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SUMMARY

The family of anoctamins consists ofrtedifferent proteins (called ANG10 or TMEM16A
K). A variety of functionshave beemttributedto anoctaminsuchasthat of C&" adivatedClI
channelscontrolling CI secretion,cell volume,cell migration and proliferation, and that of
phospholipid scramblase®ntributing to apoptotic cetleath.Someanoctaminmembers are
overexpressd in tumes and have beenlinked to developmeat defects.Mutatiors in
anoctamingan cause genetic diseases and cartldewever it is unknown howanoctamins

fulfill these varioudunctions

Before ANCL was identified as arotein forming achloride channel, it was known #se
cancer marker DOG1. DG1/ANCL is expressed in gastrointestinal stromehors(GIST)
and patrticularly in head and neck squamous cell carciibtN&CC) and is not detected at
very high levels in other tissuedle found thatANOL1 strongly augmentsell proliferation,
cell migrdion and metastasi§Ve also found thaANO1 expression is controlled Hyistone
deacetylase(HDAC), correspondingvell to the knevn role of HDAC in HNSCC. As ANQ
did not enhance proliferation in every cell type, its functisrperhaps modulateldy celt
specific factorsin contrast to ANO1, we found that ANQOBy operating as a Gaactivated
membrane phospholipid scrarabé supports cellular apoptosand necroptosisather than

promotingproliferation.

Earlierfindings from our laboratory and othgroups indicated tha&&NOG6 is aCl” channela
phospholipid scramblase aadonselective cation channel activated by intracellul&f @ad
pro-apoptotic stimuli. Moreover, previous studies characterized ABQas an outwardly
rectifying CI channel (ORCCand volumeregulated anion channel (VRA®@)at is activated
during apopttic cell deathIn the experiments presented here | found a major roddN@I6
for both regulatory volume decrea@igVD) as well as apoptotic volume decreds®'D).
RVD and AvDwereexamined irfour different cell typesinder physiological conditions, i.e.
in the presence of physiological intracellular and extracellular batiticsts and at 37 °C.

Moreover swelling activated whole cell currents and volume regulation was assessed
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freshly isolated intestinal epithelial cells framid type and anoctamin 6 knockowmice. The
data indicate thaANO6 generatesa VRAC and is activated durinBvVD by membrane
stretch, C&' influx through TRP channels and activation of phospholipasePA24), which
generatesnembrane lysophg$olipids(LPL). Accumulation of LPL in the plasma membrane
enhancesnembrane tensn, which possibly induces a conformational change of ANOG6,
thereby opening the CTtonductive pore and causing RVD. Remarkably, RVD \aagely
reduced in intestinal epitheliaklls from ANO6 knockout micélhe results also demonstrate
that ANOG is activated by low intracellular Civhich suggests that ANO6 operates as an

osmaosensaor.

ANO6 was further demonstrated to participate in tim@ate immune responsé
macrophages. We could demonstrate thahacrophages Gainflux throughP2X; channels
leads to initial cell shrinkage, phosphipid scrambling, cell membraneblebbing and
ultimately cell deathCell migration and phagocytic agiy wasfound to be largelyeduced

in Ano6’~ macrophagesiVe proposed tha&NO6 plays a central role for the immune defense
realized bymacrophagesihe data also indicate that P2kduced cell death in macrophages

is due to activation of apoptosiswasll as necrosis.

Another member of the anoctamin famiANO10,wasalso demonstrated to be expressed in
macrophagesnd to participate in innate immune response. In collaboration with the Max
Planck institute of experimental Medicine in Géttingen wenatthat the genomic ANO10
mutationR263H increases serum titers of antibodies directed against Lyme disease causing
Borrelia. We suggest thaaNO10-R263Henhances susceptibility towarBsrrelia infection

and attenuates clearance ggirochetesafter tick bites ANO10-R263H caused reduced
VRAC activity and RVD. Loss of ANO10 expression in macrophages compromised
phagocytosis and clearanceRirrelia, attenuated volume regulation and reduced apoptotic
cell death. Taken together the results demonstrateatioctamins participate in the regulation

of proliferation and cell death and play important roles in cancer and innate immune defense.
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Zusammenfassung

Die AnoctaminFamilie besteht aus zehn verschiedenen Proteir®NO{-10 oder
TMEM16A-K). Inzwischen wude den Anoctaminen eine Vielzahl von Funktionen
zugeordnet. So bilden Anoctamine “Gaktivierte Chloridkanale, nehmen EinfluR auf das
Zellvolumen, die Zellmigration und Zellproliferation und bilden Membranphosphelipid
Scramblasen, womit sie einen Beitragn apoptotischen Zelltod leisten. Einige Anoctamine
sind in Tumoren Uberexprimiert undesden mit Entwicklungsstérungen in Verbindung
gebracht. AnoctamiMutationen koénnen genetisch bedingte Krankheiten und Krebs
verursachen. Es ist jedoch weitgehend akamnt, wie Anoctamine diese verschiedenen

Funktionen erflllen.

Bevor Anoctamin 1 (ANO1) als Chloridionenkanal identifiziert wurde, war es als der
Krebsmarker DOG1 bekannt. DOG1/ ANOL ist in gastrointestinalen Stromatumoren (GIST)
und vor allem in Weichikumoren des Kopfbereichs (HNSC@grarthoch exprimiert, wie

man dies in gesunden Geweben nie vorfindet. Wir fandemwaus dass ANO1 die
Zellproliferation, Zellmigration und Tumormetastasierung fordert. Wir fanden ebenfalls, dass
die ANOZIX-Expression dwh HistonDeacetylasen (HDAC) kontrolliert wird. Dies korreliert
sehr gut mit der bekannten Rolle von HDAC in Kopftumoren. Da ANO1 nicht in jedem
Zelltyp die Proliferation stimuliert, ist anzunehmen, dass seine Funktion durch zellspezifische
Faktoren modigért wird. Im Gegensatz zu ANO1 fanden wdass ANO6als C&"-aktivierte
PlasmamembraRhospholipidscramblase die zellulare Apoptose und Nekroptose unterstitzt,

anstatt Proliferatiozu fordern.

Ergebnisse aus unserem Labor und von anderen Arbeitsgrupgigen, dass ANOG6
offensichtlich gleichzeitig einChloridionenkanal, eine Phospholipidscramblase und einen
nichtselektiven Kationenkanal bildet und durch intrazellulare Calciumionen und
proapoptotische Stimuli aktiviert wird. Weiterhin kennzeichnen igiHgtudien ANOG6 als

auswartggleichrichtenden Chloridionenkanal (ORCC) und als volumenregulierten
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Anionenkanal (VRAC). Diese lonenkanalstrome werden wahrend des apoptotischen Zelltods
aktiviert. In den hier vorgestellten Experimenten fand ich eine dongérfRalle von ANOG6
sowohl fur regulatorische Volumenabnahme (RVD), als auch fir den apoptotischen
Volumenverlust (AVD). RVD und AVD wurden in vier verschiedenen Zellarten unter
physiologischen Bedingungen, d.h. in Gegenwart von physiologischen- inind
extrazellularen lonenkonzentrationen und bei 37 ,°uBtersucht. Dartber hinaus wurden
Chloridionenstrome und Volumenregulation in frisch isolierten Darmepithelzellen von
Wildtyp-Méausen und ANO4&Knockoutméausen untersucht. Die Ergebnisse zeigen, dass ANOG6
einen VRAC generiert und wahrend RVD durch Dehnung der Plasmamembran,*Ca
Einstrom durch Transient Receptor Potential (TRPKanélen und Aktivierung von
Phospholipase A2 (PLA aktiviert wird. PLA; fihrt zur Bildungund Akkumulationvon
Lysophogholipiden (LR.) in der Plasmamembranwas zu eing Spannungadnderung
innerhalb der Plasmamembrdmewirkt und eine Konformationsanderung von ANOG6 zur
Folge hat. Dies Konformationsanderunigduziert dieOffnung des ANO6&Kanals und die
Aktivierung von RVD. Bemerkenswerteveise war die Kanalaktivierung und RVD in
intestinalen Epithelzellen von ANG6nockoutmausen deutlich rediert. Weitere Ergebnisse
zeigen, dass ANOG6 durch eine niedrige intrazellulare Chloridionenkonzentration aktiviert

wird, was darauf hindeutet, dasBl@6 als Osmosensor funktioniert.

Weiterhin konnte eine Beteiligung von ANO6 bei der Immunreaktion in Makrophagen
demonstriert werden. Wir konnten zeigen, dass in Makrophagen déE@atrom durch
P2X; Kandle zur initialen Zellschrumpfung fuhrt und damaPhospholipidscrambling,
ZellmembrarBlebbing und schlie3lich Zelltod induziert wird. Die Zellmigration und
Phagozytosé\ktivitat war deutlich reduziert in AneBnockoutMakrophagen. Hieraus
schlossen wir, dass ANOG6 eine zentrale Rolle bei der Immunabdvebh Makrophagen
spielt. Die Daten zeigen ebenfalls, dass der/H@duzierte Zelltod in Makrophagen durch

gleichzeitige Aktivierung von Apoptose und Nekrose zustande kommt.
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Ein weiteres Mitglied der Anoctaminfamilie, ANO1Qyird ebenfalls in Makrophage
exprimiert. In Zusammenarbeit mit dem MBlanckInstitut fir experimentelle Medizin in
Gottingen konnten wir zeigen, dass die genomische ANO10 Variante R263H zu erhdhten
SerumTitern von Antkdrpern gegen Borreliiihrt, welche die Lymé&rankheit verurachen.

Wir vermuten dass ANO16R263H die Anfalligkeit fur Borrelialnfektionen erhdht und deren
Elimination nach Ubertragung durch Zeckenbisse reduziert. ANR?BBH inhibiert die
VRAC-Aktivitat und vermindert RVD. Ein Verlust der ANOJXpression in Malaphagen
hemmt die Phagozytose und Elimination von Spirochaten, beeintrachtigt RvD und hemmt
Apoptose. Zusammengdasst zeigen die Ergebnisse, dass Anoctamine Proliferation und
Zelltod kontrollieren und eine wichtige Rolle bei Krebs und angeborener Immuhabwe

spielen.
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Introduction 1

CHAPTER 1
Introduction

lon channelsform transmembraneores, whichhave mechanissifor gatingto control the
movement of particular ionspecies. lons are driven liyeir mncentration gradiertb move
from one side of plasma membrane to the ofherMembrane iorchannelsare in charge of
numerousphysiological functionsin fact nutations in ion channglcauseeithera loss or a
gain of channelunction, whichmay lead tovery differentcellular problems, the so called ion

channeldisease$l).
Chloride channels

Chloride (CI) channelsonsist of a large family diinctionally and structuralldifferent
anionselective channels in plasma membge intracellular orgarnkes (2). Some CI
channels ar@ot only permeable for chloride, but also fither anionsuch as bicarbonate,
bromide, and iodideas well assmall organic osmolyteBke taurine (3). Their functions
involve membrane excitabilityn neurons, skeletamuscle, cardiac muscle and smooth
muscle cells In addition CI" channelsare necessary to counterbalance the electrogenic
transport by théd*-ATPase which is required foraddification of internal and exacellular
compartmentg2). CI' currents arealso esential for transepithelial saltansport, as well as
for the regulation of the cell volume. Moreover, Clchannelsare in charge otellular
homeostasis during cell proliferation and differentiat{dgh CI' channelscan beclassified
into five function& groups (4). i) Ligand-gated CI channels are made agpentameric
structuresand are excitatory in embryonic neusoand inhibitory inthe differentiated
neuronal tissues of the centrarvous systenl). For example GlyR and GABR respond
to the inhibibr y newur ot r ans mi t t-amnsebutyrigdcigd (GABAX3). ()Gl vy )
The cAMP/PKA activated channelwhich is the well-known cystic fibrosis transmembrane
conductance regulator (CFTR), a member of the -Biffeling cassette (ABC) transporter
superfamly. CFTR is most prominently expressed in the apical surface of various epithelial

cells andis regulated by cyclic AMRlependent protein kinase A (PKAnhd ATRbinding
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CFTR is demonstrated to regulate voluregulated anion channels (VRAC), as well dseot

CI' channels, such as outwardly rectifying chloride channel (OR&) calciurmactivated

CI' channels (CaCC). CFTR also functions as a regulator of other ion channels and
transporters, such as amiloridensitive epithelial Nachanne (EN&C), inwardy rectifying
potassium channglike the rend outer medullary potassium channel (RONIknd various

ion exchangerg5;6). The mutationpF508 (del eti on of phietheyl al an
most common mutatiorcausing cystic fibrosis due tmisfolding of the protein and
consequently targeting for degradation within endoplasmic reticulum (ER) iii) Voltage-

gated CI channelsare found either in the plasma membranén intracellular compartmes

of several cell typesThe so calledCLC channed foom animportant group of voltaggated

CI' channels(3;5). This family has been demonstrated to play a role in a variety of
physiological processes, includinghaintainance ofresting membrane potensal pH
regulation, cell volume regulation, ion transpocell migration, cell proliferation and
differentiation(1;7;8) iv) Calcium-activated CI channels (CaCCs)exhibit slow activation,
subsequent membrane depolarization, outward rectification of the stizde\current voltage
relationship and an anion npeeability sequence of I> CI. Various stimuli (such as
cholinergic agonists) directly activate CaCCsrisjng intracellular C&" ([C&®"];) via inositol
1,4,5triphosphate (1B signaling and Cd influx through plasma membrane voltagated

Cd* channés (6). CaCCs are abunddyntexpressed in most eukaryotic cells aark
associated witka large number ofphysiological functions, such as epithelial fluid secretion,
sensory transduction, neuronal amdrdiac excitability, regulationof smooth muscle
contaction and nociception, cell proliferation, phospholipid scrambling and regulation of cell
death(5). v) Volume-regulated CI' channelsare activated by cell swelling in response to
hypotonic shock.Regulation ofthe cell volume always involves activationof volume
regulated K and CI channels, resulting iarelease intracellular ions and water efflux te re
shrink the cellsThis is called theegulatory volume decrease (RVIY). These channels
called Iciswer, are generally produce outwardy-rectifying CI' currens and show time-

dependent inactivatioat positive membrane potentig). Various mediators and signaling
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pathways have been reportedactivate these channgsich as extracellulregulated kinase
ERK1/2, the cytoskeleton, phospholipage€-dependent pathwayand intracellular ATRor

Cd* (10-13). In mammaliancells, volumeregulated Clchannels arémportant for cell
volume regulation, immunological responses, cell proliferation, cell differentiation and cell
death(9;1416). Cells havanechanisms to control their volume during cell cycle progression.
It has been reported that volusregulated Clchannels are involved in survival signaling to
control downstream target proteins in GO/G1 and S phases of cell(t$¢1&) Additionally,
changes of cell volumare relatedo cell death, particularly apoptogis4;18) Cell shrinkage

has been shown to libe hallmark ofthe initial step in apoptosis termed apoptotic volume
decrease (AVD) which is induced Beveral apoptotic compounds andhaddgical situations

(16;19;20)

Cell Shrinkage
Membrane Blebbing

. Cell Swelling
\‘ Damaged Ormganelles

Autophagosome Formation Q
Autophagosomal-Lysosomal Fusion k ' O
) Cytoplasmic Vacuolation ,
@ -

-

Plasma Membrane Rupture
Cell Lysis

Massive Vacuolization
Protein Degradation
Loss of Organelles

Fig. 1. Apoptosis, Autophagy and Necrptosis. Morphological featires of distinct
programmed cell death (PCI91).

Cell death

Programmed @l death (PCD) is an essential biological process during development,
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homeostsis and immunity fomulticellular organims. Thetype of PCD is depended on
stimuli and background of individual celBCD is required for elimination of individual cells
during homeostasis o&dult organisms, tissue remodeling and organ developmente\éow
PCD is also involved in various diseases, such as cancers, autoimmune and
immunodeficiency diorders. To date, PCD mescribedoy morphological criteria into three
types.PCD type | is called apoptogiBig. 1) Apoptoss isdescribed by unique mdmplogical

and biochemical changes consisting of cell shrinkage (pyknosis), DNA fragmentation
(karyorrrexis), nuclear condensaticativationof proteolytic enzymes caspasasl blebbing

of the plasma membrane. The interoall components are tightly paelin apoptotic bodies

and then rapidly engulfed by phagocy{22;23) PCD type Il is name@utophagy (Fig. 1)
Autophagyis typically triggered by nutrient starvation. Autophaginitiated by formation of
unique organellet er me d 06 a u t Adtgr fusiog with dysosotnes cetirganelles and
proteins aredegradedn vacuolesby lysosomal or vscular hydrolasestfter (25). PCD type

[l is callednecrosis or necroptosffig. 1).After stimulation ofthe TNF recepto(TNFR) by

TNFa the ecruitment of te TNF recepteassociated death domain (TRADD) amdeptor
interacting protein kinase R(PK1) isinitiated. In the absence dctive caspase 8, RIPK1
and RIPK3 forms a complex called necrosome, which activates theeproptotic protein
mixed lineage kase domaitike (MLKL) (26). Active MLKL is translocated to the plasma
membrane and into the membranes of intracellular organelles (such as ER, mitochondria and
lysosome) forms nonspecific poeeand Na* and C4&" influxes which is required for
necroptais induceccell death(27).

Apoptosis

Apoptosis § a wellorganized sequence of morphological events and energy dependent
proceses. Apoptotic cellsare recognizedby phagocytesand rapidly engulfedwithout
inflammatory response#poptosis has been codsredasan irreversible proces8ecause
activation of caspasdgaspase, -6 and-7) commit cells toa 6 p odf-motr e t (28;290
Caspasesependent apoptosis pathways are mediatecexirinsic (receptemediated)or

intrinsic (mitochondriamediated)signalng pathwayg30).
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The extrinsic or receptormediated pathway

Two mechanisms of the direct initiation of apoptosis have been suggesteliNfhe
induced signal pathway and th&asFas ligandmediatedsignal pathway. Both pathways
involve receptorof the TNF receptor(TNFR) family (Fig. 2, 30;31). Activation of these
receptors leads to the formation of teifferentdeathinducible signaling complexes (DISC).
Complex | is associated with TNFR1, TNfeRsociated death domain (TRADD), TRAF2,
RIP1, clAPL and clAP2 in the plasma membrane. Complex Il requiresagssciated death
domain (FADD), TRADD and caspa$Se30). Autoproteolytic of caspasg causes activation
of executoner caspases cascdada).

TRAIL/Apo2L/FasL
Chemotherapeutics
Irradiation, Growth
Factor Withdrawal

Intrinsic Extrinsic

Caspase-8

FLIP
o® e BelX, Active €
Cytochrome C Caspase-8

1
o RIP1
‘ 1

—_— —_— o, 85

TR E e —
ctive v

Caspase-9 i Active A

Apoptosome Caspase-3/7

Apoptosis

Fig. 2 Major distinct pathways of apoptosis The extrinsiqreceptormediatedl pathway acts

via death receptors while the intrinsic pathway acts via release of mitochondrial proteins.
Activation of both pathways leads to cell déaby activation of caspaseSrosstalk ketween

the pathwaysoccurs via the BeR family member, Bid33).

The intrinsic or mitochondria-mediated pathway
The intrinsic or mitochondrtanediated pathwagfig. 2)is activated by various stimuli, such
as DNA damage, irradiation, cytotoxic agents, growth deprivationpmasinic reticulum

(ER) stress, intracellular &aoverload and oxidative stre$89). The central role of this
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pathway is dysfunction of mitochondrial, including the opening of a permeability transition
pore (PTP), mitochondrial matrix swelling and outartochondral membrane (OMM)
ruptue (34). Generally, mitochondria integrity is maintained by -Bcfamily proteins,
including antiapoptotic (Bcl2, BckxL and Bclw) and preapoptotic (Bax, Bak, Bad, Bid and
Bim) members(31). In the presencef apoptotc stimuli, oligomeriation of Bax and Bak
translocate and form pore into OMM, leading to releasaitdfichondrial components, such as
cytochrome C, Smac/Diablo and apoptastucing factor (AIF). Consequently, cytochrome

C forms the complex with proteasetivating factorl (Apaftl) and caspas@, called
Oapopt os o niZ)dActvated paspase induces downstream executioner caspases

-6 and-7. However, there is crosstalk between extrinsic and intrinsic pathway in certain cell
types. Subsequenttaation of caspas® results in cleavage of ppopopt ot i ¢ pr ot ei

Truncated Bid then translocate to mitochondriascathe release of cytochrome(g82).

Clearance of death cells

After cell death processes, phagocytosis is a crucial terminataress for death cells to
prevent surrounding tissue from the release of intracellular immunogenic cdB@nBever
et al. reported the present ghosphatidylserine (PS) on the outer celfate is one major
signal Aeat me 0 (Fm, 3a37-89. Lonkistend lwihg apaptpdiseand
tumorigenic cells, large amount of PS exposure triggers the recognition of macrophages and
phagocytosis. Howeverasymmetrical distribution of phospholipids is composeti
phosphatidylcholine (PC) and sphingostig (SM) in the outer Id&et, while PS
phosphatidylinositol (PI) and phosphatidylethanolamine (PE) in the inner le&ffgasma
membrane This lipid asymmetry is maintained by the action of thdesinct activities,
including two of ATRdependent ancbne of C&*-dependent manner. ATéependent
enzymes have been known as flippases and floppases to translocate phospholipids in and out
of cell surface, respectivel89). Thetransiently and rapidlyranslocation of PS and HE&to
the outerleaflet of plasama membrands regulated byCa*-dependent manner, called

scramblasé39;40.
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A. B. Phagocyte O
Aminophospholipid LRP CR Tk vR  Stabiin
translocase Scramblase
CRTAATSP1 C10TCab  Gass AMFG-ES
i // \ 77
\\ Il | Y

Wt L/
SN\\uilis o it Nl %2
= A l\ ROS /7 i |¢¢é £3 ‘Eat-me’ (éé'
ATP ADP Ca2+
=" —o Phosphatidylserine  Cytoplasm — '?‘;4' Target cell Phosphatidylserine Q==g
Plasma ?/}’lf tarmn \\ §°
membrane //ﬂm T “\\\\

Activation, stress, inflammation

Fig. 3 The regulation and physiology of membrane phospholipid asymmetnA.) The
aminophospholipid translocase uses ATP to pump phosphatidylserine (PS) from the outer t
inner leaflet of the plasma membrane, whereas the caleaiivated phospholipid scramblase

can cause PS exposure by randomizing of phospholipid distrib@&ipd. E-me 6 si gnal i n
PS activates phagocytosis via lipoprotein recemtated protein (LRPand other receptors

on the phagocyt€sbs).

For example, thempairmentof scramblase activity is found in Scott syndrome, an
inherited bleeding disorde(41;42. According to PSecognized by macrophages, PS
exposure on apoptotic cells can bindipmprotein receptorelated protein (LRP) and other
receptorson surface of macrophag€39). After clearance process, phagocytes produce anti
inflammatory cytokines or immune suppressor prot€dts43;44. Interestingly, it has been
shown in earlier findinghat CI channels strongly regulate severallular functions of

macrophageft5;46.

Role of anoctamingn cell death

Anoctamins are homologous plasma membrane protein family consists of ten different
members TMEM16A to K, excluding | orANO1-ANO10) with several splice variants. They
are composed ofen putative transmembrarspanningdomainsand the NH and COOH
termini protruding into cytosd#6-50). Anoctamins reeal tissuespecific expressiorANO1,
6, 7, 8, 9 and 10 are expressedarious tisues, whereas ANZ) 3, 4 and 5 are specifically

expressed in neuronal amausculoskeletatissues(51-53). Anoctaminsare involved in ion
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transport, celproliferation, phospholipid scrambling and cell de@i;51;5355).

ANO1 is frequently amplified orchromosomal region 11q13 which is associated with
growth, proliferation, metastasis and poor prognosis in cancer cells, inchehag and neck
squamous cell carcinom#&BINSCC), pancreatic cancer, gastric cancer, prostate cancer and
breast cance56-60). This region has been found torbar several genes that have potential
to drive oncogene®5;58. ANO1 has been defined in multiple names dejeehon different
cancer cells, such as gastrointestinal stromal tumors proteinl (DOG1) andatpidied
andover expressed sequence2 (TAOG). ANO1 plays a role in several tissues, including
smooth muscles, secretory epithelia (in airway, exocrine glands and intestine) and sensory
neuronsg(57;61-68). Knockout ofANO1 is embryonically lethal because it is @mmportant in
disease states, such as pulmonargaties, hyperteins and diarrheg53;69. There are
evidences showed that overexpressionAdfO1 contributed tumorigenesis thugh the
activation of EGF reqaor (FGFR), CAMK, AKT (70;71) and MAPK signalingpathways
(58,72;73. Consistent with previous studieANO1 is proproliferative protein which
controls G1/S transition of cell cycle and cancer progredsidn It has been demonstrated
that ANOL1 interacts with signaling/scaffold acthinding regulatoy proteins, such as ezrin,
radixin, moesin and RhoA, accompanied with localized cell shrinkage at the rear part in
migrating cells(75-79). Moreover, it has been reported tAMNO1 is an important for both

RVD and AVD(79).

ANOG6 has been shown to be expsed in various tissues, such as the regpyatstem,
the gastrointestinal tract, kidneyyary, skeleton, and ski(61;54;80. ANOG6 plays a role in
skeletal development in embryonic tissues, cell migration, metastdsigploene regulation
and phospéidylserine (PS) exposure during early phase of apop(@8i38;8183). It has
been reported to act as“Gactivated nonselective cation channel?'Gactivated Clchannel,
Cd*-dependent phospholipid scrambli(#;8385). Additionally, ANO6 is identfied to be a
volumeregulated Clchannel, whiclgenerates an outwardly rectifying  Current (ORCC) to
contribute RVD and AVD(86;87. Our previous studies showed knockdown AdfO6

significantly inhibited Fasand staurosporineduced ORCC but not Gadependenchloride
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channelsn lung epithelial cell{87). Nevertheless, Shumilinet al showed C& -dependent
ORCC, whichis an important for migration in dendritic cells. The authors suggesta6

may form variation of oligomeric complex caused diffrent ORCC fudtions in specific cell

types. Interestingly, Suzuki et al. demonstrated PS scrambling in Ba/F3 lymphocytes that is
induced by overexpression ANOG6. Patientswith Scott syndrome have a les&function
mutationin ANOG6 characterized by a fleiency in platelet precoagulant activity, causing the
congenital bleeding disord€b6;60. There is intriguing evidence thaNO6 mutation in

Scott patientsmpairsnot only PS exposure but also decreesk blebbng and shedding of
microparticals fron membrane in platelets, red blood cells and lymphodyé$3;8891).
Moreover, recentlyinding has reported that a dgéncy of PS scrambling iANO6 knock-

out mice reduce the production of calcified bone matrix during boneralization(82;92.

ANO10 compriseslike other anoctaming DUF590 domain of unknown functiom
mouse tissueANO10 is frequently expressed in the same tissues A1 and Ano6,
especially in neuronal and muscle tissu&8;80;93;94. In adult human,ANO10 is
predominantlyexpressed in frontal and cerebellum in contrast to fetal brain. It has been
reported thaANO10 certainly encodes a subunit of Geegulated Clchannel and plays a
role in Purkinje cells of cerebelluf®3). The results from the combination of homozygysi
mapping together with targeted anbagsed sequencing showed mutationsAMO10 are
associated with autosor@acessive cerebellar atax@3). Cerebellar degeneration has been
suggested to involve mitochondriand DNArepair dysfunction. Previousli, has reported
ANOJ10 is probable role icelebellar ataxia and schizophrerf@b). FurthermoreProsophila
ortholog of ANO10 has been also found to play a role in spindle formation and cell cycle
progression, t er med O AXx s de agrediator of Mdoticspindle n e |

assembly and chromosome segregafd.

Apart from ANO1, ANO6 and ANO10, there is less available evidence for other
anoctamins. Interestingly, several independent groups have reported that other anoctamins
(ANO2, ANO3, ANO8 and ANO9) exhibited their function as €aactivated Clchannels

which are associated with murine embryogenesis on several q&268;8). ANO8 and
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ANQO9 were also implicated in the cell volume regulat{®d). ANO3, 4, 7 and 9 also play a

role in phapholipid scramblase@8). High levels of other artamins expression are also
related to cancers and diseases. For exampMOSA (GDD1) is associated with the
proliferation and differentiation of skeletal muscle. Mutation bI@% effects thaepairment

of muscle, causing muscular dystrop(87). ANO7 (NGEP gene) is highly expressed at
cell:cell contact regions in prostate cancer €. ANO9 is located in chromosome 11 p15
which plays a role in G&mediated phospholipid scrambling. In recent stutfgtind ANO9

acts as a metastasmsated gene which exhibit the inhibiting colorectal cancer progression
(99). Because of deeply mechanism of anoctamins with diseases is remaining to be puzzled, it

is therefore an intriguing issue to be investigated.
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Intention and outline of the present thesis

According to physiological evidences, RVD plays a role in cell prolii@na cell death,
migration,immune responsand cancerAlthough several Clchannels have been proposed
as candidates for RY, ANO1, 6 and 10 are shown to correlébecellular volume regulation
but theunderlying mechanismis still unclear Thereforethis thesis willinvestigate the role
of ANOL, 6 and 1Gor RVD under physiological and under pathological conditions.

In chapter 2,experimentsvere aimedto understandhe functionof ANO1 for RVD in
cancer. Therefore, the role of ANO1 in developmenhwian head and neck stral cell
carcinoma (HNSCC) ancbloniccancer will be investigated

In chapter 3 and 5, we investigdt seveal signal pathwayswhich induceRVD and
activation ofANO6 andANO10 using theXenopus oocytegxpression system and primary
cells from ANG6 andANO10 knockout mice.

In chapter 4, waask the questionyhether AN@ and RVDcould play a role in imate
immune systenm macrophages in response to bacterial infection.

In chapter 5we investigated aANO10-R263Hmutation found irpatients with

neuroborreliosignd ask for the role of ANO10 duriiprrelia infection.
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CHAPTER 2

Role of anoctamins in canceand apoptosis

Abstract

Anoctamin 1 (TMEM16AANO1) is arecently identified C&-activated chloride channel and

a member of a large protein family comprising 10 paralogues. BAfd@l was identified as

a chloride channel protein, it was known as thecearmarker DOG1. DOGANOL1 is
expressed in gastrointestinal stromal tumours (GIST) and particularly in head and neck
squamous cell carcinoma, at very high levels never detected in other tissues. It is now
emerging thaANOL1 is part of the 11913 locus, anf@d in several types of tumour, where it

is thought to augment cell proliferation, cell migration and metastasis. NorKI9]1 is
upregulated through histone deacetylase (HDAC), corresponding to the known role of HDAC
in HNSCC. AsANO1 does not enhang&oliferation in every cell type, its function is perhaps
modulated by celspecific factors, or by the abundance of other anoctarfimss ANOG by
regulating C&™-induced membrane phospholipid scrambling and annexin V binding, supports
cellular apoptosisather than proliferation. Current findings implicate other cellular functions

of anoctamins, apart from their role as’Gactivated Clchannels.

Key words: anoctamin 1, anoctamin 6, TMEM16A, TMEM16F, cancer, head and neck

stromal cell carcinoma

Published in: Podchanart WanitchakdolLuisa Wolf, Gudrun E. Koeld Lalida Sirianart
Rainer Schreibér Sucheta Kulkarrij Umamaheswar Duvvidrand Karl KunzelmaniRole of
anoctanms in cancer and apoptosis. Philosophical transactions of the royal society:
3;369(1638):20130096 (2014).

Own experimental contribution: Most western blot, cell proliferation and migration
experiment performed in cell lines.

Own written contribution: Methods, Results, Parts of Introduction and Discussion.

Other contributions: Designed experiments and analyzed data.
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Introduction

Anoctamin 1 ANO1, TMEM16A) is a novel C&-activated chloride channel (CaCC) with
important physiological functions in epithalicells and other cellypes (34). It was also

shown to be activated during cell swelling, probably secondary to an increase in intracellular
cd”* (5). While some detected a role of Gaependent anoctamins, such?#01 or ANOS,

to volume regulation, thers didnot (5;6) Upregulation of endogenous Cactivated Cl
channels in proliferating cells has been observed recently, but the role of these channels for
proliferation has remained unclear (7,BeforeANO1 was identified as CaCC, it was already
known as a protein that is coexpressed with the morphogen sonic hedgehog during embryonic
development (9) ANO1 was also known as DOG1, a protein strongly expressed in
gastrointestinal stromal tumours and head and neck squamous cell carcinoma (HNSCC).
Expression of DOGL1 correlates with poor outcome in oesophageal squamous cell(t&ncer

12). Interstitial cells of Cajal (ICC) are another predominant siteAfdO1 expression (13

15). It has been reported that mice lackiddNO1l had fewer priiferating ICC (16)
Moreover, additional data suggested tARIO1 regulates proliferation at the G1/S transition

of the cell cycle.Assuming such a prproliferative role, targeting oANO1 has been

proposed as a novel method for the treatment of malignartturs (7;17;18)

Materials and Methods

Animals: HeterozygousAPC'' " *pips (Fodde R et al, (1994) Proc Natl Acad Sci U S A
91:89698973) (Jackson Laboratory, USA) were weanedi &tweeks of age and genotyped
by PCR. Animals were fed with complete chow with 15% corn oil (Sniff, Soest, Germany),
which has an adversefe€t on polyp numbers in these animals (Wasiaal (1997) Proc Natl
Acad Sci U S A 94:3308313). APC"' " " {vere sacrificed after a weight loss of 10%.
Wildtype (wt) animals of the same age served as contCojgt cell isolationand expression
analysisof ion channels in colonic epithelial cells. Colonic crypts wedated from an
inverted colon inC&" free buffer solutionAnimal studies were conducted according to the

guidelines of the National Institute of Health and the German laws on protetaomals.



Roleof anoctamins in cancer and apoptosis 14

Cell Culture, siRNA and Transfection: BHY, CAL-33, T84 and H7, cell lines were grown

in Opti-MEM or DMEM (Gibco) supplemented with 10% (v/v) heat inactivated fetal bovine
serum (FBS, Gibco, Karlsruhe, Germany) at 5% CO2 and 37°C. LipofeclE2@®0
Transfection Reagent (Invitrogen, Karlsruhe, Germany) was used for transfecti®iNGf h

SiRNA (Stealth siRNA, Invitrogen, 56 GUUCCCAGCCUACCUC ACUAACUW39, 59
AGUUAGUGAGGUAGGCUGGGAACG39) or Negative Control High GC (Invitrogen)
according to the manf act ur eds gui delines. E®2pheaftar me nt s
transfection.

Reverse Transcriptase PCRTotal RNA was isolated from T84 cells using RNeasy Mini

Kit Qiagen; Hilden, Germany). 2 mg of total RNA was revaraascribed in 50 ml for 1 h at

40°C using random primer and RT. 30 cycles of-lROR was performed using standard
procedures (GoTaq DNA Polymerase, Promega), 1 ml RT and primers for anoctamis (Ruiz et

al (2012) 7: e43265, PLoS one). For semantitative comparison-&ctin was ceamplified

(primer 0.05 mM). Products were analyzed on ethidium brostigi@ed 2% agarose gels

using densitometry. Densitometric ratios ANO1 and Ractin were calculated as a measure

for relative expression &&NO1.

Patch Clamp: Cells were grown on glass covdips and mounted on a perfused bath on the

stage of an inverted microscope (IM35, Zeiss) and kept at 37 °C. The bath was perfused
continuously with Ringer solution (mM: NaCl 145, KPD,, K:HPO, 1.6, D-glucose 6,

MgCl, 1, C&*-gluconate 1.3, pH 7.4) at @it 5 ml/min. For fast wholeell patch clamping

pipettes were filled with intracellular like solution containing (mM: KCI 30, potassium
gluconate 95, NaiPQO, 1.2, NaHP(O, 4.8, EGTA 1, calcium gluconate 0.758, Mg@l034,

D-glucose 5, ATP 3, pH was 7.8or all solutionsC&" concentrations were adjusted to 0.1

eM (pipette) and 1.3 mM (bath). During expy
membrane voltages were measured. At intervals cells were voltage clamped to £ 50 mV in
steps of 10 mV for 1 s. Thepplied clamp voltages were corrected for liquid junction
potentials. Because current voltage relationships were rather linear within the clamp voltage
range, membrane conductances were calcul ated
Impedance based xCELLigence Attachment / Proliferation / Migration assay: The

XCELLigence invasion assay (Roche, Germany) is based on changes in electrical impedance
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at the interphase between cell and electrode as migrating cells move through a barrier (Rahim
S, Uren A (2011). A reaime electrical impedance based technique to measure invasion of
endothelial cell monolayer by cancer cells. J Vis Exp. 2011 Apr 1;(50). pii: 2792). These
changes were directly correlated with thegrative capacity of BHY and CA33 cells. The
technique provide an advantage over existing methods such as boyden chamber and matrigel
assays, and standard proliferation assays, respectively, since the data is obtained continuously
in reattime, when compared to endpoint analysis in other methods. For migratios eslisy

were seeded at a density of A@) cells/well on CiMplates16 migration plates. The
XCELLigence attachment/proliferation assay is based on assessment of impedance during
attachment (early phase) and proliferation (late phase) as detected ‘iyneealectrical
impedance measurement. For attachment and proliferation assa/sveedi seeded at a
density of 5000 cells/well on E16 plates (Roche, Germany).

Western Blot: Freshly isolated mouse intestinal cells or culturedb,gHT84, BHY, and
UMSCC cels were lysed with an appropriate buffer (150 mM NaCl, 50 mMiA@E, 1 mM

EDTA, 1% NR40, protease inhibitor, 100 mM DTT; pH 7.4) and DNA was sheared by
sonication. Samples were quantified using a-fid protein assay (Biorad) and the same
amount of preein (50 mg). Bands were analyzed using densitometry. Densitometric ratios for
ANOL1 and Bactin were calculated as a measure for relative expressAiN©1.

Apoptosis assayApoptosis was assessed by NucViewTM 488 CasBasssay kit (Biotum,
Germany). Biefly, cells were incubated with DEVMNucView488 substrate and apoptotic

cells were analyzed using the plate reader NOVOstar.

Proliferation assay: For proliferation assays, cells were plated at a density060zZells/0.35

cnt’ and incubated 2 days lateitvvarious concentrations of rapamycin or TSA as indicated.
Cell proliferation was assessed ®ypromeo2-deoxyuridine (BrdUrd)ncorporation using an
enzymelinked immunosorbent assay kit (Roche Diagnostics, Penzberg, Germany) and by cell
counting. The déenumber was assessed after fixation in 3.7% formaldehyde and 0.5% Triton
X-100 for 30 min at room temperature and af't
Darmstadt, Germany) for 5 min. Digitized microscopic images were taken (Fluovert FS,

Leitz), ard nuclei were counted using imaging software (TINA).
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Immunohistochemistry of ANO 1-expression: Primary tissue samples were collected after
obtaining informed consent and approval from the Institutional Review Board. Normal
adjacent mucosa is defined as dlisgically benign appearing mucosa (as judged by an
experienced pathologist) acquired from the margins of the tumor resection. Staining was
conducted with atHTMEM16A antisera and scored using a semiquantitative system (IHC
index). The index was defined #e relative intensity, scored on a 0 to 3 scale, multiplied by
the percentage of positively stained cells. High and low expressors were categorized as having

H-scores above or below the median.

Results and Discussion

ANOL1 is located on the 11g13 amption

The coding sequence &NOL1 is located within the 11913 region, a chromosomal
locus that is frequently amplified in a number of different human cancers, such as urinary
bladder cancer, breast cancer and HNJC@). The 11913 amplicogontains a strekc of
proteins related to cell cycle, proliferation and apoptosis (cyclin D1, ORAOV1, FGF19,
FGF4, TMEM16A, Fasassociated via death domain, PPFIAL, corta(dbil) The complex
structure of this amplicon has mostly been studied in breast cancer, wheifdengdhes
have been suggested as driver géné2;103. These findings implied a link betwe&NO1
expression, celtycle regulation and proliferation, which has recently been demonstrated in
HNSCC and other cancer cel(85;7274;109. Surprisingly, dowregulation of ANO1
contributes to cerebrovascular remodeling by promoting basilaooth muscle cell
proliferation, which is through inhibition of expression of cyclin D1 and cyclif6®. We
performed additional experiments and compared proliferatibw@HNSCC (CAL33, BHY)
and one colonic epithelial cell line (K using an online impedant@msed xCELLigence
proliferation assay syste(i9) (figure 1a). Proliferation was clearly higher in the HNSCC cell
lines, which express much higher levelsAadfO1, when compared with Hj cells (figure 3a)
(79). In a previous study, we did not detect inhibition of proliferation of BHY cells by siRNA
(79). Using improved Stealth siRNA, these experiments were repeated. Proliferation was

suppressed by siRNRnockdown & ANO1 expression in HNSCC but not in bkblcells.
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These results suggest that very effective suppressidkN@i1l expression is necessary to

eliminate the preproliferative effects 0ANO1, suggesting that low expression ANOL1 is

sufficient to induce thigffect. While siRNA had no effect in Hdcells, 1 mM staurosporine
(figure la black arrow, dashed lines) inhibited proliferation and induced cell apoptosis i
colonic carcinoma cells, as demonstrated in an earlier publicéti@s. Thus, enhanced

expres®on of ANOL1 does not seem to enhance proliferation in every cell®g9.

(a)

proliferation (arb. units)

)

attachment (arb. units)

migration (arb. units)

Fig. 1 ANOL1 controls proliferation: (a) Cell proliferation measured online by impedance
based xCELLigence proliferation assay system in HNSCC (BBXL33) and colonic
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epithelial (HTo) cells (see electronic supplementary material). siRdddckdown ofANO1
expression reduced proliferation in both BHY and CAL33 cells, but slightly augmented

proliferation in Hhg cells. Staurosporine (1 pg Ml strongy inhibited proliferation. (b)
Attachment of BHY, CAL33 and H cells after seeding in XCELLigence chambers (see
electronic supplementary material). (c) Migration of BHY, CAL33 anglddlls after seeding
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in the XCELLigence migration chamber (see electrosupplementary material). (d )
Summary of the rate of cell migration between 10 and 30 h after seeding and inhibition of
migration by TA(10 mM). (e) Migration of CAL33 cells and effect of fetal calf serum and
TA. Meanzs.e.m. (number of cells). Symbol #dtes significant difference when compared
with BHY and serum free, respectively ( p < 0.05; ANOVA). Asterisks (*) denote significant
inhibition by TA ( p, 0.05; pairedtest).

However, there is increasing consent that high level&N®llead to enhanck cell
motility, distal metastasis and poor progno$ib;58;72;79. Also in this study, cell
attachment and migration was enhanced with increasing expressdNOdf (BHY, CAL33,
HT,g). It is further demonstrated that migration could be significanthybitéd by tannic acid,

a blocker of ANO1 and other anoctamins (figure 1c,d). Moreover, migration was strongly
dependent on the presence of serum in the migration chamber and was inhibited@1he
inhibitor tannic acid (TA, figure 1e). Although proliféi@n, attachment and migration were
positively correlated with expression ANO1, this does not prove th#&NO1 is directly
responsible for the change of these properties.

Role of ANO1 for metastasis

) N Fig. 2 Anoctamins facilitate cell volume
interstitial . .
space decrease and support diapedesis and
migration: model for diapedesis ar

H,0 CI° migration of a tumour cell expressir

anoctamins anoctamin Clchannels, which allow ClI
\/\ release and osmotic cell shrinkage. An
‘\zyxm is regulated by actin and possibly by

)A ) fibulin 1 number of proteins related t
S100A11 : . . :
cat/. [ winfilin 5|ghqlllng/scaffold|ng, such as ezril
radixin  catenin radixin, moesin and proteinelated to
moesin
RhoA <.

ol "\ N

/

cell shrinkage

blood stream

cell attachment and migration, such
f zyxin, fibulin 1, S100A11, twinfilin and
: catenin.

How does ANO1 control the ability of tumour cells tonigrate and form distal
metastasis? The relationship between ion channel currents, cell volume regulation, migration
and metastasis is well establishétD6-109. Previous findings indicate thaANO1 is
activated during hypotonic cell swelling and conitds to regulatory volume decrease

(RVD), which certainly requires a rise in intracellulaC@®1;79;98.
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A rise in intracellular Cd may activateANO1 together with K channels to release
intracellular K and Cl ions. Resulting osmotic loss of intedlular waterwill cause rapid cell
shrinkage and allowassage through narrogaps like those formed by endothelial cells
(109;119 (figure 2). C&"-dependent activation &NO1 would support cell shrinkage at the
rear end of migrating cells, thereby et reducing cell volume and facilitating diapedesis.
Inhibition of CI channels impedes cell volume changes and thereby compromises tumour cell
invasion. This has been demonstrated ABIO1 (79) as well as other Ckhannels(110).
Importantly, cell migréion requires constant depolymerization and repolymerization of the
actin cytoskeleton, which permanently changes-roellrix adhesiong76;111). Our earlier
findings suggested th&NO1 CI currents are controlled by the actin cytoskelgis). This
was supported by a subsequent report indicating tAMNO1 associateswith the
signding/scaffolding proteins ezrin, radixin, moesin and RhoA, which are known to connect
plasma membrane proteins to the cytoskel€fid?). Moreover, results from a two hybrid
spiit ubiquitin screening suggested interactiolA®O1 with a number of proteins related to
cell attachment and migration, such as zyxin, fibulin 1, S100A11, twinfilin and catenin
(unpublished results from the Kunzelmann laboratory, K. Kunzelman 2012, #igure

It was shown that members of the Rho GTPase family exert effects on cell shape and
motility by regulating actin cytoskeleton; the activation of Racl organizes cortical actin
cytoskeleton and promotes formation of lamellipodia at the leading edga|naark of a
motile cell, while the activation of RhoA at the rear influences-agtosin complexes to
allow retraction of the trailing end. Spatial and temporal regulaif the activity at each end
create an unequal distribution of membranous, cyteskleland cytoplasmic contents to
induce a highly polarized, motile shape that is suitable for movement and metd€8sis
Thus, the presence &iNOL1 at the plasma membrane, its ability to regulate cell shape and
volume, and its connections to cytoplasfoytoskeletal elements is likely to contribute to cell
movement and metastasis.

Regulation of expression oANO 1 by histone deacetylase and clinical implications
Recruitment of histone acetyltransferases and histone deacetylases (HDACS) is a key
element m the dynamic regulation of genes controlling cellular proliferation and

differentiation during normal development as well as carcinoge(iEk#&114. A number of
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anticancer treatments are based on the inhibition of HDAC. HDAC inhibitors promote
expresan of p21 in breast cancer cells, which inhibits the action of cyclin D1. HDAC
inhibitors may therefore also be useful for the treatment of those HNSCC that show

overexpression 0ANO1 and concomitant activation of cyclin 35).
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Fig. 3 HDAC regulates expression 8iNO1: (a,b) western blots and densitometric analysis
indicating expression oANOL1 in HTyg colonic epithelial and BHY HNSCC cells, and
inhibition by HDAC inhibitors valproic acid (3 mM) and butyrate (4 mMadiin was used
as a loading control. (c) Reme PCR analysis oANO1-mRNA expression in H% and
BHY cells. (d,e) Induction of apoptosis and inhibition of proliferation of BHY cells by
valproic acid and butyric acid, as measured by apoptosis assays (see eleghianentary
material) and cell counting. (f) Whole c&INO1 CI" currents (\{ = +100 mV) activated by an
increase in intracellular Gowing to stimulation with the purinergic agonist ATP (100 mM).
(g) Expression ofANO1 in human HNSCC samples and norntiglsue as measured by
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immunohistochemistry (cf. electronic supplementary material). (h) Inhibition of proliferation
of UM-SCC cancer cells by various concentrations of TSA. Meants.e.m. (number of cells).
Symbol # denotes significant difference when comgbaméh control, normal tissue, HJ

cells or absence of HDAC inhibitors, respectively (p < 0.05; unpairest)t

In fact, HDAC inhibitors have already entered preclinical evalugtid®;11§. In recent
experiments, we found that pronounced expressfoANO1 in the HNSCC cell line BHY
was largely inhibited by treatment with the HDCA inhibitors valproic acid or butyric acid,
along with inhibition of cell survival anANO1-dependent whole cell currents (figuref3a
Although this does not prove that HDAGhibitors act through downregulation &iNO,
these novel results again demonstrate a correlation betwd#D1 expression and
proliferation. Corresponding to the data discussed in figure 1, which did not identify a role
ANOL1 expression for proliferationfoHT,g colonic epithelial cells, expression levels for
ANO1 were much lower and were not affected by HDCA inhibitors. As pointed out,
expression levels foANO1 are much higher in HNSCC compared with normal tissues (figure
39). We also found a doskependat inhibition of proliferation of another HNSCC cell line,
UMSCC cancer cells, by a third type of HDAGhibitor, trichostatin (TSA) (figure 3h). UM
SCC cells contain amplification of t®NO1 gene locus similar to BHY cells. The results
confirm that thenhibitory effect of HDAC inhibitors oANO1 expression is independent of
the HNSCC cell line used. While valproic acid and butyric acid are rather broad, non
selective inhibitors of HDAC, TSA selectively suppresses class I/ll, suggesting Nt
expressn is regulated by these HDACSs. Although the mechanisms by which TSA promotes
loss of cell survival/growth in these cells is incompletely understood, the present results
support the use of HDAC inhibitors for the treatment of HNSCC, which may act in part
through inhibition ofANO1 expression.
ANO1 and sonic hedgehog

Interesting links exist betweekiNO1 and the sonic hedgehdigh) signding pathway.

Hh is coexpressed witANOL1 in the zone of polarizing activity in mouse limb buds during
E10.5 and E11.8117). Hhsignding controls many aspects of development and also regulates
cell growth and differentiation in adult tissues. It is activated in a number of human

malignancies. Hh and Wnt siding frequently act together in controlling cell growth and
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tissuenor phogenesi s.

Hh

s also active 1in

6embr

of the skin, stromal cancét18;119 and also during epithelial to mesenchymal transition. Hh

expression has been shown to be upregulated in the neoplastic or inflamntaginye when

stem cells compensate for epithelial damage, while supprestibadgehog sighiag by

cyclopamine has been shown to induce apoptdsl®;12). It will be interesting to learn

more about the correlations betwedim signding, ANO1 expres®n and cancer.

ANO1 required for terminal differentiation
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Figure 4. APC/mTOR controls expression 8iNO1 in mouse intestine: (a,b) western blot
analysis of expression @§NO1 in duodenum, ileum and colon &PC™* and wildtype
mice. (c) Senguantitiative analysis (see electronic supplementary materi&INGf1-mRNA
expression in duodenum, ileum and coloRBIC"
the mTORinhibitor rapamycin increased expressionAMO1 in the intestine ofAPC™™*
mice. Mice were fed 40 mg KgSirolimus (Wyeth Pharmaceuticals, Collegeville, PA, USA)
in their chow to reach blood levels of 12+2 ng'mapamycin (n ¥ 66). Mean+s.e.m. (number
of cells). Symbol # denotes significant difference when compardéd wh or 1 Rapa,
respectivelyf , 0.05; unpairedtest).

in/+

and wildtype mice. (d) Treatment with

In cell types others than GISTANO1 has been reported to be inhibitory on cell

proliferation and expression @&NO1 was related to cellular differentiatid68;122. These

somewhat surprising results wesepported by our own results indicating inhibition of cell

proliferation by ANO1 in colonic epithelial cells (figure 1a). Interestingly, one study
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identified ANO1 by expression cloning in oocytes from axolotl, a salamander that does not
undergo terminal dferentiation and metamorphosis, and therefore maintains an amazing
ability to regenerate limbs and other parts of the b@®8). Terminal differentiation is
missing in these animals because of a complete lack of thyroid hormones. Maybe more than a
coincidence, plasma thyronine levels were found to be abnormally low in patients with
advanced colon carcinon{a24). It might be worth examining whether expressiorABIO1

is regulated by these hormones.
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Fig. 5 APC/mTOR controls expression ANO1 and proliferation of T84 cells: (a) RFCR
analysis of ANO-mRNA expression in fast growing and slowly growing T84 colonic
carcinoma cells. +/RT indicates the presence of or the absence of reverse transcriptase in the
react growing T84 cells. (c) Effedf treatment with rapamycin on proliferation of T84 fast
cells. (d) RTPCR analysis oANO1-mRNA expression in fast growing T84 cells in the
absence and the presence of rapamycin. The rapamycin concentration used was 50 ng ml
Meants.e.m. (number of ¢&)

We found evidence for regulation &NO1 expression by the tumour suppressor
adenomatosis polyposis coli (APC) in mouse colaNOL1 is expressed in mouse ileum,
proximal and particularly distal colon, but its expression is largely attenuaté&®afi™"*
mice. APC"™* mice demonstrate reduced tumour suppressive activity by APC, resulting in

upregulation of mTOR, thus leading to numerous large intestinal polyps and ultimately cancer
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(figure 4a,b) (122 APC™™* mice develop particularly large polypstime distal colon, where

we detected a pronounced decreaseAMO1 expression. Notably, the mTGRhibitor
rapamycin increaseANO1 expression in both proximal and distal colon (figure 4d). This
inverse correlation between |IoANOL1 levels and upregulatioof mTOR (12) suggests that
ANO1 may be inhibitory on proliferation of mouse intestinal epithelial cells, similar tg HT
cells. Interestingly, a fast growing subclone of T84 colonic epithelial cells (T84 fast) is
lacking expression oANO1, when comparedvith the slowly growirg parental cells (T84
slow) (103 (figure 5a,b). Notably, treatment of fast growing T84 cells with the mTOR
inhibitor rapamycin reduced proliferation and induced expressioANSD1 (figure 5c,d).
These data support the concept thégaté ofANO1L on cell surwal are celitype dependent

(55;65.
Other anoctamins correlated to cancer
Apart from ANO1 and ANQ, much less information is available for other

anoctamins. Although a deeper understanding is currently lacking, it should henaenhat
various anoctamins have a role during murine embryogeg2s. ANO7 (TMEM17G,
NGEP) has been detected in prostate caf@®t26. Studies indicate that the long version of
NGEP is present on the plasma membrane of overexpressing LNCaRrzklis highly
concentrated at cetlell contact region§98). A splice form of AN® was identified that was
associated with metastatic capability of mammary cancers in mouse and was related to poor
prognosis of patients with breast cantE27). Notably, ANO6 has recently been associated
with membrane phospholipid scrambling and cell shrinkage and therefore seems to be
correlated to apoptosis rather than proliferation and c4f0e33;84;87;128

Role of ANOG6 in phospholipid scrambling and apoptosis

The dstribution of lipids in theouter andnner leaflets of plasma membranes is asymmetrical:
while phosphatidylcholine is mainly found in the outer leaflet, phosphatidylserine is present
in the inner surface. During signaling events such as activation dlgitator cellular
apoptosis, the distribution is rapidly altered leading to exposure of phosphatidylserine at the
outer surface. A lipid transporter with phospholipid scrambling activity was proposed to be
responsible for this process; however, a convipa@andidate protein with such ability was

not identified until recently. Surprisingly, a membdrtbe TMEM16 family, TMEM16F
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(ANOG6) was showrto contain phospholipid scrambling activity, when activated by a large
increase in intracellular G4(70). Moreover, reconstitution experiments in ANG@eficient
thymocytes suggested that otlagroctamins such as ANO3, AMOANO7 and ANO9 retain

the ability to function as calcidependent phospholipid scramblgd429. These results
came as a surprise, sinceN@6 has been characterized as a*'@activated Cl channel.
Moreover, C&"-activated Clcurrents were also observed after overexpression of Ano4, 7 and
9 (50;84;87;130;13L However, Cl channel and scramblase activityere shown to be
independeni(84). Moreower, we demonstrated recently that Ano6 is activated during cell
swelling and by prapoptotic stimuli and therefore contributes to both RVD as well as
apoptotic volume decrea$@4;87;96. Notably, the amplicon 11g13 that contains ANO1

gene, not only @rries genes that control proliferation but also FADD, a gene associated with
apoptosis. Thus, anoctamins can also be regarded as a novel family of regulators of cell
proliferation and apoptosis, which may be of particular relevance during development,
actvation of immune cells such as lymphocytes, dendritic ¢8llsand macrophages, and in

particular types of cancer.
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CHAPTER 3

Cellular volume regulation by anoctamin 6: C&", phospholipase A2 and osmosensing
Abstract

During cell swelling, Cl channels are activated to lower intracellular’ Cl
concentrations and to reduce cell volume, a process termed regulatory volume decrease
(RVD).We show that anoctamin 6 (AN TMEM16F) produces volumeegulated anion
currents and controls cell volume inufounrelated cell types. Volume regulation is
compromised in freshly isolated intestinal epithelial cells framo8’ 'mice and also in
lymphocytes from a gtient lacking expression of ANBD C&* influx is activated and thus
ANOG is stimulated during celbwelling by local C& increase probably in functional
nanodomains near the plasma membrane. This leads to stimulation of phospholipase A2
(PLA,) and generation of plasma membrane lyssgpholipids, which activates AN
Direct application of lysophosphpids also activates an anion currénat is inhibited by
typical ANO6 blocker. An increase in intracellular Caupports activation of Ano6, but is
not required when PLAIs fully activated, while readdition of arachidonic acidompletely
blocked ANO6.Moreover, ANGb is activated by low intracellular Ctoncentrations and
may therefore operate as a cellular osmosensor. High intracellllao@entration inhibits
ANOG6 and activation by PLA Taken together, ANO6 supports volume regulation and
volume agivation of anion currents by action as d €hannel or by scrambling membrane

phospholipids. Thereby, it may support the function of LRRCS8 proteins.

Key words: TMEM16F, Anoctamin 6, Volume regulation, Regulatory volume decrease,

RVD, Volumeregulated mion channel, VRAC, Apoptosis
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Introduction

Volume regulation is an intrinsic property of any living cell. Cell swelling due to
increase in intracellular osmolytes or dgcrease in extracellular osmolarity is counteracted
by volume regulated ion channels, releasing KCI to the extracellular §p3d2e Volume
regulated anion channels (VRAC) have been studied and reviewed extensively, but the
contribution of intracellularC&* remained controversia(9;132;133. Very recently,
LRRC8A has been described as an essential component of VRAC. Surprisingly,
overexpression of LRRC8A rather suppressed than augmented (R247135. It was
therefore concluded that other essentianponents are still missing to fully reproduce
VRAC.

Anoctamins, a family of Ga activated Cl channels and phospholipid scramblases
(for review se€g136), have been proposed to support volume reguld86r06. Also ANO6
(anoctamin 6, TMEM16F) has pléfopic functions, since it scrambles plasma membrane
phospholipidg70;84;137F and produces Chnd nonselective cation currerf&9;83;85;13),
triggered by intracellular Gaand during apoptotic cell deat87). A recent Xray analysis of
a fungal TMEM® protein provided ideas how TMEM16 proteins may operate as
phospholipid scramblases and ion chan(iEs8). Activation of ANOG6 induced cell shrinkage
and subsequent swelling, and was shown to be a component of the ubiquitous outwardly
rectifying CI chanrel (86;87;139. Despite the evidence for a role in volume regulation and
cell migration, the findings remained controver$&il;86;96;13)

Although studied extensively (for review s@;132;140, no general concept exists
for the activation of Clcurrents (k.swei) during cell swelling. Also studies on LRRC8A do
not provide a molecular mechanism for the regulation of this VR&@ponen{134;135. In
the present report we identify ANO6 as a volume regulatécci@nnel and unravel the
molecular mechasm of activation. Volume regulation and current measurements were done
at 37 °C and in the presence of physiological exral intracellular ion concentrations. We
found that volume regulation and proper activationpfbifANOG6 requires i) loweringf
the intracellular Clconcentration, i) C4 influx through transient receptor potential (TRP)

channels, and iii) generation of membrane lysophospholipids through phospholipase A2
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(PLA,). The data suggest that ANO6 operates as an osmosensor ancele@aske channel

during RVD, or may affect volume regulation by scrambling membrane phospholipids.

Material and Methods

Animals, cells, cDNA, RFPCR: Generation ofAno6" animals and isolation of intestinal
epithelial cells has been described eall&82). All animal experiments were approved by
the local ethics commission of the University of Regensburg and were conducted according to
the guidelines of the American Physiological Society and the German law for welfare of
animals. The HEK293 cells werergwn as described earli€b0). The culture of EBY
transformed B lymphoblast cell lines from control subjects and -886tor ScottUSA
patients has been described in another rg@dj)t Lymphocytes were grown in RPMI 1640
medium (GIBCO, 52140; Darmstadgermany) supplemented with 10% fetal calf serum
(GIBCO) and penicillin/ streptomycin (GIBCO). LRRC8A cDNA was cloned from HEK293
cells using standard PCR techniques. Generation of cDNA for ANO6 and
transfection/expression of ANO6 has been report eafb®). RT-PCR analyses were
performed using standard conditions and appropriate primers.

SiRNA, solutions, materials and statistical analysis Knockdown of ANOG6 by siRNA was
reported in our previous stud{@6). All experiments were performed 48 h after the
transfection. For most experiments cells were kept initially in Ringer solution (mM): NacCl
145, KHPQ, 0.4, KKHPO, 1.6, D-glucose 5, MgGl 1, calcium gluconate 1.3, pH 7.4. Ringer
solution was then replaced by an isotonic solution (Iso) containing (mnNa®@! 72.5,
KH,PO, 0.4, KHPO, 1.6, D-glucose 5MgCl,1, Cagluconate 1.3, mannitol 145, pH 7.4. To
induce cell swelling a hypotonic solution (150 mosmol/l; 50% Hypo) was produced by
removal of mannitol. Alternatively 50 or 100 mmol/l NaCl were removedréalyce 17 %

and 33% hypotonicity, respectively. Osmolarity was measured using an osmometer.
Western Blotting of ANO6 and COIP: Protein was isolated from wt and Scott B
lymphocytes using a sample buffer containing 50 mM-A@&, 150 mM NaCl, 50 mM Tris,

100 mM dithiothreitol, 1% Nonidet 80, 0.5% deoxycholate sodium, and 1% protease

inhibitor mixture (Sigma). Proteins were separated by 8.5 %-BBSE and transferred to a
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polyvinyl membrane (GE Healthcare, Munich, Germany). Membranes were incubated with
primary anttANOG6 rabbit polyclonal AB Ano6 AB P78; Davids Biotech, Regensburg,
Germany) at a dilution of 1:1000 overnight at 4 °C. Proteins were visualized using
horseradish peroxidasmnjugated secondary antibody and ECL detection.

For co-immunoprecipitation Cells were cotransfected with ANGBFP/LRRC8A or
ANOG6/LRRC8A-GFP. Cell lysates (NFR4O lysis buffer containing 1X protease inhibitor
cocktail) was precleaned with protein @garose at 4 °C for 1 h and incubated with 5 ug
primary antibody (Rockland, Giertsville, PA 19525) overnight at 4 °C on a rotator. Cell
lysates were incubated with proteina@arose at 4 °C for 3 h, followed by centrifugation at
1000 g for 1 min 3 times. Pellets were collected and resuspened in 1X loading buffer. The
supernatant wa collected and separated by 10 % SPXSGE and transferred to PVDF
membrane. The membrane was blocked with 5 % NFM/TBST at RT for 1 h and incubated
overnight 4 °C with goat polyclonal arFP AB, rabbit polyclonal antANO6 AB, or rabbit
polyclonal aniLRRC8A AB (AVIVA, San Diego, USA) (1 % NFM/TBST). Subsequently,
the membrane was incubated with HBbhjugated donkey angjoat IgG at RT for 1 h.
Immunoreactive signals were visualized using sugignal chemiluminescence substrate
detection kit (Pierce Btechonology, Rockford, USA).

Measurement of Ca?"];: The plasma membrane bound calcium sensor has been modified by
the addition of a Nerminal signal peptide (20 aa) from Neuromodulin-@CaMP2).
Addition of this peptide results in posttranslationalnptoylation of the protein, which
facilitates anchoring of the protein to the plasma membrane. HEK293 cells were transfected
on coated glass cover slips with pcDNA31G2CaMP2, and were mounted in a perfusion
chamber 48 hrs after transfection. Cells wpegfused with ringer solution at a rate of 8

ml / min at 37eC. Cell fluorescence measur emen
microscope Axiovert S100 (Zeiss) using a x40 objective (Fluar 40x/1.3 QOil, Zeiss) and a high
speed polychromator systegiviisiChrome, Visitron, Puchheim, Germany)-®iCaMP2 was

excited at 485 nm and 405 nm. Emission was recorded between 520 and 550 nm using a
CCD-camera (CoolSnap HQ, Visitron). Control of experiments, imaging acquisition, and data

analysis were done withhe¢ software package MeEuor (Universal imaging, New York,
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USA). Alternatively cells were loaded with Fura2 and intracell@l&” concentrations were
determined as described earl{#89).

Flow cytometry and single cell volume measurement€ells were vashed and rdissolved

in 10 ml isotonic or hypotonic Ringer solution as described for patch clamp experiments.
Cells were analyzed at 37 °C / pH 7.4 using a CASY flow cytometer (Roche Diagnostics,
Mannheim, Germany). Cells were analyzed at a density fcélls/ml. For single cell
volume measurements cells were loaded with 1 pug of cakléinMolecular Probes) and
0.01% pluronic in a standard bath solution (Ringer) for 60 min €2220C. Fluorescence
intensity was measured at an excitation wavelengd86fnm and an emission wavelength of
5201 550 nm. Cell swelling and RVD were observed for I® min after applying hypotonic

bath solution.

Patch Clamping: Cells were patched on glass cover slips. Lymphocytes were fixed on
polylysinecoated coverslips. If at indicated otherwise, patch pipettes were filled with a
cytosoliclike solution containing KCI 30, Kgluconate 95, NajPO, 1.2, NaHPO, 4.8,

EGTA 1, Ca-gluconate 0.758, MgglL.03, D- glucose 5, ATP 3, pH 7.2. Ti@g™ activity

was 0.1 pM. Covergds were mounted in a perfused bath chamber on the stage of an inverted
microscope (IM35, Zeiss) and kept at 37 °C. The bath was perfused continuously with Ringer
solution at a rate of 8 ml/min. For activation of volume dependentudlents, Ringer bath
solution (mM) was first changed to Iso and then to Hypo (c.f. above). Patch clamp
experiments were performed in the fast whole cell configuration. Patch pipettes had an input
resistance of i24 MW when filled with the cytosolic like (physiological) solutioBurrents

were corrected for serial resistance. We choose this solution because it enabled
swelling/shrinkage behaviour under physiological ion concentrations and allowed for direct
comparison of the results from patch clamping and volume measuremertsactéss
conductance was measured continuously and wa$460nS. Currents (voltage clamp) and
voltages(current clamp) were recorded using a patch clamp amplifier (EPC 7, List Medical
Electronics, Darmstadt, Germany), the LIH1600 interface and PULSE asefttHEKA,
Lambrecht, Germany) as well as Chart software (AD Instruments, Spechbach, Germany).
Data were stored continuously on a computer hard disc and analyzed using PULSE software.

In regular intervals, membrane voltagéc) was clamped in steps of 20vnirom -100 to
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+100 mV from a holding voltage ¢fl00 mV. Current density was calculated by dividing

whole cell currents by cell capacitance.

Double electrode voltage clampingOocytes were injected with cRNA encoding aquaporin

1 (0.5 ng), Ano6 (5 ng) ordbh together. Water injected ades served as controlsi 21 days

after injection, oocytes were impaled with two electrodes (Clark Instruments Ltd, Salisbury,

UK) , which had a resistances of < 1 Mq when
electrods and a virtuaground head stage, the voltage drop across the serial resistance was
effectively zero. Membrane currents were measured by voltage clamping (oocyte clamp
amplifier, Warner Instruments LLC, Hamden CT) in intervals fr@to +60 mV, in stepsf

20 mV, each 1 s. The bath was continuously perfused at a rate of 5 ml/min. All experiments
were conducted at 22 °C.

Materials and statistical analysis: All animal experiments were approved by local
authorities and were conducted according to the goieklof the American Physiological

Society and the German law for welfare of animals. All compounds used were of highest
available grade of purity and were from Sigma or Mei83728 was a generous gift by
NeuroSearch (Ballerup, Denmark)ata are reportt as mean N stese(fom. Stu
paired or unpaired samples as appropriate) or ANOVA were used for statistical analysis. A p
value < 0.05 was accepted as significant difference.

Ethics statement: All animal experiments were approved by the lochlost commission of

the University of Regensburg and were conducted according to the guidelines of the

American Physiological Society and the German law for welfare of animals.

Results

ANOG6 augments k.swerand volume regulation in HEK293

siRNA-knockdavn of ANOG6 in HEK293 cells was shown earlier to attenuatedi
by about 50 %4{96). ANOG6 is a ubiquitous protein as comparably high levels of mRNA is
found in all cell lines and freshly isolated cells (data not shown). We found that additional
expresgn of exogenous ANOG6 is able to augmeatsden activated by hypotonic bath

solutions in HEK293 cells (Hypo; Fig. 1a). Patch pipettes were filled with a buffer solution of
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Fig. 1 Cell swelling activates Anoctamin(@) Continuous recording of the whole cell current
(Vc = £ 100 mV in steps of 20 mV) activated in mock trangf@cHEK293 cells, after
exposure to hypotonic bath solution (Hypo; black arrowheads indicate 15, 35 and 50%
hypotonicity). p) Summary of Hypanduced current density in mock transfected HEK293
cells and inhibition by NPPB (50 uM), NS3728 (10 uM) and T#*01 (10 puM). Currents

were not inhibited b¥* channel blockers BA(5 mM) and TEA (10 pM). ) Inhibition of
Hypo-induced whole cell currents by removal®&"* and additional application of th@a*
chelator BAPTA (50 uM).d) Current/voltage (i/v) dationship of the experiments shown in

(c). () Inhibition of Hypainduced whole cell currents by NPPB (50 puM), NS3728 (5 uM), or
T16ALA0L (10 uM) in mock transfected and AN@&erexpressing HEK293 cells (Vc = +

100 mV in steps of 20 mV)f)} Summary ofHypo-induced current densities in mock and
ANOG-overexpressing cells and effect of inhibitorg) Hypo-induced cell swelling and +e
shrinkage (RVD) in mock transfected cells in the absence and presence of extradlular

and in ANOG6expressing cellsas measured by flow cytometryh)(RVD calculated from

initial recovery from cell swelling. If) RVD in mock transfected and anoctamin
overexpressing cells as assessed by single cell volume measurements using calcein
fluorescence.Mean + SEM,; *significantnhibition by NBBP, NS3728, andi,-FAO1 (paired
t-test).”significant difference when compared to hig’* or mock, respectively (ANOVA).
(number of cells or flow cytometry assays).

We found that extraand intracellular Cd was required to fully actdte kiswer
Under complete G4 free conditions, i.e. Gafree solutionand preincubation with the &a
chelator BAPTAAM, |c.sweWas essentially eliminated (Fig. 1c,@verexpression of ANO6
augmentedd.swel lci-swen did not show time dependeinactivation that has been reported to
be characteristic for VRAE15), but was potently blocked by typical @hannel blockers
(Fig. 1e,f). Volume regulation was measured by flow cytometry and in single cells using
calcein fluorescence, and was augtednn ANOGexpressing cells (Fig. 3§ Notably, the
reduced regulatory decrease (RVD) after hypotonic cell swelling was found to be attenuated
in the absence of €a These data indicate that proper volume regulation requirés Ca
Similar to kiswen, also apoptotic currents induced by staurosporine were augmented by
overexpression of ANO6 (data not showAdditional evidence for the role of ANOG6 in
volume regulation was detected in Xenopus oocytes. Hypotonic swelling can be observed in
oocytes overgwessing AQP1, but not in nanjected oocytes (142). A smalti.swen Was
activated in AQPZxpressing oocytes by hypotonic bath solution that was, however,

significantly enhanced in ANG6oexpressing cells (Supplementary Fig. 1).
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Ca” influx and diluti on of intracellular CI" during hypotonic swelling is essential for
activation of I ¢j-sweil/ANOG

We examined whether plasma membrane (PM) localized ANO6 (Supplementary Fig.
2a) is activated by Ga entering the cell during cell swelling througtansient eceptor
potential (TRP) channels. In the presence of the TRP channel inhiBK&F96365 (145
activation oflci.swen Was largely attenuated, and the remainiggwer showed VRAGtypical
time dependent inactivation (Fig. 2a,b). ACA, a TRP channelitohibnd potent blocker of
PLA; (146) completely abolished activation dgiswel, Suggesting a role of PLAfor
activation of ANOG6. In contrast, the TRPM7 inhibitor NS8593 (10 uM) or the activator of
TRPM?7, naltriben (50 uM) had no inhibitory or activgtoeffects, respectively (data not

shown).
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Fig. S1lciswen iIn Xenopus oocytes expressing ANOG6. a) Whole cell currents measured in
water injected control oocytes, and oocytes expressing AQP1, ANOG6 or coexpressing
AQP1/ANOG6. Hypotonic bath solutmn(50% hypotonicity; 101 mosmol/l) activated a small
but significant whole cell current only in cells coexpressing AQP1/ANOG6. b) Summary of
Hypo-induced whole cell currents (at clamp voltage ¥ +40 mV). Mean = SEM.
#significantly different when comparéd AQP1 (unpairedtest). (humber of oocytes).

Notably, Iciswen Was largely reduced when experiments were performed in the presence of
CsCl instead of physiological buffer solutions, and a typical time dependent inactivation was
observed (Fig. 2a). Memnane voltages were depolarized in the presence of CsCl, which
probably interferes with Gainflux and activation of ANO§147) (data not shown). Thus the

contribution of ANOG td¢swei Cannot be properly assessed in the presence of(C3d!
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Perfuson of the cell with high intracellular Ctoncentrations in the patch pipette may
also interfere with activation of ANOG6. We therefore examined whole cell currents in ANOG6
expressing cells with either low (5 mM) or high (125 mM) i@l the patch pipettein the
presence of low cytosolic Glve observed large whole cell currents under isotonic conditions
(no cell swelling), which were strongly reduced when extracellular (batiwyasireplaced by
impermeable gluconate (5TI(Fig. 2c,d left panels). Curreractivation by 5Clwas not
blocked by inhibition of TRP channels with SK&F (data not shown). In contrast, whole cell
currents were low in the presence of high intracellulaffzd. 2c,d right panels). Similar was
observed whel.swer Was activatedn the presence of low or high pipette: Glypo-induced
currents were large with low cytosolic @lut small with high cytosolic C(Fig. 2e). We
propose that dilution of the cytosolic @oncentration during hypotonic cell swelling may
activate ANOG.

Activation of Ic..swei Was largely reduced by the TRP channel inhibitor SK&F, suggesting
swelling induced Cd influx that activates ANO6 (Fig. 2a,b). Apart from TRPM7, which
does not seem to contribute to activationl@f.., TRPC1 was found to be exgssed in
HEK293 cells (Fig. 2f). Using the &asensor Fura2, we detected a variable and transient
increase in intracellular Gawithin 39.9 + 1.5 s after applying Hypo (Fig. 2g,h). Intracellular
Cd* was measured near the junctional zone, using the¢aRlted C& sensoPl-G-CaMP2
(148 (Supplementary Fig. 2). The delayed and transiefit iDarease caused by hypotonic
cell swelling was not inhibited b§K&F96365, but was potently blocked by dantrolene, an
inhibitor of ryanodine receptors Fig. 2i). BoB&" dependent cPLAand C&" independent
IPLA, are expressed in HEK293 cells (Supplementary Fig. 2c,d). Nonselectivg- PLA
inhibitors (ACA, aristolochic acid), pyrrophenone (inhibition of cB),Aand BEL (inhibition
of iPLA,) largely inhibited C& increae (Fig. 2 i). In contrast, inhibition of metabolic
pathways downstream of PLAepoxygenase (EG), lipoxygenase (LG), cyclooxygenase
(CG)) by an inhibitory cocktail neither blocked Cincrease nor activation of ANO6, and are
therefore not relevant (Fii, Supplementary Fig. 2€)L49. Thus cell swelling activates
iPLA2 and cPLA and releases &afrom ryanodine and IP3sensitive C& stores into the

junctional zone (Cd nanodomain}150-153).
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Cell swelling activates ANOG6 primarily through PLA, and accumulation of membrane

lysophospholipids
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Fig. 2 ANOSG is activated by hypiducedCa" increase(a) Swelling induced (Hypo) whole

cell currents in ANO&verexpressing HEK293 cells, which was inhibited by TRP channel
blocke SK&F96365 (20 uM), the TRP/PLAblocker ACA (20 uM), and the presence of
CsCl in bath and pipetteb) Corresponding i/v curvesc)( Whole cell currents in ANO6
expressing HEK293 cells with 5 or 125 mmol/l @lthe patch pipettedj Corresponding i/v
curves. €) i/v curves for Hypeinduced whole cell currents in AN@&pressing HEK293

cells with 5 or 125 mmol/l Clin the patch pipette. f{ RT-PCR analysis of
volume/mechanosensitive TRP channels in HEK293 cells. RT = reverse transcrigtase. (
Delayed C&* increase induced by hypotonic bath solution as measured in Fura2 loaded
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HEK293 cells. k) Time to maximal (peak) Ghincrease upon exposure to hypotonic bath
solution measured in 100 individual cell§) Summary of C& increase near ER/plasma
membane junctional zone in HEK293 cells, using plasma membrane localiZécesor
Pl-G-CaMP2 Effects of TRP channel inhibitor SK&F96365 (20 pM), IP3R inhibitor
xestospongin C (10 pM), RyrR inhibitor dantrolene (10 puM), cocktail of inhibitors of
epoxygenas€EG; 100 uM), lipoxygenase (LG; 5 uM), and cyclooxygenase (CG; 10 uM),
broad PLA inhibitors aristolochic acid (100 puM) and ACA (20 uM), cPLAnhibitor
pyrrophenone (50 nM), and iPLAnNnhibitor BEL (30 puM). {) Continuous recording of
intracellular C&" concentration (detected as 485/405 nm fluorescence ratio) indicating lack of
effects of melittin (200 nM) on intracellular EaMean + SEM "significantly different from
Hypo, 5CI" in patch pipette or control, respectively (ANOVA). (number of cells).

Melittin, an activator of PLA did not increase intracellular €a but strongly
activated ANOG6 (Fig. 2j, 3a,b). Activation of ANO6 by melittin was completely suppressed
by inhibiting iPLA, with BEL, which also largely attenuated RVD (Fig. 3c,d). Direct
acivation of ANO6 by PLA through melittin did not require &ainflux through TRP
channels, aSK&F96365 did not block activation (Fig. 3e). Pi-Activated ANOG6 whole cell
currents were blocked by the anoctamin inhibitor AO1 (Supplementary Fig. 2f). Notably
membrane currents activated by melittin in inside/out excised membrane patches from
ANOG6-expressing HEK293 cells were blocked by tannic acid (Supplementary Fig. 2g). The
data indicate that ANOG currents can be activated by,Rlithout influx of C&". In contrast
complete removal of G4 from bath and patch pipette and chelation of*Gzy 100 pM
almost completely eliminated the effect of melittin (data not shown). Vice versa, activation of
ANOG by ionomycin was partially blocked by inhibition of PLAith ACA (Fig. 3f).

We speculated that ANOG6 is activated by Bltlrough depletion of fatty acids, such as
arachidonic acid (ArA), and generation of membrane lysophospholipids (LPL). The
immediate downstream product of LPL, lysophosphatidic acid (LPA), doteappear to be
relevant since activation of ANO6 was not compromised in the presence of thd®Ran
receptor inhibitor BrRLPA (data not shown). Accumulation of LPL within the plasma
membrane is known to cause membrane ter(di64), which could open ANQG6This process
should be reversed by simultaneous application of fatty acids like ArA. Strikingly, activation
of ANOG6 by PLA was much reduced in the presence of ArA (Fig. 3g,h). Moreover, as cell

swelling leads to activation of Pl.Aand generation of LPIthereby activating ANO8Bciswell
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was reversibly inhibited by ArA (Fig. 3i,j). Melittin, however, was unable to activate large
whole cell currents in the presence of high (125 mM) intracellulacd@centration (Fig. 3k).
Finally, direct application olLPL (20 uM) activated an anion conductance i/ IYFP
qguenching assays (Fig. 3l). This anion conductance was sensitive towards the typical

anoctamin inhibitors CaGGAO1, T16A,,A01, and tannic acid.
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Fig. S2 PLA, and C&', but na pathways downstream of PLAactivate ANO6. a)
Immunocytochemistry of ANO6 expressed in HEK293 cells indicating membrane expression.
b) Plasma membrane localization of the*Csensitive protein PGCaMP2.c) RT-PCR
analysis of C& sensitive and Gainsensitive PLA isoforms in HEK293 cellsd) Expression
levels of the different PLA2 isoforms expressed in HEK293 ce)laviarginal inhibitory
effects on Hypanduced whole cell currents by simultaneous inhibition of epoxygenase (EG),
lipoxygenase (LG), andyclooxygenase (CG) with an inhibitory cocktail containing26
Propargyl oxyphenyl )hexanoic acid (100 eM),
i ndomet ha cf) Sumnjaty 0f weoM tell currents activated by melittin and inhibition
by the anoctamin nhi bi t or AgP3umnfaly @of cardnt measurements in cell
excised inside/out membrane patches from AM®érexpressing HEK293 cells. Pipettes
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were filled with fAcytosoliclikeo buffer
melittinandinfbbi t i on by the anoctamin inhibitor
significant current increase by melittin and inhibition by TA (pairetest). #significantly
different from AOL (unpairedest). Bath: NaCl 145, KO, 0.4, KkHPO, 1.6, D- glucose

5, MgChk 1, Cagluconate 1.3, pH 7.4. Patch pipette: KCI 30glkconate 95, Na}PO, 1.2,
NaoHPO, 4.8, EGTA 1, Cagluconate 0.758, Mggl1.03, D-glucose 5, ATP 3 (all mM),
[Ca®™]; 10-7 M, pH 7.2.
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currents activated by melittend inhibition by theRLA-inhibitor BEL (30 uM). @) Volume
regulation measured in ANG#xpressing HEK293 cells in the absence or presence of BEL.
(e) I/V relationship of whole cell currents activated by melittin (200 nM) in the absence or
presence of K&F (20 uM). (f) Summary of ionomycin (1 puM) activated whole cell currents
in ANOG6-overexpressing HEK293 cells and inhibition by #ieA,-inhibitor ACA (20 uM).

(g) Activation of whole cell currents in ANG6verexpressing HEK293 cells by PEA
activator meittin and inhibition by arachidonic acid (ArA; 50 uM)h) Corresponding i/v
curves. (i) Continuous recording of Hypmduced whole cell currents and reversible
inhibition of activated currents by ArAj) Summary of Hypanduced current densities in
mock transfected and ANOG6 overexpressing HEK293 cells, and inhibition by AA. (
Activation of whole cell currents by melittin in the presence of low (5 mM) pipetteM@ich

was largely reduced in the presence of high (125 mM) pipettd)Activation ofl” influx in

YFP fluorescence quenching assays indicating activation of an anion conductance by LPL (20
uM). The effect of LPL was suppressed by CaAD1 (10 uM), T16AA01 (10 uM), and
tannic acid (10 uM)Mean = SEM; *significant activation by melittiand inhibition by ArA,
respectively (pairedtest).”significantly different from mock and absence of inhibitors BEL
and ACA, respectively (ANOVA). (number of cells).

ANOG6 controls Ici.swerand RVD in normal B lymphocytes but not in lymphocytes from a
patient with Scott disease

We examined activation of ANO6 by PLAn B-lymphocytes from a patient with Scott
disease. Scott disease is a rare inherited bleeding disorder, which is caused by a defect in
ANOG function (70;84). Cell swelling (Hypo) activateavhole cell currents in normal (wt)
lymphocytes, which were inhibited by the” €hannel blocker NPPB (Fig. 4a,b). Like in
ANOG6-overexpressing HEK293 cells, activationlgfswen and volume regulation (RVD) was
inhibited at low (10 mol/l) extracellularC&* (Fig. 4b,c). Scott lymphocytes do not express
ANO6 and demonstrated reduceéd.swen and defective volume regulation (Fig. -d
Activation of currents was not affected by BrPA, but was abolished by ACA (Fig. 49).
Lymphocytes show a PLAexpresin pattern similar to that identified in HEK293 cells (Fig.
4h,j). Remarkably, only normal (wt) but not Scott lymphocytes activated whole cell currents
during activation of PLAby melittin (Fig. 4jl). Moreover, C&"-dependent activation ANO6
by ionomycn was also strongly attenuated by ACA (Fig. 4m). These results clearly show that
also endogenous ANOG6 expressed idyBphocytes is controlled by PLA which is

activated during cell swelling.
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Fig. 4 ANOG6 is necesseary fdgiswer and RVD in human lymphocyte¢a) Hypo (50%)
induced whole currents in human normal (wt) lymphocytes and inhibition by NPPB (50 uM).
(b) Corresponding i/v curves, also showing the inhibitory effecCaf removal from the

bath solution. ) Hypo-inducedcell swelling and reshrinkage (RVD) of normal lymphocytes

as measured by flow cytometry in the absence or presence (1.5 mM) extracfiilad)
Western blot indicating expression of endogenous Ano6 in normal (wt) but not in Scott
lymphocytes. € Hypo-induced whole cell currents in wt and Scott lymphocytBsHypo-
induced cell swelling and RVD in normal and Scott lymphocytes. Mean + &ggyificant
difference when compared to Hypo, wt, anG#&*, respectivelfANOVA). (number of cells

or flow cytometry assays)gf Hypo induced whole currents in wt lymphocytes were inhibited
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by ACA (20 uM), but not by the PanPA inhibitor BrRLPA (5 uM). (h,i) RT-PCR analysis

of PLA; isoforms in human Bymphocytes. RT = reverse transcriptagg) (Activation of
endogenous ANOG in wt lymphocytes, but not in Scott lymphocytes lacking expression of
ANOBG. (m) Inhibition of C&* activated whole cell currents by ACA in wt lymphocytes. Mean

+ SEM:; “significant difference when compared to Hypo or wt, respectively (ANDVA
(number of cells).

Intestinal epithelial cells from Ano6" mice show reduced whole cell currents and

defective volume regulation
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Fig. 5ANOG controls cell volume in freshly isolated intestinal epithelial c€bg.Whole cell
currents in isolated intestinal epithelial cells frokmo6”™ mice before and after hypotonic

(35 %) cell swelling. Corresponding i/v relationships, current densities, and membrane
voltages indicating activation d¢* currents by Hypo. k) Whole cell currerst in isolated
intestinal epithelial cells fromno6" mice before and after hypotonic (33 %) cell swelling.
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Corresponding i/v relationships, current densities, and membrane voltages. Whole cell
currents are reduced under control conditions, suggestiegabdsf Ano6 currents which are
normally active under control conditions) {/olume regulation (RVD) in intestinal epithelial
cells from Ano6™ and Ano6 animals, indicating rapid recovery from hypotonic cell
swelling in Ano6™ but notAno6” cells. Enhanced increase in the cell volume and largely
delayed recovery from hypotonic cell swelling Amo6™ cells. Mean + SEMfsignificant
difference when compared #&no6™ (unpaired test). (number of cells or flow cytometry
assays).

We isolated smalintestinal (jejunal) epithelial cells fro’no6™ and Ano6™ mice. In
these cells hypotonic bath solution activated predominantlgugrents in bottAno6” and
Ano6” cells, as indicated by hyperpolarization of the membrane voltage (Fig. 5a,b) ngwelli
activated K currents in intestinal cells have been observed e&fll&5). Although swelling
activated K currents were identical ino6”* and Ano6 cells, baseline currents under
control conditions were reduced Ano6" cells, suggesting a missj CI current inAno6”
cells. Noteworthy, volume activated "Glurrents were found to be partially active under
isotonic conditiong15).

Moreover, we reported earlier that ANOG is partially active under control cond{&ons
Despite relatively smhlcurrent changes ino6” cells, volume regulation was strongly
attenuated in cells from Ano6 knockout animals: Hypotonic cell swelling was largely
enhanced and RVD was strongly delayediito6” cells (Fig. 5c,d). We therefore conclude
that ANOG is avolume regulated anion channel that participates in cellular volume regulation.
ANOS is activated through cell swelling induced?Oaflux, activation of PLAand a drop in
CI" concentration within the junctional zone (Fig. 6). We propose that activati®iNOG6
occurs by accumulation of membrane lysophospholipids generating tension within the plasma
membrane bilayer(154), thereby opening the channel pore possibly by improving
accessibility for C& ions (138. Alternatively, exposure of phospholipids dik
phosphatidylserine (PS) by the phospholipid scrambling property of ANO6 may lead to a
conformational change allowing Ctransport by ANO6 or may lead to exocytosis of

submembraneous channel pools (Fig. 6).
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Discussion

Activation of ANO6 by Ca?*
The pesent data demonstrate that volume dependent activation of ANO6 requires

Ccd”, a result that corresponds well to earlier findi(®@). We found that inhibition of G4
influx through TRP channels activated by cell swelling strongly attenuategiland left
behind a much smaller time dependent whole cell current (Fig. 2a). Although there is an
ongoing dispute regarding the role of?Céor volume regulated anion channels, the role of
TRP channels and intracellular C#or cellular volume regulation ceived better acceptance
(reviewed in(132;156;15Y. Agreement exists concerning a local permissive (threshofd) Ca
concentration of around 50 nM that is required to activatel@nnels during cell swelling
(reviewed in(15;156). C&" influx through TRP channels appears essential to activate ANO6
during cell swelling. The data suggest?Cimduced C&' release from dantrolene ands{P
sensitive stores caused by cell swelling.*Caignaling may happen in a narrow
compartmentalized space called the jioal zone(153. The concept that Gamodulates
VRAC in functional nanodomains, via colocalized stoperated C& influx channels has
been proposed earli€t52;158;15%.
Activation of ANOG6 by PLA

Ca*-induced C&' release was observed during cellefiimg. It was paralleled by &
release from IRsensitive C& stores, probably through autocrine release of ATP and
purinergic receptor signalin(p6). However, ANO6 can be activated by PLwithout any
increase in intracellular aand iPLA appearso be most important in this regard (Fig. 3). It
is unlikely that PLA and lysophospholipids (LPL) act via opening of TRP channels afid Ca
influx, since i) activation of PLAby melittin, which activates ANOG6, does not trigger any
cd" signals, and ii) atvation of ANO6 by PLA was not suppressed by a TRP channel
inhibitors (Fig. 3e). Notably, regulation of VRAC and RVD by cell swelaugivated PLA
is well recognized132160).

Strong activation of ANOG6 through PLAlepolarized the membrane voltage gesting
activation of cation currents, as reported eafb€r51;71;83;1R Our earlier work suggested

a loss of selectivity for ANO6 currents at very large intracellul&’ €ancentrations and with
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ongoing stimulation (50;139 which was also supportedybanother report(85).
Notwithstandingthe current activated byLA, should be through ANO6 because i) melittin
activated a currenonly in ANO6 expressing cells,)iiACA inhibited swelling activated
ANOG currents, ACA inhibited melittin activated currerstnd ACA inhibited Cd activated
ANOG6 currents. iii) melittin activated currents are inhibited by the AN@bitors
CaCGAOl1l and tannic acid, iv) melittin activated currents in AN&@ressing wt
lymphocytes, but not in Scott lymphocytes, v) melitdid not activate currents in the
presence of high intracellular ‘Gloncentration which inhibits ANOG6. vi) Currents activated
by ionomycin andPLA; are not additive

PLA-dependent release of €arom internal C&" stores was also observed in the
present smudy. Lambert, Hoffmann and coworkers have analyzed in detail activation and
cellular redistribution of PLA during hypotonic cell swelling(161-163). iPLA, and
particularly cytosoliccPLA, may participate in CGa store release and activation of ANO6
(162). Notably, iPLA are characterized as being”?Cmdependentn vitro, but in fact were
found to be regulated by &avhen studiedn vivo (164).

ANOG6, an osmosensor?

We observed large Clcurrents in ANOE€expressing cells, when the cytosolic™ Cl
concentration was low (Fig. 28). These currents did not require activation by Ga
hypotonic cell swelling. In contrast, high cytosolic @hibited both baseline and swelling
activated Clcurrents. This has also been observed earlier f6f @spemlent activation of
ANOSG by the C&" ionophore ionomycir{50). We therefore propose that ANO6 is regulated
by the intracellular Clconcentration and may therefore operate as a kind of osmosensor. The
concept of regulation ofclswen by intracellular osmiic strength has been observed earlier
(165;166. Osmosensing by TRP chann€l&7) is unlikely to explain the present findings, as
CI" regulation of ANOG6 currents is also observed in the presence of TRP channel inhibitors
(data not shown). We were unalite identify a chloride binding site as described for e.g.
Na'/Cl" dependent transporte(d69. It will be interesting to determine whether chloride
sensitiveWNK (with no lysine [K]) kinase is controlling ANOG6 activity. In fact a role of
WNK3 on intracelular chloride concentration amdlumeregulationin HEK293 cells has

been suggested earli@69).
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ANOG6 and VRAC

The present data suggest thatdespr oduced by ANOG, and the
functionally related. In fact there is no distibte difference betweertlswen described here
and VRAC, except of the pronounced difference in time dependence. In our experiments
VRAC-typical timedependent inactivation was preferentially observed whéh&aess was
limited, either by removal ofxgracellular C&", inhibition of C&" influx by TRP channel
blockers, or strong depolarization of the membrane voltage. The present study does not
address the contribution of LRRC8A, the essential component of VRAC identified recently

(134;135.
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Fig. 6 Activation of ANO6 by Hypotonic Cell Swelling. Possible mechanisms of hypotonic
activation of ANOG6. During cell swelling water enters the cell through AQP water channels
and reduces osmolarity and” @bncentration within the junctionaone, thereby releasing
ANOG6 from CI inhibition. Cell swelling activates mechanosensitive TRP channels such as
TRPC1 through CA insensitive, stretch activate®liA,, which releases fatty acids, like
arachidonic acid (ArA), from plasma membrane phospidsi (PL). Accumulation of
lysophospholipids (LPL) causes membrane tension and, together with local increaégiof Ca
the junctional zone, activates ANOG. Increase in intracelluls#i” @ather recruits CA
dependent cytosolidRt.A, to ER membranes aridduces a transient ER store release df Ca
Exposure of phosphatidylserine (PS) by the phospholipid scrambling property of ANO6 may
lead to a conformational change allowing t€ansport by ANO6 or may lead to exocytosis of
submembraneous channel pools.

The present data identify ANOG6 as a cell swelling activated anion channel and uncover a
new mechanism of activation through membrane depletion of unsaturaef@tsy acids and
accumulation of lysophospholipids. The recently provided structure of TMEKOD6 the
fungus Nectria haematococca suggests poor accessibility ?6ft@Cshe C&" -binding site
(138. Membrane tension induced by accumulation of lysophospholipids could induce a
conformational change and thereby improve accessibility fotiGas.

The Ano6 null animals show a largely reduced survival rate. About 70% die before or
briefly after birth, due to internal bleedings and massive malformationasphyxia,
respectively Interestingly, the 30% survivals show expression of a splice varianNGf6A
We generated this splice variantvitro, which produced normal &aactivated whole cell
currents when expressed in HEK293 cells (data not shown). The surviving animals
demonstrate bone mineralization defd®2), enhanced bleeding tin{@70) and nacrophage

defectg(139. Thus ANOG is protein essential for survival and proper ofgaction
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Chapter 4
Anoctamin 6 mediates Effects essential fornhate Immunity downstream of P2X-

Receptors in Macrophages

Abstract

Purinergic P2X receptors (P2X;R) are fundamental to innate immune response. In
macrophages transiestimulation of P2X%R activatesseveral transport mechanisms and
induces scrambling ophospholipids with subsequent membrane blebbing and apoptosis.
These processes support phagocytosis and subsequent killing of phagocytosed bacteria. Here
we demonstrate that stimulation of P2Xeceptors activates anoctamin 6 (ANOS6,
TMEM16F), a protein tat functions as G4 dependent phospholipid scramblase and’Ca
activated Cl channel. Inhibition or knockdown of ANOG6 attenuates Améuced cell
shrinkage, cell migration and phospholipid scrambling. In mouse macrophages Ano6
produces large ion currery stimulation of P2Xreceptors and contributes to Afiitluced
membrane blebbing and apoptosis, which is largely reduced in macrophage&nioéim

mice. ANOG6 supports bacterial phagocytosis and killing by mouse and humarl THP
macrophages. Our data demstrate that anoctamin 6 is an essential component of the

immune defense by macrophages.

Key words: Macrophage,ion channel,purinergic signaling, Ca activated Cl currents,
Ano6, Anoctamin 6, TMEM16F, apoptosis, phagocytosis, phospholipid scrgnbkcterial
killing, P2X7 receptor, P2Xpore, blebbing, apoptosis
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Introduction

P2X; receptors (P2)R) are ligand gated neselective ation channels that are activated by
high concentrations of extracellular nucleotides, which may be released during inflammation,
tissue injury and Tcell activation(171;173. P2XR has a unique large-t€rminus, which
may couple to multiple intracellulasignaling pathway$173;174. Activation of P2X;R not

only leads to an instantaneous inward cationic current, but also to formation ckalective
pore, permeable to molecules up to 900 Da, which eventually leads to ce{LE5i$76. In

fact distnct pores for P2¥R-activated uptake of cationic and anionic fluorescent dyes have
been propose@l77;179, while a contribution of the hemichannel pannexin 1 is discussed
controversially (173;179183). It remains currently unclear whether the concept afep
dilation of P2XR (183 is sufficient to explain the large conductance associated withAFB2X
and to what extend other ion channels may contribute.

ANO6 (anoctamin 6, TMEM16F) is a €adependent phospholipid scramblase
(70:85:13F and a putative Ca activated Cland nonselective cation chanig0;83;85;13)
that is activated during apoptotic cell ded86;87;189. ANOG6 facilitates apoptotic cell
shrinkage and is a component of the ubiquitous outwardly rectifyinch@hnel that has been
identified in many cell types(86;87. This scramblase/channel is activated by high
intracellular C&" concentrations, as they occur during activation of /(@&;185;186. We
therefore asked whether stimulation of PRXactivates ANO6, and whether both*Cand
thelarge Gterminus of P2X contribute to activation of ANOG.

P2X; receptors show highest expression in macrophages, where they are important for
innate immunity during infectious diseas€$87;188, while ANO6 was found to be
expressed in spleen, osteoddasind immune cell§70;82;84;87, suggesting overlapping
expression A cascade of cellular events is triggered through stimulatioR2¢R, with
initial activation of nonselective cation currents and a subsequent pore conductaads.
followed byseqential cell shrinkage/swelling, phospholipid scrambling, membrane blebbing
and finally cell deatl{172;189191). The aim of the present study was therefore, to examine
whether ANO6 and P2R are coexpressed in macrophages and whether ANO6 mediates

some ofthe cellular effects downstream of PBX These questions were tackledamalyzing
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activation of ANOG6 through stimulation of PZX in overexpressingenopusoocytes and
HEK293 cells, and in human and mouse macrophages \intaintype and Ano6 knockout

mice

Materials and Methods

Anoctamin 6 knockout mice, cell culture and cDNA: Generation ofAnoctamin 6
(TMEM16F)knockout mice C57BI6, 612 weeks, male or femalbas been described earlier
(80). These micewere kindly provided by Prof. Dr. A. Vortkamp (Depment of
Developmental Biology, University of Essen, Germarigjocedures were performed in
compliance with the guidelines for the welfare of experimental animals issued by the Federal
Government of Germany, and were approved by the local bBardan enbryonic kidney
(HEK293; ATCC) <cells were grown in Dul becco
with 10% FBS. Cells were incubated in 5 % D37 °C.The vectors pcDNA3-hP2X7, the
oocyte expression vectors pNK&RP2X7C-terminal truncated (436aa), gI$4-hP2X7 and
PNKS4hP2X7-His tagged wereindly provided byProf Schmalzing and Michaela Stoll
(Inst. fur Pharmakologie & Toxikologie, Universitatsklinikum der RWTH Aachen, Germany).
The vectors pcDNA3:hP2X7/E496A, pNKShP2X7/E496AHis were produced bPCR

based sitalirected mutagenesis. pcCDNAhP2X7C-terminal truncated and pcDNA3.1
cmyc /hP2X7 were generated by subcloning using PCR techniqgues. Human ANO6 cDNA
was amplified from total RNA of 16HBE cells by RFACR, as recently described (Schreiber

et al, JBC 2011). All sequences were verified by sequencing. Expression of human ANOG6
was suppressed by two to three sets of si RNA
SsiRNA were designed and synthesized by Invitrogempplementary Table)2Plasmid or

siRNA were transfected into HEK293 cells using standard methods (Lipofectamine,
Invitrogen). Cells were examined 48 or 72 h after transfection.

Patch clamp: Cells grown on cover slips were mounted in a perfused bath on the stage of an
inverted microsope (IM35, Zeiss) and kept at 37° C. The bath was perfused continuously
with Ringer solution (mM: NaCl 145, KiPO, 0.4, KkKHPO, 1.6, D-glucose 6, MgGl1, Ca

gluconate 1.3, pH 7.4) at about 10 ml/miratchclamp experiments were performed in the
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fast wholecell configuration. Patch pipettes had an input resistancedof 3M q , when fil
with an intracellular like solution containing (mM) KCI 30;dfuconate 95, NapPO, 1.2,
NaoHPO, 4.8, EGTA 1, Cegluconate 0.758, Mggl1.034, Dglucose 5, ATP 3. pH was 7.2
theCd&*activity was 0.1 ¢&M. The access conduct ¢
90-140 nS (EPC 9 amplifier, List Medical Electronics, Darmstadt, Germany). In regular
intervals, membrane voltages (Vc) were clamped in steps of 20 mV-frotnto +1@ mV

and the membrane conductancg ®as calculated from the measured current (I) agd V
values according to Ohmoés | aw.

Two electrode voltage clamp:Oocytes were harvested froRenopuslaevis according to
German regulations governing animal experimentcy@s were defolliculated for 1 h at
18°C with 1.5 mg/ml collagenase type V (Sigma) in OR2 solution (in mmol/l): 82.5 NacCl, 2
KCI, 1 MgCh, and 5 HEPES pH 7.55. Oocytes were injected with 10 ng (47 nl double
distilled water) of cRNA encoding P2X7, P2XA% or P2X7?C-terminal truncated. cRNA

was transcribedn vitro after linearization, using the appropriate promoter and RNA
polymerase (T3, T7, or SP6). Oocytes were maintained in ND97 solution (in mmol/l): 96
NaCl, 2 KCI, 1.8 CaG| 1 MgCh, 5 HEPES, 2.5 Bpyruvate, 0.5 theophylline, and 0.01
mg/ml gentamycin, pH 7.55 at 18°Ci 4 days after injection, membrane currents were
measured by impaling two electrodes (Harvard Apparatus, UK) filled with 3 mol/l KCI,
which had a resistance of less than 4 .M he bath was continuously perfused at a rate of 5
ml/min with ND96 solution (in mmol/l): 96 NaCl, 2 KClI, 1.8 CaCl MgCh, 5 HEPES and

2.5 Napyruvate, pH 7.55. The voltage drop across the serial resistance was optimized to zero
using two bath electdes and a virtual ground head stage. Oocytes were continuously voltage
clamped between60 and +40 mV (oocyte clamp amplifier, Warner Instruments, USA) in
steps of 10 mV, each 1 s. All experiments were conducted at room temperature.

Reverse Transcriptase ER and Real time PCR:Total RNA was isolated from human B
lymphocytes, macrophages or frofenopudaevis oocytes using RNeasy MiKit (Qiagen;

Hilden, Germany). 2 ug of total RNA was revetsanscribed in 50 pl for 1 h at 40 °C using
random primer andeverse transcriptase (RT). 30 cycles of-RTCR was performed using
standard procedures (GoTaq DNA Polymerase, Promega), 1 pl RT and primers for P2X7 and
anoctamins (0.5 uM, Supplementary Table 1). For sgmntitative comparison GAPDH was
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amplified. Prodcts were analyzed on ethidium bromatained 2% agarose gels. The real
time PCR was performed in 10 pl of mixture (5 pl of 2x SYBR Green | master mix, 0.5 uM
of each forward and reverse primer (LightCy&leRoche, Germany) (Supplementary Table

1). The gcle threshold value was accessed by LightC§ci480 Software. The cycle
threshold values of the human ANOG6 dndctin mRNAsS were calculated from the equations
and standard curves. Samples were analyzed in triplicate of each and human ANOG levels
were nomalized to the corresponditgactin.

Western blotting and Immunocytochemistry: Protein was isolated from transfected
HEK293 cells using lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1%402 100

mM DTT and 1% proteinase inhibitor cocktail) and pmoteoncentration was measured by
Bradford. Samples were run on SIPAGE gel and transfered to polyvinylidene difluoride
membrane (GE Healthcare EuropeGmbH, Germany) using wet transfer (BioRad, Germany).
Membranes were incubated with 1:1000 #BfEP rabbitantibody (# A11122;Invitrogen,
Germany), 1:500 rabbit arNO6 antibody (ARP44761; Aviva SysteBio, USA), 1:500
rabbit antiP2X7 antibody (APRO08; Alomone Labs, Israel) and 1:500 mouse-@+#ctin
antibody (se47778; Santa CruzLzermany)overnight at 4C. Proteins were visualized using
antirabbit horseradish peroxidase (HRf®njugated antibody (Acris, Germany) or anti
mouse horseradish peroxidase (HRBjjugated antibody S@nta Cruz,Germany) and
chemiluminescent substrate (Pierce, Thermo Scientiffoy detection of expression of
anoctamin 6 andP2X;, macrophages were collected as described below. After isolation of
protein and separation on SIPAGE, proteins were detected using 1:500 rabbitAND6
(ARP44761; Aviva SystenBio, USA) and 1:500 rdhbt antiP2X7 antibody (APRO08;
Alomone Labs, Israelfor immunocytochemistry, transfected HEK293 celeye grown on

glass cover slips and fixed for 10 min with 4% (w/v) paraformaldehyde at room temperature.
Cells were incubated for 5 min with 0.1% SD& PBS. After washing, cells were
permeabilized and blocked with 2% (w/v, PBS) bovine serum albumin and 0.04% (v/v, PBS)
Triton X-100 and incubated for 1 h with primaamti-P2X7 rabbit antibody1:500) at 37 °C.
Binding of the primary antibody was visusdd by incubation with a secondary antibody
conjugated with Alexa 568. Green GFP fluorescence was used to indicate-BN®6

expression. Nuclei were stained with Hoe33342 (0.1 pg/ml PBS, Aplichem, Darmstadt,
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Germany). Cells were mounted on glass slides Withrescent mounting medium (DAKO
Cytomation, Hamburg, Germany) and examined with an ApoTome Axiovert 200 M
fluorescence microscope (Zeiss, Gottingen, Germany).

Annexin V binding and dye uptake assays:HEK293cells grown on glass cover slips were
treatedwith ATP with or without tannic acid (TA; 10 uM). After 5 min, cells were incubated
with annexin VF1 TC (BD Pharmi ngeneE, Ger many) for
subsequently analyzed using ApoTome Axiovert 200M fluorescence microscope (Zeiss,
Germany) ad SlideBook Digital Microscopy Software (Corolado, USA). Membrane
permeabilization observed during apoptosis was assayed using the positively charged
carbocyanine nucleic acid dye YRro-1 (Life Technologies). Cells grown and transfected in

96 well plateswere washed and resuspended in ringer solutionP¥&L was added at the

final concentration of 1 pM. Cells were incubated with 3 mM ATP with and without the
P2Xz-inhibitors AZ11645373 (25 nM) and(®, N-hexamethylene)amiloride (40 uM), or the
anoctaminCl” channel inhibitors NPPB (100 pM NPPB), niflumic acid (10 puM) or AO1 (20
uM). YO-Prol fluorescence (excitation 480 nm/ emission 520 nm) was measured every
minute for 3 hrs at 37C using the plate reader NOVOstar (BMG LABTECH, Germany).
HEK293 cells gown in 96well plates were treated with 3 mM ATP for 6 h at 37 °C in the
presence and absence of tannic acid. Luminogenic ca3ffasabstrate (Promega, Germany)

was added into each well and mixed at room temperature. The luminescence was measured
using he plate reader NOVOstar (BMG LABTECH, Germany). Apoptosispimary
peritoneal macrophagesas assessed by NucVif{v 488 Caspas8 assay kit (Biotum,
Germany). Briefly, macrophages were incubated with DEWUI2ZView488 substrate and
apoptotic cells were atyzed using the plate reader NOVOstar before and after treatment
with 3 mM ATP. Photos were taken by an Axiovert 200M fluorescence microscope with
ApoTome (Zeiss, Germany).

Intracellular Ca ?* concentrations and cell volume change$4EK293 cells were seedeon

glass cover slips and loaded with 2 uM F@fAM and 0.02 %Pluronic F127 (Life
technologies, Germaiyin ringer solution fimol/l: NaCl 145; KHPO, 0,4; K;HPO, 1,6;
Glucose 5; MgGl 1; C&*-Gluconat 1,3 for 1h at room temperature. Fluorescence was

detected in cells perfused with Ringerds s
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(Axiovert S100, Zeiss, Germany) and a high speed polychromator system (VisiChrome,
Germany). Fur was excited at 340/380 nm, and emission was recorded between 470 and
550 nm using a CoolSnap camera (CoolSnap HQ, VisitrBa). volume measurements
macrophage were cultured on glass covdos 2 daysand loaded with 1 pM calceiAM

(Life technologies, Germany) and 0.01 % Pluronit 27 (Life technologies, Germany) in
ringer solution for 1h at room temperature. Calcein was excited at 490 nm, and the emission
was recorded between 520 and 550 nm. Control of experiment, imaging acquisition, and data
analysis were done with the software package Natar (Universal imaging, U&) and

Origin (OriginLab Corporation, USA).

Isolation and culture of primary peritoneal macrophages:Mice were anaesthetized by £0

and sacrificed via cervical delocation. Intraperitoneal lavage was performed by delivering 10
ml of cold PBS into the abdomevith a 19gage needle. The cells were collected with a 24
gage needle, plated in 12 well plates (%0Qvell) and incubated at 37°C. After 1h the
nonadherent cells were removed by washing 5 times with PBS. The adherent cells were
cultured in RPMI mediaupplemented with 10% FBS, 1% PS and Glutamine 200 nM in 5%
CO, at 37°C Life technologies, Germaiy

Phagocytosis AssayMacrophages were seeded on 18 mm glass coverslips. After 5 min
incubation with 3 mM ATP, cells were incubatedh theinhibitors tannc acid (TA; 10eM)

or AZ11645373 (50 nMjn RPMI mediafor 5 hours. To measure phagocytasiacrophages

were incubated with 0.4 mg pHrodé. coli bioparticles conjugatelLife technologies,
Germany in 1 ml ringer solution for 1h at 37°C. After washing cellular fluoreseenas
measured usingn ApoTome Axiovert 200M fluorescence microscope and the software
AxioVision (Zeiss, Germany). To calibrate the fluorescence intensity to pH, cells were
incubated in MES buffer at pH 7.5 and 4 in the presence of 5 UM nigericin.

E. col viability assay: Macrophages were infected with coli XL1 Blue MRF" (Agilent
Technologies) for 1 h at 37 °@fter 5 min incubation with 3 mM ATP, cells were incubated
with theinhibitors tannic acid (16M) or AZ11645373 (50 nMjn ringer solutiorfor 0, 3 and

6 hr. After washing, cells were lysed LB media with 0.4% saponin at 37°C for 2 hr.
Number of viableE. coli was accessed by determination of CFU on tetracycline containing

agar plates.
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Boyden chanber assay:Migration of macrophages was measured using the Cell Biolabs

Cyt oSel -wealiC&8l M@ration Assay Kit (Cell Biolabs, USA). In brief, macrophages

were seeded on polycarbonate membrane with 5 um pore size for 1 h. Medium of the upper
chamberwas replaced by serum free RPMI medium containiagnic acid (10eM),
AZ11645373 (50 nM), 100 uM NPPB, 10 puM niflumic acid or 20 uM AO1. To the lower
chamber RPMI with MCH (10 nM) as chemoattractant was added. After 4 h incubation at

37 °C migrated macrophages were lysed and incubated with CyQuant® GR dye solfion at

°C for 20 min. Fluorescence (excitation 480 nm/ emission 520 nm) was measured using the
plate reader NOVOstar (BMG LABTECH, Germany).

Materials and statistical analysis: All animal experiments were approved by local
authorities and were conducted aca@ogdto the guidelines of the American Physiological

Society and the German law for welfare of animals. All compounds used were of highest
available grade of purity and were from Sigma or MeAdkcell culture reagents were from
Invitrogen. Experiments wee repeated 4 30 times, exact numbers are reported in the
figures. Data ar e r ep o4test¢fa pames ormeared sdnplSsEd/ . St
appropriate), Fi sherds exact tests and ANOV/

accepted ssignificant difference.

Results

P2X7R activates a large conductance in Xenopus oocytes

Pore formation by stimulation dP2X;R expressed in Xenopus oocytes has been
proposed earlief192). We expressed”2X;R in Xenopus oocytes and observed very large
delayed activated currents upon continuous stimulation by 1 mM ATP (Fig. 1a,b). These pore
currents were not observed in water injected oocytes, and were not due to activation of
endogenous Gaactivated Clcurrents (ANO), since whole cell currents aciited by the
C&" ionophore ionomycin were negligible when compared to/2pore currents (Fig. 1c,
Supplementary Fig. 1a). Activation of large currents was inhibited by blockdPXR,
such as HMA (§N,N-hexamethyleneamiloride) and AZ11645373 (Sumgphentary Fig. 1b).

Xenopugocytes express endogenous xAno6, as demonstrated-BYCRT(Fig. 1d). Because
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a substantial portion of delay&®2X;R-activated currents was inhibited by blockers of Ano6,
like niflumic acid (NFA), NPPB (sitro-2-(3-phenylpropyamino) benzoic acid), and tannic
acid (TA) (193, a contribution of xAno6 to the large current was suggested (Fig. 1f).
Notably, NFA blocked activation of a large pore currentXianopusoocytes also in a
previous study194). The inhibitors had no signifant effects on immediate PZX currents
activated within 1 s of ATRpplication but blocked delayed (after 3 min) currents, suggesting
inhibition of xAno6 but not a direct inhibition of P2R by these blockers (Fig. 1le,f).
Moreover, we injected sense ontisgenseDNA for xAno6 into ooyctes three days before
injecting cRNA for P2X%R, and 6 days before performing the DEVC experiments. We found
that the whole cell current activated by ATP was significantly reduced by about 45% in
oocytes injected with antisseDNA (n = 28), when compared with oocytes injected with

senseDNA (n = 30) (Supplementary Fig. 1c).
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Fig. 1 Stimulation of P2X7R activates a pore current inXenopusoocytes that is inhibited
by inhibitors of Ano6. a) Whole cell currents (holding voltage-40 mV) activated by 1 mM
ATP in aXenopusoocyte expressing2X;R. b) Continuous recording of whole cell currents
(clamp voltage +/40 mV in steps of 10 mV) activated by ATP inP2X;R-expressing
oocyte.c) Summary of whole cell currents in water irtggt control orP2X;R- expressing

oocytes measured 2 s, 20 s, and 180 s, respectively, after application of)ARP-PCR
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analysis of endogenou&\no6, overexpresseB2X;R, and Ractin. M = marker, +/reverse
transcriptase (RTk,f) Inhibition of whole ell currents (%) by niflumic acid (NFA; 10 uM),
5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB; 100 uM), and tannic acid (TA; 20
uM), when measured 1 8)(or 3 min ) after application of ATPg) Summary of whole cell
currents before and after stimtibn with ATP of oocytes expressiiRX;R (wt), P2X;R-
E496A, and P2X;R-436X, respectively. All experiments were measured using double
electrode voltage clamp techniques. Mean + SEM, n = number of‘saisificant difference

to P2X;R (p < 0.05; ANOVA). *significant activation by ATP or inhibition by channel
blockers (p< 0.05; paired-test).
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Fig. 2 ANOG is activated through stimulation of P2X% receptors a) Whole cell currents
activated by 3 mM ATP in HEK293 cells expregsiR2X;R. Cells were treated with
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scrambled RNA (scrbld; left) or sSiRNANOG6 (srANOG; right). Cells were continuously
voltage clamped between + 100 mV; ATP was applied at a holding voltage ofV. Tannic
acid (TA, 20 uM) was applied at the end of theargling to indicate activation of Glurrents.

b) Time dependent activation of whole cell currents by ATP in HEK293 cells expressing
P2X;R, ANOG, or both, and treated with scrbld RNA or siRNNOG6. d) Summary of whole
cell currents activated by ATP (3 mMy BzATP (100 uM), and inhibition of the activated
current by TA (20 pM).e) Original recordings demonstrating strong increase in free
intracellularC&* concentrations (Furd; 340/380 nm) by ATP (3 mM) in cells coexpressing
ANOG6/P2X;R. f) Summary of Fua2 340/380 nm ratios indicating continuous high levels of
cytosolic [C&"] during 30 min stimulation with ATP. Current data were obtained in fast
whole cell patch clamp experiments. Mean + SEM, n = number of é&fignificant
difference from P2XR (p< 0.05; ANOVA). *significant inhibition by TA (p< 0.05; paired-t
test).
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Fig. S1Activation of pore currents by stimulation of P2déceptors in Xenopus oocytes. (a)
Summary of the activation of largenpore currents by ATP (1 mM) but not bynieio (5
HMM) in oocytes expressing P2, and inhibition by 20 pM TA. (b) Summary of ATP
activated whole cell currents and inhibition by AZ (100 nM) and HMA (40 pM). *significant
activation and inhibition, respectively (pairetests). (c) Summary of ATFRctivated whole
cell currents in oocytes injected with sem¥&A or with antisens®NA for endogenous
Xenopus xAno6. (d) I/V curves of whole cell currents activated in the presence of BAPTA
and C&'-free extracellular bath solution (0 €aadded +1 mmol/IEGTA), respectively.
Efficient chelation of intracellular Gaby BAPTA-AM was verified by a lack of activation of
XANO with 10 pmol/l ATP in P2¥-expressing oocytes (not shown). (e) I/V curves of whole
cell currents activated in the presence of ND96 cbrRinger(con), extracellular Ndree
(NMDG) or extracellular CHree (Gluconate) solution, respectively. Mean®EM; n=
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number of cells. #significantly different from control or seb8¢A, respectively (unpaired t
test).

Activation of currents was tgely reduced but not completely inhibited by removal of
extracellular C&, suggesting Ca dependent and €aindependent components of the large
whole cell conductan¢&78 (Supplementary Fig. 1d). In contrast chelation of intracellular
C&” by preinculation of the oocytes with 1;Ris(2-amino5-methylphenoxy)ethan, N, N Nj,
N Rigtraacetic acid tetraki@cetoxymethyl) estdiBAPTA-AM; 0.1-1 mM) had no effects on
activation of currents (Supplementary Fig. ITfe current was also attenuated by mutating
(hP2X/R-E496A) or truncating ([B2X;R-436X) the Cterminus of P2XR, suggesting
requirement of both Gainflux and the Gterminus ofP2X;R for activation of the large
currents (Fig. 1g). Notably, removal of extracellular iBhibited the inward current itaéer
than the outward current, a phenomenon that was observed earlier fgR BZpressed in
HEK293 cells(195. However, replacement of extracellular 'Nay NMDG" only partially
inhibited ATRactivated whole cell currents, suggesting a permeability fgelaations like
NMDG", as observed earli€t92) (Supplementary Fig. 1e).

P2X; receptors and C&" activate ANOG6 currents

When expressed in HEK293 cells, ANOG6 localized to the cell membrane and
produced a whole cell current at high intracellulaf*Gancentrations, or when stimulated
with the C&" ionophore ionomycin Supplementary Fig. 2. Some currents were also
activated in mock transfected cells probably due to activation of endogenous ANOG6
(Supplementary Fig. 2450). ANO6 whole cell currents renmged outwardly rectifying in an
extracellular N&free bath solution, but changed from outwardly rectifying to more linear
currents when Nawas present in the bath solution, suggesting delayed activation of
nonselective ANOG6 currentsS@pplementary Fig.d (85). ANOG6 currents were partially
inhibited by Cl removal and were blocked by NFA, DIDS$t4-diidothiocyane2,2-
stilbenedisulphonate), NPPB, adtA (Supplementary Fig. 2e The current exhibited an
Eisenmartype 1 anion selectivitgequenceSupplemetary Fig. 2) (85).

In HEK293 cells overexpressing PZX high extracellular ATP (3 mM) activated an
immediate inward current that was followed by a somewhat delayed more linear(@&2gnt

(Fig. 2a). No currents were activated in the absence of®R2Xg. 2b). Linear currents were
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significantly reduced by knockdown of ANOG6, using two differamRNAs (Fig. 2a,b,
Supplementary Fig. 3apNO6-knockdown was also verified by reine RT-PCR, which
indicated a knockdown by 76.4 + 3.7 % (SIRNAL1; n = 3) abd & 1.7 % (SIRNA2; n = 3).
The immediate P22R inward current was not affected by sSiRMANOG, suggesting that the

observed whole cell current is the sum of P2X7 and ANOG currents (Fig. 2a).
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Fig. S2 ANO6 produces Cé-ativated wiole cell currents (a) Membrane Expression of
ANOG6-GFP in HEK 293 cells. (b) Concentratidependent activation of whole cell currents
by cytosolic C&" in mock and ANO@ransfected cells. (c) Overlay currents activated by
ionomycin (1 pM) in ANOG6expressig HEK293 cells in the absence or presence of
extracellular N& (d) I/V curves of timedenpendent activation of whole cell currents by
ionomycin. (e) Inhibition of ANOG6 currents by replacement of extracellulafcCl’), and Cl
channel blockers NFA (10NY), DIDS (100 uM), NPPB (100 uM), TA (100 uM). (f) IV
curves C4™-actvated ANOG currents with different anions present in the bath solution. Insert;
Halide permeability sequence for AN@élated currents. Mean-8EM; n = number of cells.
*significant inhibition (paired ttest), #significant differerecto mock (ANOVA). Bar = 20
pm.

Although our experiments cannot definitely separate between purgRP@Xrents
and C&" activated ANOG6 currents, we found that the ANO6 blocker tannic acid inhibited
delayedactivated currents (3 min after application of ATP), but not instantaneous currents (1
s after ATP)(Fig. 2d, Supplementary Fig. 4a). Moreavesexpression oP2X;R and ANOG6
further augmented ATRctivated currents, while coexpression of ANO6 VREX;R-E496A
showed reduced current activation (Fig. 2b,c). No currents were activated by ATP in the
absence ofP2X;R. Fura2measurements indicated a strong and sustained increase in
intracellular [C&"] by ATP in P2X/R expressing cells (Fig. 2e,f). These experits
demonstrate activation of ANO6 by2X;R in HEK293 cells. Together with the results
obtained inXenopusoocytes (Fig. 1g), we may suggest a role of RRX;R C-terminus for
current activatior(194). Evidence for a possible direct interaction of RRXnith ANOG6 was
detected coimmunoprecipitation of both proteins overexpressed in HEK293 cells

(Supplementary Fig. 4Db).
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Ano6 causes cellular effects downstream &2X; receptors

Phosphatidylserine (PS) exposure upon stimulation of,P2X been reported riar
(197), while ANO6 was shown to operate a€a&* dependent phospholipid scramblg6).
We found that activation dP2X;R induced exposure of PS to the outer membrane leaflet,
when measured by annexin V binding. PS exposure was partially inhibReduf was
abolished after siRNAnockdown of ANOéexpression (Fig. 3a,b). Stimulation B2X;R by
ATP induced massive membrane blebbing, which was depending on the function of ANO6
and the presence of functional PRX(Fig. 3c,d). Moreover, ATP induced teshrinkage
preceding membrane blebbing was detected by a transient fluorescence increase in calcein
loaded cells. Cell shrinkage leads to concentration of the calcein dye and thereby increases

fluorescence, while cell swelling leads to decrease in flaeres(87).
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Fig. S4 Activation of ANO6 by stimulation of P2Xreceptors (a) Smmary of currel
densities at Y= -60 mV in HEK293 cells activated by stitation of P2X7R. Whole cell
currents activated within 1 s of stimulation by ATP (3 mM) are not inhibited by tannic
(TA; 20 uM), while currents activated with a delay of 3 min are significantly reduce
ANOG6 blocker TA (*paired -est). (b) Coimmunagcipitation of Ano6 and P2R

coexpressed in HEK293 cells. Upper panel: ANGIBP was detected by Grtibody
(AB). ANO6 was coimmunoprecipitated by P2XB. Lower panel: P2X was

coimmunoprecipitated by GFRB. Beads indicates IP with beadsonly. Cellgavigsed with
1%CHAPSs. Rabbit ant?2X; 1:1000 in 1%BSA/PBST. Goat a+@®&FP in 1%NFM/PBST. Fol
input 50 pg protein were loaded. Other lanes were loaded with each 80 pl; exper
performed in triplicates. Mean-8EM; (n) = number of cells.

Subsequent to brief shrinkage, the cells appeared swollen and gradually lost their calcein

signal, a phenomenon that had been observed earlier in lymph¢t9fesinitial shrinkage

relied on the presence and function of ANOG6 (Rg,f). These data demonstrate that ANO6

is central to the deleterious cellular effects downstreafP20§R. Similar effects of ANOG6

on cellular volume have been observed ed#i#rand are described below for macrophages

(Fig. 4f,g, Supplemental Fig. 8
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Fig. SSATP induced currents in mouse macrophages (aPRRanalysis of expression of
anoctamins and P2R in mouse peritoneal macrophages. (b) Whole cell current activated by
ATP (3 mM) and inhibition by TA (20 uM). (c) Cwnt densities in macrophages stimulated
ny ATP. (d) I/V curves of ATEnduced whole cell currents and inhibitory effects of TA. (e)
I/V curves of BzZATO (100 pM) induced whole cell currents and inhibition by TA or
AZ11645373 (100 nM)Mean+tSEM; n= numbeof cells. *significant activation by ATP and
subsequent inhibition by TA (paireddst).
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Fig. S6 Ano6-dependent Y&PRO1 uptake, shrinkage and migration of macrophages. (a)
Western blot analysis indicating lack of expresstdnAno6 but uncharged expression of
P2X; receptors in macrophages 8ho6/- animals. (b) Migration of macrophages from
Ano6+/+ and Ano6/- animals Stimulation of migration by the monocyte chemoattractic
proteinl (MCP-1; 100 ng/ml) was also abolishedAno6-/- macrophages and the inhibitory

effect of TA (20 uM) was largely reduced. Macrophages were isolated fidno@+/+ and 4

Ano6/- animals. (c) Western blot analysis indicating inhibition of Ano6 expression in human
THP-1 macrophages by two differenR&As. (d) YOPRO1 uptake in single macrophages.

Summary curve of n = 20 cells. Cells were treated with PMA (100 nM),U'NK 1 0

and

I NFo (1000

ng/ ml

U/ 4RO 1.wasTahgely inhipitecably ¥RN& knockdown

of Ano6. (e,f) ATRinduced cell shrinkage measured by calcein fluorescene. Cell shrinkage

was inhibited by siRNAnockdown of Ano6. (g) Migration of THR cells treated with
scrambled RNA or siRNA for Ano@dean+tSEM; n= number of cell§significant effects of

MCP-1, Ano6/-, siAno6, and inhibition by TA (unpaireetésts).



Anoctamin 6 mediates Effects essential for Innate Immunity downstream ofR@e€ptors in Macrophages 66

P2X,/scrbld  P2X,/si-ANO6| B 3 L& (1520

o

con
o

3 =
£ s
2 S
~ [
> ¥l
& s
m
(o]
O
pd
<
%
>
N
o
e ATP | (130-150) %77
5 3207 (150-250)
: o 154
1 (@)
: 210+
- =
3 )
o S poX /TA < 5+ -- i
3 P2X./si-ANOG 0—
£ P2X,/NPPB & O Q<b <X
G 50s Y ‘%\,?“ e
g # pox,/
4009 (s P2X,/ . ANOB
5 ANO6 S 100 -
© 300 # S
- £
) 2004 o) #
2 e 2 P-fo&/os
é‘.)— 100 - si-ANO6 & S )
> mock E moce
| ) | U ] | 1 ] I U I J ) 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time e (Min) Time, e (Min)

Fig. 3 ANOG6 is part of the P2XR pore conductance and rgsonsible for cellular
downstream effects @) ATP-induced annexin V binding in PZR-expressing HEK293 cells
and effects of treatment with SIRNANOG6 or scrambled RNA. Phospholipid scrambling and
binding of annexin V (green fluorescence) was abolished &fteckdown of ANOG.b)
Summary of annexin V binding in mock transfected and AR2akpressing HEK293 cells,
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and effects of the ANOG6 blocker TA (10 pMg) Effect of ANOGknockdown on ATP
induced membrane blebbing. Yellow arrows indicate multiple blebs K;Rxpressing
HEK293 cells after application of ATP, which were absent after knockdown of ANJ6.
Effects of P2XR-E496A mutation, ANO&nockdown, and ANOG6 blockers NPPB (100 uM)
and TA (20 pM) on ATHnduced membrane blebbingf) Effects of ANO6knockdown and
ANOG6 blockers on ATRnduced cell shrinkageg) Effects of expression or -&NA
knockdown of ANO6 and P2R on ATRinduced YOPRO1 uptake. YOGPRO1 uptake was
assessed by increase in fluorescence intemgityffects of expression or-8NA knodkdown

of ANO6 and P2XR on ATRinduced fluorescein uptake. Mean £ SEM, n = number of cells
and assays, respectivefigignificant difference when compared to mock or scrambled (p
0.05; ANOVA). Ssignificant inhibition by TA or various treatments €0.05 ANOVA).
*significant inhibition by TA (p< 0.05; paired-test). Scale bars = 20 pum.

Pore formation is ANO6 dependent

Numerous reports demonstrate formation of a large pore conductance by activation of
P2X;R that is permeable for fluorescent dyes sushY®-PRO1, fluorescein or calcein
(177;178;198;19P We therefore analyzed whether ANOG6 also contributeB2¥;R pore
formation. In the absence B2X;R (mock), ATP or the Gaionophore A23187 were unable
to induce uptake of Y&PRO1 into HEK293 (Fig. 8, Supplementary Fig. 3c,d). In contrast
YO-PRO1 uptake was detected after AEBmulation ofP2X;R-overexpressing cells, which
was only slightly attenuated by knockdown of ANO6 (Fig. 3g), but strongly inhibited by
blockers of ANO6 such as NPPB and TA pplementary Fig. 3f). Blockers d?P2X;R
(HMA, AZ) and mutations withirP2X;R (P2X-E496A orP2X;-436X) also inhibited YO
PRO1 uptake (Supplementary Fig. 3e,f). YRO1 uptake was relatively slow in HEK293
cells probably due to low rate (40 %) of transifmt of P2XR or low endogenous levels of
ANOG6. We therefore measured Adiduced YOPRO1 uptake also in single human THP
macrophages. Y&®RO1 uptake was strongly inhibited by siRNA knockdown of ANO6 by
two different siRNAs (Supplementary Fig. 6¢,d)oidover, uptake of the negatively charged
dye fluorescein was inhibited by siRNgockdown of endogenous ANOG6, but was
augmented by overexpression of exogenous ANOG, respectively (Fig. 3h). This suggests that
bothP2X;R containing an intact-@rminus, asvell as ANOG6 are required for dye uptake and

large conductance.
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Fig. 4 Stimulation of P2)XR in macrophages activates\no6 and changes cell volumen)
Western blot demonstrating expression of FRXand Ano6 in mous@&no6+/+ and lack of
expression of Ano6 ino6/- macrophaged) Activation of whole cell currents by 100 uM
BzATP in macrophages froAno6+/+ mice and lack of activation in macrophages from
Ano6/- mice.c) Summary of current densities measured/imndAno6KO macrophagesl)
Current/voltage relationships of AfiRduced whole cell currents fromt and Ano6KO
macrophagese) Membrane blebbing in mouse macrophages exposed to 3 mM ATP.
Macrophages have been loaded with cald@imitial shrinkage and subsequeswelling with

loss of fluorescence iMno6+/+ macrophages exposed to ATP. Volume changes were
assessed by change in calcein fluorescengg.ATP-induced initial shrinkage (%) and
attenuation of shrinkage by inhibition of PZX (100 nM AZ11645373; 10 uNBrilliant blue

G; 40 uM 5-(N,N-hexamethylene)amiloride) or blocking of Ano6 (100 uM NPPB, 10 uM



