in the physiology and
pathophysiology of the airways, but also in those of other tissues and organs.

@

Secreted from I
adjacent cells==""paracrine "~-..__‘

C-CLCA1T"<> (%
N-CLCA1-

TMEM16A
recycling

Figure 6. Model for CLCAT modulation of TMEM16A-mediated calcium-dependent chloride currents. Following
secretion and self-cleavage of CLCA1, the N-terminal fragment (N-CLCA1) acts in paracrine fashion (1). Dimerization
appears to regulate surface trafficking of TMEM16A. N-CLCA1 engages TMEM16A on the cell surface (2), stabilizing
TMEM16A dimers, preventing internalization (3) and in turn, results in increased TMEM16A surface expression and
calcium-dependent chloride current density.

DOI: 10.7554/elife.05875.008
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Materials and methods

Reagents

The following commercial antibodies were used according to the manufacturer’s specifications:
mouse-anti-human-TMEM16A monoclonal antibody C-5 (Santa Cruz Biotechnology, Dallas, TX);
goat-anti-human-TMEM16A polyclonal antibody S-20 (Santa Cruz Biotechnology); mouse-anti-actin
monoclonal antibody C4 (Millipore, Billerica, MA), goat-anti-human-Aquaporin5 polyclonal antibody
G-19 (Santa Cruz Biotechnology); rabbit anti-6-His-antibody-HRP conjugate (Bethyl Laboratories,
Montgomery, TX), goat anti-mouse IgG antibody-HRP conjugate (Santa Cruz Biotechnology); wheat
germ agglutinin (WGA)-Alexa Fluor 633 conjugate (Life Technologies, Carlsbad, CA); donkey anti-
goat IgG-Alexa Fluor 488 conjugate (Life Technologies); donkey anti-rabbit IgG-Alexa Fluor 594
conjugate (Life Technologies); and rabbit anti-human CLCA1 polyclonal antibody 1228 (Biosystems,
Rockford, IL). Mouse anti-human CLCA1 monoclonal antibody 8D3 was produced in-house and used
as previously described (Alevy et al., 2012, Yurtsever et al., 2012). Streptavidin conjugated to
phycoerythrin (SA-PE) was purchased from BD Biosciences (San Jose, CA). Hype-5 transfection
reagent was purchased from OZ Biosciences (San Diego, CA).

Heterologous expression of CLCA1

Full length human CLCA1 (22-914) (CLCA1) cloned into pHLsec vector was used throughout
(Yurtsever et al., 2012). HEK293T cells were cultured in 6-well dishes in Dulbecco’s Modified Eagle
Medium (Life Technologies) supplemented with 10% fetal bovine serum, 10° units/| penicillin and
100 mg/I streptomycin, at 37°C and 5% CO,. Cells were transfected at 80% confluency using 293fectin
transfection reagent (Life Technologies) at a 1:2 ratio (ng DNA: pl 293fectin), using 1 pg of plasmid
DNA per 1 million cells. Experiments were conducted in cells that were transiently transfected with
CLCAT1, or in cells that were exposed to exogenous CLCA1 protein via means of two different
experimental approaches: either co-culture with CLCA1 transfected cells; or treatment with
CLCA1-conditioned medium. For co-culture experiments, cells transfected with CLCA1, empty
pHLsec vector (pHLsec), or EGFP-pCDNA3.1 plasmid (GFP) were trypsinized 24 hr post-transfection,
and GFP-expressing cells were mixed at a 1:1 ratio with either CLCA1 or pHLsec-transfected cells, and
replated at low density on UV-sterilized, 8 mm round German glass coverslips (Electron Microscopy
Sciences, Hatfield, PA). Following trypsin treatment, all transfected cells were pelleted by
centrifugation and washed with sterile PBS prior to replating to prevent carry-over of transfection
medium. After 24 hr, the GFP-expressing cells were assayed for Ca®*-dependent CI~ currents by patch
clamp electrophysiology. For conditioned medium experiments, cells were transfected with either
CLCA1 or pHLsec for 6 hr, then transfection medium was removed, cells were washed with sterile PBS,
and fresh medium was applied; following overnight incubation, medium from these cells was
harvested and centrifuged gently (1500xg, 5 min) to remove non-adherent cells. Untransfected cells
were plated onto round coverslips and incubated for 24 hr in 2 ml of cleared CLCA1- or pHLsec-
conditioned medium supernatants.

Recombinant expression of CLCA1 and in vitro biotinylation

The N-terminal fragment of CLCA1 (22-694; N-CLCA1) was cloned into pHL-Avitag3 vector (Aricescu
et al.,, 2006), which contains a BirA biotin ligase recognition motif and hexahistidine tag at the
C-terminus. This secreted protein was expressed in 293F cells via transient transfection using Hype-5
at 1:1.5 pl ratio (png DNA: pl Hype-5), using 1 pg of plasmid DNA per 1 million cells. Media
supernatants were harvested after 72 hr. Protein was purified from media supernatant using Ni-NTA
chromatography and eluted in 5 ml buffer A (50 mM K;HPO, pH 8, 300 mM NaCl and 250 mM
imidazole). Purified N-CLCA1 was concentrated to a final volume of 300 pl in a centrifuge concentrator
and protein concentration was calculated from absorbance at 280 nm. For the experiments reported
in Figure 5D,E, protein was added onto the untransfected cells at 10 pg/ml and incubated for 24 hr
prior to whole-cell patch clamp experiments. The same volume of buffer A was added onto cells as
buffer control. For in vitro biotinylation, N-CLCA1 containing the specific biotinylation tag at the
C-terminus was exchanged into buffer B (100 mM Tris pH 7.5, 200 mM NaCl, and 5 mM MgCl,)
and specifically biotinylated by addition of biotin and Escherichia coli BirA ligase (produced and
purified in-house) at 4°C overnight. Excess biotin was removed using a 2 ml desalting column.
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Biotinylated N-CLCA1 was added onto the untransfected cells at 10-50 pg/ml and incubated for 24 hr
prior to whole-cell patch clamp experiments. The same volume of buffer B was added onto cells as
buffer control.

siRNA knockdown of TMEM16A

To investigate the molecular identity of CLCA1-modulated CaCCs, a targeted approach was taken
focusing on TMEM16A. For siRNA knockdown of TMEM16A, cells plated in 48-well plates were
transfected with either 200 nM TMEM16A siRNA (HSS123904; 5'-AAG UUA GUG AGG UAG GCU
GGG AAC C-3, Life Technologies) or 200 nM medium GC-content Stealth RNAi negative control
(12935300; 5-GGU UCC CAG CCU ACC UCA CUA ACU U-3', Life Technologies) using Lipofectamine
2000 (Life Technologies) at a 20:2 ratio (pmol siRNA: ul Lipofectamine 2000); 24 hr later, cells were
plated onto round coverslips and incubated for an additional 24 hr in CLCA1- or pHLsec-conditioned
medium as described above. TMEM16A knockdown was estimated at 60-70% as assayed by qPCR.

Whole-cell patch clamp recordings

Experiments were performed at 25°C, 24 hr after co-culture or incubation in conditioned medium.
Micropipettes were prepared from non-heparinized hematocrit glass (Kimble-Chase, Vineland, NJ)
on a horizontal puller (Sutter Instruments, Novato, CA), and filled to a typical electrode resistance of
2 megaohms with pipette solution containing 150 mM N-methyl-D-glucamine (NMDG) chloride,
10 mM Hepes, 2 mM MgCl,, 8 mM HEDTA, and 5.8 mM CaCl, to attain 10 uM free Ca?*, as
calculated by means of the CaBuf program (available through Katholieke Universiteit Leuven).
Selected experiments were performed with a pipette solution containing (mM) 150 NMDG chloride,
10 Hepes and 2 MgCls, in the absence ([0 pM Ca?*};,)) or presence of 5 mM EGTA and 4 mM CaCl, to
attain 1 uM free Ca* ([1 pM Ca®*];,). The pH of all pipette solutions was adjusted to 7.1 with Tris. The
bath solution was 10 mM Hepes, 1 mM CaCl, and 1 mM MgCl,; plus 150 mM NaCl (standard
extracellular, [154 mM Cl~],.:), or 140 mM Na-gluconate and 10 mM NaCl (reduced extracellular CI~
[14 mM Cl]ow), and adjusted to pH 7.4 with Tris. After formation of a gigaohm seal and
establishment of whole-cell configuration, cells were voltage-clamped at 0 mV. A pulse protocol was
applied in which membrane potential was held at 0 mV for 50 ms and stepped to a test value for
600 ms before returning to the holding potential for an additional 400 ms. The test potential varied
from —100 to +100 mV in 20 mV increments. Membrane capacitance was calculated from the integral
of the current transient in response to 10 mV depolarizing pulses, and was monitored for stability
throughout the experiment. Data were filtered at 2 kHz, and signals were digitized at 5 kHz with
a Digidata 1322A (Molecular Devices, Sunnyvale, CA). MultiClamp 700B Commander and pClamp
software (Molecular Devices) were used for pulse protocol application and data acquisition. Data
were analyzed using Clampfit 10.1 (Molecular Devices). Liquid junction potentials were calculated
using Clampex JPCalc software and command voltages were corrected a posteriori as specified in
the figure legends. Results are presented as mean + S.E., differences between two groups were
assessed by unpaired Student's t test with Welch’s correction, and differences between more than
two groups were evaluated by one-way ANOVA and post-hoc Tukey test (Prism 5.0c, GraphPad
Software, San Diego, CA).

Immunohistochemistry

For staining experiments, cells were either transfected or exposed to conditioned medium as
described above. Following 24 hr incubation, cells were fixed on glass slides with 4%
paraformaldehyde (PFA) in PBS for 5 min and washed twice with PBS. Cells were blocked for
1 hr at room temperature with 1% blocking solution in PBS (Life Technologies) and then incubated
with primary antibodies (rabbit anti-human CLCA1 polyclonal antibody 1228 at 1:100 dilution and
goat-anti-human-TMEM16A polyclonal antibody S-20 at 1:50 dilution) overnight at 4°C. Slides
were washed and incubated with WGA-Alexa Flour 633 conjugate (5 pg/ml) for 30 min at
room temperature, followed by secondary antibodies (donkey anti-rabbit IgG-Alexa Fluor
594 conjugate at 1:250 dilution and donkey anti-goat IgG-Alexa Fluor 488 conjugate at 1:200
dilution) for 2 hr at room temperature. Washed slides were then mounted in VECTASHIELD
H-1200 Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA). Confocal
microscopy was carried out using a Zeiss LSM 510 META Confocal Laser Scanning Microscope
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(Carl Zeiss Microscopy, Thornwood, NY). The images were acquired with LSM 4.2 software and
batch processed with AxioVision 4.8.2 (Carl Zeiss Microscopy).

Flow cytometry binding assay

Human CLCA1 was assayed for binding to cell-surface TMEM16A using a flow cytometry-based
binding assay. Prior to staining, intact HEK293T cells were treated with human FcR blocking reagent at
1:100 dilution (Miltenyi Biotec, San Diego, CA) for 15 min. The biotinylated N-CLCA1 was pre-
incubated with SA-PE at a 4:1 molar ratio for 15 min at room temperature to produce fluorescently
labeled tetramers of N-CLCA1 (N-CLCA1/SA-PE). Cells (4 x 10° cells/sample) were either stained with
SA-PE alone (1:50) or N-CLCA1/SA-PE (1:50) diluted in PBS containing 1% BSA (FACS buffer) at 4°C. In
order to validate specific binding of N-CLCA1/SA-PE to cell surface TMEM16A, goat-anti-human-
TMEM16A polyclonal antibody S-20 (1:10), which was raised against a 15-20 amino acid peptide
within residues 820-870 (corresponding to the last extracellular loop; UniProt Q5XXAé), was added
prior to addition N-CLCA1/SA-PE. A goat polyclonal IgG antibody for human Aquaporin5 was used
(1:10) as an isotype control for the blocking antibody S-20. Mouse-anti-human-TMEM16A monoclonal
antibody C5, which binds a cytosolic epitope, was used as a second control antibody (1:10). Following
staining, cells were washed with FACS buffer, and then analyzed by flow cytometry (BD FACScan).
Data analysis was performed using FlowJo (Tree Star, Ashland, OR).

Western blotting and densitometric quantitation

HEK293T cells were pelleted, lysed in lysis buffer (1.5 mM KH,PO,4, 2.7 mM KCl, 4.3 mM Nay,HPOy,,
137 mM NaCl and 1% Triton X-100 in deionized water), and then diluted 1:2 in 2x SDS containing
2-mercaptoethanol. Samples were boiled for 5 min, and then loaded on a 4-12% bis-tris Nupage gel
(Life Technologies). The proteins were transferred to nitrocellulose membranes using an iBlot Gel
Transfer Device (Life Technologies). Membranes were blocked by 0.5% nonfat milk in PBS with 0.1%
TWEEN. Primary antibodies (mouse a-human CLCA1 8D3, 1:4000; mouse-anti-human-TMEM16A
monoclonal antibody C-5, 1:1000; mouse-anti-actin monoclonal antibody C4, 1:5000) in blocking
buffer were incubated on the membrane for 15 min. Following three washes with PBS-TWEEN,
secondary antibodies (goat-anti-mouse IgG-HRP conjugate 1:5000) in blocking buffer were applied
for 15 min. After three PBS-TWEEN washes, signal was detected using Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific, Rockford, IL). Developed films were scanned and converted to
8-bit tiff files. Protein bands were processed equally and the pixel intensities were quantified with
ImageJ 1.48 (http://imagej.nih.gov/ij).

Acknowledgements

This work was supported by NIH RO1-HL119813 (to TJB) and RO1-HL54171 (to CGN), American Lung
Association RG-196051 (to TJB), a CIMED Pilot and Feasibility grant (to TJB), and American Heart
Association Predoctoral Fellowship PRE19970008 (to ZY).

Additional information

Funding

Funder Grant reference number  Author

National Heart, Lung, and Blood  RO1-HL119813 Tom J Brett
Institute (NHBLI)

American Heart Association PRE19970008 Zeynep Yurtsever
(AHA)

American Lung Association RG-196051 Tom J Brett
National Heart, Lung, and Blood  RO1-HL54171 Colin G Nichols

Institute (NHBLI)
Washington University in St. Louis  Pilot and Feasibility Grant  Tom J Brett

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Sala-Rabanal et al. eLife 2015;4:e05875. DOI: 10.7554/eLife.05875 12 of 14


http://imagej.nih.gov/ij
http://dx.doi.org/10.7554/eLife.05875

LI FE Research article Biophysics and structural biology | Cell biology

Author contributions

MS-R, ZY, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting
or revising the article; CGN, TJB, Conception and design, Analysis and interpretation of data,
Drafting or revising the article

Author ORCIDs
Tom J Brett,'™ http://orcid.org/0000-0002-6871-6676

References

Alevy YG, Patel AC, Romero AG, Patel DA, Tucker J, Roswit WT, Miller CA, Heier RF, Byers DE, Brett TJ, Holtzman
MJ. 2012. IL-13-induced airway mucus production is attenuated by MAPK13 inhibition. The Journal of Clinical
Investigation 122:4555-4568. doi: 10.1172/JCl64896.

Altman JD, Moss PA, Goulder PJ, Barouch DH, Mcheyzer-Williams MG, Bell JI, Mcmichael AJ, Davis MM. 1996.
Phenotypic analysis of antigen-specific T lymphocytes. Science 274:94-96. doi: 10.1126/science.274.5284.94.

Aricescu AR, Lu W, Jones EY. 2006. A time- and cost-efficient system for high-level protein production in
mammalian cells. Acta Crystallographica Section D, Biological Crystallography 62:1243-1250. doi: 10.1107/
S0907444906029799.

Britton FC, Ohya S, Horowitz B, Greenwood IA. 2002. Comparison of the properties of CLCA1 generated currents
and I(Cl(Ca)) in murine portal vein smooth muscle cells. The Journal of Physiology 539:107-117. doi: 10.1113/
jphysiol.2001.013170.

Caputo A, Caci E, Ferrera L, Pedemonte N, Barsanti C, Sondo E, Pfeffer U, Ravazzolo R, Zegarra-Moran O, Galietta
LJ. 2008. TMEM16A, a membrane protein associated with calcium-dependent chloride channel activity. Science
322:590-594. doi: 10.1126/science.1163518.

Cunningham SA, Awayda MS, Bubien JK, Ismailov Il, Arrate MP, Berdiev BK, Benos DJ, Fuller CM. 1995. Cloning of
an epithelial chloride channel from bovine trachea. The Journal of Biological Chemistry 270:31016-31026.
doi: 10.1074/jbc.270.52.31016.

Duran C, Qu Z, Osunkoya AO, Cui Y, Hartzell HC. 2012. ANOs 3-7 in the anoctamin/Tmem16 Cl- channel family are
intracellular proteins. American Journal of Physiology Cell Physiology 302:C482-C493. doi: 10.1152/ajpcell.
00140.2011.

Dutertre M, Lacroix-Triki M, Driouch K, de La Grange P, Gratadou L, Beck S, Millevoi S, Tazi J, Lidereau R, Vagner S,
Auboeuf D. 2010. Exon-based clustering of murine breast tumor transcriptomes reveals alternative exons whose
expression is associated with metastasis. Cancer Research 70:896-905. doi: 10.1158/0008-5472.CAN-09-2703.

Duvvuri U, Shiwarski DJ, Xiao D, Bertrand C, Huang X, Edinger RS, Rock JR, Harfe BD, Henson BJ, Kunzelmann K,
Schreiber R, Seethala RS, Egloff AM, Chen X, Lui VW, Grandis JR, Gollin SM. 2012. TMEM16A induces MAPK and
contributes directly to tumorigenesis and cancer progression. Cancer Research 72:3270-3281. doi: 10.1158/
0008-5472.CAN-12-0475-T.

Elble RC, Ji G, Nehrke K, DeBiasio J, Kingsley PD, Kotlikoff MI, Pauli BU. 2002. Molecular and functional
characterization of a murine calcium-activated chloride channel expressed in smooth muscle. The Journal of
Biological Chemistry 277:18586-185%91. doi: 10.1074/jbc.M200829200.

Fallah G, Romer T, Detro-Dassen S, Braam U, Markwardt F, Schmalzing G. 2011. TMEM16A(a)/anoctamin-1 shares
a homodimeric architecture with CLC chloride channels. Molecular & Cellular Proteomics 10:M110.004697.
doi: 10.1074/mcp.M110.004697.

Gandhi R, Elble RC, Gruber AD, Schreur KD, Ji HL, Fuller CM, Pauli BU. 1998. Molecular and functional
characterization of a calcium-sensitive chloride channel from mouse lung. The Journal of Biological Chemistry
273:32096-32101. doi: 10.1074/jbc.273.48.32096.

Gibson A, Lewis AP, Affleck K, Aitken AJ, Meldrum E, Thompson N. 2005. hCLCA1 and mCLCA3 are secreted non-
integral membrane proteins and therefore are not ion channels. The Journal of Biological Chemistry 280:
27205-27212. doi: 10.1074/jbc.M504654200.

Greenwood IA, Miller LJ, Ohya S, Horowitz B. 2002. The large conductance potassium channel beta-subunit can
interact with and modulate the functional properties of a calcium-activated chloride channel, CLCA1. The Journal
of Biological Chemistry 277:22119-22122. doi: 10.1074/jbc.C200215200.

Hamann M, Gibson A, Davies N, Jowett A, Walhin JP, Partington L, Affleck K, Trezise D, Main M. 2009. Human
CICa1 modulates anionic conduction of calcium-dependent chloride currents. The Journal of Physiology 587:
2255-2274. doi: 10.1113/jphysiol.2009.170159.

Huang F, Zhang H, Wu M, Yang H, Kudo M, Peters CJ, Woodruff PG, Solberg OD, Donne ML, Huang X, Sheppard
D, Fahy JV, Wolters PJ, Hogan BL, Finkbeiner WE, Li M, Jan YN, Jan LY, Rock JR. 2012. Calcium-activated
chloride channel TMEM16A modulates mucin secretion and airway smooth muscle contraction. Proceedings of
the National Academy of Sciences of USA 109:16354-16359. doi: 10.1073/pnas.1214596109.

Jeong SM, Park HK, Yoon IS, Lee JH, Kim JH, Jang CG, Lee CJ, Nah SY. 2005. Cloning and expression of Ca2+
-activated chloride channel from rat brain. Biochemical and Biophysical Research Communications 334:569-576.
doi: 10.1016/j.bbrc.2005.06.122.

Kunzelmann K, Kongsuphol P, Aldehni F, Tian Y, Ousingsawat J, Warth R, Schreiber R. 2009. Bestrophin and
TMEM16-Ca(2+) activated CI(-) channels with different functions. Cell Calcium 46:233-241. doi: 10.1016/].ceca.
2009.09.003.

Sala-Rabanal et al. eLife 2015;4:e05875. DOI: 10.7554/eLife.05875 13 of 14


http://orcid.org/0000-0002-6871-6676
http://dx.doi.org/10.1172/JCI64896
http://dx.doi.org/10.1126/science.274.5284.94
http://dx.doi.org/10.1107/S0907444906029799
http://dx.doi.org/10.1107/S0907444906029799
http://dx.doi.org/10.1113/jphysiol.2001.013170
http://dx.doi.org/10.1113/jphysiol.2001.013170
http://dx.doi.org/10.1126/science.1163518
http://dx.doi.org/10.1074/jbc.270.52.31016
http://dx.doi.org/10.1152/ajpcell.00140.2011
http://dx.doi.org/10.1152/ajpcell.00140.2011
http://dx.doi.org/10.1158/0008-5472.CAN-09-2703
http://dx.doi.org/10.1158/0008-5472.CAN-12-0475-T
http://dx.doi.org/10.1158/0008-5472.CAN-12-0475-T
http://dx.doi.org/10.1074/jbc.M200829200
http://dx.doi.org/10.1074/mcp.M110.004697
http://dx.doi.org/10.1074/jbc.273.48.32096
http://dx.doi.org/10.1074/jbc.M504654200
http://dx.doi.org/10.1074/jbc.C200215200
http://dx.doi.org/10.1113/jphysiol.2009.170159
http://dx.doi.org/10.1073/pnas.1214596109
http://dx.doi.org/10.1016/j.bbrc.2005.06.122
http://dx.doi.org/10.1016/j.ceca.2009.09.003
http://dx.doi.org/10.1016/j.ceca.2009.09.003
http://dx.doi.org/10.7554/eLife.05875

LI FE Research article Biophysics and structural biology | Cell biology

Liu W, Lu M, Liu B, Huang Y, Wang K. 2012. Inhibition of Ca(2+)-activated CI(-) channel ANO1/TMEM16A
expression suppresses tumor growth and invasiveness in human prostate carcinoma. Cancer Letters 326:41-51.
doi: 10.1016/j.canlet.2012.07.015.

Patel AC, Brett TJ, Holtzman MJ. 2009. The role of CLCA proteins in inflammatory airway disease. Annual Review
of Physiology 71:425-449. doi: 10.1146/annurev.physiol.010908.163253.

Pedemonte N, Galietta LJ. 2014. Structure and function of TMEM16 proteins (anoctamins). Physiological Reviews
94:419-459. doi: 10.1152/physrev.00039.2011.

Perez-Cornejo P, Gokhale A, Duran C, Cui Y, Xiao Q, Hartzell HC, Faundez V. 2012. Anoctamin 1 (Tmem16A) Ca2+
-activated chloride channel stoichiometrically interacts with an ezrin-radixin-moesin network. Proceedings of the
National Academy of Sciences of USA 109:10376-10381. doi: 10.1073/pnas.1200174109.

Pritchard HA, Leblanc N, Albert AP, Greenwood IA. 2014. Inhibitory role of phosphatidylinositol 4,5 bisphosphate
on TMEM16A encoded calcium-activated chloride channels in rat pulmonary artery. British Journal of
Pharmacology 171:4311-4321. doi: 10.1111/bph.12778.

Qu Z, Yao W, Yao R, Liu X, Yu K, Hartzell C. 2014. The Ca(2+) -activated Cl(-) channel, ANO1 (TMEM16A), is
a double-edged sword in cell proliferation and tumorigenesis. Cancer Medicine 3:453-461. doi: 10.1002/cam4.
232.

Sasaki Y, Koyama R, Maruyama R, Hirano T, Tamura M, Sugisaka J, Suzuki H, Idogawa M, Shinomura Y, Tokino T.
2012. CLCAZ2, a target of the p53 family, negatively regulates cancer cell migration and invasion. Cancer Biology
& Therapy 13:1512-1521. doi: 10.4161/cbt.22280.

Schroeder BC, Cheng T, Jan YN, Jan LY. 2008. Expression cloning of TMEM16A as a calcium-activated chloride
channel subunit. Cell 134:1019-1029. doi: 10.1016/j.cell.2008.09.003.

Scudieri P, Caci E, Bruno S, Ferrera L, Schiavon M, Sondo E, Tomati V, Gianotti A, Zegarra-Moran O, Pedemonte
N, Rea F, Ravazzolo R, Galietta LJ. 2012. Association of TMEM16A chloride channel overexpression with airway
goblet cell metaplasia. The Journal of Physiology 590:6141-6155. doi: 10.1113/jphysiol.2012.240838.

Sheridan JT, Worthington EN, Yu K, Gabriel SE, Hartzell HC, Tarran R. 2011. Characterization of the oligomeric
structure of the Ca(2+)-activated Cl- channel Ano1/TMEM16A. The Journal of Biological Chemistry 286:
1381-1388. doi: 10.1074/jbc.M110.174847.

Terashima H, Picollo A, Accardi A. 2013. Purified TMEM16A is sufficient to form Ca2+-activated Cl- channels.
Proceedings of the National Academy of Sciences of USA 110:19354-19359. doi: 10.1073/pnas.1312014110.
Tian Y, Kongsuphol P, Hug M, Ousingsawat J, Witzgall R, Schreiber R, Kunzelmann K. 2011. Calmodulin-dependent
activation of the epithelial calcium-dependent chloride channel TMEM16A. FASEB Journal 25:1058-1068.

doi: 10.1096/1j.10-166884.

Tien J, Lee HY, Minor DL Jr, Jan YN, Jan LY. 2013. Identification of a dimerization domain in the TMEM16A
calcium-activated chloride channel (CaCC). Proceedings of the National Academy of Sciences of USA 110:
6352-6357. doi: 10.1073/pnas.1303672110.

van der Doef HP, Slieker MG, Staab D, Alizadeh BZ, Seia M, Colombo C, van der Ent CK, Nickel R, Witt H, Houwen
RH. 2010. Association of the CLCA1 p.S357N variant with meconium ileus in European patients with cystic
fibrosis. Journal of Pediatric Gastroenterology and Nutrition 50:347-349. doi: 10.1097/MPG.0b013e31871afcebe.

Walia V, YuY, Cao D, Sun M, Mclean JR, Hollier BG, Cheng J, Mani SA, Rao K, Premkumar L, Elble RC. 2012. Loss
of breast epithelial marker hCLCA2 promotes epithelial-to-mesenchymal transition and indicates higher risk of
metastasis. Oncogene 31:2237-2246. doi: 10.1038/0nc.2011.392.

West RB, Corless CL, Chen X, Rubin BP, Subramanian S, Montgomery K, Zhu S, Ball CA, Nielsen TO, Patel R,
Goldblum JR, Brown PO, Heinrich MC, van de Rijn M. 2004. The novel marker, DOG1, is expressed ubiquitously
in gastrointestinal stromal tumors irrespective of KIT or PDGFRA mutation status. The American Journal of
Pathology 165:107-113. doi: 10.1016/S0002-9440(10)63279-8.

Xiao Q, Yu K, Perez-Cornejo P, Cui Y, Arreola J, Hartzell HC. 2011. Voltage- and calcium-dependent gating of
TMEM16A/Ano1 chloride channels are physically coupled by the first intracellular loop. Proceedings of the
National Academy of Sciences of USA 108:8891-8896. doi: 10.1073/pnas.1102147108.

Yamazaki J, Okamura K, Ishibashi K, Kitamura K. 2005. Characterization of CLCA protein expressed in ductal cells
of rat salivary glands. Biochimica Et Biophysica Acta 1715:132-144. doi: 10.1016/].bbamem.2005.08.001.

Yang B, Cao L, Liu B, McCaig CD, Pu J. 2013. The transition from proliferation to differentiation in colorectal cancer
is regulated by the calcium activated chloride channel A1. PLOS ONE 8:€60861. doi: 10.1371/journal.pone.
0060861.

Yang YD, Cho H, Koo JY, Tak MH, Cho Y, Shim WS, Park SP, Lee J, Lee B, Kim BM, Raouf R, Shin YK, Oh U. 2008.
TMEM16A confers receptor-activated calcium-dependent chloride conductance. Nature 455:1210-1215. doi: 10.
1038/nature07313.

Young FD, Newbigging S, Choi C, Keet M, Kent G, Rozmahel RF. 2007. Amelioration of cystic fibrosis intestinal
mucous disease in mice by restoration of mCLCA3. Gastroenterology 133:1928-1937. doi: 10.1053/j.gastro.
2007.10.007.

YuY, Walia V, Elble RC. 2013. Loss of CLCA4 promotes epithelial-to-mesenchymal transition in breast cancer cells.
PLOS ONE 8:€83943. doi: 10.1371/journal.pone.0083943.

Yurtsever Z, Sala-Rabanal M, Randolph DT, Scheaffer SM, Roswit WT, Alevy YG, Patel AC, Heier RF, Romero AG,
Nichols CG, Holtzman MJ, Brett TJ. 2012. Self-cleavage of human CLCA1 protein by a novel internal
metalloprotease domain controls calcium-activated chloride channel activation. The Journal of Biological
Chemistry 287:42138-42149. doi: 10.1074/jbc.M112.410282.

Sala-Rabanal et al. eLife 2015;4:e05875. DOI: 10.7554/eLife.05875 14 of 14


http://dx.doi.org/10.1016/j.canlet.2012.07.015
http://dx.doi.org/10.1146/annurev.physiol.010908.163253
http://dx.doi.org/10.1152/physrev.00039.2011
http://dx.doi.org/10.1073/pnas.1200174109
http://dx.doi.org/10.1111/bph.12778
http://dx.doi.org/10.1002/cam4.232
http://dx.doi.org/10.1002/cam4.232
http://dx.doi.org/10.4161/cbt.22280
http://dx.doi.org/10.1016/j.cell.2008.09.003
http://dx.doi.org/10.1113/jphysiol.2012.240838
http://dx.doi.org/10.1074/jbc.M110.174847
http://dx.doi.org/10.1073/pnas.1312014110
http://dx.doi.org/10.1096/fj.10-166884
http://dx.doi.org/10.1073/pnas.1303672110
http://dx.doi.org/10.1097/MPG.0b013e3181afce6c
http://dx.doi.org/10.1038/onc.2011.392
http://dx.doi.org/10.1016/S0002-9440(10)63279-8
http://dx.doi.org/10.1073/pnas.1102147108
http://dx.doi.org/10.1016/j.bbamem.2005.08.001
http://dx.doi.org/10.1371/journal.pone.0060861
http://dx.doi.org/10.1371/journal.pone.0060861
http://dx.doi.org/10.1038/nature07313
http://dx.doi.org/10.1038/nature07313
http://dx.doi.org/10.1053/j.gastro.2007.10.007
http://dx.doi.org/10.1053/j.gastro.2007.10.007
http://dx.doi.org/10.1371/journal.pone.0083943
http://dx.doi.org/10.1074/jbc.M112.410282
http://dx.doi.org/10.7554/eLife.05875


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'eLife'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


