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Abstract: Calcium-activated chloride secretion in epithelial tissues has been described for many years.
However, the molecular identity of the channel responsible for the Ca2+-activated Cl− secretion
in epithelial tissues has remained a mystery. More recently, TMEM16A has been identified as a
new putative Ca2+-activated Cl− channel (CaCC). The primary goal of this article will be to review
the characterization of TMEM16A, as it relates to the physical structure of the channel, as well as
important residues that confer voltage and Ca2+-sensitivity of the channel. This review will also
discuss the role of TMEM16A in epithelial physiology and potential associated-pathophysiology.
This will include discussion of developed knockout models that have provided much needed insight
on the functional localization of TMEM16A in several epithelial tissues. Finally, this review will
examine the implications of the identification of TMEM16A as it pertains to potential novel therapies
in several pathologies.
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1. Introduction

Cellular Cl− ion movement is involved in a vast array of physiological processes [1–5].
This includes the secretory function of practically any epithelial cell, transmission of sensory impulses,
and smooth muscle contraction at various anatomical sites [1–5].

Previous work on different epithelial tissues has characterized Cl− secretion to have primarily
two different constituents—cyclic adenosine monophosphate (cAMP)-stimulated and Ca2+-stimulated
Cl− secretion [6,7] (Figure 1). Early research utilizing respiratory epithelium from Cystic Fibrosis (CF)
patients was characterized by the absence of cAMP-stimulated Cl− secretion [8]. However, those same
tissues exhibited a significantly larger Ca2+-activated Cl− conductance when administered Ca2+

ionophores, such as ionomycin or A23187 [7,9]. Also, cells isolated from a pancreatic tumor arising
in a CF patient demonstrated a similar profile of Cl− secretion to that of the respiratory epithelium
(52). This then led to the understanding that the observed Ca2+-activated Cl− secretion was serving a
compensatory role in the absence of the cAMP-stimulated Cl− secretion [8,10]. In 1991, Kartner et al.
were able to demonstrate that expression of the CF gene in non-Cl− secreting invertebrates (Sf9 cells)
led to a cAMP-sensitive Cl− conductance similar to that found in native healthy tissue [11]. However,
the identity of the Cl− channel mediating the Ca2+-activated Cl− conductance observed in epithelial
tissue from CF patients was still unknown.
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Figure 1. Presence of Cystic Fibrosis transmembrane conductance regulator (CFTR) and non-CFTR 

mediated Cl− secretion in normal rat tracheal epithelium. Chloride secretion was measured as short-

circuit current (ISC) in tracheal epithelia that were mounted under voltage clamp condition. (A) Effect 

of CFTR-172inh (CFTR inhibitor; 20 μM) on ATP stimulated Cl− secretion. Mucosal ATP (100 μM) 

addition stimulates Cl− secretion that consists of two components—the sharp initial increase in ISC 

immediately followed by a second, more rounded and prolonged current. Inhibition by mucosal 

CFTR-172inh (CFTR inhibitor) indicates that the ATP-stimulated sustained Cl− secretion is mediated 

by CFTR. The CFTR-172inh inhibition of ISC below baseline indicates that CFTR also accounts for a 

portion of basal Cl− secretion in normal trachea; (B) Effect of ATP on Cl− secretion in CFTR-172inh pre-

incubated trachea. In CFTR-172inh pre-incubated trachea, mucosal ATP (which transiently increases 

intracellular Ca2+) transiently stimulates Cl− secretion with a minimal plateau phase of Cl− secretion. 

The transient Cl− secretion represents non-CFTR mediated Cl− secretion (i.e., through TMEM16A). The 

presence of a residual plateau phase of Cl− secretion may likely be attributable to CFTR activation in 

response to ATP, which cannot be completely inhibited by 20 μM CFTR-172inh. (The unpublished data 

presented in this figure is in good agreement with the literature). 

Following the major discovery of the Cystic Fibrosis transmembrane regulator (CFTR), many 

putative Ca2+-activated Cl− channels (CaCC) have been examined [9,11]. In pursuing the molecular 

identity of the CaCC, a protein now referred to as CLCA1 (Cl− channel accessory 1) received much of 

the early attention [12–14]. The initial cloning and isolation of this putative CaCC was from the bovine 

trachea (bCLCA1) [12]. This 125-kDa bCLCA1 protein, which was post-translationally modified to a 

38-kDa protein, was able to yield macroscopic currents in Xenopus oocytes injected with the entire 

cRNA open-reading frame of the channel [12]. However, the suspected channel exhibited a sensitivity 

to 1 mM dithiothreitol (DTT; a reducing agent), which was not previously reported as an inhibitor of 

the native CaCC [12]. Also, when bCLCA1 was reconstituted into COS-7 cells, the observed current 

was insensitive to 100 µM niflumic acid (CaCC inhibitor), whereas the native CaCC was fully 

sensitive with an apparent half-maximal inhibitory concentration (Ki) of 17 µM [12]. Ensuing 

discoveries of the murine (mCLCA1) and human homologs (hCLCA1) also described a post-

translational processing that resulted in an approximate 39 and 90 kDa protein [15,16]. The two newly 

described homologs differed, however, from the bovine variant in that both putative channels 

exhibited sensitivity to niflumic acid [15,16]. However, similar to bCLCA1, the two variants 

demonstrated an inhibition when exposed to 2 mM DTT [15,16]. As previously mentioned, this was 

different from the originally described CaCC in Xenopus oocytes [17]. Also, the concentration of Ca2+ 

that was necessary to stimulate Cl− channel opening was of supraphysiological concentrations (2 mM) 

[12,15,16]. The second human homolog [hCLCA2] to be described was similar in many attributes to 

the hCLCA1 counterpart [13]. Once again, very high concentrations of Ca2+ were required for 

activation, currents exhibited a sensitivity to DTT, and the lack of the previously observed time-

dependence of activation seen in the native channel left concerns that the CLCA family was not the 

native CaCC [18]. Finally, several groups have published studies focusing on CLCA3 that 

demonstrated that the protein was secreted from cells and functioned as an extracellular protease 
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Figure 1. Presence of Cystic Fibrosis transmembrane conductance regulator (CFTR) and non-CFTR
mediated Cl− secretion in normal rat tracheal epithelium. Chloride secretion was measured as
short-circuit current (ISC) in tracheal epithelia that were mounted under voltage clamp condition.
(A) Effect of CFTR-172inh (CFTR inhibitor; 20 µM) on ATP stimulated Cl− secretion. Mucosal ATP
(100 µM) addition stimulates Cl− secretion that consists of two components—the sharp initial increase
in ISC immediately followed by a second, more rounded and prolonged current. Inhibition by mucosal
CFTR-172inh (CFTR inhibitor) indicates that the ATP-stimulated sustained Cl− secretion is mediated
by CFTR. The CFTR-172inh inhibition of ISC below baseline indicates that CFTR also accounts for a
portion of basal Cl− secretion in normal trachea; (B) Effect of ATP on Cl− secretion in CFTR-172inh

pre-incubated trachea. In CFTR-172inh pre-incubated trachea, mucosal ATP (which transiently increases
intracellular Ca2+) transiently stimulates Cl− secretion with a minimal plateau phase of Cl− secretion.
The transient Cl− secretion represents non-CFTR mediated Cl− secretion (i.e., through TMEM16A).
The presence of a residual plateau phase of Cl− secretion may likely be attributable to CFTR activation
in response to ATP, which cannot be completely inhibited by 20 µM CFTR-172inh. (The unpublished
data presented in this figure is in good agreement with the literature).

Following the major discovery of the Cystic Fibrosis transmembrane regulator (CFTR), many
putative Ca2+-activated Cl− channels (CaCC) have been examined [9,11]. In pursuing the molecular
identity of the CaCC, a protein now referred to as CLCA1 (Cl− channel accessory 1) received much of
the early attention [12–14]. The initial cloning and isolation of this putative CaCC was from the bovine
trachea (bCLCA1) [12]. This 125-kDa bCLCA1 protein, which was post-translationally modified to
a 38-kDa protein, was able to yield macroscopic currents in Xenopus oocytes injected with the entire
cRNA open-reading frame of the channel [12]. However, the suspected channel exhibited a sensitivity
to 1 mM dithiothreitol (DTT; a reducing agent), which was not previously reported as an inhibitor of
the native CaCC [12]. Also, when bCLCA1 was reconstituted into COS-7 cells, the observed current
was insensitive to 100 µM niflumic acid (CaCC inhibitor), whereas the native CaCC was fully sensitive
with an apparent half-maximal inhibitory concentration (Ki) of 17 µM [12]. Ensuing discoveries of the
murine (mCLCA1) and human homologs (hCLCA1) also described a post-translational processing that
resulted in an approximate 39 and 90 kDa protein [15,16]. The two newly described homologs differed,
however, from the bovine variant in that both putative channels exhibited sensitivity to niflumic
acid [15,16]. However, similar to bCLCA1, the two variants demonstrated an inhibition when exposed
to 2 mM DTT [15,16]. As previously mentioned, this was different from the originally described CaCC
in Xenopus oocytes [17]. Also, the concentration of Ca2+ that was necessary to stimulate Cl− channel
opening was of supraphysiological concentrations (2 mM) [12,15,16]. The second human homolog
[hCLCA2] to be described was similar in many attributes to the hCLCA1 counterpart [13]. Once again,
very high concentrations of Ca2+ were required for activation, currents exhibited a sensitivity to DTT,
and the lack of the previously observed time-dependence of activation seen in the native channel left
concerns that the CLCA family was not the native CaCC [18]. Finally, several groups have published
studies focusing on CLCA3 that demonstrated that the protein was secreted from cells and functioned
as an extracellular protease [13,14]. This study, along with the observed functional differences from



Int. J. Mol. Sci. 2018, 19, 1432 3 of 13

the native channel basically confirmed that the CLCA family was not the native CaCC, and the group
of proteins was more likely extracellular proteases [12–16].

Recently, a new CaCC-designated TMEM16A has been characterized. TMEM16A was first described
as a CaCC by three separate groups in 2008 [19–21]. As previously discussed, earlier candidate CaCCs
did not demonstrate electrophysiological properties similar to the natively identified channel. However,
TMEM16A was the first CaCC that demonstrated a Ca2+-activation that matched that of the native channel
found in many tissues [20]. Yang et al. demonstrated a slight-voltage dependence of TMEM16A at
submicromolar and low micromolar concentrations of Ca2+, which was similar to the native protein [21].
This effect was illustrated by greater channel activation at more depolarized potentials (+60 mV vs. −60 mV)
in transfected human embryonic kidney 293 (HEK 293) cells with varying Ca2+ concentrations [21].
Also, the group utilized small-interfering RNA (siRNA) injected intravenously in mice targeted to
TMEM16A transcript to elucidate the role the channel may play in secretion of saliva [21]. Pilocarpine
(muscarinic agonist) stimulated saliva secretion was significantly inhibited with a corresponding decrease
in TMEM16A immunostaining in submandibular glands [21]. Caputo et al., also utilizing siRNA targeted
to TMEM16A mRNA, transfected confluent monolayers of primary human bronchial epithelial cells [19].
Treated monolayers demonstrated significant decreases in UTP-stimulated (Ca2+-activated, via membrane
Gαq-coupled purinergic receptors) short-circuit current [ISC] [19]. This study further established the
possibility of this specific CaCC being not only ubiquitous, but also the long sought-after native CaCC [19].

2. TMEM16A Characterization

Following these initial discoveries outlined above, considerable research has focused on the physical
characterization of TMEM16A [22–24]. One of the initial findings suggested that the final quaternary
structure of TMEM16A existed as a dimer in the plasma membrane [25]. This was demonstrated with
TMEM16A proteins that were fused to either GFP or mCherry [25]. The different TMEM16A conjugates
were able to undergo fluorescence resonance energy transfer (FRET), which indicated a close proximity of
the two proteins [25]. However, it was not until a couple of years later that the actual sequence of amino
acids important for this interaction was identified [26]. Mutants of TMEM16A lacking an α-helix that
corresponded to residues 161–179 were not able to form functional channels, hence the lack of observed
Cl− currents in transfected HEK 293 cells [26].

Shortly after this discovery, a group was able to identify several residues that were important for
the voltage-dependence of the channel, as well as amino acids that participate in the Ca2+-sensitivity
of TMEM16A [27]. The residues that confer a voltage-dependence of the channel were found to
be located within the first intracellular loop and consisted of four repeating glutamic acid residues
[444EEEE] (Figure 2) [27]. Alanine substitution at these residues shifted the half-maximal activation of
the channel from 64 ± 0.9 mV to a more depolarized potential of ≈160 mV at 1 µM Ca2+ [27]. However,
the residues important for Ca2+-sensitivity were found to be located directly adjacent to the glutamic
acid residues and consisted of a glutamic acid, alanine, valine and lysine [448EAVK] (Figure 2) [27].
Deletion of these residues was able to shift the Ca2+-sensitivity drastically from 1 µM (which was
able to increase open-probability at very hyperpolarized potentials) to 25 µM Ca2+ (which could
increase open-probability only marginally) [27]. While EAVK residues are undoubtedly important
for channel gating, it has also been shown that glutamic acid residues E702/705 are also essential for
Ca2+-sensitivity of TMEM16A (Figure 2) [28]. This was demonstrated by mutants of these two residues
having a Ca2+-sensitivity several orders of magnitude less than their respective wild type (WT) channel
[Ca2+], 20 µM WT vs. 2 mM E702/705 mutant [28]. The importance of these residues was confirmed
by another group that mutated these same amino acids and obtained a channel with significantly less
Ca2+-sensitivity [29]. This group was able to demonstrate cooperativity between these residues and the
amino acids initially found to confer sensitivity [448EAVK] [29]. Three other acidic moieties [E650, E730,
D734] have also been shown to contribute to the Ca2+-sensitivity of TMEM16A [28]. Also, Scudieri et al.
developed TMEM16A chimera proteins by substituting residues from TMEM16B [another member of
the protein family, also exhibiting Ca2+-stimulated Cl− secretion] into the sequence of TMEM16A to
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determine potential domains necessary for Ca2+-binding [30]. The group was able to determine from
their results that the third intracellular loop of TMEM16A participates in conferring Ca2+-sensitivity to
the channel [30]. This was made obvious by the deletion of these residues resulting in a shift of the
EC50 of Ca2+ from 0.25 µM to 2 µM at a holding potential of +100 mV [30].

Besides activation of the channel, Ca2+-binding has also previously been shown to affect anion
permeability ratios. Peters et al. was able to show that lower concentrations of intracellular Ca2+

(400 nM) was able to elicit an approximate 5:1 Iodide (I−):Cl− permeability ratio, while higher
concentrations of Ca2+ were smaller in magnitude (≈3:1, I−:Cl−). Thiocyanate (SCN−) substitution
demonstrated a similar qualitative profile to that of I−:Cl− permeability; however, SCN− was larger in
magnitude (≈12:1, SCN−:Cl−) [31].
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Figure 2. Schematic of TMEM16A channel protein with identified residues necessary for voltage
and Ca2+-sensitivity. TMEM16A channel protein consists of 10 transmembrane domains (TMD).
The intracellular loop between TMD-2 and TMD-3 contains the voltage-sensitive 444EEEE residues,
as well as the 448EAVK residues that participate in Ca2+-sensitivity of the channel. The E702 and E705
residues located within the seventh TMD also participate in Ca2+-sensitivity of the channel. The third
intracellular loop (shown in pink), and the residues E654, E730 and D734 have also been implicated to
affect Ca2+-sensitivity of the channel.

While the previously mentioned work was essential for identifying residues necessary for
Ca2+-binding and voltage-sensitivity [27,28,30], it was not until the crystal structure was elucidated
that researchers could more clearly visualize the interaction of the previously mentioned residues [and
several others] in Ca2+-binding and channel gating of TMEM16A [32]. In 2014, Brunner et al. were
the first group to generate a crystal structure of TMEM16 from Nectria haematococca [nhTMEM16] [32].
The conserved protein from Nectria haematococca only functions as a lipid scramblase; however,
the protein is still sensitive to Ca2+ and demonstrates increased scramblase activity with increasing
concentrations of Ca2+ [32]. The results of the study were able to demonstrate that nhTMEM16 does
in fact associate as a dimer in the plasma membrane [32]. This study also described a Ca2+-binding
segment that was embedded within the hydrophobic membrane [32]. This research group was also
the first one to postulate the possible mechanisms of ion conductance by either a single-pore or
double-barreled architecture [23,32]. Following the initial observations obtained from the crystal
structure of nhTMEM16, two different groups were able to resolve the crystal structure of TMEM16A
from murine origin [24,33,34]. This new information about the channel was able to illuminate important
residues for interaction with conducting anions, as well as to illustrate that each monomer of TMEM16A
was able to bind two individual Ca2+ ions [33]. Also, the greater resolution with the murine TMEM16A
allowed for an accurate description of how Ca2+-binding mediates Cl− conductance [34]. This is
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accomplished via a hinge mechanism that is dependent on a glutamic acid residue [E654] interacting
with two Ca2+ ions that allow for opening of a single pore within the channel [34].

Associated proteins and β-subunits have been shown time and time again to be critical in the
functioning of a plethora of ion channels [35–37]. TMEM16A is no exception, with several reports
claiming the protein calmodulin [CaM] to associate with the channel and be “indispensable” to the
channel’s function [38,39]. The initial report utilized murine TMEM16A transfected into HEK 293 cells
for whole-cell patch clamp experiments [38]. The group was able to show that whole-cell conductance
stimulated by ionomycin was significantly attenuated [∆Giono, 45 ± 5.2 nS vs. 17 ± 2.1 nS] when a
specific inhibitor of CaM [trifluoperazine, 10 µm] was present in the pipette solution [38]. Another
group soon followed with a report of CaM affecting the relative permeability of different anions [Cl−,
HCO3

−] [39]. When CaM was exogenously added to cytosolic portion of the membrane, HCO3
−

permeability markedly increased [0.39 ± 0.09 to 0.97 ± 0.06 AU] [39]. However, several recent studies
dispute the importance of CaM’s interaction with TMEM16A [40,41]. Terashima et al. was able to
purify human TMEM16A and reconstitute the protein in liposomal membranes [42]. The channel
was directly activated by Ca2+ with an approximate EC50 for Ca2+ of 210 nM [42]. And when the
group reconstituted the protein with CaM, they were not able to observe an association of the two
proteins or any shifts in Ca2+-sensitivity [42]. Another group overexpressed a dominant-negative
form of CaM with TMEM16A [40]. Whole-cell patch clamp experiments from the study did not
demonstrate a difference in total current measured or changes in half-maximal activation of the
channel when performed under conditions with the dominant-negative CaM [40]. Finally, a group
from the University of California-Davis directly disputed the previously published results of the
effects of CaM on TMEM16A permeability to different anions [41]. In all, the importance of CaM
on TMEM16A function is most certainly divided within the field [38,40]. However, it is known that
TMEM16A does have putative binding sites for CaM, but the importance of that interaction is still
under intense discussion and research.

Another protein that has been implicated to interact with TMEM16A is the extracellular protease
CLCA1 [43–45]. CLCA1 originally was thought to be a CaCC itself, as discussed above. However,
it is now accepted that the protein partially functions to modulate TMEM16A membrane expression
and function [44]. Co-culture of HEK 293 cells expressing TMEM16A with cells that actively secrete
CLCA1 was able to elicit large, outwardly rectifying, Ca2+-sensitive currents, while TMEM16A cells
co-cultured with empty vector only exhibited modest increases in current [45]. Also, a group has
shown that the von Willebrand factor domain of CLCA1 is responsible for the increase in observed
currents during patch clamp electrophysiology [44]. Published research on CLCA1 and its interaction
with TMEM16A is much more limited. However, all seem to point to an increase in overall membrane
expression with a potential to increase the actual conductance of TMEM16A [43–45].

3. TMEM16A in Epithelial Tissues

While research continues to characterize the channel and its potential interactions, one of the
initial observations describing TMEM16A as a CaCC demonstrated its potential physiological
importance [19,21]. Yang et al. was able to show a lack of pilocarpine-stimulated Ca2+-activated
Cl− secretion in salivary secretory epithelium in the mouse following siRNA-mediated TMEM16A
knockdown [21]. The importance of this discovery was not simply related to the identification of the
native CaCC protein in salivary epithelium, but also demonstrated the importance of Ca+-activated
Cl− secretion in the process of saliva production [21]. Following this preeminent discovery, several
groups followed with studies focusing on different epithelial tissues [46,47].

3.1. Respiratory Epithelium

Prior to the actual identification of TMEM16A as a CaCC, it was shown that disruption in
the gene resulted in tracheomalacia, which was lethal within the first few days of life of neonatal
mice [48]. Following the discovery of TMEM16A as a CaCC, Ousingsawat et al. isolated tracheas from
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the global TMEM16A knockout mice [neonates] for Ussing chamber studies of Ca2+-activated Cl−

currents [49]. Response to pharmacological agonists, such as ATP and CCH, which elicit release of
intracellular Ca2+ (and normally increase apical Cl− conductance) was significantly attenuated in the
global knockout mice [49], thus indicating that TMEM16A plays a major role in the Ca2+-activated
Cl− secretion observed in WT mouse trachea. Residual stimulated-ISC was shown through the use
of pharmacological inhibitors to be mediated by the CFTR Cl− channel [49]. However, the presented
results of the publication were from neonatal mice suffering from multiple organ failures, which could
be a confounding error of that study [49]. Several years after the original study, the group managed
to generate animals that were lacking TMEM16A specifically in ciliated respiratory epithelium using
the FOXJ1 promoter [50]. Once again, murine tracheas were mounted in Ussing chambers and
administered 100 µM ATP to the apical membrane (Figure 3) [50]. The elicited Ca2+-activated Cl−

currents were significantly attenuated in the transgenic animals [50]. Conventional whole-cell patch
clamp electrophysiology of respiratory epithelium demonstrated a similar response when exposed to
extracellular ATP [50].
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Figure 3. Cellular model of Ca2+-activated Cl− secretion in tracheal epithelium. Either apical ATP or
basolateral carbachol (CCH; a muscarinic receptor (M3R) agonist) administration transiently increases
intracellular Ca2+ stores from endoplasmic reticulum (ER), leading to increased Ca2+-activated Cl−

secretion through TMEM16A. G-protein (Gαq)-coupled receptors, including the apical P2YX purinergic
receptor (UTP) and basolateral M3R mediate the release of internal Ca2+ stores. Either Ca2+-calmodulin
(CAM) or the extracellular protease CLCA1 may modulate TMEM16A mediated Cl− secretion by
activating the channel and/or increasing the plasma membrane expression. CLCA1—Cl− channel
accessary-1; PLC—phospholipase C.

Even the initial publications on TMEM16A demonstrated the channel to be present in polarized
human bronchial epithelial cells [19]. Caputo et al. transfected cells with siRNA directed against the
mRNA for TMEM16A, which resulted in significantly decreased ISC in human bronchial epithelial
cells [19]. Many studies have followed utilizing different respiratory cell lines that have also
characterized the presence of TMEM16A [51,52].

More importantly, cell culture of primary respiratory epithelium, as well as immortalized cell lines,
has demonstrated the significance of TMEM16A in respiratory pathology. The cytokine interleukin-4
(IL-4) has been well characterized to up-regulate protein expression of TMEM16A in respiratory
epithelium [19,53]. IL-4 is also a major player in respiratory pathologies such as chronic obstructive
pulmonary disease (COPD) and asthma [54,55]. Immunofluorescence of respiratory epithelium
isolated from asthma patients clearly demonstrates an increase in TMEM16A expression [56,57].
Also, activation of TMEM16A with apical ATP in primary cultures of human bronchial epithelium
seems to regulate secretion of mucin, one of the major hallmarks of inflammatory airway disease [56].
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Taken together, targeted therapies against TMEM16A in diseases of airway inflammation could one
day be a cornerstone of the treatment regimen.

On the other side, TMEM16A has potentially provided a new therapeutic target for the treatment
of CF [10]. Previously published work using the cftr−/− mice demonstrated only a mild pathology,
which was in opposition to the observed disease in humans [10]. Organs that had minimal pathology
compared to the human counterpart were observed to have substantial amounts of Ca2+-activated
Cl− secretion [10]. The preserved Cl− secretion prevented severe pathology from developing within
the lung [10]. With that in mind, much research has focused on increasing function or expression
of TMEM16A in human tissues to help mitigate symptoms of CF or potentially reverse some of the
associated pathology of CF [19,58].

3.2. Colonic Epithelium

Similar to the initial reports of TMEM16A-mediating the Ca2+-activated Cl− current in respiratory
epithelium, the neonatal mice were also used to study colonic epithelium [49,59]. Transepithelial
potential [VTE] of distal colon administered basolateral carbachol (CCH; muscarinic agonist that increases
intracellular Ca2+ concentration) was able to significantly hyperpolarize in Tmem16a+/+ mice [49]. However,
Tmem16a−/− littermates were not able to respond to basolateral CCH administration [49]. Calculated ISC

from control animals was approximately 60 µA/cm2, while Tmem16a−/− animals had a calculated ISC of
about 10 µA/cm2 [49]. It was not until recently that the tissue-specific [Vil1] knockout mice of TMEM16A
confirmed the previously observed results [50]. Similar to the global knockout mice, CCH-stimulated ISC

was significantly less in the Tmem16a−/− animals [50].
TMEM16A has been observed in several human colonic epithelial cell lines. The HT-29 and T84

cell lines have both demonstrated expression of TMEM16A, characterized by immunoblot [60,61].
However, a group that employed the use of siRNA targeted against TMEM16A in the T84 cell line did
not demonstrate a large decrease in ATP-stimulated ISC [62]. The only change in the measured ISC was
the initial peak prior to the plateau phase of the trace, which would potentially indicate a minor role for
TMEM16A in human colonic epithelium [62]. However, ATP-stimulated ISC in T84 has previously been
characterized to be mediated more through adenosine receptors, instead of Ca2+-increasing purinergic
receptors [63].

As far as pathology related to TMEM16A in colonic epithelium, less is known partially due to
an incomplete knowledge as to the expression of the channel in human colon. However, previous
studies have shown that rotaviral infection in children causes diarrhea by increasing Ca2+-activated
Cl− secretion [64–66]. Ousingsawat et al. was able to show that NSP4, a synthetic peptide similar to a
transcribed rotaviral peptide, worked through the activation of TMEM16A in the murine distal colon
to increase Cl− secretion [66]. Several studies have also indicated a potential role that the channel may
play in the evolution of colon cancer [67,68]. TMEM16A has been observed to participate in apoptosis
and up-regulation of the channel can increase growth and invasion of tumors [69–71]. There has also
been some research that TMEM16A may participate in inflammatory bowel disease; however, even less
is known about that, especially in regard to the mechanism by which TMEM16A may participate in
the development of disease [72].

Potential therapies related to TMEM16A in colonic epithelium are far from clinical utility,
especially with many questions still unresolved as to how the CaCC participates in these very complex
diseases. With that said, small molecule inhibitors could potentially one day have utility in colon
cancer treatment as adjunct therapy to the main course of action. As far as inflammatory bowel disease,
so little is known about TMEM16A and its potential interaction that it would be pure speculation at
this point.

While the majority of this section has been focused on respiratory and colonic epithelium,
it is worth noting that TMEM16A has been characterized as the CaCC in several other epithelial
tissues [73–75]. Cell lines of pancreatic ductal cells have been observed to express TMEM16A [73,75].
Also, biliary epithelium from murine, rat and human origin has functionally been shown to express
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TMEM16A [46]. Finally, the presented collective knowledge here is not an all-inclusive list as many
other epithelial tissues are likely to express TMEM16A and may be of future research endeavors.

4. Conclusions

The CaCC, TMEM16A, is the native protein that is ubiquitously expressed across a wide variety
of epithelial tissues. While the structure and function of the channel have been for the most part
elucidated, much is still unknown about potential protein–protein interactions. These interactions
could shed light on the possible cellular function that the channel may play in complex diseases
such as cancer and inflammatory airway diseases. Continued research on therapies to increase
protein expression of TMEM16A in the plasma membrane of CF patients is still under intense
investigation, and hopefully one day will be an important part of ameliorating CF symptoms and
associated-pathology. Also, as previously mentioned, TMEM16A may play a role in the development
of inflammatory bowel disease. Further understanding of this potential role could provide insight
into the overall development of the pathology, as well as provide novel therapies for treatment of the
disease. Unfortunately, at this time there are not currently any treatments ready for clinical utility,
but this highlights the need for continued discovery of the role and function of TMEM16A in a myriad
of different pathologies. Hopefully with continued research, targeted therapies can be translated to
clinical use in a timely manner for the benefit of a vast patient population.
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ATP adenosine triphosphate
CaCC calcium-activated chloride channel
CaM calmodulin
cAMP cyclic adenosine monophosphate
CCH carbachol
CF Cystic Fibrosis
CFTR Cystic Fibrosis Transmembrane Conductance Regulator
CLCA Cl− channel accessory
cRNA complementary ribonucleic acid
DTT dithiothreitol
EC50 half-maximal effective concentration
FRET fluorescence resonance energy transfer
GFP green fluorescent protein
HEK 293 human embryonic kidney 293 cells
IL-4 interleukin 4
ISC short-circuit current
kDa kilodalton
mM millimolar
mRNA messenger ribonucleic acid
mV millivolts
µM micromolar
siRNA small interfering ribonucleic acid
TMEM16A transmembrane member 16A
UTP uridine triphosphate
VTE trans-epithelial voltage
WT wild type



Int. J. Mol. Sci. 2018, 19, 1432 9 of 13

References

1. Browner, M.; Ferkany, J.W.; Enna, S.J. Biochemical identification of pharmacologically and functionally
distinct gaba receptors in rat brain. J. Neurosci. 1981, 1, 514–518. [CrossRef] [PubMed]

2. Cozens, A.L.; Yezzi, M.J.; Kunzelmann, K.; Ohrui, T.; Chin, L.; Eng, K.; Finkbeiner, W.E.; Widdicombe, J.H.;
Gruenert, D.C. Cftr expression and chloride secretion in polarized immortal human bronchial epithelial cells.
Am. J. Respir. Cell Mol. Biol. 1994, 10, 38–47. [CrossRef] [PubMed]

3. Devor, D.C.; Singh, A.K.; Lambert, L.C.; DeLuca, A.; Frizzell, R.A.; Bridges, R.J. Bicarbonate and chloride
secretion in calu-3 human airway epithelial cells. J. Gen. Physiol. 1999, 113, 743–760. [CrossRef] [PubMed]

4. Gallos, G.; Remy, K.E.; Danielsson, J.; Funayama, H.; Fu, X.W.; Chang, H.Y.; Yim, P.; Xu, D.; Emala, C.W., Sr.
Functional expression of the TMEM16 family of calcium-activated chloride channels in airway smooth
muscle. Am. J. Physiol. Lung Cell. Mol. Physiol. 2013, 305, L625–L634. [CrossRef] [PubMed]

5. Manoury, B.; Tamuleviciute, A.; Tammaro, P. TMEM16A/anoctamin 1 protein mediates calcium-activated
chloride currents in pulmonary arterial smooth muscle cells. J. Physiol. 2010, 588, 2305–2314. [CrossRef]
[PubMed]

6. Gray, M.A.; Winpenny, J.P.; Porteous, D.J.; Dorin, J.R.; Argent, B.E. CFTR and calcium-activated chloride
currents in pancreatic duct cells of a transgenic cf mouse. Am. J. Physiol. 1994, 266, C213–C221. [CrossRef]
[PubMed]

7. Willumsen, N.J.; Boucher, R.C. Activation of an apical Cl- conductance by Ca2+ ionophores in cystic fibrosis
airway epithelia. Am. J. Physiol. 1989, 256, C226–C233. [CrossRef] [PubMed]

8. Knowles, M.R.; Clarke, L.L.; Boucher, R.C. Activation by extracellular nucleotides of chloride secretion in the
airway epithelia of patients with cystic fibrosis. N. Engl. J. Med. 1991, 325, 533–538. [CrossRef] [PubMed]

9. Wagner, J.A.; Cozens, A.L.; Schulman, H.; Gruenert, D.C.; Stryer, L.; Gardner, P. Activation of chloride channels
in normal and cystic fibrosis airway epithelial cells by multifunctional calcium/calmodulin-dependent protein
kinase. Nature 1991, 349, 793–796. [CrossRef] [PubMed]

10. Clarke, L.L.; Grubb, B.R.; Yankaskas, J.R.; Cotton, C.U.; McKenzie, A.; Boucher, R.C. Relationship of a
non-cystic fibrosis transmembrane conductance regulator-mediated chloride conductance to organ-level
disease in CFTR(-/-) mice. Proc. Natl. Acad. Sci. USA 1994, 91, 479–483. [CrossRef] [PubMed]

11. Kartner, N.; Hanrahan, J.W.; Jensen, T.J.; Naismith, A.L.; Sun, S.Z.; Ackerley, C.A.; Reyes, E.F.; Tsui, L.C.;
Rommens, J.M.; Bear, C.E.; et al. Expression of the cystic fibrosis gene in non-epithelial invertebrate cells
produces a regulated anion conductance. Cell 1991, 64, 681–691. [CrossRef]

12. Cunningham, S.A.; Awayda, M.S.; Bubien, J.K.; Ismailov, I.I.; Pia Arrate, M.P.; Berdiev, B.K.; Benos, D.J.;
Fuller, C.M. Cloning of an epithelial chloride channel from bovine trachea. J. Biol. Chem. 1995, 270,
31016–31026. [CrossRef] [PubMed]

13. Gruber, A.D.; Pauli, B.U. Molecular cloning and biochemical characterization of a truncated, secreted member
of the human family of Ca2+-activated Cl- channels. Biochim. Biophys. Acta 1999, 1444, 418–423. [CrossRef]

14. Leverkoehne, I.; Gruber, A.D. The murine MCLCA3 (alias Gob-5) protein is located in the mucin granule
membranes of intestinal, respiratory, and uterine goblet cells. J. Histochem. Cytochem. 2002, 50, 829–838.
[CrossRef] [PubMed]

15. Gandhi, R.; Elble, R.C.; Gruber, A.D.; Schreur, K.D.; Ji, H.L.; Fuller, C.M.; Pauli, B.U. Molecular and
functional characterization of a calcium-sensitive chloride channel from mouse lung. J. Biol. Chem. 1998, 273,
32096–32101. [CrossRef] [PubMed]

16. Gruber, A.D.; Elble, R.C.; Ji, H.L.; Schreur, K.D.; Fuller, C.M.; Pauli, B.U. Genomic cloning, molecular
characterization, and functional analysis of human clca1, the first human member of the family of
Ca2+-activated Cl- channel proteins. Genomics 1998, 54, 200–214. [CrossRef] [PubMed]

17. Takahashi, T.; Neher, E.; Sakmann, B. Rat brain serotonin receptors in xenopus oocytes are coupled by
intracellular calcium to endogenous channels. Proc. Natl. Acad. Sci. USA 1987, 84, 5063–5067. [CrossRef]
[PubMed]

http://dx.doi.org/10.1523/JNEUROSCI.01-05-00514.1981
http://www.ncbi.nlm.nih.gov/pubmed/7346566
http://dx.doi.org/10.1165/ajrcmb.10.1.7507342
http://www.ncbi.nlm.nih.gov/pubmed/7507342
http://dx.doi.org/10.1085/jgp.113.5.743
http://www.ncbi.nlm.nih.gov/pubmed/10228185
http://dx.doi.org/10.1152/ajplung.00068.2013
http://www.ncbi.nlm.nih.gov/pubmed/23997176
http://dx.doi.org/10.1113/jphysiol.2010.189506
http://www.ncbi.nlm.nih.gov/pubmed/20421283
http://dx.doi.org/10.1152/ajpcell.1994.266.1.C213
http://www.ncbi.nlm.nih.gov/pubmed/7508188
http://dx.doi.org/10.1152/ajpcell.1989.256.2.C226
http://www.ncbi.nlm.nih.gov/pubmed/2465689
http://dx.doi.org/10.1056/NEJM199108223250802
http://www.ncbi.nlm.nih.gov/pubmed/1857389
http://dx.doi.org/10.1038/349793a0
http://www.ncbi.nlm.nih.gov/pubmed/1705665
http://dx.doi.org/10.1073/pnas.91.2.479
http://www.ncbi.nlm.nih.gov/pubmed/7507247
http://dx.doi.org/10.1016/0092-8674(91)90498-N
http://dx.doi.org/10.1074/jbc.270.52.31016
http://www.ncbi.nlm.nih.gov/pubmed/8537359
http://dx.doi.org/10.1016/S0167-4781(99)00008-1
http://dx.doi.org/10.1177/002215540205000609
http://www.ncbi.nlm.nih.gov/pubmed/12019299
http://dx.doi.org/10.1074/jbc.273.48.32096
http://www.ncbi.nlm.nih.gov/pubmed/9822685
http://dx.doi.org/10.1006/geno.1998.5562
http://www.ncbi.nlm.nih.gov/pubmed/9828122
http://dx.doi.org/10.1073/pnas.84.14.5063
http://www.ncbi.nlm.nih.gov/pubmed/2440042


Int. J. Mol. Sci. 2018, 19, 1432 10 of 13

18. Gruber, A.D.; Schreur, K.D.; Ji, H.L.; Fuller, C.M.; Pauli, B.U. Molecular cloning and transmembrane structure
of HClCa2 from human lung, trachea, and mammary gland. Am. J. Physiol. 1999, 276, C1261–C1270.
[CrossRef] [PubMed]

19. Caputo, A.; Caci, E.; Ferrera, L.; Pedemonte, N.; Barsanti, C.; Sondo, E.; Pfeffer, U.; Ravazzolo, R.;
Zegarra-Moran, O.; Galietta, L.J. TMEM16A, a membrane protein associated with calcium-dependent
chloride channel activity. Science 2008, 322, 590–594. [CrossRef] [PubMed]

20. Schroeder, B.C.; Cheng, T.; Jan, Y.N.; Jan, L.Y. Expression cloning of tmem16a as a calcium-activated chloride
channel subunit. Cell 2008, 134, 1019–1029. [CrossRef] [PubMed]

21. Yang, Y.D.; Cho, H.; Koo, J.Y.; Tak, M.H.; Cho, Y.; Shim, W.S.; Park, S.P.; Lee, J.; Lee, B.; Kim, B.M.; et al.
TMEM16A confers receptor-activated calcium-dependent chloride conductance. Nature 2008, 455, 1210–1215.
[CrossRef] [PubMed]

22. Jeng, G.; Aggarwal, M.; Yu, W.P.; Chen, T.Y. Independent activation of distinct pores in dimeric tmem16a
channels. J. Gen. Physiol. 2016, 148, 393–404. [CrossRef] [PubMed]

23. Lim, N.K.; Lam, A.K.; Dutzler, R. Independent activation of ion conduction pores in the double-barreled
calcium-activated chloride channel TMEM16A. J. Gen. Physiol. 2016, 148, 375–392. [CrossRef] [PubMed]

24. Paulino, C.; Neldner, Y.; Lam, A.K.; Kalienkova, V.; Brunner, J.D.; Schenck, S.; Dutzler, R. Structural basis
for anion conduction in the calcium-activated chloride channel TMEM16A. eLife 2017, 6, e26232. [CrossRef]
[PubMed]

25. Sheridan, J.T.; Worthington, E.N.; Yu, K.; Gabriel, S.E.; Hartzell, H.C.; Tarran, R. Characterization of
the oligomeric structure of the Ca(2+)-activated Cl- channel ANO1/TMEM16A. J. Biol. Chem. 2011, 286,
1381–1388. [CrossRef] [PubMed]

26. Tien, J.; Lee, H.Y.; Minor, D.L., Jr.; Jan, Y.N.; Jan, L.Y. Identification of a dimerization domain in the TMEM16A
calcium-activated chloride channel (CACC). Proc. Natl. Acad. Sci. USA 2013, 110, 6352–6357. [CrossRef]
[PubMed]

27. Xiao, Q.; Yu, K.; Perez-Cornejo, P.; Cui, Y.; Arreola, J.; Hartzell, H.C. Voltage- and calcium-dependent gating
of TMEM16A/ANO1 chloride channels are physically coupled by the first intracellular loop. Proc. Natl.
Acad. Sci. USA 2011, 108, 8891–8896. [CrossRef] [PubMed]

28. Tien, J.; Peters, C.J.; Wong, X.M.; Cheng, T.; Jan, Y.N.; Jan, L.Y.; Yang, H.H. A comprehensive search for
calcium binding sites critical for TMEM16A calcium-activated chloride channel activity. eLife 2014, 3, e02772.
[CrossRef] [PubMed]

29. Han, Y.; Zhang, S.; Ren, S.; Chen, Y.; Yuan, H.; Chai, R.; Yu, H.; Zhang, H.; Zhan, Y.; An, H. Two Ca(2+)-binding
sites cooperatively couple together in TMEM16A channel. J. Membr. Biol. 2016, 249, 57–63. [CrossRef]
[PubMed]

30. Scudieri, P.; Musante, I.; Gianotti, A.; Moran, O.; Galietta, L.J. Intermolecular interactions in the TMEM16A
dimer controlling channel activity. Sci. Rep. 2016, 6, 38788. [CrossRef] [PubMed]

31. Peters, C.J.; Yu, H.B.; Tien, J.; Jan, Y.N.; Li, M.; Jan, L.Y. Four basic residues critical for the ion selectivity and
pore blocker sensitivity of TMEM16A calcium-activated chloride channels. Proc. Natl. Acad. Sci. USA 2015,
112, 3547–3552. [CrossRef] [PubMed]

32. Brunner, J.D.; Lim, N.K.; Schenck, S.; Duerst, A.; Dutzler, R. X-ray structure of a calcium-activated TMEM16
lipid scramblase. Nature 2014, 516, 207–212. [CrossRef] [PubMed]

33. Dang, S.; Feng, S.; Tien, J.; Peters, C.J.; Bulkley, D.; Lolicato, M.; Zhao, J.; Zuberbuhler, K.; Ye, W.; Qi, L.;
et al. Cryo-em structures of the TMEM16A calcium-activated chloride channel. Nature 2017, 552, 426–429.
[CrossRef] [PubMed]

34. Paulino, C.; Kalienkova, V.; Lam, A.K.M.; Neldner, Y.; Dutzler, R. Activation mechanism of the
calcium-activated chloride channel tmem16a revealed by cryo-em. Nature 2017, 552, 421–425. [CrossRef]
[PubMed]

35. Barro-Soria, R.; Rebolledo, S.; Liin, S.I.; Perez, M.E.; Sampson, K.J.; Kass, R.S.; Larsson, H.P. Kcne1 divides
the voltage sensor movement in KCNQ1/KCNE1 channels into two steps. Nat. Commun. 2014, 5, 3750.
[CrossRef] [PubMed]

36. Hullin, R.; Khan, I.F.; Wirtz, S.; Mohacsi, P.; Varadi, G.; Schwartz, A.; Herzig, S. Cardiac l-type calcium
channel beta-subunits expressed in human heart have differential effects on single channel characteristics.
J. Biol. Chem. 2003, 278, 21623–21630. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/ajpcell.1999.276.6.C1261
http://www.ncbi.nlm.nih.gov/pubmed/10362588
http://dx.doi.org/10.1126/science.1163518
http://www.ncbi.nlm.nih.gov/pubmed/18772398
http://dx.doi.org/10.1016/j.cell.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18805094
http://dx.doi.org/10.1038/nature07313
http://www.ncbi.nlm.nih.gov/pubmed/18724360
http://dx.doi.org/10.1085/jgp.201611651
http://www.ncbi.nlm.nih.gov/pubmed/27799319
http://dx.doi.org/10.1085/jgp.201611650
http://www.ncbi.nlm.nih.gov/pubmed/27799318
http://dx.doi.org/10.7554/eLife.26232
http://www.ncbi.nlm.nih.gov/pubmed/28561733
http://dx.doi.org/10.1074/jbc.M110.174847
http://www.ncbi.nlm.nih.gov/pubmed/21056985
http://dx.doi.org/10.1073/pnas.1303672110
http://www.ncbi.nlm.nih.gov/pubmed/23576756
http://dx.doi.org/10.1073/pnas.1102147108
http://www.ncbi.nlm.nih.gov/pubmed/21555582
http://dx.doi.org/10.7554/eLife.02772
http://www.ncbi.nlm.nih.gov/pubmed/24980701
http://dx.doi.org/10.1007/s00232-015-9846-1
http://www.ncbi.nlm.nih.gov/pubmed/26708576
http://dx.doi.org/10.1038/srep38788
http://www.ncbi.nlm.nih.gov/pubmed/27929144
http://dx.doi.org/10.1073/pnas.1502291112
http://www.ncbi.nlm.nih.gov/pubmed/25733897
http://dx.doi.org/10.1038/nature13984
http://www.ncbi.nlm.nih.gov/pubmed/25383531
http://dx.doi.org/10.1038/nature25024
http://www.ncbi.nlm.nih.gov/pubmed/29236684
http://dx.doi.org/10.1038/nature24652
http://www.ncbi.nlm.nih.gov/pubmed/29236691
http://dx.doi.org/10.1038/ncomms4750
http://www.ncbi.nlm.nih.gov/pubmed/24769622
http://dx.doi.org/10.1074/jbc.M211164200
http://www.ncbi.nlm.nih.gov/pubmed/12606548


Int. J. Mol. Sci. 2018, 19, 1432 11 of 13

37. Orio, P.; Latorre, R. Differential effects of beta 1 and beta 2 subunits on BK channel activity. J. Gen. Physiol.
2005, 125, 395–411. [CrossRef] [PubMed]

38. Tian, Y.; Kongsuphol, P.; Hug, M.; Ousingsawat, J.; Witzgall, R.; Schreiber, R.; Kunzelmann, K.
Calmodulin-dependent activation of the epithelial calcium-dependent chloride channel TMEM16A. FASEB J.
2011, 25, 1058–1068. [CrossRef] [PubMed]

39. La Rosa, P.S.; Warner, B.B.; Zhou, Y.; Weinstock, G.M.; Sodergren, E.; Hall-Moore, C.M.; Stevens, H.J.;
Bennett, W.E., Jr.; Shaikh, N.; Linneman, L.A.; et al. Patterned progression of bacterial populations in the
premature infant gut. Proc. Natl. Acad. Sci. USA 2014, 111, 12522–12527. [CrossRef] [PubMed]

40. Yu, K.; Zhu, J.; Qu, Z.; Cui, Y.Y.; Hartzell, H.C. Activation of the ano1 (TMEM16A) chloride channel by
calcium is not mediated by calmodulin. J. Gen. Physiol. 2014, 143, 253–267. [CrossRef] [PubMed]

41. Yu, Y.; Kuan, A.S.; Chen, T.Y. Calcium-calmodulin does not alter the anion permeability of the mouse
tmem16a calcium-activated chloride channel. J. Gen. Physiol. 2014, 144, 115–124. [CrossRef] [PubMed]

42. Terashima, H.; Picollo, A.; Accardi, A. Purified TMEM16A is sufficient to form Ca2+-activated Cl-channels.
Proc. Natl. Acad. Sci. USA 2013, 110, 19354–19359. [CrossRef] [PubMed]

43. Mura, C.V.; Delgado, R.; Delgado, M.G.; Restrepo, D.; Bacigalupo, J. A clca regulatory protein present in the
chemosensory cilia of olfactory sensory neurons induces a Ca(2+)-activated Cl(−) current when transfected
into HEK293. BMC Neurosci. 2017, 18, 61. [CrossRef] [PubMed]

44. Sala-Rabanal, M.; Yurtsever, Z.; Berry, K.N.; Nichols, C.G.; Brett, T.J. Modulation of TMEM16A channel
activity by the von willebrand factor type a (VWA) domain of the calcium-activated chloride channel
regulator 1 (CLCA1). J. Biol. Chem. 2017, 292, 9164–9174. [CrossRef] [PubMed]

45. Sala-Rabanal, M.; Yurtsever, Z.; Nichols, C.G.; Brett, T.J. Secreted clca1 modulates tmem16a to activate
ca(2+)-dependent chloride currents in human cells. eLife 2015, 4, e05875. [CrossRef] [PubMed]

46. Dutta, A.K.; Khimji, A.K.; Kresge, C.; Bugde, A.; Dougherty, M.; Esser, V.; Ueno, Y.; Glaser, S.S.; Alpini, G.;
Rockey, D.C.; et al. Identification and functional characterization of TMEM16A, a Ca2+-activated Cl- channel
activated by extracellular nucleotides, in biliary epithelium. J. Biol. Chem. 2011, 286, 766–776. [CrossRef]
[PubMed]

47. Huang, F.; Rock, J.R.; Harfe, B.D.; Cheng, T.; Huang, X.; Jan, Y.N.; Jan, L.Y. Studies on expression and function
of the TMEM16A calcium-activated chloride channel. Proc. Natl. Acad. Sci. USA 2009, 106, 21413–21418.
[CrossRef] [PubMed]

48. Rock, J.R.; Futtner, C.R.; Harfe, B.D. The transmembrane protein tmem16a is required for normal
development of the murine trachea. Dev. Biol. 2008, 321, 141–149. [CrossRef] [PubMed]

49. Ousingsawat, J.; Martins, J.R.; Schreiber, R.; Rock, J.R.; Harfe, B.D.; Kunzelmann, K. Loss of TMEM16A causes
a defect in epithelial Ca2+-dependent chloride transport. J. Biol. Chem. 2009, 284, 28698–28703. [CrossRef]
[PubMed]

50. Benedetto, R.; Ousingsawat, J.; Wanitchakool, P.; Zhang, Y.; Holtzman, M.J.; Amaral, M.; Rock, J.R.;
Schreiber, R.; Kunzelmann, K. Epithelial chloride transport by CFTR requires TMEM16A. Sci. Rep. 2017, 7,
12397. [CrossRef] [PubMed]

51. Jia, L.; Liu, W.; Guan, L.; Lu, M.; Wang, K. Inhibition of calcium-activated chloride channel ANO1/TMEM16A
suppresses tumor growth and invasion in human lung cancer. PLoS ONE 2015, 10, e0136584. [CrossRef]
[PubMed]

52. Lerias, J.; Pinto, M.; Benedetto, R.; Schreiber, R.; Amaral, M.; Aureli, M.; Kunzelmann, K. Compartmentalized
crosstalk of CFTR and TMEM16A (ANO1) through EPAC1 and ADCY1. Cell. Signal. 2018, 44, 10–19.
[CrossRef] [PubMed]

53. Galietta, L.J.; Pagesy, P.; Folli, C.; Caci, E.; Romio, L.; Costes, B.; Nicolis, E.; Cabrini, G.; Goossens, M.;
Ravazzolo, R.; et al. IL-4 is a potent modulator of ion transport in the human bronchial epithelium in vitro.
J. Immunol. 2002, 168, 839–845. [CrossRef] [PubMed]

54. Huang, A.X.; Lu, L.W.; Liu, W.J.; Huang, M. Plasma inflammatory cytokine IL-4, IL-8, IL-10, and tnf-alpha
levels correlate with pulmonary function in patients with asthma-chronic obstructive pulmonary disease
(copd) overlap syndrome. Med. Sci. Monit. 2016, 22, 2800–2808. [CrossRef] [PubMed]

55. Zhu, J.; Qiu, Y.; Valobra, M.; Qiu, S.; Majumdar, S.; Matin, D.; De Rose, V.; Jeffery, P.K. Plasma cells and IL-4
in chronic bronchitis and chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 2007, 175,
1125–1133. [CrossRef] [PubMed]

http://dx.doi.org/10.1085/jgp.200409236
http://www.ncbi.nlm.nih.gov/pubmed/15767297
http://dx.doi.org/10.1096/fj.10-166884
http://www.ncbi.nlm.nih.gov/pubmed/21115851
http://dx.doi.org/10.1073/pnas.1409497111
http://www.ncbi.nlm.nih.gov/pubmed/25114261
http://dx.doi.org/10.1085/jgp.201311047
http://www.ncbi.nlm.nih.gov/pubmed/24420770
http://dx.doi.org/10.1085/jgp.201411179
http://www.ncbi.nlm.nih.gov/pubmed/24981232
http://dx.doi.org/10.1073/pnas.1312014110
http://www.ncbi.nlm.nih.gov/pubmed/24167264
http://dx.doi.org/10.1186/s12868-017-0379-7
http://www.ncbi.nlm.nih.gov/pubmed/28800723
http://dx.doi.org/10.1074/jbc.M117.788232
http://www.ncbi.nlm.nih.gov/pubmed/28420732
http://dx.doi.org/10.7554/eLife.05875
http://www.ncbi.nlm.nih.gov/pubmed/25781344
http://dx.doi.org/10.1074/jbc.M110.164970
http://www.ncbi.nlm.nih.gov/pubmed/21041307
http://dx.doi.org/10.1073/pnas.0911935106
http://www.ncbi.nlm.nih.gov/pubmed/19965375
http://dx.doi.org/10.1016/j.ydbio.2008.06.009
http://www.ncbi.nlm.nih.gov/pubmed/18585372
http://dx.doi.org/10.1074/jbc.M109.012120
http://www.ncbi.nlm.nih.gov/pubmed/19679661
http://dx.doi.org/10.1038/s41598-017-10910-0
http://www.ncbi.nlm.nih.gov/pubmed/28963502
http://dx.doi.org/10.1371/journal.pone.0136584
http://www.ncbi.nlm.nih.gov/pubmed/26305547
http://dx.doi.org/10.1016/j.cellsig.2018.01.008
http://www.ncbi.nlm.nih.gov/pubmed/29331508
http://dx.doi.org/10.4049/jimmunol.168.2.839
http://www.ncbi.nlm.nih.gov/pubmed/11777980
http://dx.doi.org/10.12659/MSM.896458
http://www.ncbi.nlm.nih.gov/pubmed/27501772
http://dx.doi.org/10.1164/rccm.200602-161OC
http://www.ncbi.nlm.nih.gov/pubmed/17322111


Int. J. Mol. Sci. 2018, 19, 1432 12 of 13

56. Huang, F.; Zhang, H.; Wu, M.; Yang, H.; Kudo, M.; Peters, C.J.; Woodruff, P.G.; Solberg, O.D.; Donne, M.L.;
Huang, X.; et al. Calcium-activated chloride channel TMEM16A modulates mucin secretion and airway
smooth muscle contraction. Proc. Natl. Acad. Sci. USA 2012, 109, 16354–16359. [CrossRef] [PubMed]

57. Zhang, Y.; Wang, X.; Wang, H.; Jiao, J.; Li, Y.; Fan, E.; Zhang, L.; Bachert, C. TMEM16A-mediated mucin secretion
in IL-13-induced nasal epithelial cells from chronic rhinosinusitis patients. Allergy Asthma Immunol. Res. 2015, 7,
367–375. [CrossRef] [PubMed]

58. Sonneville, F.; Ruffin, M.; Coraux, C.; Rousselet, N.; Le Rouzic, P.; Blouquit-Laye, S.; Corvol, H.; Tabary, O.
Microrna-9 downregulates the ano1 chloride channel and contributes to cystic fibrosis lung pathology.
Nat. Commun. 2017, 8, 710. [CrossRef] [PubMed]

59. Rock, J.R.; O’Neal, W.K.; Gabriel, S.E.; Randell, S.H.; Harfe, B.D.; Boucher, R.C.; Grubb, B.R. Transmembrane
protein 16a (TMEM16A) is a Ca2+-regulated Cl-secretory channel in mouse airways. J. Biol. Chem. 2009, 284,
14875–14880. [CrossRef] [PubMed]

60. Sun, H.; Harris, W.T.; Kortyka, S.; Kotha, K.; Ostmann, A.J.; Rezayat, A.; Sridharan, A.; Sanders, Y.;
Naren, A.P.; Clancy, J.P. Tgf-beta downregulation of distinct chloride channels in cystic fibrosis-affected
epithelia. PLoS ONE 2014, 9, e106842. [CrossRef] [PubMed]

61. Tian, Y.; Schreiber, R.; Wanitchakool, P.; Kongsuphol, P.; Sousa, M.; Uliyakina, I.; Palma, M.; Faria, D.;
Traynor-Kaplan, A.E.; Fragata, J.I.; et al. Control of tmem16a by ino-4995 and other inositolphosphates.
Br. J. Pharmacol. 2013, 168, 253–265. [CrossRef] [PubMed]

62. Namkung, W.; Phuan, P.W.; Verkman, A.S. Tmem16a inhibitors reveal TMEM16A as a minor component of
calcium-activated chloride channel conductance in airway and intestinal epithelial cells. J. Biol. Chem. 2011,
286, 2365–2374. [CrossRef] [PubMed]

63. Stutts, M.J.; Lazarowski, E.R.; Paradiso, A.M.; Boucher, R.C. Activation of CFTR Cl- conductance in polarized
T84 cells by luminal extracellular atp. Am. J. Physiol. 1995, 268, C425–C433. [CrossRef] [PubMed]

64. Ball, J.M.; Tian, P.; Zeng, C.Q.; Morris, A.P.; Estes, M.K. Age-dependent diarrhea induced by a rotaviral
nonstructural glycoprotein. Science 1996, 272, 101–104. [CrossRef] [PubMed]

65. Morris, A.P.; Scott, J.K.; Ball, J.M.; Zeng, C.Q.; O’Neal, W.K.; Estes, M.K. Nsp4 elicits age-dependent diarrhea
and Ca(2+)mediated i(-) influx into intestinal crypts of cf mice. Am. J. Physiol. 1999, 277, G431–G444.
[PubMed]

66. Ousingsawat, J.; Mirza, M.; Tian, Y.; Roussa, E.; Schreiber, R.; Cook, D.I.; Kunzelmann, K. Rotavirus toxin
NSP4 induces diarrhea by activation of tmem16a and inhibition of na+ absorption. Pflugers Arch. 2011, 461,
579–589. [CrossRef] [PubMed]

67. Sui, Y.; Sun, M.; Wu, F.; Yang, L.; Di, W.; Zhang, G.; Zhong, L.; Ma, Z.; Zheng, J.; Fang, X.; et al. Inhibition of
TMEM16A expression suppresses growth and invasion in human colorectal cancer cells. PLoS ONE 2014,
9, e115443. [CrossRef] [PubMed]

68. Sui, Y.; Wu, F.; Lv, J.; Li, H.; Li, X.; Du, Z.; Sun, M.; Zheng, Y.; Yang, L.; Zhong, L.; et al. Identification of the
novel TMEM16A inhibitor dehydroandrographolide and its anticancer activity on SW620 cells. PLoS ONE
2015, 10, e0144715. [CrossRef] [PubMed]

69. Cha, J.Y.; Wee, J.; Jung, J.; Jang, Y.; Lee, B.; Hong, G.S.; Chang, B.C.; Choi, Y.L.; Shin, Y.K.; Min, H.Y.; et al.
Anoctamin 1 (TMEM16A) is essential for testosterone-induced prostate hyperplasia. Proc. Natl. Acad.
Sci. USA 2015, 112, 9722–9727. [CrossRef] [PubMed]

70. Godse, N.R.; Khan, N.; Yochum, Z.A.; Gomez-Casal, R.; Kemp, C.; Shiwarski, D.J.; Seethala, R.S.; Kulich, S.;
Seshadri, M.; Burns, T.F.; et al. TMEM16A/ANO1 inhibits apoptosis via downregulation of bim expression.
Clin. Cancer Res. 2017, 23, 7324–7332. [CrossRef] [PubMed]

71. Liu, W.; Lu, M.; Liu, B.; Huang, Y.; Wang, K. Inhibition of Ca(2+)-activated Cl(−) channel ANO1/TMEM16A
expression suppresses tumor growth and invasiveness in human prostate carcinoma. Cancer Lett. 2012, 326,
41–51. [CrossRef] [PubMed]

72. Rottgen, T.S.; Nickerson, A.J.; Minor, E.A.; Stewart, A.B.; Harold, A.D.; Rajendran, V.M. Dextran sulfate
sodium (DSS)-induced chronic colitis attenuates Ca(2+)-activated Cl(−) secretion in murine colon by
down-regulating TMEM16A. Am. J. Physiol. Cell Physiol. 2018. [CrossRef] [PubMed]

73. Almaca, J.; Tian, Y.; Aldehni, F.; Ousingsawat, J.; Kongsuphol, P.; Rock, J.R.; Harfe, B.D.; Schreiber, R.;
Kunzelmann, K. TMEM16 proteins produce volume-regulated chloride currents that are reduced in mice
lacking TMEM16A. J. Biol. Chem. 2009, 284, 28571–28578. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1214596109
http://www.ncbi.nlm.nih.gov/pubmed/22988107
http://dx.doi.org/10.4168/aair.2015.7.4.367
http://www.ncbi.nlm.nih.gov/pubmed/25749771
http://dx.doi.org/10.1038/s41467-017-00813-z
http://www.ncbi.nlm.nih.gov/pubmed/28955034
http://dx.doi.org/10.1074/jbc.C109.000869
http://www.ncbi.nlm.nih.gov/pubmed/19363029
http://dx.doi.org/10.1371/journal.pone.0106842
http://www.ncbi.nlm.nih.gov/pubmed/25268501
http://dx.doi.org/10.1111/j.1476-5381.2012.02193.x
http://www.ncbi.nlm.nih.gov/pubmed/22946960
http://dx.doi.org/10.1074/jbc.M110.175109
http://www.ncbi.nlm.nih.gov/pubmed/21084298
http://dx.doi.org/10.1152/ajpcell.1995.268.2.C425
http://www.ncbi.nlm.nih.gov/pubmed/7532359
http://dx.doi.org/10.1126/science.272.5258.101
http://www.ncbi.nlm.nih.gov/pubmed/8600515
http://www.ncbi.nlm.nih.gov/pubmed/10444458
http://dx.doi.org/10.1007/s00424-011-0947-0
http://www.ncbi.nlm.nih.gov/pubmed/21399895
http://dx.doi.org/10.1371/journal.pone.0115443
http://www.ncbi.nlm.nih.gov/pubmed/25541940
http://dx.doi.org/10.1371/journal.pone.0144715
http://www.ncbi.nlm.nih.gov/pubmed/26657333
http://dx.doi.org/10.1073/pnas.1423827112
http://www.ncbi.nlm.nih.gov/pubmed/26153424
http://dx.doi.org/10.1158/1078-0432.CCR-17-1561
http://www.ncbi.nlm.nih.gov/pubmed/28899969
http://dx.doi.org/10.1016/j.canlet.2012.07.015
http://www.ncbi.nlm.nih.gov/pubmed/22820160
http://dx.doi.org/10.1152/ajpcell.00328.2017
http://www.ncbi.nlm.nih.gov/pubmed/29561662
http://dx.doi.org/10.1074/jbc.M109.010074
http://www.ncbi.nlm.nih.gov/pubmed/19654323


Int. J. Mol. Sci. 2018, 19, 1432 13 of 13

74. Li, Q.; Dutta, A.; Kresge, C.; Bugde, A.; Feranchak, A.P. Bile acids stimulate cholangiocyte fluid secretion by
activation of membraneTMEM16A Cl(-) channels. Hepatology 2018. [CrossRef]

75. Sauter, D.R.P.; Novak, I.; Pedersen, S.F.; Larsen, E.H.; Hoffmann, E.K. Ano1 (TMEM16A) in pancreatic ductal
adenocarcinoma (PDAC). Pflugers Arch. 2015, 467, 1495–1508. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/hep.29804
http://dx.doi.org/10.1007/s00424-014-1598-8
http://www.ncbi.nlm.nih.gov/pubmed/25163766
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	TMEM16A Characterization 
	TMEM16A in Epithelial Tissues 
	Respiratory Epithelium 
	Colonic Epithelium 

	Conclusions 
	References

