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review, see Hartzell et al., 2005) until
anoctamin 1 and anoctamin 2 (in mammals
ANO1 and ANO2, respectively; in Xenopus
TMEM16A and TMEM16B, respectively)
were identified as CaCCs in 2008 (Yang
et al., 2008; Schroeder et al., 2008; Caputo
et al., 2008). ANO1 and ANO2 possess the
same properties as endogenous CaCCs,
which have been observed in cells of
various organisms over the past three
decades; these properties include anion
selectivity, submicromolar sensitivity to
intracellular Ca2+, voltage activation at low
Ca2+ concentrations and inhibition by the
pharmacological agents niflumic acid
(NFA) and 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB). In this Cell Science at a
Glance article, we first outline the cell
physiology and biophysical characteristics of
CaCC, with a focus on the anoctamin family
of transmembrane proteins in different

species; then we discuss the implications of
ANO1 identification on studying diseases that
arise from CaCC defects, as well as the
possibility of targeting CaCC channels as a
therapeutic agent for other diseases.
CaCCs influence cellular electrical
activity from algae to neurons
CaCCs have a long evolutionary history –
in algae, they are responsible for
propagation of the action potential that,
following an external stimulus, signals for
the cell to terminate its usual protoplasmic
streaming (Fromm and Lautner, 2007;
Shiina and Tazawa, 1987). In Xenopus
oocytes, rapid Cl– efflux through CaCCs
that are activated following an encounter
with a single sperm depolarizes the
membrane, thereby preventing the entry
of additional sperm (see poster ‘CaCCs
regulate membrane potential’) (Cross,
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Cl– channels are membrane proteins that are
responsible for the passive flow of Cl– into
and out of the cell. The Ca2+-activated Cl–
channels (CaCCs) are attracting a lot of
attention lately. The molecular identity of
these channels remained elusive (for a
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1981). Xenopus CaCC has been wellcharacterized electrophysiologically and
was the foundation for the expression
cloning of TMEM16A (Schroeder et al.,
2008).
CaCCs have also been described in
many mammalian excitable cells – one
example is the interstitial cells of Cajal
(ICC) of the intestinal tract. These cells
have an electrical pace-making activity
that leads to the generation of a slow wave,
which is propagated to the smooth muscle
of the intestine to cause gastrointestinal
tract peristalsis (Sanders et al., 2006).
Because CaCC blockers inhibit the
activity of this slow wave (Hirst et al.,
2002), it is hypothesized that CaCCs are
involved in its generation. This hypothesis
was recently supported by reports of high
levels of ANO1 expression in the ICC (Zhu
et al., 2009; Huang et al., 2009), and the
lack of any slow-wave activity or rhythmic
contraction of smooth muscles in the
digestive tract of Ano1 knockout mice
(Huang et al., 2009; Hwang et al., 2009).
CaCCs are also found on the membrane
of numerous different types of smooth
muscle cells (Large and Wang, 1996),
where the opening of CaCCs leads to
depolarization of the membrane, followed
by opening of voltage-gated Ca2+ channels
(VGCCs), and subsequent contraction.
The initial trigger for CaCC opening
is unknown, but the channels might be
activated by an agonist-induced increase in
the intracellular Ca2+ concentration [Ca2+]i
(Large and Wang, 1996). In smooth muscle
cells, CaCCs also open following the
release of intracellular Ca2+ from internal
stores (a Ca2+ spark). The CaCC opening
creates a spontaneous transient inward
current (STIC), which can lead to
increased contractility of rhythmically
active smooth muscle cells (Bao et al.,
2008). ANO1 is likely to be the CaCC
responsible for this current, as it is
expressed at a high level in both arterial
and tracheal smooth muscle (Davis et al.,
2010; Manoury et al., 2010; Huang et al.,
2009). In addition, siRNA knockdown of
Ano1 results in a lack of arterial smooth
muscle CaCCs in rats (Manoury et al.,
2010), and Ano1-knockout mice show
abnormal trachealis musculature (Rock
et al., 2008).
Shortly after the discovery of CaCCs in
Xenopus oocytes, a similar current was
found in salamander retinal rod cells
(Bader and Bertrand, 1982). This was the
first of a number of studies to show that the
CaCC current is a component of sensory

processing. In retinal sensory cells, the
activation of CaCCs is likely to stabilize
the membrane during synaptic activity
(Lalonde et al., 2008). However, the
molecular identity of the retinal
CaCC remains unresolved, because both
TMEM16A (Mercer et al., 2011) and
ANO2 (Stöhr et al., 2009) have been
found at the photoreceptor synapses of
salamander and mice, respectively.
In contrast to the stabilizing effect of
CaCC activation in the retina, CaCC activity
in olfactory, mechanically activated and
temperature-sensitive neurons is predicted
to be excitatory so as to amplify sensory
transduction (Kleene, 2008; Mayer, 1985).
In olfactory sensory neurons, the binding
of an odorant to a receptor leads to
the intracellular production of cyclic
nucleotides that activate a cyclic nucleotide
gated (CNG) cation channel. The
subsequent Ca2+ influx both depolarizes
the cell and activates CaCCs, leading to
Cl– efflux and an amplification of the
membrane response (see poster ‘CaCCs
regulate membrane potential’) (Kleene,
2008). The molecular identity of the
olfactory CaCC has been clearly
demonstrated to be ANO2, because the
olfactory CaCC current is completely
abolished in the Ano2-knockout mouse
(Billig et al., 2011). The same study also
casts doubt on the requirement of CaCC
activity for olfaction, because electrical
responses to odorants are only reduced by
,40% in Ano2-knockout mice, which
appear to exhibit normal olfactory behavior
(Billig et al., 2011).
In neurons, the role of CaCC depends on
the intracellular Cl– concentration [Cl–]i,
which is determined by the expression of
Cl– transporters on the cell membrane
(see poster ‘CaCCs regulate membrane
potential’). The action of CaCCs
expressed in adult mouse central neurons
(Llano et al., 1991) is predicted to be
inhibitory, because – owing to the
expression of a Cl-K symporter – these
neurons have a very low [Cl–]i, (Ben-Ari
et al., 2007). However, immature central
neurons and adult peripheral neurons
express a Na-K-Cl co-transporter (BenAri et al., 2007; Sung et al., 2000), leading
to elevated [Ca2+]i and an excitatory role
for Ca2+. In 1985, Mayer described a
neuronal CaCC current in a subset of
dorsal root ganglion (DRG) sensory
neurons, in which Ca2+ influx due to
stimulation caused CaCC activation,
leading to prolonged depolarization and
occasionally to burst firing (Mayer, 1985).

The CaCC current is upregulated in DRG
neurons following axotomy (SánchezVives and Gallego, 1994; André et al.,
2003), suggesting that CaCCs have a role
in neuropathic pain or nerve regeneration.
In addition, in injured DRG neurons, the
activity of Cl– channels generally results in
further excitation (Sung et al., 2000),
which might enhance CaCC effects,
leading to increased neuropathic pain.
The molecular identity of the CaCC in
DRG neurons has yet to be determined,
because Boudes and colleagues observed
the expression of both ANO1 and ANO2 in
the DRG of the mouse (Boudes et al.,
2009). However, in cultured small DRG
neurons, it has also been reported that
siRNA-mediated knockdown of Ano1
substantially reduces the induction of
the CaCC current in response to the
inflammatory agent bradykinin (Liu et al.,
2010). Additional studies are required to
fully understand the role of the CaCC
current in sensory transduction of DRG
neurons.
CaCCs control fluid secretion
In addition to their influence on the
electrical properties of excitable cells,
CaCCs also have a substantial impact on
an entirely different cellular process in
many different tissues – the flow of H2O
out of secretory cells.
Acinar cells line the ducts of the salivary
and lachrymal glands as well as the
pancreas (Melvin et al., 2005; Hartzell
et al., 2005). Acinar cells are highly
polarized and secrete fluid from their
apical side in a CaCC-dependent manner.
Cl– is pumped into the basal end of the
cells through a cation-Cl– co-transporter
that is coupled to a Cl–/HCO3 exchanger.
Upon stimulation and increase of internal
[Ca2+], Cl– exits the apical end of the cell
through CaCCs, creating an osmotic drive
for H2O molecules to follow (Melvin et al.,
2005). Data collected from salivary acinar
cells reveal the presence of a CaCC with
properties very similar to those of ANO1
and, furthermore, ANO1 is expressed at a
high level in these cells (Romanenko et al.,
2010). Additional support for a role of
ANO1 in salivary function comes from
Ano1-knockout mice – which show
impaired fluid secretion (Ousingsawat
et al., 2009), and siRNA-mediated Ano1
knockdown in salivary glands – which
reduces the production of saliva (Yang
et al., 2008).
Epithelial cells of the lung and
gastrointestinal tract are organized in a
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manner similar to acinar cells, but the role
of the CaCC current in these cells is less
clear. Their apical surface expresses cAMPdependent cystic fibrosis transmembrane
conductance regulator (CFTR), a Cl–
channel that is a key determinant in fluid
secretion, as shown by the severe defects
observed in patients with cystic fibrosis (see
poster ‘Biophysics of CaCCs’) (Anderson
et al., 1991). It seems that ANO1 is also
involved in this process, because functional
studies in Ano1-knockout mice have shown
a reduction of stimulation-induced Cl–
secretion in colon and trachea epithelia
(Ousingsawat et al., 2009; Rock et al.,
2009). The interplay between CaCC
and CFTR is intriguing, because both
channels induce stimulation-dependent
fluid secretion, albeit by different
intracellular
pathways.
Indeed,
as
discussed below, the CaCC is a putative
drug target in patients suffering from cystic
fibrosis patients with impaired CFTR
function.
Structure–function analysis of ANO1
and ANO2
A number of recent structure–function
studies have focused on the ANO1 CaCC.
Mutations of the predicted pore region –
a putative re-entrant loop between
transmembrane domain 5 and 6 –
substantially affect its ion selectivity (Yang
et al., 2008), and biochemical studies have
indicated that the channel probably exists as
a homodimer (see poster ‘Anoctamin family
and structure’) (Fallah et al., 2011; Sheridan
et al., 2011). The human ANO1 gene
contains four alternatively spliced segments
(designated a, b, c and d), which are not
predicted to alter the overall membrane
topology but change the biophysical
properties of the resulting channels (Caputo
et al., 2008; Ferrera et al., 2009).
CaCCs are highly sensitive to changes in
[Ca2+]i (see poster ‘Biophysics of
CaCCs’). Ca2+ binding appears to be
cooperative (Kuruma, 1999; Yang et al.,
2008), suggesting that multiple Ca2+binding sites exist; however, the ANO1
sequence does not reveal any canonical
Ca2+-binding motifs. A sequence in the
first intracellular loop that resembles the
‘Ca2+ bowl’ observed in large conductance
Ca2+-activated
K+
(BK)
channels
(Schreiber and Salkoff, 1997) was
proposed to be a Ca2+-binding site
(Duran et al., 2010). However, ablating
this sequence does not dramatically alter
the Ca2+ sensitivity of the channel, making

this sequence less likely to comprise the
Ca2+ sensor (Xiao et al., 2011).
Alternatively, the Ca2+ sensor of CaCCs
might be an accessory protein, such as
calmodulin (see poster ‘Intracellular Ca2+
activates CaCCs’). Calmodulin is involved
in a number of cellular processes and
has specifically been demonstrated to
determine the Ca2+ sensitivity of the
small conductance Ca2+-activated K+
(SK) channel (Xia et al., 1998).
Dominant-negative forms of calmodulin
were found to reduce the native CaCC
activity in olfactory sensory neurons
(Kaneko et al., 2006). However, a recent
biophysical study of ANO2, identified as
the olfactory sensory CaCC (Hengl et al.,
2010), failed to show that calmodulin has
any effect on ANO2 activity (Pifferi et al.,
2009). This debate is far from over, as a
more recent study found an association
between ANO2 and calmodulin – both
biochemically and functionally (Tian et al.,
2011).
One of the hallmarks of the endogenous
CaCC current is that it is voltage gated at
low (submicromolar) [Ca2+] (see poster
‘Biophysics of CaCCs’). Using HEK-293
cells expressing mouse ANO1, Xiao
et al. found that the channel is gated
synergistically by Ca2+ and voltage: When
[Ca2+]i is raised from 1 mM to 2 mM, the
voltage that is required to activate ~50% of
the channels shifts from +64mV to –81 mV.
At the same time, the cooperativity of Ca2+
binding leading to channel activation is
enhanced twofold at +100 mV compared
with that at –100 mV (Hill coefficient of 2.0
compared with 1.0, respectively). (Xiao
et al., 2011). The precise element within
the channel that senses voltage has not yet
been determined, although it has been
proposed that a string of four glutamate
residues on the first intracellular loop can
account for some of the sensitivity (Xiao
et al., 2011).
Function of other anoctamin
family members
ANO1 and ANO2 belong to a ten-member
family of proteins that are predicted to
have eight transmembrane domains, with
both their N- and C- termini located on the
intracellular face of the membrane. In
heterologous expression systems, most of
the remaining anoctamin family members
seem to be expressed intracellularly
(Schreiber et al., 2010), hampering direct
electrophysiological characterization to
test whether they also function as ion
channels. One exception is ANO6, which
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is robustly expressed on the surface of
many different cell types (Schreiber et al.,
2010). However, the electrophysiological
characterization of ANO6, on the basis of
siRNA assays carried out in the same
laboratory,
offered
three
different
conclusions: (1) ANO6 is a volumeregulated Cl– channel involved in
regulatory volume decrease (RVD)
(Almaca et al., 2009), (2) it is a CaCC
(Schreiber et al., 2010) and, (3) ANO6 is
an outward rectifying Cl– channel (ORCC)
without Ca2+ sensitivity (Martins et al.,
2011). Besides these contradictory
findings, the recent observations that link
ANO6 with phospholipid scramblase
activity in blood cells and the subsequent
hemostasis disorder known as Scott
syndrome (Suzuki et al., 2010; Castoldi
et al., 2011) make this protein even more
intriguing. Notwithstanding the importance
of further studies to clarify the properties
and function of ANO6, one thing is clear:
ANO6 must differ from the ANO1 CaCC,
because the heterologous expression of
ANO6 enhances phospholipid scramblase
activity to expose phosphatidylserine that
usually resides in the inner leaflet to the
outer leaflet of the plasma membrane of Bcells – however, this does not occur when
ANO1 is heterologously expressed (Suzuki
et al., 2010).
CaCCs and human disease
Since the discovery of ANO1, there has
been much excitement with regard to
possible therapeutic applications, and
some of the approaches have been
straightforward. For instance, owing to its
high level of expression in the ICC,
staining of ANO1 can be used to detect
ICC depletion – which is observed in many
gastrointestinal disorders – thereby
replacing staining of other, less specific,
ICC markers (Kashyap et al., 2011). Some
approaches have been more complex.
Because both ANO1 and CFTR are
expressed on the apical surface of lung
epithelial cells, ANO1 activation is being
examined as a possible surrogate for
CFTR. In cystic fibrosis patients,
mutations of CFTR lead to decreased
apical Cl– flow and, thus, a reduced fluid
secretion. If ANO1 activity can be
enhanced in these cells, fluid secretion
might return to normal levels (see poster
‘The CaCC ANO1 is a drug target for
cystic fibrosis’). In terms of drug targets,
ANO1 can either be targeted directly by
activators, or the [Ca2+]i can be increased
to indirectly activate ANO1 channels. In
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fact, two drugs that use the latter strategy
are now undergoing clinical trials in cystic
fibrosis patients (Cuthbert, 2011). One
compound, INS37217, activates apical
purinergic receptor Y2 (P2Y2), which
leads to internal Ca2+ release and
subsequent activation of ANO1. In the
other approach, the antibiotic duramycin
creates Ca2+-permeable pores that let Ca2+
into the cell and release Ca2+ from
intracellular stores to activate ANO1.
When ANO1 is studied further, more
avenues of its activation might be revealed.
Because ANO1 had shown to be highly
expressed in a number of different cancer
tissues (West et al., 2004), it was of
interest even before it was found to be a
CaCC. ANO1 expression correlates with
the development of metastasis, and
reducing ANO1 levels by RNAi or
inhibiting its functionality with channel
blockers reduces the migration of cultured
cancer cells (Ayoub et al., 2010). Although
this observation is promising for cancer
research, it also highlights potential
problems if used for cystic fibrosis
therapies that involve ANO1 activation,
as discussed above.
Further members of the anoctamin
family – other than ANO1 and ANO2 –
have been implicated in a number of
diseases, although none of them has so
far been identified as being a CaCC.
Similar to ANO1, ANO7 has a role in
cancer, specifically prostate cancer (Bera
et al., 2004). A set of dominant mutations
in ANO5 was linked to the rare skeletal
condition gnathodiaphyseal dysplasia
(Tsutsumi et al., 2004), whereas recessive
mutations were found to lead to limb–
girdle muscular dystrophy or Miyoshi
myopathy (Bolduc et al., 2010). ANO10
is mutated in patients with cerebellar ataxia
(Vermeer et al., 2010), which suggests a
role for ANO10 as an ion channel in the
nervous system; and ANO6 mutations
were found in patients with the rare blood
disorder Scott syndrome, which is caused
by a defect in phospholipid scrambling
activity (Suzuki et al., 2010; Castoldi et al.,
2011). It is unlikely that all of these effects
are the result of defects in Cl– channel
activity, but more studies are required
to fully understand the molecular and
physiological functions of the anoctamin
family of proteins.
Perspectives
Research into CaCCs has, for a long time,
relied heavily on carefully controlled
electrophysiology experiments. However,

this changed recently, following the
identification of ANO1 and ANO2 as
CaCCs with characteristics that match
those of the endogenous current – at
present, the CaCC field is in an exciting
state of discovery. As our knowledge of
ANO1 and ANO2, and their expression
profiles becomes more complete, we will
be able to identify further potential
therapeutic targets and employ the highthroughput screening of small molecules
that modulate the activity of these proteins
(Namkung et al., 2011a; Namkung et al.,
2011b). These screens might result in the
identification of specific inhibitors and
activators to be used in the study of
CaCCs in native tissues – something the
field has been lacking thus far – and,
importantly, might uncover therapeutic
CaCC targets for the treatment of cystic
fibrosis and other diseases.
Although the identification of ANO1
and ANO2 as CaCCs has provided a leap
in our understanding of the physiology of
Cl– channels, a number of questions still
remain. We must determine whether there
are other CaCC candidates that have not
yet been identified. In addition to the
characterization of the rest of the
anoctamin family, other transmembrane
proteins of unknown function should be
examined to determine whether they
also have CaCC characteristics, or
characteristics of other unidentified Cl–
channels. However, identification of
appropriate cellular cofactors might be
necessary to study these channels in
cultured cell expression systems. Finally,
the crystal structure of the ANO1 CaCC
might answer questions on transmembrane
helical packing and the molecular
mechanism of ion permeability – which,
at present, can only be speculated upon.
This structural information, together with
any physiology learned in the meantime,
will help in the development of ANO1 as a
therapeutic target for disease.
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