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ABSTRACT

Since the molecule of Ca**-activated CI- channels (CaCC) had been
identified as ANOI, major progresses have been made in recent
studies on its roles in vascular functions. ANO1 has been confirmed to
represent the CaCC channels in vascular smooth myocytes (VSMCs).
Generally, ANO1 expresses more in resistance-size small arteries.
When activated, it functions to control the VSMC membrane potentials
by depolarization. As a result, the voltage-dependent Ca*" channel is
opened, leading to Ca®* entry and VSMC contraction. Thus, the function
of ANOL is important for maintenance of normal blood pressure. Under
influence of agonists, e.g., angiotensin II, ANOI also participates in
VSMC differentiation and remodeling which are mediated by KLFS5,
myocardin and SRF. The factors regulate the transcription of the ANOI
gene and other genes for VSMC differentiation and proliferation.
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INTRODUCTION

Ca?"-activated CI" channels (CaCC) have been recognized for a
long time as one of the most important anion channels in various
physiological functions: electrolyte secretion of pulmonary and
intestinal epithelia, motility of intestinal track, excitability of neurons
and cardiomyocytes, vascular tone and sensations of olfactory, visual
and gustatory organs!'-*. The CaCC channels are located to the apical
membranes of epithelial cells in airways and intestines, and complete
the secretion of CI" and HCO3 from epithelia into lumina. In digestive
tracts, the channels as a pacemaker reside in the interstitial cells of
Cajal, being responsible for the rhythm of intestinal movement. The
CaCC channels are activated by the intracellular free Ca>*. When
the channels are opened, the Clinflux or efflux participates in the
formation of membrane resting potentials and the repolarization of
action potential. Therefore, the normal function of the CaCC channels
are important to the neuronal and myocardial excitability.

Since the endogenous CaCC channelsin mammals were identified
as the products expressed by ANOI1 (anoctaminl) or TMEM16A

(transmembrane member 16a) gene in 2008, major progresses

have been made in the study of various aspects of CaCC-mediated

1371 Among

physiological functions and phenomena in mammals!
the progresses, the channel identification outstandingly contributes
to the elucidation of its roles in vascular functions?®. However,
understanding of the mechanisms how ANOI contributes to the
vascular functions, e.g., regulation of blood pressure (BP) and
vascular remodeling are not unanimous at present. In this review,
the authors have summarized the recent discoveries that delineate
the roles played by ANOI1 in functions of blood vessels with

different points of view.

THE CACC CHANNELS ARE IMPORTANT
FACTORS TO CONTROL VASCULAR CON-
TRACTION

The CaCC currents and channels have been recognized for three
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Anoctamin-1; ATIR: Angiotensin II receptor type 1, SMC: Smooth myocyte; VSMC: Vascular
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decades as one of determining factors to drive vascular tone
and contraction®!. Gating of voltage-dependent Ca>* channels
(VDCCs) in vascular smooth muscle cells is controlled by the
plasma membrane potential which is formed by the cooperative
activities of K channels and CaCC channels (Figure 1). At resting,
membranous K™ channels open, allows K efflux and depolarize
the membrane, which eventually forms resting potential. At the
moment, due to the low cytoplasmic Ca®" concentration, CaCC
channels remain closed. When intracellular environment changes,
e.g. sympathetic neurons are excited and release sympathetic
neuronal transmitters (SNT) which via a-receptors activate the PLC/
IP3/1P3-receptors pathway or circulating angiotensin II (Ang II)
acts on its receptor, AT1R (angiotensin II receptor type 1), the Ca**
in endoplasmic reticulum (ER) is released into cytoplasm when IP3
receptors are opened. Cytoplasmic Ca*"activates CaCC channels
and makes them open. By the driving force of CI concentration
gradient, cytoplasmic Cl" flows out of cells and depolarizes the
plasma membrane. The depolarized membrane potential opens
VDCC and extracellular Ca®* heavily flows into cells and triggers
the SMC contraction (Figure 1). One can easily find that the
CaCC channels not only sense the changes of intracellular Ca*
concentration and regulate the SMC membrane potentialsbut
also influence the intracellular Ca®>* concentrations via VDCC.
Therefore, the CaCC channels play important roles in maintenance
of intracellular Ca®>* homeostasis and VSMC contraction.

DOMINANT DISTRIBUTION OF ANO1 PRO-
TEINS TO VASCULAR SMOOTH MUSCLE
CELLS (VSMC)

Early studies demonstrated that CaCC currents were distributed
to VSMC instead of endothelia. At present, several studies have
demonstrated that ANO1 proteins represent the endogenous
CaCC channels in VSMC by way of ANO1 transcript knockdown
approach. Being consistent with the early studies, ANOI1
distribution has been presently found dominant to the VSMC.
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Greenwood group examined the expression profile and protein
translation of ANO1 in SMCs of mouse portal vein, thoracic aorta
and carotid artery by qualitative recording of whole-cell CaCC
currents, quantitative PCR and western blot analysis!'!l. Patch-clamp
experiments revealed that ANO1-GFP-induced CaCC currents in
HEK 293 cells and in vascular myocytes displayed biophysical and
pharmacological similarities. An ANO1 specific antibody indicated
that ANO1 protein was distributed diffusely throughout the
cytoplasm as well as near the plasma membrane of isolated SMCs
and identified in the smooth muscle layers of vessels. The antibody
also recognized a 120 kDa band on the western blot membrane.
ANOLI has also been demonstrated to be the major constituent of the
vascular CaCC channels in rat pulmonary artery SMCs (PASMCs)
with molecular knockdown approach and electrophysiology!'?l.

In further experiments, using molecular biology and patch-clamp
electrophysiology, Jaggar group confirmed that it was ANO1 in
SMCs of resistance-size rat cerebral arteries that produced the CaCC
currents!’?), Cell surface biotinylation and immunofluorescence of
arteries indicated that ANO1 channels are located primarily within
the SMC plasma membrane. Knockdown of ANOI1 using siRNA
further supported that ANOI1 channels which were inserted into
the plasma membrane generated CaCC currents in cerebral artery
SMCs.

Downregulating CaCC currents in rat resistance-size mesenteric
small arteries by in vivo transfection of ANOI siRNA, Matchkov
group demonstrated that knockdown of ANO1 resulted in inhibition
of both the “classical” and the cGMP-dependent CaCC currents!'.
Downregulation of the latter may be due to the somehow reduced
expression of bestrophins for unknown reasons. With isolated
arterial segments, the authors observed that knock down of ANOI1
reduced agonists (noradrenaline and vasopressin)- and K*-induced
contractions measured by isometric force, suppressed agonists-
induced membrane depolarization and inhibited agonists-induced
rise in [Ca*']; (intracellular Ca*" concentration) and Ca*" entry. This
study strengthened the concept that the “classical” CaCC currents
regulate SMC membrane potentials which, in turn, gate VDCC and
Ca’" entry.
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ANO1 LOCATED TO DIFFERENT VESSEL
BEDS MAY PLAY DIFFERENT ROLES IN REG-
ULATION OF VASCULAR CONTRACTILITY

It has been a well-known consensus that activation of CaCC
channels by intracellular Ca®* in VSMC plays a role in depolarization
of plasma membrane which activates VDCC and induces Ca®*
influx and VSMC contraction!”’. CaCC channels in VSMCs have
been confirmed as an important player in production of vascular
contractility. Since the molecular identity of the endogenous CaCC
channels was confirmed as ANO1, Huebner and Schroeder group has
made one of the most remarkable progresses to reveal how ANO1
participates in the regulation of BP!"*). The group firstly examined
the CaCC current density of arterial SMCs at different loci and found
substantial CaCCs in VSMCs of the mouse aorta and carotid arteries
while CaCC currents were found to be small or absent in VSMCs of
medium-sized vessels such as mesenteric arteries and larger retinal
arterioles but the currents were particularly large in small vessels of
the retina, brain and skeletal muscle where contractile intermediate
cells or pericytes gradually replace VSMCs. With conditional
knockout of ANOI, the group successfully demonstrated that CaCC
currents were eliminated from these cell types in all small vessels
studied. Consistently, the ANO1-targeted mice had lower systemic
BP, a lower hypertensive response to vasoconstrictor, Ang II and
reduced responsiveness of the aorta, small retinal arterioles and hind
limb arteries to the vasoconstriction-inducing drug U46619. The
results strongly support that the physiological function of the CaCC
channels, ANOI is promoting VSMC contraction.

In line with the above, Qu group recently confirmed the similar role
of ANOI in the spontaneously hypertensive rat (SHR) model. ANO1
was found to be overexpressed in the aortic, carotid and hindlimb
arteries, and branches of mesenteric arteries (resistance-size vessels)
1), The higher CaCC currents of VSMCs of SHRs than control WKY
rats were mediated by ANO1, which was demonstrated by an ANO1
inhibitor, T16A;;-A01, and RNAi. Knockdown of ANOI by siRNA
in vivo transfection prevented hypertension onset and attenuation of
ANOI1 channel activity by T16A;,,-A01 in vivo reduced BP in SHRs.
The phenylephrine-constricted mesenteric arterial rings from SHRs
were much less responsive toT16A;,,-A01 than WKY rats. When
the endogenous ANOI in arteries of SHRs were knocked down, the
EDs, of T16A;,;,-A01 for SHRs decreased to the similar level to that
for WKY rats. The data indicate that the increased ANO1 expression
and activity induced hypertension in SHRs, being consistent with the
physiological role of CaCC channels.

Supporting the above results, in a monocrotaline-induced
pulmonary hypertension (PH) rat model, Leblanc group found that
the augmented ANO1-encoded CaCC activity in PASMCs from
intralobar pulmonary arteries ofthe model is associated with PH!"".

However, Guan and Zhou group revealed a surprising phenomenon
with a renohypertensive rat model where the activity of CaCC in
SMCs of cerebral basilar arteries was decreased and the CaCC
current density or ANOI protein in the SMC layer of basilar arteries
was negatively correlated with BP levels during hypertension of
the model. The authors stated that both the channel activity and
expression of ANO1 were downregulated by CaMKII kinase
while the enzyme activity in the basilar artery was increasing with
renohypertensive progression'"®l. Unfortunately, the authors did not
provide any evidence whether the lowered ANO1 expression affected
the contractility of cerebral basilar arteries and how ANOI regulated
the BP in the renohypertensive rat model.
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Collectively, the function of ANO1 in different loci of blood
vessel beds may differently affect the vessel contractility.

HOW DOES ANOT1 PARTICIPATE IN SELF-
REGULATION OFCEREBRAL ARTERIAL-
CONTRACTION?

Participation of ANO1 in regulation of VSMC contractility is not
only mediated by humoral factors but also by mechanosensitive
mechanism which controls the intravascular pressure of arterioles
and the blood flow volume through organs™. The mechano-
sensitive mechanism has been well-known to be contributed by
cation channels, e.g., Ca*", K" and TRP channels??!. However,
the study on the involvement of anion channels in the process had
been retarded due to unknown identity of CaCC channels which
was regarded as an important factor in the process. Jaggar group
recently made a major contribution to the elucidation of the role
ANOI played in the myogenic response of the cerebral arteries
after ANO1 was identified as the endogenous CaCC channel!™!,

With an ANO1 inhibitory antibody and siRNA, the group
skillfully demonstrated that hyposmolarity or cell swelling-induced
whole-cell CI currents and the Cl™ currents activated by the stretch
on the cell-attached membrane induced by negative pressure
through recording pipettes, were produced by ANO1 expressed
in cerebral arterial SMCs. Since ANO1 knockdown reduced
intravascular pressure-induced depolarization of endothelia-
denuded arteries and vasoconstriction, the group concluded that it
was activation of ANOI that triggered membranous depolarization
and myogenic response. The results obtained with nimodipine (a
VDCC inhibitor) or thapsigargin depleting intracellular Ca®" stores,
both of which did not alter swelling-activated ANO1 currents,
further supported the conclusion!™.

Furthermore, with Gd*" and SKF-96365, nonselective cation
channel blockers, the study suggests that mechanical stretch on
smooth myocytic membrane may activate nonselective cation
channels and induce extracellular Ca®* influx which forms local
high cytoplasmic Ca*" environment around ANO1 and opens the
CaCC channel which leads to membrane depolarization. The latter
was proved by removal of extracellular Ca®* and replacement of
intracellular EGTA with BAPTA, a fast Ca®* chelator. The myogenic
contraction ensues after VDCC activation by the depolarization and
VDCC-induced large amplitude of Ca®" influx (Figure 2)!",

EFFECT OF ANO1 ON VSMC PROLIFERA-
TION AND REMODELING

ANOI1 has been found capable of promoting cell proliferation
in many cell types including malignant cells!”. Consistently, in
mesenteric and aortic arterial SMCs, Qu group observed that the
protein level and activity of cellular ANOI positively correlated
with VSMC proliferation. Moreover, Ang Il upregulated ANOI1
expression via AT1R in primary cultures of VSMCs. Therefore,
the group believes that ANO1 may mediate Ang II-dependent
vascular remodeling during hypertensive development in SHRs!"*\.
Interestingly, in human atrial fibroblasts contributing to myocardial
tissue remodeling, Ang II activated the CaCC channel ANOI1 via
ATIR instead of upregulating ANO1 expression'??.

Nonetheless, in the SMCs of cerebral basilar arteries of the
renohypertensive rat model, Guan and Zhou group realized that
Ang IT and ANOI inhibited their effects reciprocally!"®!. The
group demonstrated that Ang II repressed ANO1 expression of



Qu Z et al. Roles of ANOL1 in vascular contractility and remodeling

Ca™

]

cl Ca”
LI LY ™ g &
L LT
ANOI
Nonselective
cation channel | —
Membrane
Membrane * e depolarization
stretch (T T
o g
—— L ™
Cl [ ]
[Ca™ i T
IP3R
ER
VSMC

-
| ' VDCC

SMC contraction

Figure 2 ANOI-mediated myogenic contraction of VSMC. ANO1: Anoctamin-1; SMC: Smooth myocyte;

VSMC: Vascular smooth myocyte; VDCC: Voltage-dependent Ca* channel.

basilar arterial SMCs while knockdown of ANOI1 facilitated but
its overexpression inhibited Ang II-induced cell cycle transition
and cell proliferation determined by flow cytometry and BrdU
incorporation. ANO1 affected cell cycle progression mainly through
regulating the expression of cyclin D1 and cyclin E. However, the
intermediate links between ANO1 and latter ones remain unknown.

To uncover the mechanism how ANOI1 is involved in the
Ang Il-induced vascular differentiation and remodeling, Wen
group recently studied the molecular regulation of ANOI gene
transcription!®’). With a luciferase reporter assay and molecular
manipulation of human ANOI gene promoter, the group first studied
the relation of myocardin (a transcriptional coactivator expressed
exclusively in SMCs and closely related with SMC differentiation)
with serum response factor (SRF) which recognizes a binding
site on the ANOI promoter in human aortic SMCs and found that
myocardin promoted ANO1 expression by forming a complex
with SRF. In turn, the promoted ANO1 expression upregulated
expression of myocardin and VSMC marker genes (SM22a and
SMa-actin), thus forming a positive feedback loop that induced
cell differentiation. Meanwhile, ANO1 decreased proliferation-
relating PCNA (proliferating cell nuclear antigen) and cyclin D1
levels possibly through myocardin and inhibited cell proliferation
(Figure 3A). Unfortunately, how ANO1 upregulated myocardin
transcription or translation remains mechanically unsolved yet.

In further study, the group elucidated the mechanism that Ang II
inhibits ANO1 expression. Because Kriippel-like factor 5 (KLFS5) is
known to mediate Ang II-induced gene expression, VSMC proliferation
and cardiovascular remodeling®, the authors investigated whether
KLF5 mediated Ang Il-induced suppression of ANO! expression®*.
At three levels, the mediation was elaborately demonstrated with
cultured SMCs, KLF5" mice, ANOI promoter-carrying luciferase
reporters and coimmunoprecipitation. Consequently, Angll inhibited
ANOI expression via KLF5 in cultured human aortic SMCs; infusion
of Ang II into mice caused a marked reduction in vascular ANOI
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expression and remodeling but the Ang II-induced effects were largely
reversed in KLF5 mice; KLF5 competed with SRF to interact
with myocardin, limited myocardin binding to SRF and inhibited the
synergistic activation of the ANOI promoter by myocardin and SRF;
a coimmunoprecipitation assay showed that Ang II, in dose- and time-
dependent manners, promoted the interaction of KLF5 with myocardin
and disruptedthe association of myocardin with SRF. A schematic
delineation of the relation between all factors is shown in Figure 3B.

It is noteworthy that overexpression of ANOI largely blocked
Ang Il-induced upregulation of cyclin D1 and PCNA, and BrdU
incorporation which are related with cell proliferation and abrogated
Ang II-induced downregulation of SM22a and SMa-actin which are
related with cell differentiation. These findings strongly suggested
that ANOL is an intermediate link, standing between the initial
sensor (ATIR) and the effectors (proliferating factors). ANOI itself
may not be an effector for cell proliferation and differentiation.

The studies evidently demonstrated that Ang I induced KLF5
expression and KLF5 associated with myocardin and disrupted the
myocardin-SRF complex, subsequently leading to inhibition of
ANOIL transcription.

Another note worthy phenomenon is that it seems that ANO1
expression and function are differentially regulated in blood vessel
beds of different loci. ANOI also behaved similarly in cancer cells
or tissues, playing different roles in proliferation in different cancer
cell types, e.g., ANO1 promotes cell proliferation in many cancer
tissues!” but in one liver cancer cell line it could dramatically
prohibit cell proliferation (data not shown).

FACTORS PHYSICALLY BINDING WITH
ANOI1

ANOI is a membranous protein located to plasma membranes of
VSMCs where it functions to regulate the membrane potentials.
Greenwood group discovered that ANO1 overlapped with the lipid
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raft markers of VSMC membranes, caveolin and flotillin-2 in the
fractions of discontinuous sucrose gradient ultracentrifugation,
suggesting that ANO1 possibly existed in the caveolae of lipid
raft®). Lipid raft is a macromolecular complex comprising a
multitude of proteins. M-BCD (methyl-b-cyclodextrin, a cholesterol
chelating agent capable of enhancing aqueous solubility of
cholesterol and influencing integrity of the membranous lipid
raft), augmented the CaCC currents and altered the membranous
distribution of caveolin, flotillin-2 and ANOIwhen applied to the
SMC isolated from mouse portal veins to delete the membranous
cholesterol. It remains unknown what factors interacts with ANO1
inside the lipid raft of SMC membranes.

The group further found that phosphatidylinositol**! bisphosphate
[PI(4,5)P2] bound directly to ANO1 protein on the plasma membrane
of isolated rat PASMCs*. PI(4,5)P2 is a bio-active integral
component of cell membranes. Agents that reduced PI1(4,5)P2 levels
by phospholipase C activation, PI4K (phosphatidylinositol 4-kinase)
inhibition or PI(4,5)P2 scavenging and absorption, all increased
CaCC activity of PASMCs whereas PI1(4,5)P2 inhibited the CaCC
currents, suggesting that PI(4,5)P2 was a negative regulator of
ANOlchannels.

ANOI has been demonstrated to physically interact with various
protein factors in other types of cells, e.g., calmodulin, EGFR,
TRPVI1, TRPV4, VDCC and cytoskeleton protein actin and moesin,

27331 In cerebral basilar arteries, the result that ANO1 channel

etct
activity was negatively regulated by CaMKII activity may be related
with binding of calmodulin with the channel!'*,

The physical and functional interactions between ANOI1
and VDCC were found in presynaptic terminals of murine
photoreceptors. Not only does ANOI1 physically associate with the
al subunit of VDCC in vitro and in the retina but the functional
interaction between ANO1 and VDCC auxiliary 0284 subunit was
also been demonstrated in the retina of Cacna2d4 mutant mice,
in which the VDCC auxiliary 0264 subunit carried a nonsense
mutation disrupting the VDCC channel function. Because of the
disruption, synaptic terminals of mutant photoreceptors were
disarranged and synaptic proteins as well as ANO1 channels lost
their characteristic localization. Simultaneously, CaCC currents are
impaired in rod photoreceptors.

It remains to be examined whether the physical interaction of
ANOI and VDCC also occurs in VSMC. It is well-known that
VDCC channels in VSMC exhibit close functional association
with CaCC channels. Therefore, it is worthy to characterize their
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physical interaction. Also, it will be a valuable experiment to
delineate the mechanism of ANOI1 in regulation of vascular tone
and contraction with the Cacna2d4 mutant mice.

Since cytochalasin D disrupted the actin cytoskeleton and
changed the CaCC biophysical characteristics of ANO1 in SMCs
of murine portal vein, it was suggested that ANO1 may interact
with abundant actin cytoskeleton”. Along with the fact that ANOI
interacts with moesin, another cytoskeleton protein®®, it seems that
ANOI channel function requires support from the cytoskeleton
proteins in VSMCs.

SUMMARY

With more and more progresses made in the study about the roles
of ANOLI in vascular functions since the molecule of the CaCC
channel was identified, ANOI is getting close to taking the center
court as a player for vascular functions. ANOI1 has been confirmed
to represent the CaCC channels in VSMCs. It functions to control
the membrane potentials by depolarization when activated. As
a result, ANOLI is capable of affecting VDCC gating, Ca®* entry
and VSMC contraction. Under influence of agonists, e.g., Ang II,
ANOI, through unknown-yet pathways, participates in vascular
differentiation and remodeling with help of some nuclear factors,
e.g., KLFS, myocardin and SRF which regulate transcription of the
ANOI gene.
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