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A B S T R A C T   

Plasma membrane localized anoctamin 1, 2 and 6 (TMEM16A, B, F) have been examined in great detail with 
respect to structure and function, but much less is known about the other seven intracellular members of this 
exciting family of proteins. This is probably due to their limited accessibility in intracellular membranous 
compartments, such as the endoplasmic reticulum (ER) or endosomes. However, these so-called intracellular 
anoctamins are also found in the plasma membrane (PM) which adds to the confusion regarding their cellular 
role. Probably all intracellular anoctamins except of ANO8 operate as intracellular phospholipid (PL) scram-
blases, allowing for Ca2+-activated, passive transport of phospholipids like phosphatidylserine between both 
membrane leaflets. Probably all of them also conduct ions, which is probably part of their physiological function. 
In this brief overview, we summarize key findings on the biological functions of ANO3, 4, 5, 7, 8, 9 and 10 
(TMEM16C, D, E, G, H, J, K) that are gradually coming to light. Compartmentalized regulation of intracellular 
Ca2+ signals, tethering of the ER to specific PM contact sites, and control of intracellular vesicular trafficking 
appear to be some of the functions of intracellular anoctamins, while loss of function and abnormal expression 
are the cause for various diseases.   

1. Anoctamins: located in the plasma membrane and in 
intracellular membranous compartments 

10 different anoctamins (anoctamin 1–10, ANO1-10, TMEM16A-K) 
constitute a family of transmembrane proteins that form ion channels 
and transport phospholipids (PL) between both leaflets of the plasma 
membrane (PM) and membranes of intracellular organelles [1]. 
PM-expressed anoctamins such as ANO1, 2 and 6 have been studied in 
great detail regarding their structure and function, while intracellularly 
located anoctamins are more difficult to access. A systematic analysis of 
the cellular localization of all ten anoctamins using suitable extrac-
ellular/intracellular immunotags or antibodies is still pending, so that 
there are uncertainties regarding their actual cellular localization, 
especially in native cells. We and others have analyzed the cellular 
expression of overexpressed GFP-tagged anoctamins as well as endoge-
nous anoctamines with a number of different antibodies, yielding 
different results depending on the detection method and cell type or 
tissue examined [2–5]. So far there is agreement that the Cl− channels 
ANO1 and ANO2 as well as the PL scramblase ANO6 are clearly located 

in the PM [1]. According to current data, the short isoform of ANO7, as 
well as ANO8 and ANO10 appear to be expressed only in intracellular 
compartments, while ANO3,4,5,7 (long isoform) and 9 can be detected 
in the PM. When expressed in Fisher rat thyroid (FRT) these anoctamins 
are found more frequently in the PM, which might be related to the 
unusual membrane sorting observed in these cells [4,6]. Ca2+ activation 
of these so-called intracellular anoctamins is currently not well defined, 
but since the last comprehensive review on anoctamins by Pedemonte 
and Galietta, new data on intracellular anoctamins are now available, 
slowly revealing their biological function and clinical significance [1]. 

2. Anoctamins, TMC and OSCA/TMEM63 channels form proteo- 
lipidic pores 

The molecular structure of the scramblases ANO6 and ANO10 and 
mechanisms of lipid scrambling have been reported [7–9]. These 
anoctamins form peculiar transmembrane pores which are partially 
shaped by membrane phospholipids. In particular, anoctamin scram-
blases, the transmembrane channel-like (TMC) proteins and the large 
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family of hyperosmolality-operated calcium permeable channels 
(OSCA) all share such proteo-lipid pores as a common structural feature 
[10]. TMC proteins are required for mechanosensory transduction in 
inner ear hair cells, regulate intracellular Ca2+ signals and cell volume, 
and have a pathogenic role in human papillomavirus infection [11,12]. 
Although not yet shown they may also scramble membrane phospho-
lipids [13]. OSCA/TMEM63 channels are the largest family of mecha-
nosensitive channels in plant and mammalian mechanotransduction 
[10], which are also detected in lysosomes [14]. Regulation by me-
chanical stress has been also reported for anoctamins in lens cells and 
biliary epithelium [15,16], while we found cell volume (cell swelling) 
dependent regulation of ANO1,6,10 and other anoctamins [17–19]. It 
will therefore be interesting to further investigate the importance of 
mechanosensitive regulation for the function of intracellular anocta-
mins. For completion it should be noted here that also G-protein-coupled 
receptors (GPCRs) are able to scramble phospholipids, which may be 
relevant to some of the observations described in this review [20]. 

3. ANO3, an intracellular scramblase and ion channel expressed 
in the brain 

ANO3 (TMEM16C) is expressed predominantly in cerebral cortex, 
cerebellum, hippocampus, and caudate [4]. It also shows some expres-
sion in glands, lung and male reproductive tract (https://www.protein 
atlas.org). ANO3 has been shown to operate as a PL scramblase [21, 
22]. We detected ANO3 scramblase activity when overexpressed in 
HEK293 cells and, in addition, demonstrated an ANO3 whole cell cur-
rent that can be activated by the Ca2+ ionophore ionomycin [23]. Thus 
ANO3 is a PL scramblase which also conducts ions, similar to other 
anoctamins like ANO5, ANO6, and ANO10 [3,4,9,24–26]. Importantly, 
scramblase activity of ANO3 was detected in cells in which expression of 
the ubiquitous endogenous scramblase ANO6 [27], had been knocked 
out [4]. ANO6 is expressed in every cell type and thus unintended 
Ca2+-dependent activation of endogenous ANO6 during overexpression 
of other anoctamins may lead to misinterpretations [5]. In patch clamp 
experiments Suzuki et al. did not detect an additional whole cell current 
in ANO3-overexpressing cells using a cytosolic (pipette) Ca2+ concen-
tration ([Ca2+]i) of 500 nM. This, however, is not surprising as activa-
tion of anoctamin scramblases/ion channels requires [Ca2+]i of 1 µM or 
higher [24,28,29]. Although ANO3 can reach the PM when overex-
pressed, endogenous protein is probably located in intracellular com-
partments [9,19,23,24,30,31]. 

4. ANO3 in dystonia 

Numerous ANO3 variants were found in patients with dystonia, a 
neurological disorder that is characterized by abnormal movements and 
postures caused by involuntary muscle contractions [32]. Dysfunctional 
neuronal K+ channels can cause instability of the membrane resting 
potential that will lead to neuronal hyperexcitability and involuntary 
muscle activity. In fact, Ca2+-activated K+ channels like the large 
conductance KCNMA1 channel and particularly members of the 
small/intermediate conductance KCNN family are expressed in basal 
ganglia and especially in neostriatal neurons. Mutations within these 
genes are known to cause dystonia, while Ca2+-activated KCNN K+

channels are key modulators of neuronal activity in the striatum 
[33–38]. These channels are activated through purinergic stimulation, 
which leads to an increase in intracellular Ca2+ ([Ca2+]i), binding of 
Ca2+/calmodulin (and possibly Ca2+/hippocalcin) to KCNN2 K+ chan-
nels, causing hyperpolarization of neurons [39–41] (Fig. 1). 

We recently compared Ca2+ signaling and activation of ion channels 
in cells expressing wild type ANO3 with cells expressing ANO3 variants 
causing dystonia. We showed that ANO3 operates as a Ca2+-activated 
phospholipid scramblase and conducts ions as well [23]. Fibroblasts 
obtained from dystonia patients who carry ANO3 variants showed 
abnormal Ca2+ signaling and impaired activation of K+ channels. The 
data also suggest that ANO3 is expressed in the endoplasmic reticulum 
(ER), possibly regulating ER Ca2+ store content and activation of K+

channels. The data suggest an increased Ca2+ sensitivity for some ANO3 
variants causing enhanced basal cytosolic Ca2+ levels and inhibition of 
receptor-mediated ER Ca2+ store release [42,43]. Thus, activation of 
KCNN channels is attenuated causing impaired neuronal repolarization 
and hyperexcitability. In addition, enhanced PL scrambling by ANO3 
variants may affect the viability of striatal cells in vivo. However, 
enhanced basal PL scrambling could also lead to mistargeting of the ER 
to irregular ER/PM membrane contact sides (MCSs), thereby unbal-
ancing intracellular Ca2+ homeostasis (Fig. 1). Corresponding to this 
hypothetical role of ANO3, the paralogous scramblase ANO10 was 
recently shown to regulate endosomal sorting, which is discussed below 
[30]. 

KCNN channels are activated by Ca2+/calmodulin and participate in 
slow afterhyperpolarization triggered by ER Ca2+ release channels and 
voltage gated Ca2+ channels at ER-PM junctions, with a contribution of 
hippocalcin as Ca2+ binding protein [44]. Mutations in the 
neuron-specific hippocalcin also cause dystonia [45,46]. Hippocalcin is 
mainly expressed in striatal neurons and undergoes a conformational 
change upon binding of cytosolic Ca2+, leading to its translocation from 
the cytosol to the plasma membrane (reviewed in [47]). Translocation of 

Fig. 1. Hypothetical role of ion channel function and phospholipid scrambling by ANO3 for Ca2+ signaling and activation of K+ channels and malfunction in 
dystonia. ANO3 is an ER-localized PL scramblase and probably a nonselective ion channel with potential expression also in the PM of neurons. PL scrambling by 
ANO3 could take place in the ER and inhibit release of Ca2+ and thus activation of KCNN K+ channels through the Ca2+ binding calmodulin-homologue hippocalcin 
(HPCA). PL-scrambling could also contribute to formation of PM/ER membrane contact sides (MCS) thereby affecting intracellular Ca2+ signaling. Augmented PL 
scrambling by ANO3 variants may lead to enhanced cell death of striatal neurons. ANO3 has also been reported to interact with Na+ activated K+ channels (SLACK). 
PM-localized ANO3 may allow influx of Na+ supporting stimulation of Na+-activated SLACK. 
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hippocalcin is required for activation of K+ currents which limits 
neuronal spike frequency by slow afterhyperpolarization. Dystonia 
causing variants of hippocalcin prevent translocation of hippocalcin and 
thus activation of K+ currents, causing depolarization of the membrane 
voltage, enhanced Ca2+ influx and inappropriate release of synaptic 
vesicle [47] (Fig. 1). 

5. ANO3 – a partner of neuronal Kþ channels controlling 
excitability 

ANO3 was also reported as binding partner of Na+ activated K+

channels (KNa, SLACK), which are known to dampen neuronal excit-
ability [48]. ANO3 obviously interacts with Slack, thereby enhancing 
sodium sensitivity and increasing single-channel activity at low intra-
cellular sodium concentrations, thereby enabling KNa currents under 
physiological conditions. ANO3 knockout rats show a significant 
reduction of KNa currents causing a decreased threshold for action po-
tential firing and enhanced neuronal activity. Eliminating expression of 
ANO3 in rats increased thermal and mechanical sensitivity with 
hyperalgesia [48,49]. Thus, ANO3 contributes thermoregulation and 
protection against febrile seizures in rat pups and humans [50–52]. 
Further reports suggest a role of ANO3 for other cerebral diseases such as 
cluster headache or Huntington disease [53,54], inflammatory diseases 
like osteoarthritis and eczema [55,56]. All of these findings demand 
further investigations to address many open questions like: How exactly 
does ANO3 regulate Slack activity and is [Ca2+]i involved? Is ANO3 
expressed in the plasma membrane of neurons and what is the contri-
bution of PL scrambling by ANO3? 

6. ANO4: another intracellular scramblase and ion channel 
affecting [Ca2þ]i 

Earlier patch clamp studies from our laboratory showed that over-
expression of ANO4 (TMEM16D) in HEK293 cells induced a Ca2+-acti-
vated whole cell currents with linear current/voltage relationship [3]. 
These nonselective currents were activated by ionomycin or by stimu-
lation of GPCRs followed by release of Ca2+ from the ER store [3]. 
GFP-tagged ANO4 appeared to be localized in or close to the PM. Sub-
sequent studies indicated ER-expression of ANO4 causing Ca2+-release 
and activation of endogenous ANO6 currents [5]. Duran et al. also 
detected intracellular expression of ANO4 but found no ion currents 
related to ANO4 overexpression [31]. However, in their paper they also 
did not detect currents related to overexpression of ANO6, while 
meanwhile ANO6 is clearly identified as PM-expressed Ca2+-activated 
PL scramblase with ion channel properties [3,4,7,27–29,57–60]. Finally, 
Reichhart et al. reported ANO4 as a Ca2+-activated cation channel and 
provided some evidence for expression of ANO4 near the basolateral 
membrane of the retinal pigment epithelium [61]. 

PL scrambling by ANO4 was first demonstrated by Suzuki and co- 
workers, while Gyobu et al. identified a so-called scrambling domain 
(SD) in ANO6, which is also present in ANO4 and all other intracellular 
anoctamins [21,62]. SDs are essential for PL transport, and were found 
in all other anoctamins except of ANO1 and ANO2, and does not seem to 
be functional in ANO8 (c.f. below). We localized ANO4 in the ER and 
found that it interacts with the ER Ca2+ pump SERCA [5]. Taken 
together ANO4 is most likely an ER-localized Ca2+ regulated PL 
scramblase that may also be expressed in the PM of native, i.e. differ-
entiated cells. ANO4 is likely to control der PL content in the cyto-
plasmic leaflet of the ER-membrane, similar to ER-scramblase ANO10 
[63]. PL scrambling by ANO4 (and other ER-localized scramblases) may 
lower the abundance of negatively charged PtdSer or other types of 
negatively charged PLs in the outer ER membrane leaflet, thereby 
generating a signal for translocation and generation of MCSs. This is 
discussed in more detail below for ANO10 [63]. 

IP3-triggered Ca2+ release from the ER was strongly attenuated in 
cells expressing ANO4, presumably due to a reduced ER Ca2+ store 

content or activation of PKC by enhanced basal [Ca2+]i (which is known 
to inhibit IP3R) [5]. Ca2+ permeability of ANO4 might cause an ER Ca2+

leak, or support Ca2+ leakage by operating as a counter-ion channel 
[64]. Accordingly, lower ER Ca2+ levels in ANO4 expressing cells could 
be the reason for attenuated IP3 - dependent activation of KCNN4/SK4 
K+ channels or ANO1 Cl− channels, similar to the effects described for 
ANO3 on activation of KCNN2 [5]. Interestingly, a similar inhibition of 
GPCR/IP3/Ca2+-dependent activation of ANO1 was also observed for 
the anoctamin homologue TMC8 [12,65]. As described above, TMC 
proteins also form proteo-lipidic pores and could potentially scramble 
membrane phospholipids [13]. Activation of ANO6 by a putative 
ANO4-induced ER Ca2+ leak, was also shown to activate constitutive 
Ca2+-dependent PL scrambling leading to membrane shedding [66]. 
Although many details are still missing, we speculate that ANO4 re-
directs Ca2+ signals to PM compartments containing ANO6 and Ca2+

influx channels. In support of this, a functional interaction of ANO6 with 
Orai1 has been found [5,18]. In contrast, ANO1 and the yeast 
ANO1-homologue Ist2 target the ER and IP3 receptors (IP3R) near GPCRs 
[65]. 

7. ANO4 in organ physiology and pathology 

ANO4 was described as a negative regulator of aldosterone secretion 
in the zona glomerulosa of adrenal glands [67]. Overexpression of ANO4 
attenuated calcium-mediated aldosterone secretion and cell prolifera-
tion. ANO4 was found to be expressed in intracellular compartments. It 
was speculated that the inhibitory effects of ANO4 on intracellular Ca2+

signals may be responsible for inhibition of aldosterone secretion in the 
presence of ANO4. Apart from endocrine tissues, ANO4 is predomi-
nantly expressed in the brain. Brain glucose-sensing neurons in the hy-
pothalamus are essential to keep blood glucose levels at stable levels in 
order to prevent severe hypoglycemia. ANO4-expressing glucose-inhi-
bited (ANO4-plus) neurons in the ventromedial hypothalamic nucleus 
increased their firing activity under low-glucose conditions, thus 
causing food intake [68]. In contrast, ANO4-minus neurons of the same 
hypothalamic region that do not express ANO4 are inhibited by high 
glucose, thereby suppressing food intake. Moreover, enhanced appetite 
and rise of blood glucose levels by stimulation of ANO4-plus neurons in 
mice was suppressed by knockout of ANO4 [68,69]. Notably, large-scale 
human exome sequencing further detected an ANO4 variant that is 
associated with human obesity [70]. It was proposed that in 
ANO4-minus neurons, KATP channels are activated by hypoglycemia and 
hyperpolarize neurons, while in ANO4-plus neurons KATP currents are 
largely absent. This may be due to a lower ER Ca2+ load due to 
ANO4-induced Ca2+ leak, or due to differential MCSs in 
ANO4-expressing cells [70]. The subcellular localization of ANO4 in 
hypothalamic neurons is currently unclear, and the effects of ANO4 on 
intracellular Ca2+ signals have not yet been assessed in these neurons. 
Considering that ANO4 expression almost abolished receptor-mediated 
activation of SK4 K+ channels in our studies, we speculate a similar 
scenario for hypothalamic ANO4-plus neurons [5]. ANO4 is found in 
most regions in the brain (https://www.proteinatlas.org/ENSG00000 
151572-ANO4/brain) and therefore the discovery of many more 
ANO4-related brain diseases can be expected for the future [71,72]. The 
overlapping properties of ANO3 and ANO4 suggest that these close 
paralogues may operate in similar ways (Fig. 1). 

8. ANO5 - a phospholipid scramblase and ion channel required 
for plasma membrane repair and thrombus formation 

ANO5 is highly expressed in the GI tract and the skeletal muscle [4] 
(https://www.proteinatlas.org/ENSG00000185101-ANO5/tissue). The 
role of ANO5 in muscle disease and gnathodiaphyseal dysplasia has been 
reviewed recently [73,74]. We will therefore focus only on novel func-
tional and cell biological aspects of ANO5. The PL scramblase activity of 
ANO5 was demonstrated initially by Suzuki et al. [21] and was later 
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confirmed by Gyobu and coworkers [62]. The latter study is probably 
more significant as PM-expression of the scrambling domain was better 
controlled [21]. In this paper the authors detected no channel activity 
for ANO5 (and neither for ANO4, 6, 8, 9, 10). However, as all patch 
clamp experiments were done in the presence of (only) 500 nM pipette 
Ca2+, [Ca2+]i was probably too low to activate these anoctamins [21]. 
Subsequent studies clearly demonstrated that ANO5 also operates as 
nonselective ion channel, which could be relevant for the fusion of 
muscle precursor cells [24,75]. 

9. ANO5 in muscle disease and muscle cell repair 

Cells are exposed to mechanical stress in many types of tissues, 
potentially causing an injury of the plasma membrane. Skeletal muscle 
cells are probably among the tissues which experience the most exten-
sive mechanical stress. This is particularly evident in sore muscles after 
extensive exercise, caused by disruption of muscle fibers [76]. Thus, 
repair mechanisms need to be in place to reseal broken plasma mem-
branes. Mutations in the ANO5 gene participate in different types of 
skeletal muscle diseases including autosomal recessive limb-girdle 
muscular dystrophy, where a defect in muscle cell repair has been 
suggested [73,74,77]. Chandra et al. proposed a role of ANO5 as an 
ER-localized Cl− counterion channel that is required to balance SERCA 
mediated uptake of Ca2+, which has entered the cell during cell damage. 
Apart from Cl− transport ANO5 also shows some permeability for cat-
ions and demonstrates a liner current/voltage relationship in the pres-
ence of asymmetric Cl− concentrations [3,24,26,78]. In addition to 
mitochondrial depolarization and [Ca2+]i increase [78], a pronounced 
depolarization of the membrane voltage and an additional increase in 
intracellular Cl− and Na+ concentrations would be expected during 

rupture of skeletal muscle PM, which, however, has not yet been 
examined in detail. According to Chandra et al., SERCA-mediated 
ER-uptake of Ca2+ is essential to avoid any interference of excessive 
[Ca2+]i with the healing process, while ER Ca2+ uptake is compromised 
in the absence of ANO5 [79]. Charge compensation by counterion 
mechanisms during ER-store release and SERCA-mediated ER-refill has 
been reported in smooth, skeletal and heart muscles as well as epithelial 
cells [64,80–84]. Lack of efficient counterion transport can lead to 
extension of the ER-lumen and Ca2+ precipitations. 

Moreover, ANO5 may be able to balance charge movement also by 
operating as a nonselective cation channel instead of transporting Cl−

ions into the ER as proposed by Chandra et al. [24]. However, a very 
different function of ANO5 was described by Foltz et al., who presented 
data that show a role of ANO5 located within the PM. By accumulating 
around the membrane defect, ANO5 serves as an anchor for annexins 
required for repair of sarcolemmata. Although PL scrambling is induced 
around the defect, the scramblase function of ANO5 appears not to be 
required for the repair. However, PM expression might be higher for the 
scrambling-deficient ANO5/ANO1 chimera that has been used in this 
study, thus masking the true contribution of ANO5 scrambling to 
membrane healing [85]. As shown for other anoctamins, expression of 
ANO5 in ER or PM might depend on the level of activation (c.f. above). 
PL scrambling observed during repair of sarcolemmata does most likely 
also occur through ANO6, and thus the healing process may not strictly 
require ANO5 scramblase activity (https://www.proteinatlas.org/EN 
SG00000185101-ANO6/tissue) [4]. These and other ambiguities about 
PM repair in skeletal muscle still need to be clarified (Fig. 2A). 

Fig. 2. Proposed mechanisms for ANO5 mediated skeletal muscle repair and endothelial triggered thrombosis. A) Two different concepts were proposed for ANO5 
mediated repair of skeletal muscle PM. Rupture of the PM allows passive entry of Ca2+ which will trigger accumulation of annexin (Anx) 6, 1, and 5 forming a repair 
cap, facilitated by ANO5 anchorage. Scrambling by ANO5 (and ANO6) is induced, but scrambling by ANO5 is not essential for repair (left). Another concept predicts 
localization of ANO5 in the ER, where it serves as a Cl− permeable channel required to balance massive uptake of positive charges into the ER by SERCA. This avoids 
toxic cytosolic Ca2+ levels which would otherwise interfere with PM repair (right). B) Blood coagulation and thrombosis by platelets and endothelial cells. Platelets 
express large amounts of ANO6 (but no ANO5) and are activated during primary haemostasis and blood coagulation, which may lead to thrombosis (left). Endothelial 
cells express ANO5 and ANO6 which are both activated during inflammation and/or endothelial damage with release of ADP and thromboxane (Tx) A2. Inhibition of 
endothelial PL scrambling interferes with endothelial thrombosis but still allows coagulation by platelets (right). 

K. Kunzelmann et al.                                                                                                                                                                                                                           

https://www.proteinatlas.org/ENSG00000185101-ANO6/tissue
https://www.proteinatlas.org/ENSG00000185101-ANO6/tissue


Cell Calcium 120 (2024) 102888

5

10. Gnathodiaphyseal dysplasia, thrombosis and fertility 

As described above, gain of function of in ANO5 can cause enhanced 
scrambling activity leading to gnathodiaphyseal dysplasia, a skeletal 
disorder causing jaw deformities and long bone fractures [75]. Oscilla-
tions of [Ca2+]i is essential for differentiation of bone cells. Receptor 
activator of NF-κB ligand (RANKL) is a member of the tumor necrosis 
factor (TNF) cytokine family, which induces oscillatory changes in 
[Ca2+]i, resulting in Ca2+/calcineurin-dependent dephosphorylation 
and activation of nuclear factor of activated T cells c1 (NFATc1). 
NFATc1 then translocates to the nucleus and induces bone cell-specific 
gene transcription to allow differentiation of osteoclasts [86]. In mice, 
ablation of Ano5 reduced [Ca2+]i transients in bone cells, which induced 
defective osteogenesis and osteoclastogenesis, therefore resulting in 
bone dysplasia [87]. Moreover, decrease in ANO5 expression impaired 
RANKL-induced oscillations of [Ca2+]i in osteoclasts. ANO5 deletion in 
mice diminished [Ca2+]i oscillations in both osteoblasts and osteoclasts, 
causing reduced WNT/β-Catenin and RANKL-NFATc1 signaling. 
RANKL-induced [Ca2+]i oscillations require repetitive ER Ca2+ release 
by IP3 receptor channels with activation of store-operated Ca2+ entry 
[86]. Thus the paper by Li et al. strengthens the role of ANO5 as a 
positive regulator of intracellular Ca2+ signaling. Interestingly, a close 
paralogue of ANO5, the PM scramblase ANO6, also augments receptor 
mediated store release by a mechanism that currently remains obscure 
[5]. It is well established that ANO6-mediated PL-scrambling in platelets 
(thrombocytes) is critical for hemostasis and thrombosis [88]. 

In addition to ANO6, ANO5 was shown to regulate endothelial pro-
coagulant activity and thrombus formation, a finding that could be of 
major clinical significance in the future [89]. Obviously both ANO5 and 
ANO6 support coagulation and thrombus formation initiated at the 
surface of endothelial cells. In their thrombosis model Schmaier et al. 
showed that endothelial PtdSer exposure is even more pronounced than 
in platelets. Excitingly, the anoctamin inhibitor benzbromarone pre-
vented PtdSer externalization and procoagulant activity by endothelial 
cells, and protected mice from thrombosis without increase in bleeding, 
i.e. primary haemostasis and coagulation seemed to be still functioning. 
This is explained by the fact that platelets lacking expression of ANO5 
are still partially functional. As thrombosis occurs preferably at the 
endothelial cell surface, these results could form the basis of a novel 
anticoagulant therapy, based on specific inhibitors for ANO5 [89] 
(Fig. 2B). Apart from physiological pathogenic functions, ANO5 appears 
to have a role in reproduction. Gyobu et al. found ANO5 expressed in the 
tail of mouse sperms. Knockout of ANO5 caused decreased fertility 
which was caused by reduced sperms motility [90]. It will be interesting 
to learn whether variants of ANO5 can be a possible cause for infertility 
in humans. 

11. ANO7 and ANO8 

Molecular insights into the cellular functions of ANO7 are limited. 
ANO7 is best known for its association with various types of cancer, in 
particular prostate cancer [91]. It is weakly expressed in a number of 
tissues including cartilage, spleen, prostate, and predominantly in the GI 
tract. We and others found that overexpressed ANO7 is mostly intra-
cellular and only weakly detectable in the plasma membrane. A small 
ionomycin-activated whole cell conductance was found to be associated 
with overexpression of ANO7 [3,4,31,92]. PL scrambling by the ANO7 
scrambling domain was shown by Gyobu et al. [62]. Another study 
suggested an interaction with intracellular vesicular proteins, which is 
interesting in the context of recent reports on ANO10 showing a role of 
this anoctamin as intraorganellar regulator of endosomal sorting [30,63, 
93]. In prostate epithelial cells ANO7 has been reported as PM-located 
anoctamin preferentially found at apical/lateral cell-cell contact sides. 
However, during dedifferentiation and formation of prostate cancers 
this pattern was changed towards a more diffuse expression of ANO7 
[92]. 

ANO8 is expressed at low levels in most tissues. It is a large protein 
containing 1232 amino acids and thus an atypical member of the 
anoctamin family, with an extended C-terminal sequence [3,4]. Upon 
overexpression it did not cause a significant whole cell current, even 
when targeted to the PM, but in contrast reduced basal whole cell. 
Moreover, the ANO8-SD has lost its ability to scramble PL [4,62]. 
However, the large size of ANO8 provides the molecular length neces-
sary to bridge the distance between ER and PM. In fact, Jha et al. 
demonstrated ANO8 as a tether that establishes MCSs between the ER 
and phosphatidylinositol 4,5-bisphosphate (PIP2)-rich PM domains 
[94]. 

PIP2 comprises only about 1 % of the phospholipids in the cyto-
plasmic leaflet of the PM, yet it regulates many distinct cellular pro-
cesses through spatial organization [95,96]. MCSs, i.e. ER/PM junctions 
are the sites where the ER contacts the PM by protein/protein in-
teractions and/or through ER- or PM-localized tether proteins. Due to its 
role as a tether, ANO8 allows effective STIM1-STIM1 and STIM1-Orai1 
interactions and activation of Orai1 in phosphatidylinositol 4,5-bisphos-
phate (PIP2) rich PM compartments. Within these signaling compart-
ments all core Ca2+ signaling proteins are assembled, like Orai1 
(calcium release-activated calcium channel protein 1), PMCA (Plasma 
Membrane Calcium ATPase), STIM1 (Stromal Interaction Molecule 1), 
IP3R (Inositol 1,4,5-trisphosphate Receptor), and SERCA (Sarco/Endo-
plasmic Reticulum Calcium ATPase) [94]. Importantly, [Ca2+]i 
enhanced by ER-release or SOCE (Store-Operated Calcium Entry) is 
pumped back again into the ER by SERCA, or pumped out of the cell by 
PMCA to generate Ca2+ oscillations and to avoid toxic effects due to 
sustained high [Ca2+]i levels. Moreover, Orai1/Stim1 channels are 
inhibited through interaction with SARAF (Store-operated Calcium 
Entry-associated Regulatory Factor) (SARAF) and calmodulin. Stim1 is 
well known for its role in SOCE, but it also directly interacts with PMCA 
to inhibit PMCA-mediated Ca2+ extrusion, which is of particular 
importance in T-cell signaling [97]. ANO8 was reported to facilitate 
Orai1 channel activation and to slow SARAF-independent Orai1 inac-
tivation [94]. Corresponding to these findings we found that 
GPCR/IP3-triggered Ca2+ release from the ER was attenuated by over-
expression of ANO8, while store emptying by inhibition of SERCA and 
SOCE was augmented [5]. ANO8 might translocate the ER away from 
MCS containing GPCR/ANO1/IP3R (ER Ca2+ efflux side) and shift it 
towards MCS containing Orai1/Stim1/PMCA/SERCA (i.e. the ER Ca2+

influx side), which would be a mechanism we proposed recently for 
ER-expressed ANO9 and ANO4 [98]. Apart from ANO8 three different 
extended synaptotagmins (E-Syt1-3) we shown to participate in forma-
tion of ER/PM junctions [99]. E-Syt1 is known to tether ER/PM in a PIP2 
and Ca2+ dependent manner [99,100]. Interestingly, E-Syt-dependent 
MCSs are not required for SOCE and SERCA-mediated refill of the ER 
Ca2+ store [99]. Yet, Ca2+ influx was shown to be required for extended 
E-Syt1-induced ER-plasma membrane tethering [101] (Fig. 3). 

The PM-located Ca2+-activated Cl− channel ANO1, a homologue of 
yeast Ist2, can also be regarded as a membrane tether given its direct 
interaction with the IP3R [5,102]. In a microscopic PM traffic assay for 
ANO1, we identified the three extended synaptotagmins (ESYT1–3) as 
ANO1 traffic enhancers. Knockdown, particularly of E-Syt1, attenuated 
expression of ANO1 in the PM and inhibited activation of ANO1 currents 
[103]. For the yeast ANO1 homologue Ist2, it was shown that it recruits 
the ER to the PM and it may even slip directly from the peripheral 
(cortical) ER into the plasma membranes in a Golgi-independent manner 
(unconventional protein secretion; UPS) [104]. Interestingly, the ER to 
Golgi transport inhibitor brefeldin A abolished glycosylation of ANO1 
but did not affect PM expression and activation of ANO1, indicating UPS 
also for ANO1 [105]. The mechanisms of unconventional (non-canoni-
cal) protein secretion are poorly understood, but UPS could explain why 
anoctamins are frequently detected in both ER and PM [106]. 
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12. ANO9 

Scramblase activity has also been suggested for ANO9, which oper-
ates as a cAMP/PKA and Ca2+-activated cation channel permeable for 
Ca2+ [21,62,98,107,108]. ANO9 is expressed in the plasma membrane 
of olfactory epithelium allowing Ca2+ influx from the extracellular space 
thereby amplifying olfactory signals initiated by activation of cyclic 
nucleotide-gated channels [108]. We detected low level expression of 
ANO9 in the ER of isolated renal epithelial cells where it could operate 
as a Ca2+ leak or counterion channel. More recent data indicate a 
location of ANO9 in the brush boarder membrane of proximal tubular 
epithelial cells (Schreiber et al., in this issue of Cell Calcium). Earlier data 
and own unpublished results suggest that ANO3,4,5,9 are activated at 
[Ca2+]i of 1 µM [26]. Due to various Ca2+ leakage channels, the ER 
membrane has a permanent background permeability for Ca2+ [109], 
which is constantly balanced by SERCA-mediated reuptake of Ca2+ back 
into the ER. Due to these circumstances Ca2+ concentrations near the 
cytoplasmic ER membrane are probably enhanced and are sufficient to 
activate ER-localized anoctamins. In ANO9-overexpressing cells, Ca2+

leakage may reduce ER Ca2+ content and could contribute to enhanced 
basal cytosolic Ca2+ levels, thereby enhancing the activity of PMCA. 
Enhanced basal Ca2+ levels in ANO9-expressing cells may activate PKC 
and inhibit IP3R, thereby attenuating IP3-induced release of Ca2+ and 
counteracting receptor-mediated activation of Ca2+-regulated K+

channels. In parallel basal transcription of IL-6 was found to be 

enhanced [42,43,98,110]. In renal tubules, ANO9 is predominantly 
expressed in brush boarder membranes and interacts with the scaffold 
Discs Large Homolog 1 (DLG1), which potentially activates PMCA (own 
unpublished data). The ANO9 variant T604A is associated with chronic 
kidney disease, as detected in a large GWAS meta-analysis [111]. 
Interestingly, polymorphisms in a genomic region containing SIGIRR 
(Single Immunoglobulin Interleukin-1 Related Receptor), ANO9, and 
PKP3 (plakophilin 3) are associated with various types of hyper-
inflammatory diseases [112,113]. SIGIRR acts as a negative regulator of 
TLR (Toll-like receptor) and IL-1 receptor signaling, while ANO9 regu-
lates cellular Ca2+ homeostasis thereby determining the level of cyto-
kine release [98,114] (Fig. 3). Finally, ANO9 is associated with different 
types of cancer [115–117]. A physical association of upregulated ANO9 
with epidermal growth factor receptor (EGFR) has been suggested as the 
cause for ANO9-induced cell proliferation. In addition, disturbed intra-
cellular Ca2+ signaling in the presence of upregulated ANO9 should also 
be considered as a possible mechanism for tumor growth. Similarly, 
overexpression of ANO1 also enhances basal Ca2+ levels, strongly aug-
ments proliferation and promotes development of cancer [5,118,119]. 

13. ANO10 

ANO10 is an ER-localized intracellular Ca2+-activated scramblase 
that redistributes PtdSer between both ER membrane leaflets [9,63]. 
Possibly by this mechanism it can regulate endosomal sorting [30]. 

Fig. 3. Proposed role of ANO9 for Ca2+ signaling and chronic kidney disease. Upper panel: Intracellular Ca2+ measured by Fura2 in HEK293 cells in the absence or 
presence of ANO9. Expression of ANO9 in cell lines caused enhanced basal Ca2+ levels possibly by producing an additional ER Ca2+ leak. ANO9 had no effect on store 
emptying by inhibition of SERCA with cyclopiazonic acid (CPA) or peak Ca2+ levels induced by SOCE after re-addition of extracellular Ca2+. Lower panel: Enhanced 
basal Ca2+ levels may activate PKC, inhibit IP3-induced store release and attenuate receptor-mediated activation of K+ channels, thus inducing basal transcription of 
IL-6. In renal tubules, ANO9 is predominantly expressed in the PM of the brush boarder, where it may interact with the scaffold DLG1, potentially activating PMCA. 
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Mutations of ANO10 impair neuromuscular function and cause spino-
cerebellar ataxia. Proteomic mapping of ANO10 identified interactions 
with ER proteins, the proteasome, the nuclear membrane, endosomal 
proteins and mitotic spindles [30,120]. We found that removal of 
ANO10 impairs intracellular Ca2+ signaling, causing defective ion 
transport and reduced volume regulation [19]. Cell cycle dependent 
colocalization of Ano10 with acetylated tubulin, centrioles, and sub-
membraneous tubulin was detected. Along these studies, the 
spindle-associated transmembrane ortholog of ANO10, Axs, is known in 
Drosophila for its role in mitotic spindle formation, association with the 
ER, and Ca2+ signaling. [121,122]. Intestinal epithelial cells from Ano10 
null mice are reduced in size and lack of spontaneous and TNFα-induced 
apoptosis. Moreover, a missense variant of ANO10 is associated with 
spinocerebellar ataxia and was shown to impair immune defense against 
Borrelia infection, probably due to abnormal regulation of intracellular 
Ca2+ signals in cerebellar neurons and skin macrophages [123]. 

14. Conclusions 

Intracellular anoctamins are truly fascinating as they control a 
plethora of cellular functions. Abnormal expression and genetic varia-
tions contribute to a large number of rather diverse diseases. One 
possible reason for the large number of different anoctamin paralogues 
could be their role in precise and cell-dependent regulation of intra-
cellular Ca2+ signaling. ER-localized anoctamins may control Ca2+

signaling by affecting Ca2+-store filling or compromising the function of 
other ER proteins [124]. Moreover, they may help to direct the ER to 
different MCSs via proteins like DLG1, thereby regulating store-operated 
Ca2+ influx via Orai1 [98]. Ca2+ activated scramblase activity of intra-
cellular anoctamins can be detected upon overexpression and 
PM-targeting, with the exception of ANO8 [62]. However, it remains to 
be proven whether these anoctamins truly scramble PL under physio-
logical conditions in native cells. The PM-located scramblase ANO6 

requires unphysiologically high (1–10 µM) [Ca2+]i to be activated, while 
EC50 % values for Ca2+ activation of intracellular anoctamins are still 
missing. Previous data demonstrated a predominant luminal presence of 
PtdSer in the ER membrane [125,126], while recent data show the role 
of ANO10 for endosomal sorting, possibly through redistribution of 
PtdSer between luminal and cytoplasmic ER-leaflets [30,63]. PtdSer is 
the predominant anionic species in membranes, and particularly com-
mon in the PM [125,127]. The PtdSer content determines surface 
charge, membrane curvature and ultimately the cellular localization of 
proteins [126,128–130]. Ca2+-dependent trafficking of intracellular 
organelles and cellular distribution of proteins could be therefore 
determined by anoctamin-mediated PL-scrambling. As the ER-content of 
PtdSer is low (<4 %) and mostly luminal [125], other PLs might be more 
relevant in this process. The role of PL scrambling for membrane fusion 
by the anoctamin ANO6 has been discussed here and elsewhere 
[130–135]. Exocytic release of mucus and lysozyme in goblet and 
Paneth cells, respectively, and PM-targeting of CFTR by ANO6/ANO1 
are further examples for translocation of proteins by anoctamins 
[136–139]. As stated in the beginning of this review, the term “intra-
cellular anoctamins” is actually misleading as ANO4, 5, and 9 have also 
been detected in the plasma membrane (Fig. 4). We have only just begun 
to examine these anoctamins, while more studies in original tissues will 
certainly help to decipher the function of intracellular scramblases. 
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boarder membrane of some proximal epithelial cells (red staining, right panels). Nuclei are stained in blue by DAPI. 
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