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Abstract——Calcium-activated chloride channels
(CaCCs) are widely expressed in various tissues and
implicated in physiological processes such as sensory
transduction, epithelial secretion, and smooth muscle
contraction. Transmembrane proteins with unknown
function 16 (TMEM16A) has recently been identified as

a major component of CaCCs. Detailed molecular anal-
ysis of TMEM16A will be needed to understand its
structure-function relationships. The role this chan-
nel plays in physiological systems remains to be es-
tablished and is currently a subject of intense
investigation.

I. Introduction

Chloride (Cl�), as the most abundant permeable anion
in cells, plays an important role in a variety of cellular

functions. Impaired chloride transport can cause epilepsy,
cystic fibrosis, myotonia, lysosomal storage disease, deaf-
ness, kidney stones, and osteoporosis (Planells-Cases and
Jentsch, 2009). The movement of chloride through the
cell membrane is tightly regulated and mainly mediated
by chloride channels and transporters. In general, chlo-Address correspondence to: Lily Y Jan, Howard Hughes Medical Insti-
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ride channels can be grouped into four categories: li-
gand-gated chloride channels, voltage-activated chloride
channels, cAMP-regulated chloride channels, and calci-
um-activated chloride channels (CaCCs1) (Jentsch et al.,
2002). The first three types of chloride channels have
well established molecular identities and have been
studied extensively in terms of protein structure and
function and their involvement in diseases. CaCCs, how-
ever, have remained elusive for decades, although the
existence of the CaCC currents has been well known
since the 1980s (Eggermont, 2004; Hartzell et al., 2005;
Planells-Cases and Jentsch, 2009; Duran et al., 2010).

With an ancestry preceding the conquest of land,
CaCCs probably correspond to an ancient and evolution-
arily conserved form of channels that are responsible for
the action potential generation in the green algae of

genera Chara and Nitella and the touch-sensitive plant
Mimosa pudica (Berecki et al., 1999; Fromm and Laut-
ner, 2007). In the animal kingdom, calcium-activated
chloride currents were first noted in 1981, when injec-
tion of Ca2� or Ca2� ionophore into Rana pipiens eggs
was observed to initiate a transient shift to positive
membrane potentials in a Cl�-dependent manner
(Cross, 1981; Schlichter and Elinson, 1981). CaCCs were
then described in photoreceptors in salamander retina
(Bader et al., 1982). Later studies in Xenopus laevis
oocytes further characterized this calcium-activated
chloride current (Barish, 1983; Miledi and Parker,
1984). Calcium-activated chloride current was subse-
quently recorded in rat lacrimal gland cells (Evans and
Marty, 1986), cultured sensory neurons from rat dorsal
root ganglion (Mayer, 1985), solitary cones from lizard
retina (Maricq and Korenbrot, 1988), cultured AtT-20
pituitary cells (Korn and Weight, 1987), frog olfactory
cilia (Kleene and Gesteland, 1991), guinea pig hepato-
cytes (Koumi et al., 1994), airway epithelial cells (An-
derson and Welsh, 1991), and smooth muscle cells from
portal vein and trachea (Pacaud et al., 1989; Janssen
and Sims, 1992). Figure 1 illustrates the typical CaCC
recorded from X. laevis oocytes and mammalian cells.

The wide expression of CaCCs in a variety of cells
suggests their involvement in multiple physiological

1Abbreviations: ASL, airway surface liquid; Best, bestrophin; BK,
large-conductance potassium channel; CaCC, calcium-activated chlo-
ride channel/current; CaMKII, Ca2�/calmodulin-dependent kinase II;
CFTR, cystic fibrosis transmembrane conductance regulator; CLCA,
calcium-activated chloride channel family; DRG, dorsal root ganglia;
DUF, domain of unknown function; GIST, gastrointestinal stromal
tumor; HEK, human embryonic kidney; ICC, interstitial cell of Cajal;
KN93, 2-(N-[2-hydroxyethyl])-N-(4-methoxybenzenesulfonyl)amino-N-
(4-chlorocinnamyl)-N-methylamine; NFA, niflumic acid; PtdSer, phos-
phatidylserine; siRNA, small interfering RNA; STIC, spontaneous tran-
sient inward current; TM, transmembrane; TMEM16, transmembrane
protein with unknown function 16.

FIG 1. Examples of classic CaCCs recorded in X. laevis oocytes and mammalian cells. A, CaCC in X. laevis oocyte. The patches were clamped from
a holding potential of 0 mV to potentials between 140 and �100 mV for 1 s, followed by a 500-ms pulse to �100 mV (Qu and Hartzell, 2000). B, CaCC
recorded in rat pulmonary artery (PA) smooth muscle cells, representative current tracings recorded in the absence (Control) and presence of 100 �M
NFA, voltage-dependent currents were evoked by 1-s step depolarization from a holding potential of �50 mV to �70 mV, followed by 1-s return steps
to �80 mV (Greenwood et al., 2001). C, CaCC recorded in cultured rat dorsal root ganglia neurons activated by a depolarizing prepulse (Mayer, 1985).
D, CaCC recorded in ICCs. ICCs were depolarized from �80 to �30 mV in 10-mV increments from a holding potential of �80 mV, and ECl� was
adjusted to 0 mV (Zhu et al., 2009).
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functions. In X. laevis oocytes, CaCC-mediated mem-
brane depolarization prevents multiple sperm entry
(Cross and Elinson, 1980). In epithelial cells, CaCCs are
implicated in fluid secretion. CaCCs may also regulate
contraction in smooth muscle cells as well as neuronal
excitability in sensory neurons (Mayer, 1985; Maricq
and Korenbrot, 1988; Kleene and Gesteland, 1991).

Biophysical hallmarks of CaCCs include the following:

• They are activated by cytosolic Ca2� with half-max-
imal concentrations for activation in the submicro-
molar range, but the exact value varies with specific
cell type, possibly due to differences in molecular
composition or local cellular enviroment;

• They exhibit outward rectification at low intracel-
lular Ca2� but display a linear current-voltage re-
lationship at higher intracellular Ca2� concentra-
tions; and

• The channels preferentially permeate large anions,
the ionic selectivity being NO3� � I� � Br� � Cl��
F� (Large and Wang, 1996; Qu and Hartzell, 2000).

It is important to keep in mind that calcium-activated
chloride currents in different cells may be generated by
more than one type of channel protein. Indeed, differ-
ences have been noted in terms of single channel con-
ductance, channel activation and deactivation kinetics,
kinase-dependence of channel activity, and pharmaco-
logical sensitivity to traditional Cl� channel blockers
(Eggermont, 2004; Planells-Cases and Jentsch, 2009).

II. The Discovery of the Molecular Identity for
Calcium-Activated Chloride Channels

Despite extensive biophysical and physiological stud-
ies of calcium-activated chloride currents, lifting the veil
on its molecular identity turned out to be a long and
tortuous process. There were two main obstacles. First,
expression cloning methods were hampered because of
endogenous expression of CaCCs in the traditional X.
laevis oocyte expression system; second, blockers specific
for CaCCs (over other chloride channels) were not avail-
able. Nevertheless, efforts to identify the channel went
on, and several protein families were cloned and pro-
posed as candidates for the CaCC, but they all failed to
recapitulate properties characteristic of endogenous
CaCCs. Here we give a brief review of the efforts behind
the discovery of the channel and then focus on the most
recently cloned candidates for the traditional CaCC—
members of the transmembrane protein with unknown
function 16A (TMEM16) family.

A. Calcium-Activated Chloride Channel Family

An early candidate for CaCC is CLCA, which was
purified from bovine trachea and named after a calcium-
dependent chloride conductance found in trachea and in
other secretory epithelial tissues (Cunningham et al.,
1995; Agnel et al., 1999; Komiya et al., 1999). Notwith-

standing the nomenclature, we now know that CLCA is
unlikely to function as a calcium-activated chloride
channel. Electrophysiological characterization of bovine
CLCA expressed in X. laevis oocytes, and COS-7 cells
has been reported (Cunningham et al., 1995). Although
CLCA currents were similar to CaCCs in terms of an-
ionic selectivity, there are major discrepancies. First,
the CLCA currents recorded in oocytes could be acti-
vated solely by depolarization in the absence of Ca2�

increase. Second, currents were not blocked by niflumic
acid (NFA), which had been shown to effectively block
endogenous CaCCs. Third, the current-voltage relation-
ship of whole-cell currents recorded in COS-7 cells was
linear instead of outwardly rectifying. Finally, CLCA
current was sensitive to the reducing agent dithiothreitol,
while endogenous CaCCs are not (Cunningham et al.,
1995). Family members related to bovine CLCA were sub-
sequently cloned, including two bovine [bCLC1, bCLCA2
(Lu-ECAM-1)], three mouse (mCLCA1, mCLCA2,
mCLCA3), and four human (hCLCA1, hCLCA2, hCLCA3,
hCLCA4) homologs (Pauli et al., 2000; Loewen and For-
syth, 2005). Among them, hCLCA1, mCLCA3, and
pCLCA1 have a similar distribution pattern in the three
species, with high expression in mucus-producing epithelia
in the gastrointestinal and respiratory tracts. Overexpres-
sion of hCLCA1 or mCLCA3 has been linked to mucus
overexpression in cystic fibrosis and asthma (Nakanishi et
al., 2001; Zhou et al., 2001; Toda et al., 2002; Erle and
Zhen, 2006). However, biochemical studies have shown
that hCLCA1 and mCLCA3 are secreted nonintegral mem-
brane proteins and are therefore not ion channels (Gibson
et al., 2005). A metallohydrolase structural domain was
predicted from analysis of the CLCA protein sequences,
which raises the possibility that CLCA can perform cata-
lytic functions similar to those of metalloproteases
(Pawłowski et al., 2006).

Several reviews have thorough discussions of the
strucure and function of CLCA family members and a
detailed comparison of CLCA properties with endoge-
nous CaCCs (Eggermont, 2004; Loewen and Forsyth,
2005; Patel et al., 2009). Given the available data on the
expression pattern, biophysical and biochemical proper-
ties of CLCA, it seems reasonable to conclude that CLCA
is not a valid candidate for CaCC. Further study will be
needed to elucidate the function of CLCA.

B. Bestrophins

Bestrophin was first discovered as the gene responsi-
ble for Best vitelliform macular dystrophy (VMD2)
(Petrukhin et al., 1998) and was shown to produce a Cl�

conductance when heterologously expressed in HEK293
cells (Sun et al., 2002; Tsunenari et al., 2003). Mutagen-
esis studies have been performed to establish a direct
link between protein and current (Qu et al., 2004). Be-
strophins seem to be genuine anion channels that are
activated by physiological levels of calcium; thus, they
have been tentatively proposed to be CaCCs. However,
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the biophysical properties of these channels measured
by recording from both whole-cell patch-clamp and ex-
cised giant membrane patches did not reproduce all the
hallmarks of classic CaCCs as recorded in X. laevis
oocytes. In particular, classic CaCCs exhibit voltage-
dependent kinetics and outward rectification that is not
seen with wild-type human bestrophin-1 (Best1) or
mouse Best2 (Tsunenari et al., 2003; Qu et al., 2004;
Tsunenari et al., 2006; Hartzell et al., 2008). Further-
more, Ca2�-activated Cl� currents in olfactory sensory
neurons and submandibular salivary gland acinar cells
were unaffected in Best2 knockout mice (Pifferi et al.,
2009b; Romanenko et al., 2010). Studies with Best2
knockout mice revealed that Best2 is a HCO3� channel
that localizes to the basolateral membrane of mucin-
secreting colonic goblet cells and not the apical mem-
brane of Cl�-secreting enterocytes in mouse colon (Yu et
al., 2010). Knock-in mice carrying the Best vitelliform mac-
ular dystrophy-causing mutation W93C in Best1 recapit-
ulate the retinal pathology seen in human patients. How-
ever, retinal pigment epithelial cells from Best1W93C mice
exhibited normal CaCC conductances (Zhang et al., 2010).
Best3 is essential for the cGMP-dependent calcium-acti-
vated chloride conductance in vascular smooth muscle
cells, as shown by siRNA knockdown experiments. How-
ever the classic CaCC was not affected by Best3 down-
regulation (Matchkov et al., 2008). In summary, evidence
shows that bestrophins can function as anion channels but
probably not as the classic CaCC.

C. Transmembrane Protein 16A

Enigmatic for nearly 20 years, the molecular identity
of CaCCs finally came to light in 2008, from the work of
not just one but three laboratories simultaneously.
These laboratories from three continents took different
approaches but all reported the same molecule,
TMEM16A, as a bona fide CaCC (Caputo et al., 2008;
Schroeder et al., 2008; Yang et al., 2008). As mentioned
previously, X. laevis oocytes used in traditional expres-
sion cloning approaches express endogenous CaCCs and
are therefore inadequate as an expression system for
CaCC cloning. Schroeder et al. (2008) realized that a
different amphibian, the Axolotl salamander (Ambys-
toma mexicanum), is physiologically polyspermic and
found that their oocytes are devoid of CaCC activity.
This paved the way for an expression cloning approach
using Axolotl oocytes as the expression system and X.
laevis oocytes as the source for CaCC transcripts, lead-
ing to the identification of TMEM16A as a subunit of the
channel responsible for CaCCs. Yang et al. (2008)
pinned down TMEM16A from a bioinformatic screen for
novel membrane proteins with more than two trans-
membrane domains. Caputo et al. (2008) recognized that
CaCCs are up-regulated in interleukin-4-treated human
bronchial epithelial cells and identified TMEM16A from
a microarray of global gene expression analysis.
TMEM16A was then verified to be a CaCC by siRNA

gene-silencing experiments and heterologous expres-
sion. In all three studies, heterologous expression of
TMEM16A in different cell types generated Cl� currents
with the classic properties of CaCCs. TMEM16A belongs
to the family of “Transmembrane proteins with un-
known function 16,” abbreviated as TMEM16, which
includes nine other family members. TMEM16A is also
known as anoctamin 1 (abbreviated ANO1), nomencla-
ture that incorporates the concepts that TMEM16 fam-
ily members are anion channels and have eight putative
transmembrane segments (Yang et al., 2008). In this
review, we retain the TMEM16 nomenclature, because
it is still premature to assume that all TMEM16 family
members are anion channels, and there are other con-
cerns about the ANO nomenclature raised in another
review (Flores et al., 2009).

TMEM16B, another member of the TMEM16 family,
has also been shown to give rise to CaCCs when heter-
ologously expressed, but with faster activation kinetics,
less calcium sensitivity, and smaller single unit conduc-
tance compared withTMEM16A (Pifferi et al., 2009a;
Stephan et al., 2009; Stöhr et al., 2009). The measured
electrophysiological properties of TMEM16B in the
whole-cell configuration in HEK 293T cells are largely
similar to the native olfactory CaCC (Sagheddu et al.,
2010). Recent studies of TMEM16B knockout mice have
confirmed that TMEM16B is responsible for CaCC in
olfactory neurons (Billig et al., 2011).

III. Expression and Physiological Function of
Transmembrane Protein 16A

Before the discovery of TMEM16A as a CaCC, it was
in fact already known to oncologists by various names—
discovered on gastrointestinal stromal tumors protein 1
(DOG-1), oral cancer overexpressed 2 (ORAOV2), and
tumor-amplified and overexpressed sequence 2 (TAOS-
2)—because of its high expression levels in some tu-
mors, including gastrointestinal stromal tumors (GIST)
(West et al., 2004; Espinosa et al., 2008), oral and esoph-
ageal squamous cell carcinoma (Huang et al., 2006;
Kashyap et al., 2009). It has been suggested to serve as
a hallmark for GIST, although its function in tumor
biology is unknown.

CaCC currents have been recorded in various cell
types, and the physiological significance of the channel
has been the object of much investigation and specula-
tion (Hartzell et al., 2005). With TMEM16A as a newly
discovered CaCC, scientists are now trying to answer
the following questions: Is the TMEM16 family respon-
sible for the endogenous CaCC? How do they contribute
to physiological processes? The knockout mouse for
TMEM16A was generated after the observation of
TMEM16A enrichment in the zone of polarizing activity
at the distal limb, before molecular identification of
TMEM16A as CaCC (Rock et al., 2008). These mice have
been used to validate TMEM16A expression and func-
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tion by immunocytochemistry, biophysical and physio-
logical studies (Flores et al., 2009; Galietta, 2009; Go-
mez-Pinilla et al., 2009; Gritli-Linde et al., 2009; Huang
et al., 2009; Hwang et al., 2009; Rock et al., 2009).

A. Acinar Cells in Exocrine Glands

CaCCs recorded from acinar cells from lachrymal, air-
way submucosal, parotid, and submandibular glands, as
well as from the pancreas, share properties similar to
those of the X. laevis oocyte CaCCs (Evans and Marty,
1986; Smith and Gallacher, 1992; Ishikawa and Cook,
1993; Zhang and Roomans, 1999; Park et al., 2001; Lee
and Foskett, 2010). The transepithelial movement of Cl�

is the primary driving force for fluid secretion by exo-
crine gland acinar cells and has been speculated to con-
tribute to the zymogen exocytosis (Thévenod, 2002). En-
try of Cl� across the basolateral membrane is mediated
by a Na�/K�/2Cl� cotransporter and the paired Na�/H�

and Cl�/HCO3� exchangers, whereas Cl� exits the api-
cal membrane via CaCCs (Thévenod, 2002; Melvin et al.,
2005).

Huang et al. (2009) raised an antibody specific for
mouse TMEM16A as demonstrated by using the
TMEM16A knockout mice as a negative control for im-
munocytochemistry. Robust TMEM16A expression is
found in the apical membrane of acinar cells of salivary
glands and the pancreas. Moreover, electrophysiological
studies have shown that TMEM16A is a critical compo-
nent of the acinar CaCCs and essential for saliva pro-

duction by the submandibular gland (Yang et al., 2008;
Romanenko et al., 2010) (Fig. 2A).

CaCCs have also been recorded in duct cells of sali-
vary glands and the pancreas (al-Nakkash and Cotton,
1997; Zeng et al., 1997). However, TMEM16A expression
could not be detected in the ductal cells by immunocy-
tochemistry (Huang et al., 2009). It is possible that im-
munocytochemistry is not sensitive enough to detect
low-level expression of TMEM16A. Alternatively, other
channels may serve as CaCCs in those cells. TMEM16A
expression has also been found in the porcine bronchial
submucosal gland serous acinar cells, which may medi-
ate the agonist-induced fluid secretion in those cells (Lee
and Foskett, 2010).

B. Epithelial Cells in Lung and Gastrointestinal Tract

CaCCs in pulmonary and intestinal epithelial cells
have attracted great interest because of the therapeutic
potential in cystic fibrosis, which is caused by mutations
in the gene encoding the cystic fibrosis transmembrane
conductance regulator (CFTR), a cAMP-regulated chlo-
ride channel (Cuthbert, 2011). The presence of CaCCs in
the apical membrane of airway epithelial cells is well
documented, but it is still controversial in intestinal
epithelia (Anderson and Welsh, 1991; Morris et al.,
1992; Barrett and Keely, 2000).

Immunocytochemistry detects TMEM16A expression
in the airway but not in the intestinal epithelia. More-
over, the expression of TMEM16A in airway epithelia is

FIG. 2. Functional correlation between CaCC in native cells and TMEM16 family members. A, CaCC in submandibular salivary gland acinar cells
is abolished in TMEM16A knock out mouse (Romanenko et al., 2010). B, CaCC in pulmonary arterial smooth muscle cells is greatly reduced by
TMEM16A siRNA (Manoury et al., 2010). C, Slow wave activity in gastrointestinal muscles is abolished in TMEM16A knock out mouse (Hwang et al.,
2009). D, CaCC is absent in the TMEM16B knockout mouse olfactory sensory neurons (Billig et al., 2011).
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much lower than in airway smooth muscle cells (Huang
et al., 2009). Transepithelial short circuit recordings
from tracheal epithelia of wild-type and TMEM16A
knockout mice reveal that TMEM16A contributes little
to the basal, unstimulated, Cl� secretion but accounts
for approximately 60% of purinoceptor (UTP)-regulated
CaCC activity (Rock et al., 2009).

The precise role of CaCCs in airway epithelia remains
to be established. Both CFTR and CaCCs have been
suggested to be important for electrolyte and fluid secre-
tion for mucous hydration and protection against infec-
tion (Eggermont, 2004). It has been shown that the
airway surface liquid (ASL) height under basal condi-
tions is maintained by CFTR, whereas CaCCs do not
seem to significantly affect the basal ASL height (Tarran
et al., 2002). It will be interesting to investigate whether
CaCC is important in acutely regulating ASL height in
response to agonists such as nucleotides and histamines.
Given that TMEM16A expression is up-regulated by
cytokines in cultured airway epithelial cells, it may be
particularly relevant to pulmonary diseases such as in-
flammation and asthma (Zhou et al., 2001; Caputo et al.,
2008).

TMEM16A knockout mice exhibit significant neonatal
lumenal mucus accumulation in the trachea, which
could result from insufficient fluid secretion for mucus
hydration. Developmental defects resulting in tracheo-
malacia could also impair mucus clearance (Rock et al.,
2009). More studies will be needed to tease out the cause
of the mucus accumulation in mice lacking TMEM16A.

C. Smooth Muscle Cells

CaCCs have been extensively studied in smooth mus-
cle cells from a variety of tissues, including portal vein,
trachea, lymphatic vessels and pulmonary artery (Pac-
aud et al., 1989; Large and Wang, 1996; ZhuGe et al.,
1998; Sergeant et al., 2001; Angermann et al., 2006; von
der Weid et al., 2008).

The expression of TMEM16A is detected by immuno-
cytochemistry in smooth muscle cells in mouse airway
and reproductive tracts, but not in the gastrointestinal
tract (Huang et al., 2009). Reduction of TMEM16A ex-
pression with siRNAs in pulmonary artery smooth mus-
cle cells led to an almost total loss of whole-cell CaCC
currents (Manoury et al., 2010) (Fig. 2B). TMEM16A
mRNA is also detected in smooth muscle cells isolated
from mouse portal vein, thoracic aorta, and carotid ar-
tery with varied abundance (Davis et al., 2010). Further
studies incorporating negative controls such as knock-
out mice or RNA interference knockdown will be needed
to determine whether TMEM16A is critical for CaCC
activity in those smooth muscle cells.

CaCCs in smooth muscle are expected to produce
membrane depolarization and sustain contraction, espe-
cially in response to excitatory agonists. To date, the
physiological function of endogenous CaCCs in smooth
muscle cells has mostly been examined pharmacologi-

cally. NFA reduces the amplitude and frequency of spon-
taneous contractions of smooth muscles cells from portal
vein; thus, CaCCs may contribute to the inherent rhyth-
micity (Large and Wang, 1996; Saleh and Greenwood,
2005). Activation of muscarinic receptors in mammalian
tracheal myocytes causes release of Ca2� from intracel-
lular stores and subsequent activation of Cl� conduc-
tance. However, this conductance does not seem to be
required for contraction (Janssen and Sims, 1992). In
addition, spontaneous depolarizations by Ca2� sparks,
which turn on Ca2�-activated Cl� channels to produce
spontaneous transient inward currents (STICs), have
been observed in smooth muscle cells in the absence of
agonists, although whether and how STICs contribute to
the smooth muscle cell contraction remains to be deter-
mined (Hogg et al., 1993; ZhuGe et al., 1998; Bao et al.,
2008). It is worth noting that fetal mice deficient for
TMEM16A lack the expected transverse orientation of
the trachealis muscle, which is replaced by clusters of
smooth muscle (Rock et al., 2008). Tracheomalacia in
TMEM16A knockout mice could result from the abnor-
malities of smooth muscle activity during airway devel-
opment. It will be interesting to investigate whether
TMEM16A is responsible for STICs and how TMEM16A
regulates the contraction of smooth muscle cells.

D. Sensory Neurons

Sensory neurons from rat dorsal root ganglia (DRG)
are among the first mammalian cells in which CaCCs
were recorded and characterized (Mayer, 1985). In quail
trigeminal ganglia and DRG, CaCCs are developmen-
tally regulated with a peak in expression during periph-
eral synaptogenesis (Bernheim et al., 1989). CaCCs per-
sist in a subset of mouse normal sympathetic ganglion
neurons, which can be recorded directly from acutely
dissected ganglia (De Castro et al., 1997). Axotomy in-
duces up-regulation of CaCCs in DRG, sympathetic and
nodose ganglion neurons (Sánchez-Vives and Gallego,
1994; Lancaster et al., 2002; André et al., 2003; Al-
Jumaily et al., 2007). In the normal mouse DRG, CaCCs
are expressed selectively in a subset of medium diame-
ter (30–40 �m) sensory neurons. Sciatic nerve transec-
tion not only increases both CaCC amplitude and its
expression in medium-diameter neurons but also in-
duces CaCC expression in the large-diameter neurons
(40–50 �m), generally thought to be low-threshold skin-
and muscle-innervating neurons conveying touch and
proprioceptive information (André et al., 2003).

Immunostaining signals for TMEM16A have been de-
tected in most DRG sensory neurons, and small sensory
neurons tend to stain more densely than large sensory
neurons (Yang et al., 2008). At present, neither the
functional relevance of this current in normal or injury-
related processes nor its molecular nature is known.
CaCCs have been proposed to be responsible for after-
depolarizations after action potentials and for regulat-
ing the excitability of the neurons. It may also contribute
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to nerve regeneration after axotomy, because regulated
CaCC expression was strongly correlated with injury-
induced regenerative growth of sensory neurons in vitro
and in vivo (André et al., 2003). Best1 has been shown to
be up-regulated by nerve injury and required for CaCC
expression in axotomized sensory neurons. However,
there is no significant difference in CaCC in sensory
neurons from Best1 knockout mice compared with wild-
type mice, prompting the suggestion that Best3 may
have a compensatory effect (Boudes et al., 2009). In the
same study, no change of mRNAs for TMEM16A and
TMEM16B was found in the DRGs after axotomy.

Liu et al. (2010) showed that the potent allogenic
substance bradykinin (BK) simultaneously inhibits M-
type K� channels and activates TMEM16A in nocicep-
tors, and both these effects contribute to membrane de-
polarization in primary sensory afferents, resulting in
the generation of ascending nociceptive signals. This is
the first study to demonstrate the functional signifi-
cance of TMEM16A-mediated CaCCs in sensory neu-
rons. Sensory neurons of the DRG are mixed populations
of neurons that mediate information concerning the sen-
sations of touch, temperature, muscle contraction, limb
position, and painful stimuli to the spinal cord. Charac-
terization of the expression of TMEM16A in subtypes of
DRG neurons will shed light on the function of the
channel in sensory information transduction.

CaCCs were also recorded in single cilia of olfactory
receptor neurons (Kleene and Gesteland, 1991), photo-
receptors in retina (Maricq and Korenbrot, 1988; La-
londe et al., 2008), and sensory neurons in mouse vome-
ronasal organ (Yang and Delay, 2010). Recent studies
indicated that TMEM16B seems to be the CaCC ex-
pressed in the cilia olfactory sensory neurons and pre-
synaptic terminals of retinal photoreceptors (Stephan et
al., 2009; Hengl et al., 2010; Rasche et al., 2010). It
noteworthy that a patient with von Willebrand’s disease
type 3 as a result of deletion of chromosome 22, includ-
ing part of the TMEM16B gene, seems to lack a sense of
smell (Stephan et al., 2009). Indeed, disruption of
TMEM16B in mice virtually abolished CaCC currents in
the olfactory epithelium and in the vomeronasal organ
(Fig. 2D). However, TMEM16B knockout mice showed
little defect in olfactory behavioral tasks, leading to the
conclusion that, in contrast with the current view, cyclic
nucleotide-gated cation channels do not need a boost by
Cl� channels to achieve near-physiological levels of ol-
faction (Billig et al., 2011).

E. Interstitial Cells of Cajal

High expression of TMEM16A has been found in
GISTs, which are some of the most common mesenchy-
mal tumors of the GI tract (Hwang et al., 2011). GISTs
are generally thought to arise from interstitial cells of
Cajal (ICCs), which are known to be the pacemaker cells
and control the contraction of smooth muscle cells of the
GI tract (Barajas-López et al., 1989; Rumessen and

Thuneberg, 1996). The pacemaker activity generated by
the ICCs induces rhythmic slow waves in the electrically
coupled smooth-muscle cells, thereby controlling the
phasic contractions of GI muscles to mediate gastric
peristalsis and intestinal segmentation (Sanders et al.,
2006). CaCCs have been implicated in generating the
pacemaker potentials in the ICCs (Parsons and Sanders,
2008). Indeed, TMEM16A protein is expressed abun-
dantly and specifically in ICCs, but not in the smooth
muscle cells of the mouse, nonhuman primate, and hu-
man GI tracts. The slow wave fails to develop, and
proper smooth muscle contractions in the stomach are
perturbed in the TMEM16A knockout mice (Gomez-
Pinilla et al., 2009; Huang et al., 2009; Hwang et al.,
2009) (Fig. 2C). A more recent study showed that expres-
sion of alternative splice variants of TMEM16A in ICCs
is altered in human diabetic gastroparesis, and the novel
variant without exons 1 and 2 and part of exon 3 pro-
duces smaller Ca2�-activated Cl� currents that exhibit
slower kinetics compared with the full-length TMEM16A
in HEK cells. The authors speculate that this may directly
contribute to the GI motility disorder in diabetic patients
(Mazzone et al., 2011). The critical role of TMEM16A in
the pacemaker activity of ICCs and control of smooth
muscle phasic contractions in GI tract presents a well
illustrated example of the physiological significance of
this channel.

IV. Transmembrane Protein 16A Structure
and Function

Before the discovery of TMEM16A as a CaCC, the
TMEM16 family was assigned to an eukaryotic protein
superfamily known as DUF (domain of unknown func-
tion) 590, about which little is known. The conserved
DUF590 domain corresponds to the series of eight pre-
dicted transmembrane domains in TMEM16 proteins
and the short putative cytosolic loops between them.
Pairwise alignment of various TMEM16 members from
yeast to human on the PANDIT database gives an av-
erage of 28% identity in the DUF590 domain [http://
www.ebi.ac.uk/goldman-srv/pandit (Whelan et al.,
2003)]. In general, conservation is reduced away from
the transmembrane domains. The N and C termini,
which form the bulk of the cytosolic portion of the chan-
nel, are highly divergent across species and within mem-
bers of the mammalian TMEM16 family.

DUF590 will most likely prove to be structurally
novel. It remains to be determined whether calcium and
voltage-sensing determinants are conserved in the
DUF590 superfamily, and thus it is still uncertain
whether DUF590 family members generally function as
calcium-activated chloride channels.

A. The Topology of Transmembrane Protein 16A

Bioinformatic hydropathy analysis predicts that
TMEM16A has eight transmembrane domains with cy-
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tosolic N and C termini (see Fig. 3). A hemagglutinin-tag
accessibility study of a different TMEM16 family mem-
ber predicts the same basic topology (Das et al., 2008;
Matchkov et al., 2008).

B. Stoichiometry

TMEM16A interacts with itself and has been observed
as a homodimer in chemical cross-linking and native
polyacrylamide gel electrophoresis experiments (Fallah
et al., 2011; Sheridan et al., 2011). Förster resonance
energy transfer experiments also observe that the mul-
timerization of the protein occurs intracellularly before
the channel is trafficked to the plasma membrane
(Sheridan et al., 2011). The domains involved in multi-
merization are unknown, and it remains to be deter-
mined whether the proposed dimer has two pores, like
the CLC family of voltage gated chloride channels.
Hetero-oligomerization with other family members or
as-yet-unidentified auxiliary subunits remains a possi-
bility that might give rise to heterogeneity of the prop-
erties and functions of TMEM16A.

C. Biophysical Properties of Transmembrane
Protein 16A

Electrophysiological data accumulated over the years
has built up a thorough biophysical description of the
endogenous CaCC from various tissues: currents arise
from small conductance channels activated by low to
submicromolar concentrations of cytosolic calcium in a
voltage- and time-dependent manner, and this voltage
and time dependence is reduced at higher concentra-
tions of calcium. The “classic” CaCC was also observed to
have modest ionic selectivity, with Na� only 10 times
less permeable than Cl�. Bulkier anions such as SCN�,

I�, and Br� have greater permeability than Cl� (Evans
and Marty, 1986; Kuruma and Hartzell, 2000).

TMEM16A recapitulates all of these properties. Yang
et al. (2008) report the EC50 of calcium-dependent acti-
vation for TMEM16A to be 2.6 �M at �60 mV and 0.3
�M at �60 mV. TMEM16A single-channel conductance
was determined to be 8.6 pS in HEK293 cells, similar to
that reported for endogenous CaCCs. Various aspects of
permeation were also determined to be similar between
the classic CaCC and TMEM16A expressed in HEK293
cells (Yang et al., 2008) and Axolotl oocytes (Schroeder et
al., 2008).

TMEM16A and -B are channels that are activated by
cytosolic calcium and modulated by voltage at low cal-
cium concentrations. How or whether these characteris-
tics can be attributed to specific modules on the protein
remains unknown. TMEM16A, TMEM16B, and the rest
of the family do not share significant homology to any
other known family of ion channels, confounding at-
tempts to draw comparisons with established calcium
and voltage sensing mechanisms.

D. Calcium Sensing

TMEM16A displays a rather high sensitivity to cal-
cium, activating at submicromolar concentrations. The
Hill coefficient of calcium binding is more than one,
suggesting that multiple calcium ions are required to
activate the channel (Kuruma and Hartzell, 2000; Yang
et al., 2008). However, typical high-affinity calcium
binding sites such as EF hands and C2 domains cannot
be identified from the primary protein sequence of
TMEM16A or -B. Another well characterized high-affin-
ity calcium binding motif can be found in large-conduc-
tance potassium (BK) channels, in which an unusually

FIG. 3. Proposed topology and functional domains of TMEM16A.
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high density of negative charges in a cytosolic domain
was found to be critical to micromolar-range calcium
sensing in the channel. Strikingly, this “calcium bowl”
motif was found to be the longest completely conserved
domain in the channel, more highly conserved across
species than the signature sequence of the potassium
channel selectivity filter (Schreiber and Salkoff, 1997).

In the TMEM16 family, there are no clusters of acidic
residues with comparable conservation and significance.
The first cytosolic loop [between the second transmem-
brane segment (TM2) and TM3] has a short string of
glutamate residues that has been speculated to contain
a Ca2� binding site akin to the BK channel calcium bowl
(Schreiber and Salkoff, 1997; Ferrera et al., 2010). A
mutant form of TMEM16A with four consecutive gluta-
mate-to-alanine mutations in the proposed calcium bowl
modestly lowered the apparent calcium sensitivity of the
channel (Xiao et al., 2011). The same study reports that
the removal of a short four-amino acid exon (EAVK)
adjacent to the glutamate string reduces apparent cal-
cium sensitivity of TMEM16A to a greater extent. An-
other naturally occurring splice variant of TMEM16A
lacking a 26-amino acid exon in the N terminus has been
reported to be more calcium-sensitive (Ferrera et al.,
2009; Xiao et al., 2011). A minimal isoform of TMEM16A
lacking all four alternatively spliced exons gives rise to
robust CaCC, showing that calcium-sensing elements
are still present in this truncated form of the protein
(Ferrera et al., 2011). A bona fide calcium binding site
remains to be conclusively identified and might be
formed from disparate regions on the channel.

It has also been observed that the classic CaCC (Ev-
ans and Marty, 1986; Qu and Hartzell, 2000) and het-
erologously expressed TMEM16A (Xiao et al., 2011)
seem to have decreased calcium dependence upon expo-
sure to different permeant anions, raising the possibility
that anion-channel interactions couple to calcium and
voltage sensing and the gating process.

It is also possible that an auxiliary protein binds to
and mediates TMEM16A activation upon an increase in
intracellular calcium levels. Calmodulin has been pos-
tulated to carry out such a function. This small protein
binds calcium with submicromolar affinity and under-
goes dramatic conformational change upon binding cal-
cium. Given calmodulin’s well known role as the calcium
sensor for the small-conductance calcium-activated po-
tassium channels (Xia et al., 1998), it is tempting to
envision a similar scenario for the calcium-activated
chloride channel. Indeed, dominant-negative mutants of
calmodulin were shown to reduce the calcium sensitivity
of CaCCs in olfactory sensory neurons (Kaneko et al.,
2006), which some reports suggest is probably mediated
by TMEM16B (Stephan et al., 2009; Hengl et al., 2010;
Rasche et al., 2010). However, perfusing calmodulin over
giant excised inside-out patches of heterologously ex-
pressed TMEM16B failed to rescue the loss of channel

activity that occurs over time in these experiments
(Pifferi et al., 2009a).

Tian et al. (2011) reported that calmodulin can be
coimmunoprecipitated with TMEM16A and that cal-
modulin inhibitors decreased whole-cell currents of
TMEM16A. Given the ubiquity of calmodulin in numer-
ous cell processes and its role in calcium-activated cal-
cium release (Patel et al., 1999), it remains to be proven
that calmodulin directly gated the channel.

E. Voltage Sensing

At low calcium concentrations, TMEM16A and -B are
preferentially activated at positive membrane poten-
tials. Conversely, positive membrane potentials confer
upon the channels higher calcium sensitivity. One plau-
sible explanation is that the calcium-binding sites lie
within the electric field of the membrane and have in-
creased cytosolic exposure upon membrane depolariza-
tion as a result of conformational changes in the protein.

Clues to identifying the voltage-sensing module in
TMEM16A come from the study of its splice variants.
The minimal TMEM16A isoform that has shorter intra-
cellular domains gives rise to a channel that is time- and
voltage-independent (Caputo et al., 2008; Ferrera et al.,
2009; Ferrera et al., 2011). In particular, the first cyto-
solic loop has been implicated in voltage-dependent mod-
ulation of the channel. TMEM16A lacking the EAVK
exon was reported to have significantly reduced voltage
dependence (Ferrera et al., 2009). Another study re-
ported that TMEM16A could be activated purely by volt-
age and that under calcium-free conditions, removal of
the same EAVK exon did not give rise to voltage-inde-
pendent currents but rather increased Ca2�-indepen-
dent currents at highly depolarized potentials, suggest-
ing stabilization of a voltage-gated open state (Xiao et
al., 2011).

In traditional voltage-gated ion channels, the S4 do-
main is believed to be the primary voltage sensing mod-
ule. This transmembrane domain has a series of charged
residues spaced evenly between hydrophobic residues,
poised to sense voltage changes across the membrane.
Although charged residues are present in the predicted
transmembrane regions of TMEM16A and -B, they are
sporadic and appear without the regularity that is ap-
parent in the S4 domain. Thus, it is unclear that the
voltage sensor model, characteristic of voltage-gated po-
tassium, sodium, and calcium channels, applies to
TMEM16A and its family members.

In conclusion, it remains to be determined how voltage
modulates TMEM16A channel function and how cal-
cium and voltage couple to modulate channel gating.

F. Molecular Determinants of Ion
Permeation/Permeability

A re-entrant loop between TM5 and TM6 has been
proposed to form the pore of the channel. Mutating con-
served basic residues to acidic residues in this region
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was reported to increase the relative permeability of
Na� over Cl�. This was confirmed by the observation
that mutagenesis of cysteines to alanines in the putative
pore region abolished [2-(trimethylammonium)ethyl]
methanethiosulfonate bromide-induced block seen in
wild-type channels (Yang et al., 2008). It is interesting to
note that ion permeation pathways of anion-selective
channels are often observed to lie within electropositive
environments that are the result of helix-dipole interac-
tions, as well as main- and side-chain amide and hy-
droxyl groups bearing partial, not full, positive charges
(Dutzler et al., 2002; Hibbs and Gouaux, 2011). It is thus
conceivable that similar principles contribute to anion
coordination and permeation in TMEM16A.

As was observed with classic endogenous CaCCs,
TMEM16A favors the passage of bulkier anions, with
NO3

�, I�, and Br� more permeable than Cl� (Schroeder
et al., 2008; Yang et al., 2008). There have also been
reports that the ionic selectivity of TMEM16A and -B
shifts over the course of channel activation (Schroeder et
al., 2008; Sagheddu et al., 2010). This could be due to a
flexible pore that allows multiple open states of the
channel to be sampled as changes in local calcium con-
centration occur, with more selective open states occur-
ring at higher calcium concentrations (Sagheddu et al.,
2010). The existence of multiple open states was re-
ported in rabbit pulmonary artery smooth muscle CaCC
(Piper and Large, 2003), and a similar phenomenon has
been observed (Boton et al., 1989) and computationally
predicted in X. laevis CaCC (Kuruma and Hartzell,
2000). Techniques with higher molecular resolution will
be required to reveal the exact determinants of anionic
selectivity and permeation.

G. Pharmacology

It has been speculated that the modulation of
TMEM16A activity in various epithelial tissues presents
an opportunity for therapeutic intervention in patholog-
ical conditions such as cystic fibrosis, hypertension,
asthma, and diarrhea. However, it remains an ongoing
challenge to develop compounds that potently and spe-
cifically modulate CaCCs.

Traditionally, endogenous CaCCs have been inhibited
through the use of compounds such as NFA, 4,4�-diiso-
thiocyanatostilbene-2,2�-disulfonic acid, and 5-nitro-2-
(3-phenylpropylamino)benzoic acid. These compounds
have been shown to inhibit TMEM16A current with
mid-micromolar potency, and are nonspecific com-
pounds that target chloride channels in general, includ-
ing the CFTR channel and the voltage-gated chloride
channel (ClC) family.

There have been reports of TMEM16A-specific inhib-
itors. Namkung et al. (2011) found that siRNA of
TMEM16A effectively reduces only an early transient
current that arises from UTP stimulation of human
bronchial epithelial cells taken from patients with cystic
fibrosis. The authors went on to identify a compound

that also specifically inhibits this early transient cur-
rent; thus, they conclude this compound to be a
TMEM16A-specific inhibitor. The prolonged CaCC after
this initial transient was only inhibited by compounds
described previously as broad-spectrum CaCC inhibitors
(Namkung et al., 2010; Namkung et al., 2011). These
results cast doubts on the contribution of TMEM16A to
agonist-stimulated airway epithelial CaCCs. A thorough
understanding of the contribution of TMEM16A activity
to the normal and disease states of various epithelia
needs to be developed for TMEM16A-based therapeutics
to become a reality.

There have also been discrepancies in the literature
over the efficacy of certain drugs as TMEM16A inhibi-
tors. Tamoxifen has been reported to inhibit the endog-
enous CaCC in bovine pulmonary artery endothelial
cells (Nilius et al., 1997) but not other types of tissue
(Winpenny et al., 1998; Qu et al., 2003), apparently as a
result of clustering of CaCCs with BK channels (Davis et
al., 2010). The same compound inhibited TMEM16A cur-
rent in HEK 293 cells (Yang et al., 2008) but not in
Axolotl oocytes (Schroeder et al., 2008).

In murine portal vein myocytes in which TMEM16A
immunoreactivity was detected, CaCCs were shown to
be sensitive to tamoxifen and paxillin, blockers of the
BKCa (large-conductance calcium-activated potassium)
channel. Pretreating the cells with methyl-�-cyclodex-
trin relieves this sensitivity, suggesting that BK/CaCC
protein interactions within lipid microdomains affect the
pharmacological profile of CaCC (Sones et al., 2010). In
conclusion, tissue-specific factors might contribute to
the observed disparities in the pharmacology of this
channel.

H. Phosphorylation

Endogenous CaCCs are probably regulated by kinase
activity. In rabbit arterial and portal vein smooth mus-
cle cells, dialyzing adenylyl imidodiphosphate, a nonhy-
drolyzable ATP analog, into cells reduces the loss of
channel activity over time (Angermann et al., 2006).
Phosphatase inhibitors also antagonize the recovery of
CaCC after initial run-down (Ayon et al., 2009). CaMKII
in particular has been associated with inhibition of
CaCCs in pulmonary artery smooth muscle (Greenwood
et al., 2001). The authors report that the commonly used
CaMKII inhibitors 2-(N-[2-hydroxyethyl])-N-(4-methoxyben-
zenesulfonyl)amino-N-(4-chlorocinnamyl)-N-methylamine
(KN-93) and autocamtide-2-related CaMKII inhibitory
peptide enhance the amplitude and apparent open prob-
ability of CaCCs in this tissue. In addition, dialyzing
constitutively active CaMKII into pulmonary artery
smooth muscle cells reduced CaCC amplitude. These
observations are of particular interest because of reports
suggesting that TMEM16A mediates the rat pulmonary
arterial smooth muscle CaCC (Manoury et al., 2010).

Primary sequence analysis of mammalian TMEM16A
shows putative phosphorylation sites for protein kinases
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A, C, and G, as well as CaMKII and casein kinase.
However, TMEM16A activity in HEK 293 cells is not
significantly affected by either staurosporine, a nonspe-
cific kinase inhibitor, or the CaMKII inhibitor KN93
(Tian et al., 2011) . This raises the possibility that in
native tissue, tissue-specific factors mediate TMEM16A
kinase sensitivity.

I. Glycosylation

Upon treatment with N-glycosidase F, the observed
molecular weight of TMEM16A on an SDS-polyacryl-
amide gel decreases (Yang et al., 2008; Fallah et al.,
2011), indicating that the channel is glycosylated.
Plasma membrane-bound TMEM16A is Endo H-insen-
sitive, in that protein mobility on SDS-polyacrylamide
gel electrophoresis is unchanged after treatment with
the enzyme, indicating a mature complex-glycosylated
ion channel (Fallah et al., 2011). Some glycosylation
sites are conserved in the TMEM16 family (Das et al.,
2008), but the significance of glycosylation on TMEM16A
function remains unknown.

V. Transmembrane Protein 16A Family Members
and Disease Correlations

As discussed above, TMEM16A is up-regulated in
some tumors, and mice lacking TMEM16A do not thrive
and have abnormalities in tracheal development and gut
contraction. CaCCs have been identified as a therapeu-
tic target in cystic fibrosis and asthma (Duran et al.,
2010), and the discovery of TMEM16A as a bona fide
CaCC enables further studies on its potential role in
those diseases.

There are a total of 10 members in the vertebrate
TMEM16 family (see the phylogenetic analysis in Fig. 4).
Sequence similarity and phylogenetic analysis shows that
TMEM16B shares the highest sequence homology with
TMEM16A, with 56.5% sequence identity and 71.4% sim-

ilarity. TMEM16C and TMEM16D share 58.9% sequence
identity and 72.2% similarity. TMEM16E and TMEM16F
are 46.8% identical and 64.6% similar. TMEM16H and
TMEM16K might constitute a subfamily of TMEM16 pro-
teins, because they are genetically distant from the other
eight members of the family in the phylogenetic tree.

Besides TMEM16A, TMEM16B is the only member so
far that has been shown to function as a CaCC in het-
erologous expression systems, and it may account for the
endogenous CaCC in olfactory cilia and retinal synapses
(Schroeder et al., 2008; Pifferi et al., 2009a; Stöhr et al.,
2009; Rasche et al., 2010; Sagheddu et al., 2010). Dis-
ruption of TMEM16B in mice virtually abolished Ca2�-
activated Cl� currents in the main olfactory epithelium
(MOE) and in the vomeronasal organ. TMEM16B dis-
ruption reduced fluid-phase electro-olfactogram re-
sponses by only �40%, did not change air-phase electro-
olfactograms, and did not reduce performance in
olfactory behavioral tasks, so the authors conclude that
CaCCs are dispensable for near-normal olfaction (Billig
et al., 2011). A homozygous deletion of part of the
TMEM16B gene has been found in severe von Wille-
brand disease (VWD) type 3, a hereditary coagulation
abnormality in humans caused by defects of the von
Willebrand factor III; interestingly, Stephan et al.
(2009) cited personal communication with Roswitha
Eisert and Reinhard Schneppenheim about the appar-
ent inability to detect smell in a patient homozygous for
the 253-kilobase deletion of chromosome 22, including
TMEM16B. It would be interesting to determine
whether similar observations apply to other patients. It
will also be worthwhile to check blood coagulation in the
TMEM16B knockout mice (Schneppenheim et al., 2007;
Billig et al., 2011). TMEM16B is also expressed in reti-
nal synapses and brain (Stöhr et al., 2009), but the
physiological significance of TMEM16B in these organs
awaits further elucidation. TMEM16B has been found in

FIG. 4. Phylogenetic analysis of 10 members of mouse TMEM16 proteins.
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association with panic disorder in a genome-wide asso-
ciation study in the Japanese population, but its signif-
icance could not be replicated in later studies (Otowa et
al., 2009, 2010).

TMEM16E, also known as GDD1, is linked to gna-
thodiaphyseal dysplasia, a rare skeletal syndrome char-
acterized by bone fragility, sclerosis of tubular bones,
and cemento-osseous lesions of the jawbone. Mutation of
a cysteine residue in a predicted extracellular loop of
human TMEM16E has been found in TMEM16E (Tsut-
sumi et al., 2004, 2005; Mizuta et al., 2007).

Recessive mutations in TMEM16E have been found in
a proximal limb-girdle muscular dystrophy (LGMD2L)
and in a distal nondysferlin Miyoshi myopathy (MMD3)
(Bolduc et al., 2010). Immunohistochemical analysis
showed a high level of murine TMEM16E protein ex-
pression in cardiac and skeletal muscle tissues and in
growth-plate chondrocytes and osteoblasts in bone.
When heterologously expressed, TMEM16E resides in
intracellular membrane compartments, so it is unknown
whrther it serves as a CaCC in the plasma membrane
(Mizuta et al., 2007).

Recent studies have found that TMEM16F is an es-
sential component for mediating the Ca2�-dependent
exposure of phosphatidylserine (PtdSer) on the cell sur-
face. When blood platelets are activated, they expose
phosphatidylserine (PtdSer) to trigger the clotting sys-
tem. The PtdSer exposure is mediated by Ca2�-depen-
dent phospholipid scramblases that transport phospho-
lipids bidirectionally.

A constitutively active mutant of TMEM16F was dis-
covered to be critical for enhancing the spontaneous
exposure of PtdSer in a mouse B cell subline. An A-to-G
mutation at nucleotide 1226 caused an aspartate resi-
due to be replaced by glycine at codon 409 in TMEM16F,
which is then sensitized to expose PtdSer at normal
intracellular concentrations of Ca2�. A frame-shift mu-
tation with skipping of exon 13 in TMEM16F was found
in a patient with Scott syndrome, a rare congenital
bleeding disorder that is due to a defective platelet
mechanism required for blood coagulation (Suzuki et al.,
2010; Castoldi et al., 2011). The overexpression of
TMEM16A in Ba/F3 cells had no effect on the ionophore-

induced exposure of PtdSer, suggesting that different
members of this family have distinct functions (Suzuki
et al., 2010). More recently, two more mutations in
TMEM16F were found in another Scott syndrome pa-
tient: a transition at the first nucleotide of intron 6,
disrupting the donor splice site consensus sequence of
intron 6, and a single-nucleotide insertion in exon 11,
predicting a frame shift and premature termination of
translation at codon 411 (Castoldi et al., 2011). It will be
interesting to determine whether TMEM16F functions
as a channel at all, and if it does, how it functionally
correlates with scramblase activity.

TMEM16G, also known as NGEP, has been found in
prostate cancer and normal prostate. RNA analysis re-
vealed two splice variants of TMEM16G mRNA: a short
form encoding a soluble protein and a long form encod-
ing a polytopic membrane protein. Overexpression of
TMEM16G in the prostate cancer cell line LNCaP pro-
motes formation of large cell aggregates (Bera et al.,
2004; Das et al., 2007). However, the exact role of
TMEM16G in prostate is unknown. In a recent study
with targeted next-generation sequencing technology, a
TMEM16K mutation was found in autosomal-recessive
cerebellar ataxia (Vermeer et al., 2010).

VI. Conclusion

TMEM16A, a member of the TMEM16 family, is re-
sponsible for the classic CaCC in multiple cell types. It
recapitulates the biophysical properties of endogenous
CaCCs, including activation by submicromolar calcium,
outward rectification, anion selectivity, and pharmaco-
logical inhibition by traditional chloride channel inhibi-
tors. Expression of TMEM16A has been found in a va-
riety of cell types, such as epithelial cells, smooth muscle
cells, pace-making cells in GI tracts, and sensory neu-
rons. Its physiological significance is under extensive
investigation. Mice lacking TMEM16A do not thrive,
and they display abnormalities in tracheal development
and gut movement. Conditional knockout mice will be
ideal for teasing out the physiological significance of
TMEM16A in different cell types, as well as its potential
involvement in diseases such as cystic fibrosis, asthma,

TABLE 1
Physiological function and diseases correlation of TMEM16 family members

Family Members Function and Diseases Correlation References

TMEM16A Tracheomalacia; gastrointestinal motility; pain sensation; GIST;
salivary gland secretion; airway epithelial secretion.

Rock et al., 2008, 2009; Huang et al.,
2009; Hwang et al., 2009; Romanenko
et al., 2010; Hwang et al., 2011;
Mazzone et al., 2011

TMEM16B Photoreceptor signal in retina; olfaction signal transduction in
sensory neurons.

Stephan et al., 2009; Stöhr et al., 2009;
Rasche et al., 2010; Billig et al., 2011

TMEM16E Gnathodiaphyseal dysplasia; proximal limb-girdle muscular
dystrophy; distal non-dysferlin Miyoshi myopathy.

Kleene and Gesteland, 1991; Tsutsumi
et al., 2004; Mizuta et al., 2007

TMEM16F Ca2�-dependent phospholipid scramblases for PtdSer exposure
in platelets; mutations found in Scott syndrome.

Suzuki et al., 2010; Castoldi et al., 2011

TMEM16G Expression in prostate cancer and normal prostate. Bera et al., 2004; Das et al., 2007
TMEM16K Mutation found in autosomal-recessive cerebellar ataxia. Vermeer et al., 2010
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and cancer. Much remains to be learned about the struc-
ture-function relationships of the channel, including its
stoichiometry, calcium- and voltage-sensing modules,
and the channel-gating mechanism. Pharmacological
tools specific for this channel are not yet available and
would greatly facilitate biophysical studies and the de-
velopment of TMEM16A as a therapeutic target.

Besides TMEM16A, TMEM16B is the only TMEM16
family member that has been shown to be a CaCC and is
expressed in the olfaction epithelium and retinal syn-
apses. It is unknown whether the other eight members
are also CaCCs or if they function as channels. Several
members of the TMEM16 family have been implicated in
human diseases (Table 1 for summary). Their physiolog-
ical significance warrants future study of the TMEM16
family.
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