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Abstract

Two families of proteins, the bestrophins (Best) and the
recently cloned TMEM16 proteins (anoctamin, Ano), reca-
pitulate properties of Ca2q-activated Cl- currents. Best1 is
strongly expressed in the retinal pigment epithelium and
could have a function as a Ca2q-activated Cl- channel as well
as a regulator of Ca2q signaling. It is also present at much
lower levels in other cell types including epithelial cells,
where it regulates plasma membrane localized Cl- channels
by controlling intracellular Ca2q levels. Best1 interacts with
important Ca2q-signaling proteins such as STIM1 and can
interact directly with other Ca2q-activated Cl- channels such
as TMEM16A. Best1 is detected in the endoplasmic reticu-
lum (ER) where it shapes the dynamic ER structure and reg-
ulates cell proliferation, which could be important for renal
cystogenesis. Ca2q-activated Cl- channels of the anoctamin
family (TMEM16A) show biophysical and pharmacological
properties that are typical for endogenous Ca2q-dependent
Cl- channels. TMEM16 proteins are abundantly expressed
and many reports demonstrate their physiological importance
in epithelial as well as non-epithelial cells. These channels
are also activated by cell swelling and can therefore control
cell volume, proliferation and apoptosis. To fully understand
the function and regulation of Ca2q-activated Cl- currents, it
is necessary to appreciate that Best1 and TMEM16A are
embedded in a protein network and that they probably oper-
ate in functional microdomains.
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Introduction

Ca2q-activated Cl- currents (CaCCs) are abundant and pres-
ent in almost any cell types, although with slight differences
regarding their biophysical properties and pharmacology
(Hartzell et al., 2005a). In many cases these currents modify
the cellular response to adequate stimuli and therefore the
amenable channels could be ideal pharmacological targets.
Diverse functions such as olfactory-, taste- and phototrans-
duction; neuronal and cardiac excitability; smooth muscle
contraction and endothelial function, as well as fertilization
and epithelial Cl- secretion are controlled by CaCCs
(reviewed in Frings et al., 2000; Kidd and Thorn, 2000;
Eggermont, 2004; Leblanc et al., 2005; Melvin et al., 2005;
Hartzell et al., 2005a) (Figure 1). Two families of proteins
were shown to function as Ca2q-activated Cl- channels or to
be major components of it: bestrophins and TMEM16 (anoc-
tamin). The properties of both types of ion channels have
been reviewed in several recent papers (Hartzell, 2008; Hart-
zell et al., 2008; Kunzelmann et al., 2009; Duran et al.,
2010). For Best1 it has been an issue whether they are actu-
ally Cl- channels or whether they control intracellular Ca2q

levels (Marmorstein et al., 2006; Hartzell, 2008; Barro Soria
et al., 2009a). As outlined below, a possible answer to this
question has meanwhile been provided (Barro Soria et al.,
2009a; Neussert et al., 2010). In contrast, few doubts exist
that TMEM16A is a major component of the plasma
membrane localized Ca2q-activated Cl- channel (Caputo et
al., 2008; Schroeder et al., 2008; Yang et al., 2008).

Best1 is a Cl- channel and a regulator of

channel activity

Numerous studies demonstrate the Cl- channel properties of
Best1, which is expressed at high levels in retinal pigment
epithelial (RPE) cells (Marmorstein et al., 2000; Sun et al.,
2001; Qu et al., 2003; Tsunenari et al., 2003; Qu and Hart-
zell, 2004; Yu et al., 2006). The so-called light peak in the
electrooculogram is presumably generated by Ca2q-depend-
ent activation of Cl- channels in the basolateral membrane
of the retinal pigment epithelium and is reduced in patients
with autosomal dominant vitelliform macular dystrophy
caused by mutations in Best1 (Best disease; OMIM 607854)
(Petrukhin et al., 1998; Hartzell, 2008). It was proposed that
Best1 is the Ca2q-activated Cl- channel in the basolateral
membrane of RPE cells, although several reasons argue
against such a role (Hartzell et al., 2005b). Most important,
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Figure 1 Tissue functions of CaCCs.

CaCCs are not absent in tissues of Best1 knockout mice
(Marmorstein et al., 2006; Marmorstein and Kinnick, 2007;
Barro Soria et al., 2008). However, human Best1 has been
shown to change properties of voltage-gated Ca2q channels

in a RPE cell line (Rosenthal et al., 2006) and in HEK293
cells (Yu et al., 2008). Thus, the cellular role of Best1 in
RPE cells, its role for the light peak and for macular dystro-
phy remains obscure. Several but not all recent studies con-
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firm the role of Best1 for CaCCs, and also an association
with the endoplasmic reticulum (ER) has been found (Match-
kov et al., 2008; O’Driscoll et al., 2008, 2009; Neussert et
al., 2010). Thus, Best1 seems to be both a Cl- channel and
a regulator of other ion channels (Rosenthal et al., 2006).

An intracellular function of Best1

How could Best1 operate as both a Cl- channel and a regu-
lator of Ca2q signaling? We recently demonstrated that Best1
is localized in the ER in heterologous cells as well native
epithelial cells (Barro Soria et al., 2009a). Best1 interacts
with stromal interacting molecule 1 (Stim1), the ER-Ca2q

sensor. We found that intracellular Ca2q transients elicited by
stimulation of purinergic P2Y2 receptors in HEK293 cells
were augmented by expression of hBest1. Notably, the p21-
activated protein kinase Pak2, which is known to play a role
in both proliferation and apoptosis, was found to phospho-
rylate hBest1. Moreover, injection of active Pak2 (but not
Pak1) activated a Cl- conductance (Barro Soria et al., 2009a).
This enhances intracellular Ca2q signals and supports acti-
vation of truly membrane localized Ca2q-dependent Cl-

(TMEM16A) and Kq (SK4) channels. Furthermore, we
found that lack of Best1 expression in respiratory epithelial
cells of mBest1 knockout mice caused expansion of ER cis-
terns and induced Ca2q deposits. As similar sites are present
in both mBest1 and hBest1, bestrophins can share the same
functions in mouse and human cells, despite differences
reported earlier (Xiao et al., 2010). We therefore propose that
Best1 is important for Ca2q handling of ER stores and could
resemble the long suspected counter ion channel to balance
transient membrane potentials occurring through inositol tris-
phosphate (IP3)-induced Ca2q release and store refill. As
Best1 can regulate compartmentalized Ca2q-signaling, this
could be important in Best macular dystrophy, inflammatory
diseases such as cystic fibrosis or proliferation (Al Dehni et
al., 2009; Barro Soria et al., 2009a).

Expression of the Best1 mutant R218C did not produce a
substantial Cl- current but caused an increased Ca2q plateau
when expressed in HEK293 cells, suggesting a role of Best1
for Ca2q uptake into the ER (Barro Soria et al., 2009a). Nota-
bly, RPE cells of Best1-deficient mice showed higher levels
of resting wCa2qxi than cells from wild-type mice and recov-
ery from ATP-induced increase in wCa2qxi was delayed
(Neussert et al., 2010). Zhang and coworkers detected a
change in Ca2q-signaling in RPE cells and also in knock-in
models such as Best1(q/W93C) and Best1(W93C/W93C)
(Zhang et al., 2010). Although, at present, results obtained
in different cell types from the various mouse models are not
entirely consistent, it is, however, obvious that Best1 changes
intracellular Ca2q-signaling. A proportion of endogenously
expressed Best1 was localized to the ER where it influenced
uptake of Ca2q into Ca2q stores. The authors suggested a
role of Best1 as a Cl- counter ion channel for Ca2q uptake
into cytosolic Ca2q stores (Neussert et al., 2010). We recently
expressed R218C-Best1 in Cos-7 cells, which show a high
level of endogenous Best1 expression (data not shown).

Expression of R218C-Best1 tagged with a tetracysteine and
GFP was visualized in electron microscopy images by using
the chromophore ReAsH which causes precipitation of the
electron dense diaminobenzidine (DAB) after photoactiva-
tion (Griffin et al., 1998). With this method, R218C-Best1
was shown to be localized in the ER membrane (dark
membrane staining, Figure 2A–C). Additionally expressing
R218C-Best1 in Cos-7 cells demonstrates a remarkable
change in ER appearance, from the typical tubular ER
towards a vesicular structure (Figure 2A–C). As the ER is a
highly dynamic structure, it can appear as organized smooth
ER (OSER) in different shapes (Borgese et al., 2006).

These changes observed in Cos-7 cells are reminiscent of
ER changes previously reported for airway epithelial cells of
mice lacking expression of Best1 (Barro Soria et al., 2009a).
OSER can be induced chemically by the drug 1-phenyl-
2-decanoyl-amino-3-morpholino-1-propanol hydrochloride
(PDMP) (Sprocati et al., 2006). These changes are reversible
and are correlated with changes of the intracellular Ca2q

homeostasis. We found that OSER in R218C-Best1 express-
ing Cos-7 cells was paralleled by an increased plateau Ca2q,
indicating attenuated recovery from agonist induced increase
in wCa2qx i (Figure 2D–F). Interestingly, when we used a
Ca2q-sensitive GFP probe (GFPCaMP2) that was fused to
the C-terminus of Best1 in order to measure intracellular
Ca2q in close proximity to the ER, we found that the ATP-
induced Ca2q plateau was significantly prolonged (Figure 3).
GCaMP2 is an improved bright Ca2q sensor that can be fused
to the protein of interest and allows spatial resolution of Ca2q

signals in the immediate vicinity of the protein (Nakai et al.,
2001; Tallini et al., 2006). Because Best1 is located predom-
inantly in the ER membrane, the data indicate that it controls
intracellular Ca2q levels in close proximity to both ER and
plasma membrane localized Cl- channels (Figure 4F).

Best1: upregulated during proliferation,

inflammation and in cancer

Both Best1 and CaCCs are upregulated during dedifferenti-
ation and proliferation of epithelial cells, as well as in fast
growing cancer cells (Spitzner et al., 2008; Al Dehni et al.,
2009). In contrast to proliferating cells, in fully differentiated
epithelial cells from human airways, kidney and colon, very
little Ca2q-dependent Cl- conductance is detected (Kunzel-
mann and Mall, 2002; Al Dehni et al., 2009). Notably, in an
island of proliferating M1 cells, Best1 expression is upre-
gulated in edge cells, but is hardly detectable in the center
of the island (Figure 5A). Best1 could affect proliferation
through its function as a Cl- channel (Schreiber, 2005) or by
controlling intracellular Ca2q-signaling (Barro Soria et al.,
2009a). We found that niflumic acid (NFA) inhibition of
Ca2q-activated Cl- channels in M1 cells reduced BrdU incor-
poration and cell number (Figure 5B). Moreover, NFA treat-
ment induced cellular apoptosis (Figure 5C). As Best1 is
upregulated during inflammatory processes and in scratch
assays, it could serve as an important regulator of prolifer-
ation during tissue repair (Al Dehni et al., 2009). In the
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Figure 2 An intracellular function of Best1.
(A, B) Electron microscopy images showing vesicular ER structure in R218C-Best1 expressing Cos-7 cells at lower (bars500 nm) and
higher (bars200 nm) magnification. (C) Typical tubular ER structure (bars500 nm). Tetracysteine tagged R218C-Best1-GFP was visualized
by binding and photoactivation of the chromophore ReAsH causing DAB precipitation (dark staining). (D) Intracellular Ca2q signals induced
by stimulation with three different concentrations of ATP in mock and hBest1 transfected cells (gray curve) and R218C-Best1 expressing
Cos-7 cells (black curve). (E, F) Summary of baseline (basal) Ca2q and ATP-induced peak and plateau Ca2q in the different cells (number
of cells). * §Statistical significance (analysis of variance, p-0.05).

mouse kidney, expression of Best1 was detected in some but
not all tubular epithelial cells (Barro Soria et al., 2009b),
whereas TMEM16A was detected in renal tubular segments
(Figure 5D,E). However, as NFA also inhibits TMEM16A,
which is coexpressed together with Best1 in M1 cells and
native renal epithelial cells (Yang et al., 2008), the observed
effects could be partially due to inhibition of TMEM16A.

Importance of Best1 in epithelial cells

We found that both Best1 and Best2 are expressed in epi-
thelial cells of airways, colon and kidney (Barro Soria et al.,
2008, 2009b; Hennig et al., 2008). In the airways, expression
of Best2 was found to be much higher when compared with
Best1. It was therefore rather surprising that Best1 or Best2

null mice did not reveal any obvious phenotype (Bakall et
al., 2008; Barro Soria et al., 2008). Because attenuated Cl-

secretion was detected in Best1 knockout mice, we suggest
that Best1 modulates Cl- secretion rather than being the plas-
ma membrane Cl- channel (Barro Soria et al., 2008).

Recently a novel function has been proposed for Best2 in
the colon epithelium (Yu et al., 2010). It was found that
Ca2q-activated anion secretion in the mouse colon was car-
ried mainly by HCO3

- and was largely reduced in Best2-/-

knockout mice. According to this study, Best2 located in the
basolateral membrane of goblet cells is obviously in charge
of colonic bicarbonate secretion (Yu et al., 2010). It will be
interesting to learn whether Best2 is really in charge of baso-
lateral HCO3

- uptake during Ca2q-dependent secretion or
whether it affects HCO3

- secretion by controlling intracel-
lular Ca2q signals.
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Figure 3 Best1 changes Ca2q signals in close proximity to the ER and membrane channels.
(A) Original recordings of fluorescence signals measured in Cos-7 cells, which had been transfected with Ca2q sensitive GFP (GFPCaMP2)
alone or as C-terminal fusion protein with hbest1 (hbest1) or hbest1-R218C (R218C) to measure intracellular Ca2q changes close to the ER
membrane and in close proximity to Best1. In the presence of ATP, Ca2q concentrations sensed by GFPCaMP2 increased transiently (ATP
peak) followed by a reduction in the Ca2q concentration below baseline levels (ATP plateau, negative changes in B). This could be due to
activation of Ca2q uptake back into ER stores. Overexpression of hbest1 but not of the pore mutant hbest1-R218C enhanced the Ca2q

plateau induced by ATP stimulation (positive changes, see summary). (B) Summary of ATP-induced peak and plateau Ca2q (number of
cells). *Statistical significance (paired t-test), §statistical significance to hbest1 (unpaired t-test; p-0.05).

TMEM16A is a major component of the long

awaited Ca2H-activated Cl- channel

TMEM16A is the Ca2q-activated Cl- channel or at least a
major component of it that shares most of the properties that
have been ascribed to endogenous CaCCs, whereas other
biophysical properties such as the single channel conduc-
tance was found to be different to endogenous channels
(Yang et al., 2008). Whereas Yang and colleagues searched
public domain databases for putative channel genes (Yang et
al., 2008), Schroeder and coworkers expression cloned
TMEM16A in Axolotl oocytes, which lack endogenous
CaCCs (Schroeder et al., 2008). Caputo et al. found
TMEM16A by analyzing genes that are induced by interleu-
kin 4, which also induce Ca2q-activated Cl- conductance
(Caputo et al., 2008). TMEM16A belongs to a family of
10 TMEM16 proteins (TMEM16A–K, ANO 1–10).
TMEM16A has eight putative transmembrane domains and
a p-loop between transmembrane domains 5 and 6. A puta-
tive pore forming region was suggested from experiments

with side-directed mutagenized channels. TMEM16 proteins
have no obvious similarity to other ion channels (Galietta,
2009; Kunzelmann et al., 2009). Moreover, TMEM16 pro-
teins exist as multiple alternatively spliced products in dif-
ferent cell types (Caputo et al., 2008).

Epithelial relevance of TMEM16A channels

An increasing number of studies demonstrate the relevance
of TMEM16A in epithelial tissues. The comprehensive anal-
ysis of Yang et al. indicated predominant expression in epi-
thelial tissues (Yang et al., 2008). Expression in both
mammary and salivary glands was also shown by in situ
hybridization and a function of TMEM16A in salivary
glands has been subsequently demonstrated (Schroeder et al.,
2008; Ousingsawat et al., 2009; Romanenko et al., 2010).
We analyzed the role of TMEM16A in a broad spectrum of
epithelial tissues, including airways, colonic epithelium, pan-
creatic acinar cells, salivary gland cells and hepatocytes
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Figure 4 TMEM16 channels work in concert with other proteins.
(A, B) Whole cell conductances in Xenopus oocytes coexpressing P2Y2 receptors and human wild-type TMEM16A, K610A–TMEM16A
or P2Y2 receptors only. Whole cell conductances were activated by ATP (100 mM) or ionomycin (1 mM). (C) Whole cell conductances in
Xenopus oocytes expressing P2Y2 receptors only or coexpressing P2Y2 receptors and human TMEM16A or TMEM16G, and effect of
CFTRinh172. (D) Summary of whole cell conductances measured in mock transfected HEK293 cells and in cells expressing TMEM16A or
coexpressing TMEM16A and Best1 (number of cells). *Statistical significance (paired t-test; p-0.05), �statistical significance (unpaired t-
test; p-0.05). (E) Best1 but not SERCA or IP3R3 was immunoprecipitated with TMEM16A. Best1 was coexpressed with TMEM16A,
SERCA or IP3R3 in HEK293 cells. TMEM16A was coimmunoprecipitated from cell lysates using a Best1 antibody (from Davids Tech-
nologie, Regensburg, Germany). The TMEM16A antibody was from Davids Technologie; all other antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). (F) Model for a hypothetical functional microdomain at the ER/plasma membrane interface that
contains ion channels and transporters in charge of Ca2q-signaling at Cl- secretion. $ Statistical significance to TMEM16A expressing cells
stimulated with ATP (unpaired t-test; p-0.05).

(Ousingsawat et al., 2009). In all of the tissues we found that
TMEM16A has a major contribution to Ca2q-activated whole
cell currents and to Ca2q-dependent Cl- secretion, respec-
tively. These experiments became possible because of a
TMEM16A-knockout mouse model that had been generated
earlier (Rock et al., 2008). Assessment of epithelial function
in these animals has been difficult, because neonatal animals
show a reduced weight and because they die within a couple
of days after birth (Rock et al., 2008).

Loss of TMEM16A function leads to multiple problems
in epithelial organs. Rock and colleagues found accumulation
of mucous in the lumen of tracheas of TMEM16A null mice,
whereas we detected missing cholinergic activation of muco-

ciliary clearance in tracheas of TMEM16A null mice
(Ousingsawat et al., 2009; Rock et al., 2009). This is sup-
ported by the finding of Lee and Foskett who found
TMEM16A in porcine bronchial submucosal gland serous
acinar cells (Lee and Foskett, 2009). The work by Yang et
al. and Romanenko et al. demonstrates the importance of
TMEM16A for saliva production (Yang et al., 2008; Roma-
nenko et al., 2010). Recent studies propose TMEM16A as
an intestinal secretory channel during diarrhea that could be
pharmacologically targeted (Tradtrantip et al., 2009). This
could be particularly important during infectious rotavirus-
induced diarrhea (Ousingsawat et al., submitted to Europ. J.
Physiol. 2010). Conditional TMEM16A-/- mice are currently



Ca2q-activated Cl- channels bestrophin and TMEM16 131

Article in press - uncorrected proof

Figure 5 Best1: upregulated during proliferation, inflammation and in cancer.
(A) Immunocytochemistry of Best1 expressed in the mouse cortical collecting duct cell line M1. Best1 is clearly expressed in proliferating
cells at the edges of cell islands, whereas non-proliferating cells in the center of the monolayers do not show expression of Best1
(bars20 mm). (B) Inhibition of BrdU incorporation and cell number by different concentrations of niflumic acid (NFA). Western blot
analysis of uncleaved and cleaved caspase-3. Cells have been grown in the presence of Staurosporine (0.5 mM), NFA (at the concentrations
indicated) and the BCL-2 inhibitor Abt 737 (20 mM) for 24 h (number of cells). *Statistical significance (unpaired t-test; p-0.05).
(D, E) Immunohistochemistry of TMEM16A in mouse kidney (bars30 mm), and (F) control (secondary antibody only; bars50 mm). Anti-
TMEM16A antibodies were from Davids Biotechnologie.

generated and will be needed to fully evaluate the role of
TMEM16A in other tissues such as intestine, kidney, liver
and pancreas.

Other exciting functions of TMEM16A

As outlined above, expression of CaCCs is abundant and for
TMEM16A and the other members of the TMEM16 family
a rather broad expression has been demonstrated (Schreiber
et al., 2010). It therefore does not come as a surprise that
evermore functions of TMEM16 proteins are identified. In
pulmonary arterial smooth muscle cells, TMEM16A medi-
ates CaCCs, which supports contraction and which could
therefore become a major pharmacological target in the near
future (Tradtrantip et al., 2009; Manoury et al., 2010).

TMEM16A expressed in interstitial cells of Cajal is funda-
mental for slow wave activity in gastrointestinal muscles and
thus for intestinal motility (Gomez-Pinilla et al., 2009;
Huang et al., 2009; Hwang et al., 2009). Other reports
strengthen the impact of TMEM16A on neuronal function
and show that TMEM16A is important for production of
nociceptive signals (Brown and Passmore, 2010; Liu et al.,
2010).

Recent research also shows a role of TMEM16A in eryth-
rocytes. We demonstrated that TMEM16A contributes sub-
stantially to hemolysin-induced cell volume reduction
because erythrocytes isolated from TMEM16A-/- mice show
significantly attenuated crenation and increased lysis com-
pared with controls (Skals et al., 2010). These findings also
imply a role of TMEM16A in cell volume regulation. All
vertebrate cells regulate their cell volume by activating Kq
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and Cl- channels and releasing ion to reduce intracellular
osmotic strength. The responsible volume-regulated Cl-

channels (ICl,swell) have not been identified. Volume- and
Ca2q-regulated channels have distinct properties but share
common features such as pharmacological features, outward
rectification or anion selectivity. We show that TMEM16A
together with other TMEM16 proteins are activated by cell
swelling through an autocrine mechanism that involves ATP
release and binding to purinergic P2Y2 receptors. It is obvi-
ous that TMEM16A currents produce a time-dependent acti-
vation of whole cell Cl- currents, whereas the typical volume-
regulated Cl- current (ICl,swell) shows a time-dependent inacti-
vation (Hoffmann et al., 2009). However, our present data
indicate that TMEM16A in conjunction with other TMEM16
members produce ICl,swell, and it is not yet clear how the
TMEM16 paralogs affect the properties of the TMEM16 cur-
rent (Almaca et al., 2009). Notably, also Best1 is regulated by
volume, although this regulatory pathway remains to be dem-
onstrated in human cells (Fischmeister and Hartzell, 2005).

TMEM16A channels are activated by ATP through
increase in intracellular Ca2q and by a Ca2q-independent
mechanism engaging extracellular regulated protein kinases
(Erk1/2) (Almaca et al., 2009). We demonstrate a role of
TMEM16A for ICl,swell and regulatory volume decrease in
recombinant cells, cells expressing TMEM16 proteins
endogenously and in epithelial tissues of isolated mice lack-
ing expression of TMEM16A. These results demonstrate a
crucial role of TMEM16 proteins for volume-regulated Cl-

channels, which could therefore be important for prolifera-
tion and apoptotic cell death (Almaca et al., 2009). Finally,
for other TMEM16 proteins physiological functions have
also been reported meanwhile: TMEM16B provides a ciliary
pathway for excitatory Cl- currents in mammalian olfactory
cells (Stephan et al., 2009; Hengl et al., 2010) and also forms
a presynaptic protein complex in photoreceptor terminals of
the retina (Stohr et al., 2009). In contrast, TMEM16G could
be the important CaCC in primate taste receptors (Moyer et
al., 2009).

TMEM16 channels work in concert with other

proteins

Regulation of TMEM16 appears complex and difficult to
determine. A recent analysis of all TMEM16 proteins
(16A–16K, ANO1–ANO10) indicated a broad expression in
all mammalian tissues and in different combinations (Schrei-
ber et al., 2010). Epithelial cells express mainly ANO1, 6,
7, 8, 9, 10, whereas neuronal and muscle cells express
ANO2, 3, 4, 5. Every cell type expresses several TMEM16
proteins and most cell lines we looked at come with a stan-
dard equipment of 16F, 16H, 16J together with more variable
expression of the other TMEM16 proteins. Even Xenopus
oocytes express several of these channels, such as ANO1,
ANO5 and ANO10 (data not shown). Such background
activity compromises the analysis of overexpressed
TMEM16 channels. Most TMEM16 proteins are membrane
localized, whereas TMEM16H, J, K are located in the cyto-

sol (Schreiber et al., 2010). Thus, most TMEM16 channels
do not reliably produce CaCCs, and TMEM16J and
TMEM16K were even inhibitory on other TMEM16 proteins
(Schreiber et al., 2010). It seems that TMEM16 proteins het-
ero-oligomerize and can therefore form Cl- channels with
particular properties in individual tissues (Almaca et al.,
2009). When the pore mutant hTMEM16A–K610A was
expressed in Xenopus oocytes, the endogenous CaCC acti-
vated by stimulation of purinergic receptors with ATP or by
ionomycin was suppressed (Figure 4A,B), which suggests
that the mutant protein interferes with wild-type protein by
hetero-oligomerization. This probably also takes place in
native mammalian cells because both Best1 and TMEM16A
are coexpressed in the same epithelial cells (Kunzelmann et
al., 2009; Ousingsawat et al., 2009; Barro Soria et al.,
2009b). Coexpression of TMEM16 proteins can also change
pharmacological properties, which could explain why CaCCs
in different tissues have variable pharmacological properties
(Hartzell et al., 2005a). Interestingly we found that expres-
sion of TMEM16G, which has been shown to produce a
CaCC (Schreiber et al., 2010), did not enhance the magni-
tude of CaCCs in Xenopus oocytes, but made it sensitive for
inhibition by 20 mM CFTRinh172, a channel blocker that typ-
ically only inhibits CFTR (Figure 4C) (Ma et al., 2002).
TMEM16 proteins might not only interact with themselves
but also with other proteins regulating channel activity (Bar-
ro Soria et al., 2009a; Forrest et al., 2010). Excitingly, we
were able to coimmunoprecipitate Best1 with TMEM16A
upon coexpression of both proteins in HEK293 cells (Figure
4D,E). This interaction probably also takes place in native
tissues because both TMEM16A and Best1 are coexpressed
in airway, colonic and renal epithelial cells (Al Dehni et al.,
2009; Kunzelmann et al., 2009; Barro Soria et al., 2009b).
To fully understand the function and regulation of CaCCs
and TMEM16 proteins in particular, it will be necessary to
appreciate all of these molecular relationships and to gain
more insight into these functional microdomains (Figure 4F).
It will also be exciting to learn how the different TMEM16
paralogs operate together to produce Cl- currents in a cell-
specific manner to meet the requirements of an individual
tissue.
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