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Introduction
Ca2+-activated Cl– channels (CaCCs) play manifold roles in 
cell physiology[1, 2] including epithelial secretion[3, 4], sensory 
transduction and adaptation[5–8], regulation of smooth muscle 
contraction[9], control of neuronal and cardiac excitability[10], 
and nociception[11].  CaCCs were first described in Xenopus 
oocytes[12, 13] and salamander rods[14] in the early 1980’s, but 
it was not until 3 years ago that the proteins responsible for 
these channels were identified.  Prior to that, several other pro-
teins were proposed as molecular candidates.  These include 
ClC-3[15], CLCAs[16], and bestrophins[17].  None of these proteins 
have properties that exactly fit those of classical CaCCs[1].  
Although bestrophins are indeed CaCCs, their expression 
profile is more restricted and their biophysical properties are 
different from classical CaCCs[17].  So, in 2008, the announce-
ments that three labs had cloned genes that encoded classi-
cal CaCCs generated considerable excitement[18–20].  The two 
genes that have been shown definitively to encode CaCCs are 
called Tmem16A and Tmem16B.  These are two members of a 
family that consists of 10 genes in mammals[21].  Yang et al[19] 
proposed the new name “anoctamin” or Ano (anion+octa=8) 
and this name is now the official HUGO nomenclature and 

has replaced Tmem16 in Genbank.  Tmem16A is now Ano1, 
Tmem16B is Ano2, and so-on except that the letter I is skipped 
in the Tmem16 nomenclature so that Tmem16J is Ano 9 and 
Tmem16K is Ano10.  There is some dissatisfaction in the field 
with the Ano nomenclature because, as discussed below, it is 
not certain that all the members of this family are anion chan-
nels or have the 8-transmembrane topology.  Also, the term 
“Ano” has a potentially objectionable meaning in the Spanish 
language[22].  For this reason, the Tmem16 terminology still 
remains in use in parallel with Ano.  This review summarizes 
some of the recent developments in this field.  The reader 
should consult several other outstanding reviews on Tmem16/
Ano proteins for more detail and different perspectives[22–29].  

Structure-function of anoctamins 
Hydropathy analysis shows that all anoctamins have eight 
hydrophobic helices that are likely to be transmembrane 
domains with cytosolic N- and C-termini.  This predicted 
topology has been confirmed experimentally for Ano7, whose 
topology has been determined using inserted HA epitope tag 
accessibility and endogenous N-glycosylation[30].  Although 
this topology is appealing, the epitope tag accessibility meth-
odology used to identify intracellular domains of Ano7 does 
not clearly distinguish between intracellular domains and pro-
tein that is not efficiently trafficked to the plasma membrane.  
Because of this technical limitation and the fact that the topol-
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ogy of other Anos has not been experimentally determined, 
more investigation is required to establish the topology of 
these proteins.  

The quaternary structure of Ano1 was recently determined 
to be that of a homodimer using both migration in native gels 
as well as Förster resonance energy transfer (FRET)[31, 32].  Ano1 
subunits associate before they are trafficked to the plasma 
membrane.  The association of Ano1 subunits is likely due to 
noncovalent interactions, as the Ano1 assembly cannot be sep-
arated into monomers by chemical reduction with DTT.  The 
oligomeric state is not affected by changes in intracellular Ca2+, 
suggesting that the homodimeric structure of Ano1 is not a 
determinant of channel gating.  The homodimeric structure of 
Ano1 is reminiscent of that of CLC chloride channels, although 
it is not known whether the channel functions as a dimer or 
a higher order oligomer that is not detected quantitatively by 
the techniques used to date.  For example, it is possible that 
the dimer is a biochemically stable form, but that dimerization 
of the dimers is required to create a functional channel.  Fur-
ther, it is not known whether Ano1 can form heteromers with 
other Anos or whether it associates with other accessory sub-
units.  It will be interesting to see if Ano1 subunits assemble 
to form a single functional pore, or if each subunit contains a 
separate Cl– conduction pathway, similar to the double barrel 
structure of CLC channels.  

Multiple isoforms 
At least 4 splice variants have been identified for Ano1[33] and 
two splice variants have been found for Ano7[34].  Human 
Ano1 has 4 different alternatively-spliced segments, a, b, c, 
and d corresponding, respectively, to an alternative initiation 
site, exon-6b, exon-13, and exon-15[33].  Segments a and b are 
located in the N-terminus and c and d are in the first intracel-
lular loop.  The variant with all 4 segments is designated as 
Ano1abcd; the variant lacking segments b and d, for example, 
is Ano1ac.  Analysis of ESTs in Genbank predicts that several 
of the other Anos also have multiple splice variants.  Some 
of these variants may not have channel functions because 
they are predicted to lack some or all of the transmembrane 
domains.  For example, the short form of Ano7, which has 
been shown to be translationally expressed, is a short, soluble 
protein[34].  The four splice variants of Ano1 exhibit different 
voltage-dependent and Ca2+-dependent gating properties[33, 35].  
Thus, alternative splicing is likely to contribute to the hetero-
geneity of CaCC currents observed in native tissues.  

Gating mechanisms of Ano1
Ano1 is gated by both voltage and Ca2+ but examination of 
the sequence of Ano1 gives few clues about the sites that 
sense voltage or bind to Ca2+.  Unlike voltage-gated channels 
that have amphipathic transmembrane helices with charged 
amino acids that serve to sense voltage, Ano1 has no such 
sequences.  Furthermore, there are no obvious E–F hands that 
might serve as Ca2+ binding sites or definitive IQ domains for 
CaM binding.  The first intracellular loop, between TMD2 and 
TMD3, has a large number of acidic amino acids including 

a stretch of 5 consecutive glutamates (444EEEEE448) that have 
attracted attention as a possible Ca2+ sensor[35].  The last glu-
tamate in this sequence is the first residue of a 4-amino acid 
alternatively-spliced segment (448EAVK451).  Neutralization of 
the glutamates has little effect on Ca2+ sensitivity, although 
deletion of the alternatively-spliced segment (ΔEAVK) alters 
both voltage-dependent gating and Ca2+ sensitivity[33, 35].  Thus, 
although the first intracellular loop plays an important role in 
coupling both voltage and Ca2+ binding to channel opening, it 
is unlikely to be the binding site for Ca2+.  

If Ano1 has no Ca2+ binding site, perhaps the Ca2+ bind-
ing site is located on an accessory subunit, such as calm-
odulin (CaM).  A recent paper reports that CaM binds to a 
22-amino acid region that overlaps with the b segment in 
the N-terminus called CaM-BD1 and is “essential” for gat-
ing Ano1[36].  This putative CaM binding site is not canoni-
cal, but resembles some other CaM binding sites.  However, 
only the Ano1 splice variants containing the b segment (eg; 
Ano1abc) seems to require CaM.  Ano1ac, which lacks the 
CaM-BD1, does not require CaM and is activated directly 
by Ca2+.  It is curious that deletion of the b segment reveals a 
Ca2+ binding site that is suppressed in the variant having the 
CaM binding domain.  Clearly, additional work is required to 
clarify the role of CaM in regulation of Ano1.  Some endog-
enous CaCCs are regulated directly by Ca2+ and others by 
CaM-dependent pathways[2, 37, 38] and this may be explained 
by expression of different splice variants or isoforms.  For 
example, the Ca2+-sensitivity of the CaCC in olfactory recep-
tor neurons, which is now thought to be Ano2, is decreased 
by a factor of ~2 by over-expression of dominant-negative 
inactive CaMs, but CaM is not essential for activation[38].   

Functions of Tmem16/Ano paralogs
Anoctamins display differential temporal and spatial expres-
sion in a variety of developing tissues, suggesting they may 
play an important role in development[39–41].  In murine tissues, 
Anos 1, 6, 7, 8, 9, and 10 are expressed in a variety of epithelia, 
while Anos 2, 3, 4, and 5 are more restricted to neuronal and 
musculoskeletal tissues[42].  Ano1 and Ano2 are the only two 
members of the family that have been shown conclusively to 
be CaCCs.  

Ano1 is ubiquitously expressed 
Ano1 is widely expressed in virtually every kind of secretory 
epithelium, for example, salivary gland, pancreas, gut, mam-
mary gland, and airway epithelium[18, 19, 43–46].  Ano1 knockout 
mice display defective Ca2+ dependent Cl- secretion in a vari-
ety of epithelia[44–46] and Ano1 has been implicated in rotovi-
rus-induced diarrhea[47].  In addition, Ano1 is expressed in a 
variety of other cell types including certain smooth muscles 
and sensory neurons.  

Ano1 is a secondary Cl- channel in airway 
The major Cl– channel in human airway is cystic fibrosis trans-
membrane conductance regulator (CFTR), the protein that is 
defective in cystic fibrosis.  CaCCs have long been considered 
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as a potential target for therapy of cystic fibrosis based on the 
idea that upregulation or activation of CaCCs might compen-
sate for loss of CFTR in airway fluid secretion[48].  Two drugs 
that activate CaCCs by elevating intracellular Ca2+ are pres-
ently in clinical trials for treating cystic fibrosis[49, 50].  Recently, 
however, Namkung et al[51] showed that novel Ano1 inhibitors 
were rather ineffective in inhibiting CaCCs in airway epithe-
lial cells despite their efficacy in inhibiting heterologously 
expressed Ano1 as well as native CaCCs in salivary gland.  
This result is puzzling in light of the reports by several groups 
that Ano1 is expressed in airway epithelium and that knock-
out of Ano1 decreases airway secretion[43, 44, 46].  One possible 
explanation is that that Ano1 in airway is a different splice 
variant or has other accessory proteins that alters its pharma-
cological profile.  Cystic fibrosis affects other tissues in addi-
tion to airway — reproductive tract, pancreas, bile duct.  Ano1 
is expressed in all of these tissues and may be an alternate, 
non-CFTR Cl– secretory pathway[43, 44, 52].  Although Ano1 may 
represent a potential target for pharmacological treatment of 
cystic fibrosis, one serious concern is the fact that Ano1 is so 
widely expressed that systemically administered drugs are 
likely to have widespread side-effects.  Thus, it seems that any 
therapy that targets Ano1 may require local delivery protocols.  
However, the differential sensitivity of airway and salivary 
gland CaCCs to novel Ano1 inhibitors raises the prospect that 
development of subtype-specific drugs may be feasible.  

Ano1 is essential for gut motility 
In addition to epithelia, Ano1 is robustly expressed in inter-
stitial cells of Cajal which are responsible for generating 
pacemaker activity in smooth muscle of the gut[43, 53, 54].  Mice 
homozygous for a null allele of Ano1 fail to develop slow 
wave activity in gastrointestinal smooth muscles.  The result-
ing loss of gastrointestinal motility may be an important 
contributor to the early death of Ano1 knockout mice[43] and 
decreased expression of Ano1 in interstitial cells of Cajal may 
contribute to gastroparesis common in diabetic patients[55].   

Ano1 is expressed in certain smooth muscle cells 
Ano1 is also expressed robustly in various kinds of smooth 
muscle including vascular smooth muscle cells[43, 56, 57].  Treat-
ment of rat pulmonary aortic smooth muscle cells with siRNA 
against Ano1 results in a reduction of CaCCs[56].  Ano1 is also 
strongly expressed in airway smooth muscle cells, suggesting 
the possibility that this channel might be involved in asthma.  
Asthma is characterized by disorders of smooth muscle Ca2+ 
signaling and remodeling of the airway smooth muscle[58].  
Considering that Ano1 is Ca2+-regulated and implicated in 
tracheal development[40], a role for Ano1 in asthma deserves 
attention.  

Ano1 overexpression is associated with cancer 
Ano1 originally attracted the interest of cancer biologists 
because it is upregulated in several cancers[59–61].  Oncolo-
gists have recognized Ano1 by several other names including 
DOG1 (Discovered On GIST-1 tumor), ORAOV2 (Oral cancer 

Overexpressed), and TAOS-2 (Tumor Amplified and Over-
expressed).  Ano1 may prove a useful tool for the diagnosis 
of certain cancers.  Gene expression profiling identified Ano1 
as being highly expressed in gastrointestinal stromal tumors 
(GISTs).  KIT immunoreactivity has traditionally been used 
to differentiate GISTs from other tumors that are morpho-
logically similar[62].  While KIT staining is highly specific for 
GISTs, not all GISTs display KIT immunoreactivity.  Ano1 
very specifically identifies a higher percentage of GIST tumors 
than does KIT, indicating that Ano1 may be a more robust and 
sensitive diagnostic biomarker for GISTs[63, 64].  

In both oral and head and neck squamous cell carcinomas, 
amplification of the Ano1 locus is correlated with a poor 
outcome[61, 65].  Ano1 expression is significantly increased in 
patients with a propensity to develop metastases.  Given the 
role that Cl– channels play in cell proliferation and migration, 
it is possible that Ano1 overexpression provides a growth or 
metastatic advantage to cancer cells[66].  Supporting the role of 
Ano1 in metastasis is that overexpression of Ano1 stimulates 
cell movement[67].  In contrast, silencing of Ano1 decreases cell 
migration; treatment of cells with CaCC blockers has a similar 
effect.  Overexpression of Ano1 has no marked effect on cell 
proliferation.  Although evidence suggests Ano1 may have 
a role in metastases, it is still possible that the chromosomal 
region containing Ano1 (11q13) contains other genes involved 
in cancer progression.  

Ano1 may be involved in nociception 
Ano1 is expressed in small dorsal root ganglion neurons and 
is implicated in mediating nociceptive signals triggered by 
bradykinin[11].  Bradykinin is a very potent inflammatory and 
pain-inducing substance that is released at sites of tissue dam-
age or inflammation.  Bradykinin acts on Gq-coupled B2 recep-
tors to stimulate phospholipase-C, IP3 production, and release 
of Ca2+ from intracellular stores.  The elevation of intracellular 
Ca2+ opens CaCCs apparently encoded by Ano1.  CaCC cur-
rent, along with KCNQ channel activation, depolarizes and 
increases AP firing.  Local injection of CaCC inhibitors attenu-
ates the nociceptive effect of local injections of BK.  

Ano2 plays a role in sensory transduction 
In olfactory sensory neurons, odorants open cyclic nucleotide 
gated channels by binding to G-protein coupled olfactory 
receptors that elevate cAMP[6].  Ca2+ influx through the cyclic 
nucleotide gated channels then activates CaCCs that amplify 
the receptor potential.  From immunostaining studies, it was 
first suggested that Best2 might be the olfactory CaCC[68], but 
electrophysiological recordings from Best2 knockout mice 
failed to confirm a role for Best2 in mediating the olfactory 
receptor potential[69, 70].  It seems Ano2 is now the best can-
didate for the pore-forming subunit of CaCCs in olfactory 
sensory neurons[5–7, 71].  Ano2 generates Ca2+ activated chloride 
currents when expressed in heterologous systems[20, 72].  Ano2 
is localized in the cilia and dendritic knobs of olfactory sensory 
neurons and displays electrophysiological properties similar 
to native olfactory CaCCs.  Ano2 displays similar halide per-
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meability, Ca2+ sensitivity, single-channel conductance, and 
rundown kinetics to native olfactory CaCCs[5].  However, there 
are differences in channel inactivation kinetics, suggesting the 
possible presence of other regulatory subunits.  

Release of the neurotransmitter glutamate at photoreceptor 
synapses is controlled by intracellular Ca2+.  Ca2+-activated 
Cl– channels located in photoreceptor nerve terminals[14, 73] 

have been shown to provide a feedback control on transmitter 
release[74].  Ano2 is highly expressed in photoreceptor synaptic 
terminals[8].  Ano2 is localized to presynaptic membranes in 
ribbon synapses, where it co-localizes with the adapter pro-
teins PSD95, MPP4, and VELI3.  Ano2 contains a consensus 
C-terminal PDZ class I binding motif that interacts with the 
PDZ domains of PSD95.  Through this interaction, Ano2 is 
tethered to membrane domains along photoreceptor terminals, 
and may serve to regulate synaptic output in these cells.  Ano1 
has also been shown to be expressed in photoreceptor termi-
nals, suggesting there may be a contribution by both proteins 
to CaCCs in photoreceptors[74].  

Are Ano3-Ano10 chloride channels?  
With the exception of Ano1 and Ano2, the status of other 
anoctamin family members as channels is unclear.  In the 
hands of many investigators, including ourselves, many of the 
heterologously-expressed Anos 3–10 do not produce robust 
currents because they are not readily trafficked to the plasma 
membrane.  This could indicate that they have intracellular 
functions or are simply missing the necessary chaperone 
subunits to help them to the surface.  In a study by Scheiber 
et al[42], it was concluded that in addition to Ano1 and Ano2, 
Anos 6, 7, and 10 were Cl– channels.  However, in iodide flux 
assays, the ATP- or ionomycin-stimulated flux reported for 
Anos 6, 7, and 10 were <10% of those for Ano1.  Furthermore, 
the short form of Ano7 (Ano7S), which is a 179 amino acid 
protein with no predicted transmembrane domains and very 
unlikely to be an ion channel, produced approximately the 
same flux as the long form of Ano7.  No patch clamp data 
were reported for Ano7.  Over-expression of Ano10 produced 
a Cl– current that was activated slowly over a time frame of 10 
min.  However, expression of Ano10 also suppressed maxi-
mal currents produced by Ano1.  To date, no functional data 
have been published for Anos 3 and 4.  Recently, Ano6 was 
reported by another lab to be a non-selective cation channel 
that is more permeable to Ca2+ than Na2+ [75].  It will be interest-
ing to discover the functions of these proteins.  

Ano5 mutations are linked to musculoskeletal disorders
Mutations in Ano5 result in a spectrum of musculoskeletal 
disorders.  Ano5 was originally identified as GDD1, the gene 
product mutated in a rare autosomal dominant skeletal syn-
drome called gnathodiphyseal dysplasia (GDD)[76].  Mutations 
in cysteine-356, a highly conserved cysteine in the first extra-
cellular loop of Ano5, results in abnormal bone mineralization 
and bone fragility.  Ano5 resides predominantly in intracellu-
lar membrane vesicles, but the nature of these compartments 
is still unknown[77].  Although the function of Ano5 remains 

to be determined, it clearly plays important roles in muscu-
loskeletal development.  Ano5 is expressed in growth-plate 
chondrocytes and osteoblasts at sites of active bone turnover, 
indicating an important role in bone formation.  Ano5 is also 
expressed in somites and in developing skeletal muscle, and 
is upregulated during the skeletal muscle cell line C2Cl2 myo-
genic differentiation.  

The importance of Ano5 in skeletal muscle physiology is 
further highlighted by the recent finding that mutations in 
Ano5 produce several recessive muscular dystrophies[78–80].  
Patients with a proximal limb-girdle muscular dystrophy 
(LGMD2L) and distal non-dysferlin Miyoshi myopathy 
(MMD3) carry mutations in Ano5.  These mutations include a 
splice site and base pair duplication that result in premature 
stop codons, and two misense mutations, R758C and G231V.  
The phenotypes resulting from these mutations are reminis-
cent of dysferlinopathies, in which a deficiency in dysferlin 
causes defective skeletal muscle membrane repair.  It has been 
suggested that chloride currents are important in membrane 
repair[81] and Ano5 may be one of the channels involved in this 
process.  Additional evidence implicating Ano5 in the mainte-
nance of skeletal muscle is that Ano5 expression is increased in 
dystrophin-deficient mdx mice, a mouse model of Duchenne 
muscular dystrophy.   In contrast to the Duchenne muscular 
dystrophy phenotype, dystrophin-deficient mdx mice main-
tain their ability to regenerate muscle fibers and have reduced 
endomysial fibrosis[82].  The role of Ano5 in muscle membrane 
repair is still speculative, but determining if Ano5 functions 
as a chloride channel will be critical for elucidating its role in 
musculoskeletal pathologies (Figure 1).  

Ano6 plays a role in blood clotting  
Mutations in Ano6 have recently been implicated in Scott syn-
drome, a rare congenital bleeding disorder caused by a defect 
in blood coagulation[83].  In platelets, like other cell types, 
phosphatidylserine is located on the inner leaflet of the plasma 
membrane.  When platelets are activated they expose phos-
phatidylserine on the outer leaflet of the plasma membrane 
to promote clotting.  This redistribution of phosphatidyl-
serine is mediated by phospholipid scramblases that transport 
phospholipids bildirectionally from one leaflet to the other.  
In patients with Scott syndrome this mechanism is defective, 
resulting in impaired blood clotting.  Ano6 was found to be 
critical for Ca2+ dependent exposure of phosphatidylserine on 
the cell surface in Ba/F3 platelet cells.  Furthermore, a patient 
with Scott syndrome harbored a mutation at a spice-acceptor 
site of Ano6, resulting in premature termination of the protein.  
Cells derived from this patient did not expose phosphatidyl-
serine in response to a Ca2+ ionophore, unlike cells derived 
from the patient’s unaffected parents.  These data imply that 
Ano6 is required for scramblase activity.  However, the recent 
finding that Ano6 is a non-selective cation channel[75] throws 
another wrinkle into the interpretation of these data.  

Ano7 is highly expressed in prostate
Ano7, which is highly expressed in prostate, was discovered 
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in a search for genes whose expression patterns mimicked 
those of known prostate cancer genes[34, 84].  Of 40 000 human 
genes examined, 8 novel genes, including Ano7, were identi-
fied as being the most closely linked to known prostate cancer 
genes.  Ano7 is expressed on the apical and lateral membranes 
of normal prostate.  In the prostate LNCaP cell line stably 
transfected with Ano7, the protein localizes to cell-cell con-
tact regions.  It has been suggested that Ano7 promotes cell 
association because cell association can be reduced with RNAi 
targeted to Ano7[84].  The predominant expression in prostate 
and prostate cancers poise Ano7 as an attractive candidate for 
immunotherapy[85, 86], although the role of Ano7 in the devel-
opment of prostate cancer is uncertain.  

Ano10 mutations are linked to ataxia 
Mutations in Ano10 have been linked to autosomal-recessive 
cerebellar ataxias associated with moderate gait ataxia, down-
beat nystagmus, and dysarthric speech[87].  Affected individu-
als display severe cerebellar atrophy.  Two of the mutations 
introduce premature stop codons, probably leading to null 
protein expression.  The other mutation is a missense muta-
tion, L510R, which is highly conserved among the Anos and 
lies in the sixth transmembrane domain within the DUF590 
domain of unknown function.  It remains especially uncertain 
whether Ano10 is an ion channel, because Ano10 and Ano8 

constitute the most divergent branch of the anoctamin fam-
ily.  While there is little functional data for Ano10, a Drosophila 
ortholog of Ano8/10, called Axs, is necessary for normal spin-
dle formation and cell cycle progression[88].  Axs co-localizes 
with ER components, and is recruited to microtubules of 
assembling spindles during mitosis and meiosis.  A dominant 
mutation in Axs causes abnormal segregation of homologous 
achiasmate chromosomes due to defects in spindle formation, 
and disrupts cell cycle progression.  It remains to be seen if 
Ano10 plays a similar role in mammalian systems.  

Summary 
The Tmem16/Anoctamin family promises to reveal many 
exciting secrets over the next few years.  We are impatient to 
know whether Anos3–10 are anion channels, other types of 
channel, or something else, such as a phospholipid scram-
blase.  We would also like to know whether some of these pro-
teins have functions in intracellular organelles.  It is interesting 
that in just ~3 years since Ano1 and Ano2 were identified as 
CaCCs, Anos 5, 6, and 10 have been linked to several serious 
human diseases, but human diseases caused by mutations in 
Ano1 and Ano2 have not been found.  Certainly in the case 
of Ano1, this may be because these mutations are lethal, just 
as the null allele is in mice[40].  The location of the pore of the 
Ano1 channel still has not been clearly established.  Although 
mutations between TMD5 and TMD6 point to the putative re-
entrant loop here as being part of the pore[18, 19], the remarkably 
high conservation in this region between Ano1, which is an 
anion channel, and Ano6, which is apparently a cation chan-
nel, argues against this region as a determinant of ion selectiv-
ity.  Unravelling the mechanisms of Ano1 regulation by Ca2+ 
and voltage also remain areas that are certain to provide excit-
ing insights.  
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