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TMEM16A Protein: A New Identity for
Ca2ⴙ-Dependent Clⴚ Channels
Ca⫹-dependent Cl⫺ channels (CaCCs) play a variety of physiological roles in
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different organs and tissues, including transepithelial Cl⫺ secretion, smooth
muscle contraction, regulation of neuronal excitability, and transduction of
sensory stimuli. The recent identification of TMEM16A protein as an important
component of CaCCs should allow a better understanding of their physiological role, structure-function relationship, and regulatory mechanisms.

Molecular Basis of CACCs
Electrophysiological studies have identified CaCCs
in many cell types (18, 35). These channels are
activated by increases in cytosolic free Ca2⫹ concentrations due to release from intracellular stores
or influx through plasma membrane channels
(FIGURE 1). The most common characteristics of
CaCCs are I⫺ and SCN⫺ permeabilities larger than
that for chloride, activation by cytosolic free Ca2⫹
concentrations in the 0.2–1.0 M range, and modulation of channel activity by membrane potential
(25, 35). Usually, CaCCs slowly activate when the
membrane is depolarized to positive membrane
potentials and deactivate with comparable kinetics
when the membrane returns to resting conditions
(5, 9, 25, 35, 44) (FIGURE 1). However, activation by
membrane potential is markedly dependent on
Ca2⫹. At very low nanomolar Ca2⫹ concentrations,
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Chloride channels have been neglected for a long
time and considered little more than a background
conductance that passively follows cation transport. This lack of interest was the result of various
factors. In general, the physiological role of Cl⫺
conductance and its regulation in many organs
and tissues were not understood. Furthermore,
there were no selective pharmacological inhibitors
that could help in assessing the contribution of Cl⫺
channels to specific physiological processes. Finally, the molecular identity of most Cl⫺ channels
has been for a long time an uncertain and controversial topic. Actually, this uncertainty has often
led to the wrong conclusions about the type of
channels associated with a particular physiological
process or disease.
The readers may refer to previous excellent reviews that describe the properties of known Cl⫺
channels such as CFTR, proteins of the ClC family,
and ionotropic receptors for GABA and glycine (11,
18, 42, 47, 61). Here, we will discuss Ca2⫹-activated
Cl⫺ channels (CaCCs) and their relationship with
the family of recently discovered TMEM16 proteins, also known as anoctamins.

depolarization by itself cannot activate the channel. At high micromolar Ca2⫹ concentrations, the
channel is almost fully activated at all membrane
potentials.
Several attempts have been made to identify the
proteins forming CaCCs. The first candidate, CLCA,
was a protein isolated from bovine trachea (15).
CLCA proteins have been also called “asthma” channels because of their upregulation in allergic airway
disease (21). However, subsequent studies demonstrated that CLCA proteins are cell adhesion molecules anchored to the cell surface or even secreted in
the extracellular space (30). This conclusion is in
agreement with the initial finding of a CLCA protein
as a factor important for attachment of metastatic
melanoma cells to lung endothelium (20).
CLC-3 is another CaCC candidate. However, the
currents evoked by CLC-3 expression lack voltage
dependence and are activated by Ca2⫹-/calmodulin-dependent phosphorylation (39, 62), whereas
in many cases CaCCs seem to be directly activated
by Ca2⫹ (35) and even inhibited by phoshorylation
(3, 76). CLC-3 has been also found to work as an
electrogenic H⫹/Cl⫺ antiporter (50). Similar to
other proteins of the same family, such as ClC-4,
ClC-5, and ClC-7, ClC-3 may be essentially involved in the acidification of intracellular organelles (34, 42). ClC-3 has been also associated
with the activity of cell swelling-activated Cl⫺
channels, but CLC-3 knockout mice show normal
Ca2⫹- and swelling-activated Cl⫺ conductances
(4). Therefore, the relationship of CLC-3 with
CaCCs and other plasma membrane Cl⫺ channels
is unclear.
Bestrophins, initially discovered as proteins involved in vitelline macular dystrophy (Best’s disease), represent another candidate for CaCC (59,
72). If compared with “classical” CaCCs, Cl⫺ currents associated with bestrophin expression have
different Ca2⫹ affinity, voltage dependence, and
sensitivity to pharmacological inhibitors. Bestrophins have been associated with multiple cell functions, such as regulation of voltage-dependent
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FIGURE 1. Activation of Ca2ⴙ-activated Clⴚ channels (CaCCs)

CaCCs are activated by cytosolic Ca2⫹ increases deriving from release from intracellular stores [triggered by stimulation of a G-protein-coupled receptor (GPCR) and phospholipase C-dependent inositol triphosphate generation] or by influx through the
plasma membrane. Ca2⫹ influx may occur through store-operated Ca2⫹ channels
(SOCs) or through voltage-dependent Ca2⫹ channels (VDCCs). Opening of CaCCs
causes a net efflux or influx of Cl⫺ depending on the difference between the Cl⫺ equilibrium potential and the resting membrane potential (ECl-Vm). Inset: representative
CaCC currents (top) elicited at different membrane potentials (bottom). Channel activity increases following membrane depolarization and decreases when the membrane
potential is returned to negative values.
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by other research groups have confirmed its association with Cl⫺ channel activity (46, 56, 66).
This very high level of concordant results supports the conclusion that TMEM16A forms a
CaCC by itself or in combination with other, yet
to be discovered, proteins.

Structure-Function Relationship
of TMEM16A
The primary structure of the TMEM16A protein has
no similarity with other proteins having known
function and, in particular, with other ion channels. Examination of TMEM16A amino acid sequence with programs predicting structure and
topology evidences at least eight putative transmembrane segments, with both NH2 and COOH
termini protruding into the intracellular medium.
Because of the eight transmembrane segments and
the anion selectivity, TMEM16A has been also
named anoctamin-1 (ANO1). Based on mutagenesis experiments that result in altered ion selectivity,
it has been proposed that the region between the
fifth and the sixth transmembrane segment forms
a reentrant loop that inserts into the plasma membrane and contributes to the formation of the
channel pore (78). Intriguingly, TMEM16A sequence does not contain canonical calcium- or
calmodulin-binding domains. If TMEM16A directly binds Ca2⫹, it may occur through a novel
type of domain. A possible Ca2⫹-binding region is
a cluster of four contiguous glutamic acid residues
localized in the first intracellular loop. This region
may be similar to the “calcium bowl” of Ca2⫹dependent K⫹ channels (6). However, there may
be multiple calcium binding sites in TMEM16A, as
suggested by the steep relationship between CaCC
activity and free Ca2⫹ concentration in many studies (25, 35). Identification of such sites may result
in difficulty since each site may include residues
residing distantly from each other in the primary
sequence. Furthermore, the binding site may be a
combination of amino acid side chains and carbonyls of protein backbone. An alternative hypothesis is that the Ca2⫹-sensing mechanism of CaCCs
is not intrinsic to the TMEM16A protein but is
provided by an ancillary subunit, possibly calmodulin or another Ca2⫹-binding protein.
Interestingly, there is not a single version of the
TMEM16A protein (FIGURE 2). Indeed, the mechanism of alternative splicing is responsible for the
generation of various TMEM16A isoforms (12, 23).
This process involves the skipping/inclusion of at
least three alternative segments, called b, c, and d,
corresponding to exons 6b, 13, and 15, and being
22, 4, and 26 amino acids long, respectively. Analysis of TMEM16A splicing among different human
organs and tissues showed a variety of patterns.
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Ca2⫹ channels (67), bicarbonate transport in intestinal epithelial cells (79), and Cl⫺ transport in the
endoplasmic reticulum (7). According to this last
finding, bestrophins would be important as a
shunt conductance required to neutralize the electrical charge of Ca2⫹ moving across the endoplasmic reticulum membrane. In this way, bestrophins
would affect CaCC activity indirectly by modulating the shape and amplitude of regulatory Ca2⫹
signals.
In 2008, three teams of investigators postulated
TMEM16A as a component of CaCCs (12, 68, 78).
Interestingly, this conclusion was obtained independently using different strategies, including
expression cloning and functional genomics. Silencing of TMEM16A gene expression in vitro
and in vivo caused inhibition of endogenous
CaCC activity. On the other hand, heterologous
expression of TMEM16A in null cell systems
caused the appearance of Ca2⫹-activated Cl⫺
channels with the biophysical and pharmacological properties expected for a “canonical” CaCC.
For example, the anion permeability sequence
found for TMEM16A (NO3⫺ ⬎ I⫺ ⬎ Br⫺ ⬎ Cl⫺ ⬎
F⫺; Refs. 68, 78) is similar to that reported for
native CaCCs (18, 35). Furthermore, the Cl⫺ currents generated by TMEM16A expression (12, 78)
are inhibited by niflumic acid, NPPB, and DIDS
with potency comparable to that reported for
CaCCs (18, 35). Subsequent studies on TMEM16A
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Na⫹ through the paracellular pathway. The net
secretion of NaCl drives transepithelial water
transport. In the airways, local activation of CaCCs,
through autocrine release of ATP and binding to
purinergic receptors, may be a mechanism to increase water supply and hence mucociliary clearance
(73). CaCCs probably have additional functions.
CaCC-mediated bicarbonate transport may be essential for the expansion of mucins, as described for
CFTR (27). In addition, CaCCs are highly permeable
to SCN⫺ (thiocyanate). This pseudohalyde is used by
lactoperoxidases on the airways and in the lumen of
salivary and mammary glands to generate hypothiocyanite, a molecule with antimicrobial activity
(28, 41, 55). Interestingly, the other substrate of
lactoperoxidase is hydrogen peroxide, which is
produced by plasma membrane dual oxidases
(DUOX) in a Ca2⫹-dependent way (24, 57). Therefore, increases in cytosolic Ca2⫹ may trigger a localized innate defense mechanism based on CaCC
and DUOX activation.
In agreement with the important role of CaCCs
in epithelial cells, expression of TMEM16A protein
or mRNA has been demonstrated in the airway
surface epithelium and in the acinar cells of pancreas, salivary glands, and bronchial submucosal
glands (38, 45, 56, 63, 66, 68, 78). TMEM16A is also
expressed in the mammary gland and in renal tubules (68, 78). Demonstration of TMEM16A expression in other types of epithelial cells such as those
of the intestine requires further studies. Indeed,
there are controversial results regarding the contribution of CaCCs to intestinal Cl⫺ secretion (43).
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Some tissues co-express multiple isoforms having
variable levels of exons 6b or 15 skipping (23). Others show a preferential pattern of one isoform only.
Interestingly, tissues appearing to preferentially
skip exon 6b tend to include exon 15 and vice versa.
This coordinated pattern of splicing may suggest
that segments b and d have mutually exclusive
functional roles. In contrast, microexon 13 is always included, with a small degree of skipping in
brain and skeletal muscle. The NH2 terminus of
TMEM16A includes a region (segment a) that may
be skipped when an alternative promoter is used
(23). The resulting protein lacks the initial 116
amino acids. We found that the transcript lacking
segment a was also devoid of segments b, c, and d.
The corresponding isoform, called TMEM16A(0), is
only 840 amino acids long compared with the longest one, TMEM16A(abcd), which has 1,008 amino
acid residues (12).
Patch-clamp experiments have revealed that
TMEM16A alternative splicing has a functional
meaning (FIGURE 2). In particular, inclusion of
segment b reduces the apparent affinity for Ca2⫹ of
TMEM16A-dependent channels. Accordingly, the
Ca2⫹ sensitivity of isoforms TMEM16A(abc) and
TMEM16A(ac) differ by nearly fourfold (23). On the
other hand, the splicing of the four amino acids
(Glu-Ala-Val-Lys) corresponding to segment c (exon
13) alters the voltage dependence. Interestingly,
inclusion of segment c occurs after the stretch of
four glutamic residues discussed above as a possible Ca2⫹-binding site. Heterologous expression of
TMEM16A(0) variant generates Cl⫺ currents that
are Ca2⫹ dependent but are unaffected by membrane potential. The physiological relevance of this
isoform is unclear.
Summarizing, alternative splicing appears as an
important mechanism regulating the CaCC channel properties, such as voltage dependence and
Ca2⫹ sensitivity. Alternative splicing may also explain the variety of characteristics reported for
CaCCs in different cell types (35).

TMEM16A/CaCC: Role in Epithelia
One of the major sites for CaCC expression and
function is represented by epithelial cells. CaCCs
constitute a route for Cl⫺ secretion across the apical membrane of epithelial cells of the airways,
intestine, and exocrine glands (35, 43). Elevation of
intracellular free Ca2⫹ concentration, triggered by
paracrine and autocrine mechanisms, leads to
transient CaCC activation. In many epithelial cells,
intracellular Cl⫺ is accumulated by the coordinated activity of basolateral channels and transporters above the electrochemical equilibrium.
Therefore, activation of CaCCs generates an efflux
of Cl⫺ in the apical membrane that is followed by

FIGURE 2. Regulation of CaCC by alternative splicing of TMEM16A
Predicted topology of TMEM16A protein showing eight putative transmembrane domains with a reentrant loop between the fifth and the sixth domain. The figure also
shows the position and size of the four alternative segments: a, b, c, and d. Inclusion/
skipping of segment b (22 amino acid residues) modulates the Ca2⫹ sensitivity of the
TMEM16A Cl⫺ conductance (␥). The Ca2⫹ sensitivity of TMEM16A(abc) is nearly fourfold lower than that of TMEM16A(ac).
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TMEM16A in Smooth Muscle Cells
CaCCs have been repeatedly identified by functional
studies in smooth muscle cells (SMCs), particularly in
blood vessels (32, 33). Their role is considered essential in the mechanism of signal amplification leading
to cell contraction (35). Indeed, cytosolic free Ca2⫹
elevation by paracrine mechanisms triggers CaCC
360
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activation. The resulting Cl⫺ efflux causes membrane
depolarization, opening of voltage-dependent Ca2⫹
channels, and hence further Ca2⫹ elevation. As in
epithelial cells, the CaCC-dependent depolarization
depends on a relatively high intracellular Cl⫺ concentration (14).
The identification of TMEM16A now allows investigation of the expression and role of CaCCs in different types of SMCs. Immunocytochemistry studies
suggest that TMEM16A protein is not uniformly present
in SMCs. According to these results, TMEM16A is markedly expressed in SMCs of the airways and of some
parts of the reproductive system (i.e., oviduct and epididymis) but not in SMCs of blood vessels (38). However, recent reports indicate that TMEM16A is indeed
expressed in such cells and that silencing of
TMEM16A causes inhibition of endogenous Ca2⫹activated Cl⫺ currents (16, 49). In the gastrointestinal
tract, TMEM16A is strongly expressed in the interstitial cells of Cajal (ICCs), which represent pacemaker
cells controlling the contraction of the smooth muscle layers (31, 38, 40). The importance of TMEM16A
in gastrointestinal motility is demonstrated by studies on knockout mice (38, 40). These animals are
devoid of slow waves, the rhythmic changes in membrane potential controlling contraction. Slow waves
are also inhibited by niflumic acid, a CaCC inhibitor,
although with different potency in gastric antrum
compared with intestine (40).
It is interesting to note that the mechanism of ICC
depolarization was previously proposed to depend
on a Ca2⫹-inhibited nonselective cation channel (22),
although some studies indicated a possible role of
Cl⫺ channels (37). The identification of TMEM16A
(ANO1) and its high expression in ICCs has led to
reconsideration of this issue. In a recent study on ICC
cells identified by cell-specific GFP expression, the
Ca2⫹-activated Cl⫺ conductance was indeed found
to mediate the membrane depolarization underlying
slow waves (80).

TMEM16A/CaCCs in Nervous
System and Sensory Receptors
CaCCs also control the excitability of various types of
neurons including olfactory sensory neurons, somatosensory neurons, photoreceptors, and spinal
cord neurons (25). The opening of CaCCs generates
membrane potential depolarization or hyperpolarization depending on whether the Cl⫺ equilibrium
potential is more positive or more negative than the
resting potential, respectively.
Somatosensory neurons, whose bodies constitute
the root dorsal ganglia (DRG), transduce different
stimuli such as skin temperature, pain, and touch. A
subpopulation of DRG neurons show CaCC activity,
thus indicating that these channels are involved in
the transduction of specific sensory pathways (25).
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It has been reported that CaCCs are active only in
nonpolarized intestinal epithelial cells (2) and not
in native epithelium (71). In this case, in polarized
epithelia, Ca2⫹-based signals would induce Cl⫺ secretion essentialy through cAMP-activated Cl⫺
channels, i.e., CFTR (16, 48, 71), if such channels
are activated constitutively or by concomitant
stimuli. Indeed, the intracellular Ca2⫹ increase
should act by activating basolateral K⫹ channels
and therefore increasing the driving force for Cl⫺
efflux. On the other hand, different studies have
shown separate CFTR and CaCC conductances in
polarized intestinal epithelia (51, 52). Such discrepant results may derive from a dependence of CaCC
expression on unknown regulatory factors. For example, the presence of CaCC-dependent Cl⫺ secretion, stimulated by the NSP4 rotaviral enterotoxin,
was found to depend on the age of mice (54). Another important issue to clarify is the subcellular
localization of TMEM16A protein in the various epithelial cells. Indeed, TMEM16A expression would
support Cl⫺ secretion only if the channels are apically localized.
In vitro and in vivo functional studies have demonstrated that TMEM16A is indeed needed for Ca2⫹dependent Cl⫺ secretion. Silencing of TMEM16A by
siRNA has been found to inhibit the Ca2⫹-dependent
stimulation of Cl⫺ secretion in polarized cultures of
human bronchial epithelial cells (12) and the fluid
secretion by salivary glands (78). Other data supporting the relationship between TMEM16A and CaCCs
originate from knockout mice. These animals show a
decreased Ca2⫹-dependent Cl⫺ transport in tracheal
and intestinal epithelium, salivary glands, and hepatocytes (56, 65, 66). The results obtained from the
intestine of TMEM16A(⫺/⫺) animals suggest that
CaCCs are indeed important for intestinal Cl⫺ secretion (56). As a consequence of defective Cl⫺ secretion
in the airways, there is also a defective mucociliary
clearance (56) that may generate accumulation of
mucus (65). Intriguingly, TMEM16A knockout mice
have a very severe phenotype mainly characterized
by incomplete development of tracheal cartilage
rings (63). This defect is probably the cause of early
death of the animals by suffocation. The mechanism
leading to altered cartilage development is unclear
but may be a consequence of a defect in the tracheal
surface epithelium since expression in the cartilage
was not detected (63).
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Other TMEM16 Proteins
TMEM16A and TMEM16B are members of a protein
family containing another eight members, from
TMEM16C to TMEM16K (26). All TMEM16 proteins
(anoctamins) have a comparable predicted topology.
The amino acid sequence of TMEM16A is ⬃60%
identical to that of TMEM16B. Not surprisingly,
TMEM16B appears to work as a CaCC. However,
there are some interesting differences. Compared
with TMEM16A, TMEM16B-dependent channels
have nearly 10-fold smaller unitary conductance,
lower Ca2⫹ sensitivity, and much faster activation
kinetics (58, 69, 78). These differences may guide in
the identification of critical protein domains involved
in channel gating and Cl⫺ transport.
The overall homology between TMEM16A and
other anoctamins is much lower, with TMEM16F,
G, H, J, and K being only 20 –30% identical. However, specific regions in anoctamins, particularly
in the putative transmembrane domains, show a
much higher level of sequence conservation.
These more distant anoctamins may represent
different types of anion channels or transporters.
TMEM16F and TMEM16K show high and ubiquitous expression in many cells and tissues (12,
64). In contrast, TMEM16C and TMEM16G seem
particularly expressed in the nervous system and in
prostate, respectively (8, 64). Interestingly, TMEM16E/
ANO5 (also known as GDD1) is the only anoctamin
found so far to be mutated in human genetic diseases. Indeed, mutations in the TMEM16E cause

gnathodiaphyseal dysplasia, a dominant autosomic
syndrome associated with fibro-osseous jawbone lesions and long-bone bowing (74). More recently, two
recessive diseases, proximal limb-girdle muscular
dystrophy and distal non-dysferlin Miyoshi myopathy, were also found to be caused by TMEM16E mutations (10). The physiological role of TMEM16E
protein is unknown, but it has been shown to have
an intracellular localization (53). Other anoctamins
may also have an intracellular localization and
function.
It has been reported that expression of many
TMEM16 proteins, including TMEM16A, generates Cl⫺ currents that are activated by cell swelling (1). However, the biophysical properties of
the Cl⫺ channels associated with anoctamin expression appear different from those of volumesensitive Cl⫺ channels, also known as VSOAC
(75). Therefore, anoctamins and VSOACs may
represent different types of channels involved in
cell volume regulation.
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Recently, it has been demonstrated that CaCC currents in small-size DRG neurons mediate the acute
nociceptive stimulus in reponse to bradykinin (46).
Bradykinin, through B2 receptors and phospholipase
C cascade, triggers intracellular Ca2⫹ increase and
CaCC activation. The resulting depolarization increases the action potential firing rate. Gene silencing experiments demonstrated that CaCC activity in
small DRG neurons depends on TMEM16A expression (46).
CaCCs also play a role in the mechanism of olfactory signal transduction. In the cilia of olfactory sensory neurons, odorous substances trigger cAMP
elevation and hence activation of cyclic nucleotidegated cation channels. The corresponding influx of
Na⫹ and Ca2⫹ opens CaCCs and causes Cl⫺ efflux.
This event produces an additional membrane depolarization that acts as an amplification step (25, 36). It
has been shown that CaCC currents in olfactory neurons are mediated by TMEM16B (alias ANO2), a close
homolog of TMEM16A (36, 60, 69).
TMEM16B has been also identified in the synaptic
terminals of the mouse retina (70). This finding is
consistent with a regulatory role of Ca2⫹-dependent
Cl⫺ conductance on photoreceptor function (25).

TMEM16 Proteins and Cancer
One of the intriguing characteristics of TMEM16A is
its overexpression in some human cancers such as
gastrointestinal stromal tumors (GISTs) and head
and neck squamous cell carcinomas (13, 77). Because of this relationship, TMEM16A protein is also
known as DOG1 (discovered on gastrointestinal stromal tumor 1), TAOS2 (tumor amplified and overexpressed sequence 2), and ORAOV2 (oral cancer
overexpressed 2). The overexpression of TMEM16A
may imply that it is important for cancer development and metastasis. However, other hypotheses are
also possible. For example, TMEM16A upregulation
may be a consequence of amplification of the
genomic region (11q13) containing other genes with
more relevance to cancer such as cyclin D1 and
FADD (29). Alternatively, high TMEM16A expression
may be a feature of the cells from which the tumor
derived. For example, GISTs probably originate from
or have a progenitor in common with ICCs.
Other TMEM16 proteins also have a relationship
with cancer. TMEM16G, also known as NGEP, is particularly expressed in prostate cancers (8). The pattern of TMEM16F splicing affects the metastatic
capability of mammary cancers in mouse and is associated with poor prognosis of human patients with
breast cancer (19).

Concluding Remarks
The identification of TMEM16A/ANO1 as a CaCC
protein will keep investigators in the field busy for
the next several years. Several questions remain unresolved, including the structure-function relationship, the interactome, the regulatory mechanisms,
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and the physiological meaning of the different
isoforms.
TMEM16A and other members of the same family
may represent novel drug targets for the treatment of
various human diseases such as cystic fibrosis,
hypertension, gastrointestinal motility disorders,
asthma, and cancer. However, the participation
of CaCCs in a variety of physiological processes
requires the development of tissue-specific pharmacological modulators. 䡲

15. Cunningham SA, Awayda MS, Bubien JK, Ismailov II, Arrate
MP, Berdiev BK, Benos DJ, Fuller CM. Cloning of an epithelial
chloride channel from bovine trachea. J Biol Chem 270:
31016 –31026, 1995.
16. Davis AJ, Forrest AS, Jepps TA, Valencik ML, Wiwchar M,
Singer CA, Sones WR, Greenwood IA, Leblanc N. Expression
profile and protein translation of TMEM16A in murine
smooth muscle. Am J Physiol Cell Physiol 299: C948 –C959,
2010.
17. Dharmsathaphorn K, Pandol SJ. Mechanism of chloride secretion induced by carbachol in a colonic epithelial cell line. J
Clin Invest 77: 348 –354, 1986.
18. Duran C, Thompson CH, Xiao Q, Hartzell HC. Chloride channels: often enigmatic rarely predictable. Annu Rev Physiol 72:
95–121, 2010.

References

19. 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. Exon-based clustering of murine breast tumor
transcriptomes reveals alternative exons whose expression is
associated with metastasis. Cancer Res 70: 896 –905, 2010.

2.

Almaça J, Tian Y, Aldehni F, Ousingsawat J, Kongsuphol P,
Rock JR, Harfe BD, Schreiber R, Kunzelmann K. TMEM16
proteins produce volume-regulated chloride currents that
are reduced in mice lacking TMEM16A. J Biol Chem 284:
28571–28578, 2009.
Anderson MP, Welsh MJ. Calcium and cAMP activate different chloride channels in the apical membrane of normal and
cystic fibrosis epithelia. Proc Natl Acad Sci USA 88: 6003–
6007, 1991.

3.

Angermann JE, Sanguinetti AR, Kenyon JL, Leblanc N,
Greenwood IA. Mechanism of the inhibition of Ca2⫹-activated Cl⫺ currents by phosphorylation in pulmonary arterial
smooth muscle cells. J Gen Physiol 128: 73– 87, 2006.

4.

Arreola J, Begenisich T, Nehrke K, Nguyen HV, Park K, Richardson L, Yang B, Schutte BC, Lamb FS, Melvin JE. Secretion
and cell volume regulation by salivary acinar cells from mice
lacking expression of the Clcn3 Cl⫺ channel gene. J Physiol
545: 207–216, 2002.

5.

Arreola J, Melvin JE, Begenisich T. Activation of calciumdependent chloride channels in rat parotid acinar cells. J Gen
Physiol 108: 35– 47, 1996.

6.

Bao L, Kaldany C, Holmstrand EC, Cox DH. Mapping the
BKCa channel’s “Ca2⫹ bowl”: side-chains essential for Ca2⫹
sensing. J Gen Physiol 123: 475– 489, 2004.

7.

Barro-Soria R, Aldehni F, Almaça J, Witzgall R, Schreiber R,
Kunzelmann K. ER-localized bestrophin 1 activates Ca2⫹dependent ion channels TMEM16A and SK4 possibly by acting as a counterion channel. Pflügers Arch 459: 485– 497,
2010.

8.

9.

Bera TK, Das S, Maeda H, Beers R, Wolfgang CD, Kumar V,
Hahn Y, Lee B, Pastan I. NGEP, a gene encoding a membrane
protein detected only in prostate cancer and normal prostate. Proc Natl Acad Sci USA 101: 3059 –3064, 2004.
Boese SH, Aziz O, Simmons NL, Gray MA. Kinetics, and
regulation of a Ca2⫹-activated Cl⫺ conductance in mouse
renal inner medullary collecting duct cells. Am J Physiol Renal
Physiol 286: F682–F692, 2004.

10. Bolduc V, Marlow G, Boycott KM, Saleki K, Inoue H, Kroon J,
Itakura M, Robitaille Y, Parent L, Baas F, Mizuta K, Kamata N,
Richard I, Linssen WH, Mahjneh I, de Visser M, Bashir R, Brais
B. Recessive mutations in the putative calcium-activated chloride channel Anoctamin 5 cause proximal LGMD2L and distal
MMD3 muscular dystrophies. Am J Hum Genet 86: 213–221,
2010.
11. Bowery NG, Smart TG. GABA and glycine as neurotransmitters: a brief history. Br J Pharmacol 147: S109 –S119, 2006.
12. Caputo A, Caci E, Ferrera L, Pedemonte N, Barsanti C, Sondo
E, Pfeffer U, Ravazzolo R, Zegarra-Moran O, Galietta LJ.
TMEM16A, a membrane protein associated with calciumdependent chloride channel activity. Science 322: 590 –594,
2008.
13. Carles A, Millon R, Cromer A, Ganguli G, Lemaire F, Young J,
Wasylyk C, Muller D, Schultz I, Rabouel Y, Dembélé D, Zhao
C, Marchal P, Ducray C, Bracco L, Abecassis J, Poch O,
Wasylyk B. Head and neck squamous cell carcinoma transcriptome analysis by comprehensive validated differential
display. Oncogene 25: 1821–1831, 2006.

PHYSIOLOGY • Volume 25 • December 2010 • www.physiologyonline.org

20. Elble RC, Widom J, Gruber AD, Abdel-Ghany M, Levine R,
Goodwin A, Cheng HC, Pauli BU. Cloning and characterization of lung-endothelial cell adhesion molecule-1 suggest it is
an endothelial chloride channel. J Biol Chem 272: 27853–
27861, 1997.
21. Erle DJ, Zhen G. The asthma channel? Stay tuned. Am J
Respir Crit Care Med 173: 1181–1182, 2006.
22. Faville RA, Pullan AJ, Sanders KM, Smith NP. A biophysically
based mathematical model of unitary potential activity in
interstitial cells of Cajal. Biophys J 95: 88 –104, 2008.
23. Ferrera L, Caputo A, Ubby I, Bussani E, Zegarra-Moran O,
Ravazzolo R, Pagani F, Galietta LJ. Regulation of TMEM16A
chloride channel properties by alternative splicing. J Biol
Chem 284: 33360 –33368, 2009.
24. Forteza R, Salathe M, Miot F, Forteza R, Conner GE. Regulated hydrogen peroxide production by Duox in human airway epithelial cells. Am J Respir Cell Mol Biol 32: 462– 469,
2005.
25. Frings S, Reuter D, Kleen SJ. Neuronal Ca2⫹-activated Cl⫺
channels: homing in on an elusive channel species. Prog
Neurobiol 60: 247–289, 2000.
26. Galindo BE, Vacquier VD. Phylogeny of the TMEM16 protein
family: some members are overexpressed in cancer. Int J Mol
Med 16: 919 –924, 2005.
27. Garcia MA, Yang N, Quinton PM. Normal mouse intestinal
mucus release requires cystic fibrosis transmembrane regulator-dependent bicarbonate secretion. J Clin Invest 119:
2613–2622, 2009.
28. Gerson C, Sabater J, Scuri M, Torbati A, Coffey R, Abraham
JW, Lauredo I, Forteza R, Wanner A, Salathe M, Abraham
WM, Conner GE. The lactoperoxidase system functions in
bacterial clearance of airways. Am J Respir Cell Mol Biol 22:
665– 671, 2000.
29. Gibcus JH, Menkema L, Mastik MF, Hermsen MA, de Bock
GH, van Velthuysen ML, Takes RP, Kok K, Alvarez Marcos CA,
van der Laan BF, van den Brekel MW, Langendijk JA, Kluin
PM, van der Wal JE, Schuuring E. Amplicon mapping and
expression profiling identify the Fas-associated death domain gene as a new driver in the 11q13.3 amplicon in laryngeal/pharyngeal cancer. Clin Cancer Res 13: 6257– 6266,
2007.
30. Gibson A, Lewis AP, Affleck K, Aitken AJ, Meldrum E,
Thompson N. hCLCA1 and mCLCA3 are secreted non-integral membrane proteins and therefore are not ion channels.
J Biol Chem 280: 27205–27212, 2005.
31. Gomez-Pinilla PJ, Gibbons SJ, Bardsley MR, Lorincz A, Pozo
MJ, Pasricha PJ, Van de Rijn M, West RB, Sarr MG, Kendrick
ML, Cima RR, Dozois EJ, Larson DW, Ordog T, Farrugia G.
Ano1 is a selective marker of interstitial cells of Cajal in the
human and mouse gastrointestinal tract. Am J Physiol Gastrointest Liver Physiol 296: G1370 –G1381, 2009.
32. Greenwood IA, Ledoux J, Leblanc N. Differential regulation
of Ca2⫹-activated Cl⫺ currents in rabbit arterial and portal
vein smooth muscle cells by Ca2⫹-calmodulin-dependent kinase. J Physiol 534: 395– 408, 2001.

Downloaded from http://physiologyonline.physiology.org/ by 10.220.33.3 on September 25, 2017

No conflicts of interest, financial or otherwise, are declared by the author(s).

1.

362

14. Chipperfield AR, Harper AA. Chloride in smooth muscle.
Prog Biophys Mol Biol 74: 175–221, 2000.

REVIEWS
33. Greenwood IA, Ledoux J, Sanguinetti A, Perrino
BA, Leblanc N. Calcineurin A␣ but not A␤ augments ICl(Ca) in rabbit pulmonary artery smooth
muscle cells. J Biol Chem 279: 38830 –38837,
2004.
34. Hara-Chikuma M, Yang B, Sonawane ND, Sasaki
S, Uchida S, Verkman AS. ClC-3 chloride channels
facilitate endosomal acidification and chloride accumulation. J Biol Chem 280: 1241–1247, 2005.
35. Hartzell C, Putzier I, Arreola J. Calcium-activated
chloride channels. Annu Rev Physiol 67: 719 –758,
2005.
36. Hengl T, Kaneko H, Dauner K, Vocke K, Frings S,
Möhrlen F. Molecular components of signal amplification in olfactory sensory cilia. Proc Natl
Acad Sci USA 107: 6052– 6057, 2010.

38. Huang F, Rock JR, Harfe BD, Cheng T, Huang X,
Jan YN, Jan LY. Studies on expression and function of the TMEM16A calcium-activated chloride
channel. Proc Natl Acad Sci USA 106: 21413–
21418, 2009.
39. Huang P, Liu J, Di A, Robinson NC, Musch MW,
Kaetzel MA, Nelson DJ. Regulation of human
CLC-3 channels by multifunctional Ca2⫹/calmodulin-dependent protein kinase. J Biol Chem 276:
20093–20100, 2001.
40. Hwang SJ, Blair PJ, Britton FC, O’Driscoll KE,
Hennig G, Bayguinov YR, Rock JR, Harfe BD,
Sanders KM, Ward SM. Expression of anoctamin
1/TMEM16A by interstitial cells of Cajal is fundamental for slow wave activity in gastrointestinal
muscles. J Physiol 587: 4887– 4904, 2009.
41. Ihalin R, Loimaranta V, Tenovuo J. Origin, structure, and biological activities of peroxidases in
human saliva. Arch Biochem Biophys 445: 261–
268, 2006.
42. Jentsch TJ. Chloride and the endosomal-lysosomal pathway: emerging roles of CLC chloride
transporters. J Physiol 578: 633– 640, 2007.
43. Kidd JF, Thorn P. Intracellular Ca2⫹ and Cl⫺
channel activation in secretory cells. Annu Rev
Physiol 62: 493–513, 2000.
44. Kuruma A, Hartzell HC. Bimodal control of a
Ca2⫹-activated Cl⫺ channel by different Ca2⫹
signals. J Gen Physiol 115: 59 – 80, 2000.
45. Lee RJ, Foskett JK. Mechanisms of Ca2⫹-stimulated fluid secretion by porcine bronchial submucosal gland serous acinar cells. Am J Physiol Lung
Cell Mol Physiol 298: L210 –L231, 2010.
46. Liu B, Linley JE, Du X, Zhang X, Ooi L, Zhang H,
Gamper N. The acute nociceptive signals induced by bradykinin in rat sensory neurons are
mediated by inhibition of M-type K⫹ channels
and activation of Ca2⫹-activated Cl⫺ channels. J
Clin Invest 120: 1240 –1252, 2010.
47. Lynch JW. Molecular structure and function of
the glycine receptor chloride channel. Physiol
Rev 84: 1051–1095, 2004.
48. Mall M, Bleich M, Schürlein M, Kühr J, Seydewitz
HH, Brandis M, Greger R, Kunzelmann K. Cholinergic ion secretion in human colon requires coactivation by cAMP. Am J Physiol Gastrointest
Liver Physiol 275: G1274 –G1281, 1998.
49. Manoury B, Tamuleviciute A, Tammaro P.
TMEM16A/anoctamin 1 protein mediates calciumactivated chloride currents in pulmonary arterial
smooth muscle cells. J Physiol 588:2305–2314,
2010.

51. McEwan GT, Hirst BH, Simmons NL. Carbachol
stimulates Cl⫺ secretion via activation of two
distinct apical Cl⫺ pathways in cultured human
T84 intestinal epithelial monolayers. Biochim Biophys Acta 1220: 241–247, 1994.
52. Merlin D, Jiang L, Strohmeier GR, Nusrat A,
Alper SL, Lencer WI, Madara JL. Distinct Ca2⫹and cAMP-dependent anion conductances in the
apical membrane of polarized T84 cells. Am J
Physiol Cell Physiol 275: C484 –C495, 1998.
53. Mizuta K, Tsutsumi S, Inoue H, Sakamoto Y,
Miyatake K, Miyawaki K, Noji S, Kamata N,
Itakura M. Molecular characterization of GDD1/
TMEM16E, the gene product responsible for autosomal dominant gnathodiaphyseal dysplasia.
Biochem Biophys Res Commun 357: 126 –132,
2007.
54. Morris AP, Scott JK, Ball JM, Zeng CQ, O’Neal
WK, Estes MK. NSP4 elicits age-dependent diarrhea and Ca2⫹-mediated I⫺ influx into intestinal
crypts of CF mice. Am J Physiol Gastrointest
Liver Physiol 277: G431–G444, 1999.
55. Moskwa P, Lorentzen D, Excoffon KJ, Zabner J,
McCray PB Jr, Nauseef WM, Dupuy C, Bánfi B. A
novel host defense system of airways is defective
in cystic fibrosis. Am J Respir Crit Care Med 175:
174 –183, 2007.
56. Ousingsawat J, Martins JR, Schreiber R, Rock JR,
Harfe BD, Kunzelmann K. Loss of TMEM16A causes
a defect in epithelial Ca2⫹-dependent chloride transport. J Biol Chem 284: 28698–28703, 2009.
57. Pedemonte N, Caci E, Sondo E, Caputo A, Rhoden K, Pfeffer U, Di Candia M, Bandettini R,
Ravazzolo R, Zegarra-Moran O, Galietta LJ. Thiocyanate transport in resting and IL-4-stimulated
human bronchial epithelial cells: role of pendrin
and anion channels. J Immunol 178: 5144 –5153,
2007.
58. Pifferi S, Dibattista M, Menini A. TMEM16B induces chloride currents activated by calcium in
mammalian cells. Pflügers Arch 458:1023–1038,
2009.
59. Qu Z, Wei RW, Mann W, Hartzell HC. Two bestrophins cloned from Xenopus laevis oocytes
express Ca2⫹-activated Cl⫺ currents. J Biol
Chem 278: 49563– 49572, 2003.
60. Rasche S, Toetter B, Adler J, Tschapek A, Doerner JF, Kurtenbach S, Hatt H, Meyer H, Warscheid B, Neuhaus EM. Tmem16b is specifically
expressed in the cilia of olfactory sensory neurons. Chem Senses 35: 239 –245, 2010.
61. Riordan JR. CFTR function and prospects for
therapy. Annu Rev Biochem 77: 701–726, 2008.
62. Robinson NC, Huang P, Kaetzel MA, Lamb FS,
Nelson DJ. Identification of an N-terminal amino
acid of the CLC-3 chloride channel critical in
phosphorylation-dependent activation of a
CaMKII-activated chloride current. J Physiol 556:
353–368, 2004.
63. Rock JR, Futtner CR, Harfe BD. The transmembrane protein TMEM16A is required for normal
development of the murine trachea. Dev Biol
321: 141–149, 2008.
64. Rock JR, Harfe BD. Expression of TMEM16 paralogs during murine embryogenesis. Dev Dyn 237:
2566 –2574, 2008.
65. Rock JR, O’Neal WK, Gabriel SE, Randell SH,
Harfe BD, Boucher RC, Grubb BR. Transmembrane protein 16A (TMEM16A) is a Ca2⫹-regulated Cl⫺ secretory channel in mouse airways. J
Biol Chem 284: 14875–14880, 2009.

66. Romanenko VG, Catalán MA, Brown DA, Putzier
I, Hartzell HC, Marmorstein AD, Gonzalez-Begne
M, Rock JR, Harfe BD, Melvin JE. Tmem16A encodes the Ca2⫹-activated Cl⫺ channel in mouse
submandibular salivary gland acinar cells. J Biol
Chem 285: 12990 –13001, 2010.
67. Rosenthal R, Bakall B, Kinnick T, Peachey N, Wimmers S, Wadelius C, Marmorstein A, Strauss O.
Expression of bestrophin-1, the product of the
VMD2 gene, modulates voltage-dependent Ca2⫹
channels in retinal pigment epithelial cells.
FASEB J 20:178 –180, 2006.
68. Schroeder BC, Cheng T, Jan YN, Jan LY. Expression cloning of TMEM16A as a calcium-activated
chloride channel subunit. Cell 134: 1019 –1029,
2008.
69. Stephan AB, Shum EY, Hirsh S, Cygnar KD, Reisert J, Zhao H. ANO2 is the cilial calcium-activated chloride channel that may mediate
olfactory amplification. Proc Natl Acad Sci USA
106: 11776 –11781, 2009.
70. Stöhr H, Heisig JB, Benz PM, Schöberl S, Milenkovic VM, Strauss O, Aartsen WM, Wijnholds J,
Weber BH, Schulz HL. TMEM16B, a novel protein
with calcium-dependent chloride channel activity, associates with a presynaptic protein complex in photoreceptor terminals. J Neurosci 29:
6809 – 6818, 2009.
71. Strabel D, Diener M. Evidence against direct activation of chloride secretion by carbachol in the
rat distal colon. Eur J Pharmacol 274: 181–191,
1995.
72. Sun H, Tsunenari T, Yau KW, Nathans J. The
vitelliform macular dystrophy protein defines a
new family of chloride channels. Proc Natl Acad
Sci USA 99: 4008 – 4013, 2002.
73. Tarran R, Button B, Boucher RC. Regulation of
normal and cystic fibrosis airway surface liquid
volume by phasic shear stress. Annu Rev Physiol
68: 543–561, 2006.
74. Tsutsumi S, Kamata N, Vokes TJ, Maruoka Y,
Nakakuki K, Enomoto S, Omura K, Amagasa T,
Nagayama M, Saito-Ohara F, Inazawa J, Moritani
M, Yamaoka T, Inoue H, Itakura M. The novel
gene encoding a putative transmembrane protein is mutated in gnathodiaphyseal dysplasia
(GDD). Am J Hum Genet 74: 1255–1261, 2004.
75. Verkman AS, Galietta LJ. Chloride channels as
drug targets. Nat Rev Drug Discov 8:153–171,
2009.
76. Wang YX, Kotlikoff MI. Inactivation of calciumactivated chloride channels in smooth muscle by
calcium/calmodulin-dependent protein kinase.
Proc Natl Acad Sci USA 94: 14918 –14923, 1997.
77. 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. The novel marker, DOG1, is
expressed ubiquitously in gastrointestinal stromal tumors irrespective of KIT or PDGFRA mutation status. Am J Pathol 165: 107–113, 2004.
78. 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. TMEM16A confers receptor-activated
calcium-dependent chloride conductance. Nature 455: 1210 –1215, 2008.
79. Yu K, Lujan R, Marmorstein A, Gabriel S, Hartzell
HC. Bestrophin-2 mediates bicarbonate transport by goblet cells in mouse colon. J Clin Invest
120: 1722–1735, 2010.
80. Zhu MH, Kim TW, Ro S, Yan W, Ward SM, Koh
SD, Sanders KM. A Ca2⫹-activated Cl⫺ conductance in interstitial cells of Cajal linked to slow
wave currents and pacemaker activity. J Physiol
587: 4905– 4918, 2009.

PHYSIOLOGY • Volume 25 • December 2010 • www.physiologyonline.org

363

Downloaded from http://physiologyonline.physiology.org/ by 10.220.33.3 on September 25, 2017

37. Hirst GD, Bramich NJ, Teramoto N, Suzuki H,
Edwards FR. Regenerative component of slow
waves in the guinea-pig gastric antrum involves a
delayed increase in intracellular Ca2⫹ concentration an Cl⫺ channels. J Physiol 540: 907–919,
2002.

50. Matsuda JJ, Filali MS, Collins MM, Volk KA, Lamb
FS. The ClC-3 Cl⫺/H⫹ antiporter becomes uncoupled at low extracellular pH. J Biol Chem 285:
2569 –2579, 2010.

