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Abstract

The ability of a cell to adapt to changes in exatatar and intracellular osmolyte
concentrations is crucial to its survival. Duringnmtic challenges, extensive swelling of
the cell has to be prevented and is counteracted psocess called regulatory volume
decrease. A key player in this process is the veloegulated anion channel (VRAC),
which has been extensively described and charaetetvy electrophysiological means
but the protein(s) composing the channel could btidentified so far. We used a
fluorescence-based assay in a genome-wide siRNAescto identify the gene(s)
underlying the ubiquitously observed VRAC curreSubsequent bioinformatics data
analysis and manual hit assessment defined caedijgaies for a secondary screen using
independent siRNA pools. Of these the most prontiefact was yielded by the siRNA
pool againstLRRC8A. We subsequently confirmed this putative four$raembrane-
domain protein as an essential component of VRAC ddgctrophysiological
measurements in combination with the generatidmotkout cell lines for LRRC8A and
the four other members of the LRRC8 protein famgyng the CRISPR/Cas technology.
We furthermore investigated the transmembrane ¢gyolof LRRC8A and the
subcellular localization of all LRRC8 family membeWe could show that LRRC8A
localizes to the plasma membrane where it formsrbeters with the other members of
this protein family and that current kinetics degp@m the subunit composition. Finally,
we demonstrated that LRRCB8A is indispensable fer gihocess of regulatory volume

decrease.



Zusammenfassung

Die Fahigkeit einer Zelle, sich an Schwankungenidgazellularen und extrazellularen
Osmolytkonzentration anzupassen, ist unabdingbaiihiii Uberleben. Wahrend dieser
osmotischen Schwankungen wird dem UbermaRigen Amdldn der Zelle durch den
Prozess der regulatorischen Volumenabnahme entggmeinkt. Eine Schltsselfunktion
in diesem Prozess nimmt der volumenregulierte Aemiianal (VRAC) ein, der bereits
eingehend anhand von elektrophysiologischen Methodeschrieben wurde. Die
molekulare Identifikation des/der Proteins(e), ehels(e) den Kanal bildet(n), ist jedoch
bisher nicht gelungen. Wir haben einen fluoreszasigbten Assay in einem
genomweiten SiRNA-Screen verwendet um Gene zu ifdeeten, die dem ubiquitér
vorhandenen VRAC-Strom zugrunde liegen. Die aneBlinde bioinformatische
Datenanalyse und manuelle Trefferbeurteilung ergaie Kandidatenliste fur den
Sekundarscreen, welcher mit unabhangigen siRNAgPahirchgefihrt wurde. Von
diesen Kandidaten konnte der deutlichste Effektdnin siRNA-Pool fir dabkRRC8A
Gen erzielt werden. Das kodierte Protein LRRC8A,Icives vier vorausgesagte
Transmembrandomanen besitzt, konnte daraufhindktreljphysiologischen Messungen
sowie anhand von Experimenten in Knockout-Zellimiewelche mit Hilfe der
CRISPR/Cas-Technologie hergestellt wurden, als néiefler Bestandteil von VRAC
bestatigt werden. Des Weiteren wurde die Transmanmbpologie von LRRC8A sowie
die subzellulare Lokalisation aller LRRC8-Proteimgersucht. So konnte gezeigt werden,
dass LRRCB8A in der Plasmamembran vorliegt, wo d@sdem anderen Mitgliedern der
Proteinfamilie Heteromere bildet, deren Zusammemnsgl die Kinetik des VRAC-
Stroms beeinflusst. Abschlielend konnte gezeigtderer dass der Prozess der
regulatorischen Volumenabnahme von LRRCB8A abhangt.



Introduction

1. Introduction

1.1 Cell volume regulation

A fundamental property of animal cells is theirestively permeable membrane that
keeps large molecules like proteins and sugarslsatvery small particles like ions from
freely entering or leaving the cell following theioncentration gradient. Water on the
other hand can mostly unimpededly cross this bramich it will do according to the
osmotic pressure conveyed by the osmotically agtemicles that are present on either
side of the selective membrane. Whenever the osraqtiilibrium from the outside to the
inside of a cell is perturbed, this will result aell volume changes that have to be
counteracted in order to prevent excessive swebtinghrinking which could harm the
integrity of the cell and its surrounding tissuée$e challenges in cell volume can be the
result of general physiological processes likedabeumulation of metabolites, epithelial
absorption and secretion or apoptotic inductionusThunder physiological conditions,
osmolarity changes more frequently occur on theagdilular side. Nevertheless, there
are cells that are commonly exposed to changebanrektracellular osmolarity due to
their specialized function and localization, foragxple epithelial cells of the intestine,
blood cells or kidney medulla cells. On the othandh pathological conditions like
hypoxia, ischemia or intracellular acidosis camalssult in critical volume changes (Do
and Civan, 2006; Lambert et al., 2008).

Besides being a pure reaction to the mentioned tisrloallenges, cell volume changes
are also thought to serve a role as signals inreigelation of essential physiological
processes like trans-epithelial transport, cellratign, proliferation and programmed cell
death (Hoffmann et al., 2009).

The entity of regulatory measures counteracting seklling or shrinking are called
regulatory volume decrease (RVD) and regulatoryma increase (RVI), respectively.

There are various ion channels and transportevead in both processes (Fig.1).

During regulatory volume increase, the main trangpe involver are the ubiquitously
expressed N#H'-exchanger NHE1 in conjunction with the Wal-cotransporter
NKCC1 and CIHCO;s-antiporters of the anion exchanger (AE) familyeyhmediate a
net uptake of NaCl, which provides the osmotic idgvforce for water inflow and

thereby prevents further shrinkage of the cell (hhain et al., 2009). Other members of

3
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the Nd/H"-exchanger family like NHE2 and NHE4 as well as Ne/Cl cotransporter

NKCC2 have also been shown to be shrinkage-actydiat due to their restricted
expression pattern these transporters are probablgss general importance during
volume regulation. In many cell types, the invohesmhof hypertonicity-induced cation
channels (HICCs) has been shown, but since theleaular identity is so far unknown,
further studies on them have been limited to rathespecific pharmacological
approaches. Some of these analyses, however, suggesation of HICCs to the
epithelial sodium channel ENaC, which exhibits anikir pharmacological profile

(Wehner et al., 2006).

In addition to the adjustment of the ionic contehthe cell upon osmotic perturbations,
the concentration of organic osmolytes, in particudf the aminoethanesulfonic acid
taurine, is influenced during RVI and RVD. The wityi of the taurine carrier TauT,
which mediates active taurine uptake into the @ltadepends on the extracellular NaCl
concentration. It was shown that taurine uptakesiégts increased during RVI whereas
it is inhibited during hypoosmotic cell swellinghere taurine release plays a major role
during the RVD response (Lambert, 2004).

During regulatory volume decrease (RVD), mainly, KCI' and organic osmolytes are
being transported out of the cytosol to be followmd water. This prevents further

swelling of the cell and ideally leads to recovefyts original volume.

For K', a great variety of different channels and transps have been described as being
volume-regulated or at least partially activatedckit swelling or cell swelling-triggered
events, like an increase in the intracellulaf‘G@ncentration. Depending on the cell line
investigated, different types of'Kchannels were reported to be involved in RVD. Amon
them are the large- , intermediate- , and smaltiootance K channels, as well as
voltage-gated K channels of the KCNK-family (KCNK2, KCNK5, KCNK4and the
KCNQ family (KCNQ1, KCNQ4 and KCNQ5) (Wehner, 2008)/Cl-cotransporters of
the KCC family, in particular KCC1, also play arsestial role during RVD, especially in

red blood cells, but also in several other cekdiiGamba, 2005).

K* release during RVD will hyperpolarize the membrao¢ential () and thus would

prevent further K efflux from the cell unless a parallel’€@bnductance would provide an

electrical shunt. The basal €bnductance of most cell types under isoosmoladitions

is low and therefore a swelling-induced increasethi$¢ conductance can be utilized

during RVD (Hoffmann et al.,, 2009). The current ariging this increase in ClI
4
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conductance is termedtwen. It was first described electrophysiologically by ko

Hazama and Yasunobu Okada. (Hazama and Okada,. 1888 then the underlying
channel has been referred to by different termisidiieg volume-regulated anion channel
(VRAC), volume-sensitive outwardly rectifying chainVSOR) and volume-sensitive
organic osmolyte and anion channel (VSOAC). SiheeMRAC is the major topic of this
work, its biophysical properties, possible regutatanechanisms and physiological

importance will be discussed in detail in the fallog sections.

As described above for RVI, organic osmolytes téarine contribute also to RVD. Upon
cell swelling, taurine uptake via the transporteauT is inhibited and an additional
increase in taurine release has been observed ny el types upon hypoosmotic
stimulation (Lambert, 2004).

Both the molecular identity of VRAC and the swallactivated taurine release pathway
have not been discovered thus far. It has beemusied, however, whether the volume-
regulated anion channel and the swelling-activadedine release channel are the same
entit, hence the term VSOAC. However, this hypathssll remains controversial. Other
transporters like the anion exchanger AE3 have bésn implicated in taurine release
during RVD (Shennan, 2008).

VRAC (/)VSOAC

) o © K* channels
()
@ @ Na+/K+ ATPase RECS \“
NHEs ° e ¢ |V
NKCCs " 3 RVD
N\ e Q
" ) > AR L 4
v
@ 9
o "
TauT

- metabolism
- epithelial transport
- hyponatremia

cell shrinkage cell swelling

- hypernatremia
- hyperglycemia

© organic osmolytes
@ lons

Figure 1: Schematic overview of influencing factor&nd transport processes in RVI and RVD
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1.2 Biophysical and pharmacological properties of RAC/ | ciswer)

Despite the lack of knowledge about the molecwantity of the volume-regulated anion
channel, it has been possible to describe its génbkiophysical properties by
electrophysiological measurements upon the indaabiocell swelling. To this end, cell
swelling is usually induced by exposing culturediscéo a hypoosmolar extracellular
solution, while recording the anion current oves fflasma membrane through voltage-
clamp experiments. To exclude the contribution &f dkannels to this current,"Kis
usually replaced by Csn the intracellular pipette solution. Through sheexperiments
several groups showed that the swelling-activatdoricle currentdsweny €xhibits several
characteristic features, that are well conservedrandifferent cell types (Nilius et al.,
1997a; Okada, 1997; Strange et al., 1996). It shalso be stated explicitly that in every
vertebrate cell line investigated hithertqshen iS present upon hypotonic stimulation. It
displays a slight outward rectification and showBsree-dependent inactivation at positive
potential that varies in its extent among differeall types (Jackson and Strange, 1995;
Leaney et al., 1997; Lepple-Wienhues et al., 1988)as been discussed whether these
differences in the inactivation kinetics fidwen are based on different isoforms of the
channel or rather depend on external conditiores tile composition of the extracellular
medium. In this regard, it has been shown for soelidines that changes in extracellular
pH or extracellular Mg and C&" concentrations can modulate the voltage- and time-
dependence ofcksweny inactivation (Nilius et al., 1997a). In contrast tiois, current

densities vary among different cell types only haetor of 2-3 (Nilius et al., 1994Db).

The permeability of VRAC corresponds to the Eisenrhaequence (SCN I'> NO; >
Br > CI'> F > GIc’ and, as mentioned above, it has been suggestedriper molecules
like the organic osmolytes taurine wwo-inositol might also permeate through VRAC
(Jackson and Strange, 1993; Kirk et al., 1992).ithatthlly, HCO;” and lactate have been
shown to be transported through VRAC (Nilius et 4B98; Verdon et al., 1995) and
might contribute to the RVD response in cells wilv intracellular Clconcentrations

like skeletal muscle and nerve cells (Hoffmann Simdonsen, 1989).

VRAC channel activity depends on the presence thaellular ATP, but not on its
hydrolysis (Oiki et al., 1994). This could suggashodulatory effect of ATP and possible
binding to a part of the channel or a regulatotyusit. Changes in the intracellular Ca
concentration, which have been demonstrated toragmn volume perturbations, do not
influence VRAC activation (Kubo and Okada, 1992tilsi et al., 1994a; Strange et al.,
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1996). It has, however, been shown that a perngigsivacellular C& concentration of
50 nM is required for VRAC activity (Szucs et d1996b).

The recording of single-channel events has proviéicudt, which resulted in reports that
vary substantially in the determined single-chamoelductances (Nilius and Droogmans,
2003; Okada, 2006). A major obstacle for these oreasents is the technical difficulty
of swelling the cells and simultaneously or subsedjy applying a patch pipette to the
cell surface for the recoding of single-channelnts€Okada, 2006).

There have been great efforts for pharmacologitadies on d¢swen. VRAC can be
inhibited by classical Clchannel blockers such as DIDS and NPPB at miocoo- t
millimolar concentrations. But since these compauack known to affect many different
channels and transporters, the effect on VRAC tiseraunspecific (Jentsch et al., 2002).
The estrogen receptor antagonists tamoxifen, aipaed nafoxidine have been shown to
inhibit Icisweny at micromolar concentrations but the effectiveneSshese compounds
varies among different cell types (Maertens et2001). kisweny IS t0 some extent also
blocked by niflumic acid, flufenamic acid, arachmitmacid and glibenclamide, as well as
by some antimalarials such as mefloquine (Jentseh.,e2002; Nilius and Droogmans,
2003). Recently, it has also been shown that casmane, a known inhibitor of gap-

junctions, also inhibitsclswenyat similar concentrations (Benfenati et al., 2009).

The most specific known inhibitors of VRAC are thadic di-aryl-urea NS3728 and the
indanone compound DCPIB with 4¢values of 0.4 uM and 1.0 uM respectively (Decher
et al., 2001; Helix et al., 2003). In case of DCPtBwever, it was shown subsequently
that the glutamate receptor GLT-1 and connexin bkarminels were also blocked by this
compound (Bowens et al., 2013). In general, thk tddigh-affinity inhibitors of VRAC
has been a substantial obstacle for the identidicatf the protein(s) underlyingifsweny

and the investigation of its physiological impoxar(see also section 2).

Interestingly, &isweny is also blocked by millimolar concentrations (agdepending on
the cell type) of extracellular nucleotides like ATTsumura et al., 1996), which might be
a clue towards the involvement of VRAC in ATP ralealuring RVD (see also section
1.4).

1.3 (Postulated) regulatory mechanisms of VRAC aatity
Although the mechanism of VRAC activation is unkmpwa number of possible pathways

and regulatory elements have been described aedtigated.
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In this regard, a general question is whether VRifs@lf senses the changes in cell
volume and how this sensing is achieved on the cotde level, or if other proteins are
involved in the detection of volume perturbationsd aactivate VRAC via signaling
cascades. These could involve multiple players bkleeondary messengers, kinases,

phosphatases and G-protein coupled receptors.

A change in cell volume could also be detected m&ehanical stimulus through bending
or stretching of the plasma membrane or a disroptioits tethering to the cytoskeleton.
A direct mechanical activation of VRAC currentswaver, has been mostly discarded.
CI" currents that could be elicited by mechanical glation usually differed from VRAC

in their characteristics and typical VRAC currewesre only observed upon application of
an osmotic stimulus (Christensen and Hoffmann, L1982functional connection to the
cytoskeleton, however, might very well play an imtpat role in &yswenyactivation. In at
least some cell types, disruption of the F-actitosleleton potentiates VRAC currents
(Levitan et al., 1995; Morishima et al., 2000; Sdtvert et al., 1994). One hypothesis as
to how actin filament integrity could be linked WRAC activity is via the unfolding of
membrane invaginations that are prevented undéwrisnconditions by tethering to the
cytoskeleton. During cell swelling, these connewiaould break apart and membrane
unfolding could then disrupt a protein-protein naietion silencing VRAC, in turn leading
to the appearance ofikweny (Okada, 1997). Another possible link to the cytdstan
could be provided by integrins, which also havenbgeposed to be involved in VRAC
activation (Browe and Baumgarten, 2003, 2004, 20B8@sides this, the actin-binding
protein annexin Il and the scaffolding protein azlirel have also been shown to
modulate VRAC activity, pointing towards an invairent of filament- and membrane-

structural changes in the volume-sensing cascattiagNt al., 1996; Trouet et al., 1999).

During cell swelling, also the lipid composition dfe plasma membrane undergoes
changes that could potentially trigger channelvation. It was shown that cholesterol
depletion potentiates VRAC and can to some extetitade kisweny€ven in non-swollen
cells (Klausen et al., 2006; Levitan et al., 20B@manenko et al., 2004). Cholesterol is
known to alter the membrane deformation energy eam thereby influence channel
opening. However, since the local cholesterol cotreéion is also tightly connected to
the occurrence of lipid rafts and caveolae as aF-actin organization at the membrane,
the observed effects could actually support thectional link to the cytoskeleton as a
major modulator of VRAC activity (Hoffmann et a2009).
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A more indirect mode of activation could be throujie sensing of changes in the
intracellular ionic strength which occur upon c&Nelling. It was shown in several cell
lines that these changes inducgsden, Possibly even without changes in the actual
volume of the cell (Cannon et al., 1998; Sabirowalet 2000; Voets et al., 1999). The
mechanism how changes in the ionic strength cadd to channel activation are not yet
understood but they could affect signaling molesddg changing their surface potential
(Okada et al., 2009). Besides this, ATP bindinghi® channel has been suggested as a
possible molecular mechanism to connect changeracellular ionic strength to VRAC
activity since low intracellular ATP has an inhdoy effect (Nilius and Droogmans,
2003).

A similar hypothesis involves the concept of maaptenular crowding, which is also
affected during cell swelling and could likewiseflilence the activity of kinases or
phosphatases, which in turn could alter VRAC atti(iNilius et al., 1997a).

A further possible mechanism of osmosensing isuthinothe generation of reactive
oxygen species (ROS). This occurs upon cell swelind has been shown to activate
lcisweny Under isotonic conditions in several cell typesofge and Baumgarten, 2004; Jiao
et al., 2006; Shimizu et al., 2004; Varela et 2004). However, it is not clear whether
ROS function as a volume signal or rather modW&RAC function downstream of the
osmosensing event, or if they even have an effacpmtein phosphorylation in the

signaling cascade regulatingdwen (Hoffmann et al., 2009) .

Not only the volume sensing mechanism and the mtdecprinciple of swelling
activation, but also the connecting elements afiaigransduction have remained largely
unknown. There have, however, been a number ofiestuthat point towards the
involvement of specific members of known signaliceiscades. One line of evidence
suggests that GTP-binding proteins contribute tAA\CZRactivation. In many cell types the
intracellular application of GTfS leads to VRAC activation without hypotonic
stimulation (Doroshenko, 1991; Mitchell et al., Z9Nilius et al., 1994a), suggesting a
role of G-protein signaling in the activation cadeaSo far no specific G-protein could be
identified to take part in this process. Yet, bathinhibitor of the small GTPase RhoA
and an inhibitor of its downstream kinase ROCK lithVRAC activation, pointing
towards an involvement of these proteins (Niliuslet 1999). Accordingly, activation of
the Rho pathway by expression of a constitutivedyva form of Rho in NIH3T3 cells

increased the RVD response and VRAC activity wheather weak swelling stimulus
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was given (Pedersen et al.,, 2002). In contrast his tlata, the transfection of
constitutively active forms of &SRho or ROCK did not lead to increased VRAC adgjivit
in CPAE cells, which might indicate a permissivéerof the Rho pathway (Carton et al.,
2002).

Protein phosphorylation in general has been ingatstd in relation to VRAC activity.
Since the activation time ofsweny Upon hypoosmotic stimulation is rather long (up to
several minutes) it is possible that multiple phasplation steps are included in the
signaling cascade for VRAC opening. Inhibition tbe protein tyrosine kinase PTK
prevents VRAC activation in lymphocytes and acaogtli inhibitors of the protein
tyrosine phosphatase PTP have a potentiating dffegple-Wienhues et al., 1998). So
far it is not clear whether VRAC itself or a regoly protein is phosphorylated. Since the
mentioned inhibitors are not very specific it isalstill unclear which kinases and
phosphatases play a role in VRAC regulation. THeas been some evidence for the
involvement of a member of the Src kinase family6lpk and the serine/threonine-
specific myosin light-chain kinase MLCK, but thdegts differ according to the cell type
and are sometimes contradictory (Du et al., 20@pple-Wienhues et al., 1998; Nilius et
al., 2000). Furthermore, an antagonist of the dmgen Il type 1 receptor AR
suppressed VRAC activity whereas the downstrearaskrEGFR was not required for
VRAC activation. Downstream of EGFR the Ras-Raf-MERK pathway as well as the
already mentioned Rho kinase could be involvedha signaling process since the
inhibition of some of these components showed &tTebn kswenyinduction suggesting
an at least permissive role on VRAC activity (Okazi206).

During volume regulation an increase in the intlata C&* concentration is an
important element of the activation cascade foess\cation channels and transporters as
mentioned above. Thus, the Calependence ofclswen has also been investigated. In
most cell types, however, the activation of VRACdependent of an increase in the
intracellular C&" concentration (Kubo and Okada, 1992; Nilius et ¥994a; Strange et
al., 1996). The molecular identification of theaam-activated chloride channel ANO1
raised the questions whether one of the membeitseainoctamintineml6) gene family
might comprise VRAC (Almaca et al., 2009). This bfesis could be discarded since
the elicited currents are distinct from the typlidigswen and neither overexpression nor
knockout or knockdown of the ANO proteins investagh did abolish VRAC activity
(Juul et al., 2014; Shimizu et al., 2013) (see asotion 1.5). Nevertheless, VRAC
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activity requires an intracellular free calcium centration of about50 nM (see section
1.2) which suggests that €anay act as a second messenger during VRAC activati
agreement with this hypothesis, the treatment dfaHeells with calmodulin antagonists
resulted also in VRAC inhibition (Kirk and Kirk, 84; Szucs et al., 1996b).

1.4 Proposed (patho-) physiological importance of RAC

Cell volume regulation and thereby also VRAC atyiyplay an important role in many
physiological and pathological processes, which el addressed in more detail in this
chapter. However, it has to be considered thatntledecular identity of VRAC has
remained elusive for the past decades and therafargy assumptions of an involvement
of this channel in certain cellular events are darg based on (unspecific)
pharmacological approaches. Nevertheless, the msed®r a possible role of VRAC is in
many cases very intriguing and will be of greaerast once the molecular identification

of the channel facilitates further analysis.

The membrane potential of cells mainly dependsherbaisal K conductances and thus is
close to the K equilibrium potential, but if an additional ‘Glonductance is present (or
becomes activated) the membrane potential woulét shivards the Cl equilibrium
potential. Therefore, an activation of VRAC could many cell types dramatically
influence the membrane potential and the associatédity of other transporters and
channels (Nilius et al., 1997a). Such an effeciccbe shown for cardiac cells, where the
repolarization and thus the rhythmic cardiac agtiare affected byclswen (Vandenberg
et al., 1994). Furthermore, it has been suggestetl pancreaticB-cells could be
depolarized by VRAC activation upon a glucose shirauwhich in turn would lead to
insulin secretion (Best et al., 2010). It has tonlbéed, however, that in general there is
very little to no basal VRAC activity and therefotiee general maintenance of the
membrane potential in most cell types does not mpm VRAC. Nevertheless, it is
possible that VRAC can also be activated by otheams than volume perturbations or
osmotic stimuli and could thereby provide a mecs@nio translate the metabolic state of

a cell into an electric stimulus.

Under physiological conditions, the cells that mdstquently face changes in
extracellular and intracellular osmolarity are kelial cells. Both secretory processes and
absorption have an impact on osmolyte distribufod thus influence the cell volume.
For instance, trans-epithelial Neoupled uptake of glucose and amino acids leads to

intracellular accumulation of osmolytes, which wbulead to cell swelling unless
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counteracted by Kand CI extrusion, mainly over the basolateral membranereH
VRAC is thought to assist in the recovery of thi#iahcell volume and thus the integrity
of the epithelium (Pedersen et al., 2013). Sineedittivation of K and Cl channels in
the basolateral membrane not only prevents fughetdling of the cell but also maintains
the electrical driving force for the uptake progeshas also been discussed that epithelial
transport relies more directly on volume-sensitikensport, which could mediate the
cross-talk between apical and basolateral membréae8mann et al., 2007). On the
apical side, a DIDS-sensitive ‘QGlonductance has also been shown to play a rdieein
swelling response of epithelial cells. But sinceDBlis a very unselective blocker of
chloride channels and transporters, it is not clehether this conductance is due to
VRAC activity (Hoffmann et al., 2007).

Another physiological process that is tightly coctiee to changes in cell volume is cell
proliferation. In general, proliferation is stimtéd by cell swelling and inhibited by cell
shrinkage (Lang et al., 2006). Accordingly, cellurne changes can be observed during
the different stages of mitosis. These changesnadiated by several ion channels
including VRAC. It has been shown that in Ehrlicktice ascites cells the maximal
lcisweny IS reduced during the G1 and increased during dinky & phase compared to the
current during the GO state (Klausen et al., 200ther studies also found differences in
lcisweny during different phases of the cell cycle (Dorodweet al., 2001; Shen et al.,
2000). Furthermore, inhibition of VRAC has beenwhdo affect proliferation in many
different cell types (Klausen et al., 2007; Niligs al., 1997b; Schlichter et al., 1996;
Schumacher et al., 1995; Voets et al., 1995). Takgether, this evidence could suggest
that an increase in VRAC activity or an increaseteptial for RVD is required for the
entrance of cells into S phase and thus for ceikidin per se (Hoffmann, 2011). When it
comes to cell proliferation control, cancer as tapphysiological state is of great interest.
It has indeed been shown that VRAC activity is @ased in primary carcinoma cultures
and in non-invasive cervical cancer cells (Choalet1995).

Another process that links VRAC activity to cancespecially cancer therapy, is
apoptosis. During apoptotic induction, a significahrinkage of the cell, called apoptotic
volume decrease (AVD), can be observed and is titalagbe necessary for a complete
execution of apoptosis (Maeno et al., 2000; Poutdeal., 2010). AVD is coupled to a
cellular loss of ions, mainly Kand Cl and amino acids (Lang and Hoffmann, 2012;

Orlov et al., 2013). Both chloride and amino adikis taurine may be released via VRAC
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or VSOAC. When cells are treated with VRAC inhibbgdike NS3728, this causes a
reduced apoptotic response upon administration hef ¢hemotherapeutic apoptosis
inducer cisplatin (Poulsen et al.,, 2010). Furtheanat was shown that multidrug
resistant Ehrlich ascites tumor cells display aagedl and diminished AVD and VRAC
activity in correlation with a decreased caspasetB/ation, indicating a lack of apoptotic
activity (Poulsen et al., 2010). A decrease inpg@érmeability could also be shown for
several other multidrug resistance cell models l@paildi et al., 1992; Lee et al., 2007,
Min et al., 2011). It is therefore very likely thetiack in VRAC activity contributes to the
resistance of cancer cells to apoptosis-induciagerts. However, it is still unclear how
VRAC activity would be triggered during apoptotiaduction without a swelling
stimulus. In this regard, it is interesting to né@t mitochondrion-mediated apoptosis
inducers like staurosporin could trigger VRAC aitgiwinder isotonic conditions (Okada
et al., 2004; Shimizu et al., 2013).

Another pathological process that could be linkedVIRAC activity via its role in
apoptotic induction is infection. When infected toslls are unable to undergo induced
cell death upon pathogen entry, this can lead tose severe course of the disease.
Furthermore, volume regulation in general is kndarplay a role in immune defense

mechanisms through volume-sensitive mechanismghlagocytosis (Lang, 2007).

Besides the ability to escape apoptosis, anothéméuk of cancer pathology is an
increased migratory ability of malignant cells,de®y to a critical progression of the
disease via metastasis. Cell motility is thoughbéoregulated by the activity of different
volume-sensitive ion channels at the leading argbifey edge of the cell. While
shrinking-activated channels mediate ion uptakioi@d by water influx at the leading
part of the cell, swelling-activated channels NKRAC release ions at the rear end of the
cell. The resulting osmotically driven water flowom one end of the cell to the other,
leads to a forward movement of the cell (Jakab Ritter, 2006; Schwab et al., 2007).
Accordingly, it could indeed be shown that VRAC vty is linked to the migratory
ability and invasion capacity of nasopharyngeaticmma and glioma cells (Mao et al.,
2007; Soroceanu et al., 1999).

Pathological cell swelling is frequently observgobn ischemic events in the heart and in
the brain. In the latter, they are extremely hatmélwe to the very limited space for
volume expansions inside the restricted dimensminthe skull. Very shortly after a

stroke or trauma, swelling of astrocytes can becMesl. The initial stimulus for this
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swelling results from the activation of glutamageeptors (GluR) and GAB&receptors.
This is probably caused by a hypoxia-induced latkNa'/K*-ATPase activity. Cell
swelling then activates VRAC. The specific role\MRAC in the following excitotoxic
cascade is not clear yet and several possible sosri@ve been proposed: It is possible
that VRAC activation in swollen glia cells is foll@ed by a further release of amino acids
like glutamate through VRAC. This would contributethe RVD response but potentiate
the excitotoxic effect on the surrounding cellsrii€iberg, 2005). There is some evidence
from studies in astrocytes and microglia that ghate might be released through VRAC
upon hypoosmotic stimulation but also when applyingmosan to induce ROS
production or bradykinin, which is released afteai injury or stroke (Harrigan et al.,
2008; Liu et al., 2009; Liu et al., 2006).

Another hypothesis is that the prominent depoléinmainduced by the GIuR opening
facilitates an increased Ghflux into neurons through VRAC. This would thierad to an
even enhanced swelling resulting in necrotic deaththese cells. After washout of
glutamate, however, the cells would repolarize ¥RAC could exert its regular role in
RVD through the release of anions or organic ostaslguch as taurin®kada et al.,
2009). Nevertheless, inhibition of VRAC would likebe beneficial after an ischemic
event, because it would decrease the glutamatasesl@f it occurs through VRAC) and
possibly also reduce the potentiation of swellimgptigh Clinflux. There is already some
evidence that an inhibition of VRAC could have aumprotective effect. When
tamoxifen, which inhibits VRAC in the micromolarnge at least in some cell types, is
administered to a rat stroke model after strokeigtion, glutamate release is reduced by
50% (Feustel et al., 2004). It has to be noted, évawn that tamoxifen is a rather
unspecific VRAC inhibitor, which also inhibits estren receptors and possibly other ion

channels.

Another effect of tamoxifen hints to a role of VRAGCthe secretion of aqueous humour,
which is the fluid responsible for the nutrition damoistening of the lens and the
maintenance of the intraocular pressure. In breaster patients that have been treated
with tamoxifen, a high incidence of cataract forimatcan be observed, which might be
attributed to the (unintended) inhibition of VRAGt&ity (Zhang et al., 1994). In the
ciliary epithelium, the tissue secreting agqueousmtwar in the eye, swelling-activated

chloride channels are thought to be expressed tmdpithelial surfaces. However, it has
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not yet been determined whether these are distivartnels and/or if they are identical to
VRAC.

As already mentioned at the beginning of this abigdurther experiments will have to
reveal the actual role of the volume-regulated mmioannel in the physiological context,
once the molecular identity of the channel is aatsed. An already quite striking clue
for the relevance of this channel for general pbiggiical processes is the fact that the
characteristic currentiswenycan be observed in every vertebrate cell type tiyated so
far. This suggests that there has been a strorigtmrary pressure selecting against the
loss of this channel and thus points to an esderdia in cell survival, integrity or
proliferation.

1.5 Former candidates for the molecular identity oVRAC

Since the early 1990s many efforts have been naakentify the protein underlying the
volume-regulated anion channel, but so far non¢hefproposed candidates could be
confirmed upon thorough experimental evaluationvetheless, the suggested molecular
identities of VRAC should be briefly reviewed heneorder to show how each of them
initially emerged and how they could be subseqyediscarded. Furthermore, the
number of publications on putative identities of MR during the past two decades
impressively shows the considerable effort andrasteinvested in the discovery of this

important channel.

The first protein suggested to comprise VRAC waess FPhglycoprotein (P-gp), which is
encoded by the multidrug resistanceMDR1) gene in humans. It is a member of the
ABC transporter family, which also contains the aclde channel CFTR. P-gp had
already been shown to use the free energy from BWidvelysis to extrude hydrophobic
compounds from the cytosol, thus conferring muligdresistance (Gottesman and Pastan,
1993). In 1992 Valverde et al. stated that overesgion of P-gp in NIH 3T3 fibroblasts
or in the epithelial cell line S2 led to a volumemsitive chloride current that was not
present in untransfected control cells (Valverdeakt 1992). This already seemed
doubtful since disweny is ubiquitously present in all vertebrate cells amds indeed
subsequently shown to be endogenously present id BIT3 fibroblast as well
(Gschwentner et al., 1995; Nilius et al., 1994bjidAionally, mutations in P-gp that
abolished its transport activity did not affegishen. This was, however, proposed to be
the result of a bifunctional activity of P-gp (Gét al., 1992). This hypothesis was again

disputed by studies showing that neither lockingpPi the transporter mode nor
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activation of &swen €licited an effect on the proposed opposite fumc(itominaga et al.,
1995; Viana et al., 1995). Moreover, heterologexgression of P-gp iXenopus laevis
oocytes failed to inducesswen), Which was a strong indication that P-gp by itskies
not form the channel (Morin et al., 1995). Finailyyas widely accepted that P-gp does
not underlie ¢iswen, although it still has been discussed whether Rvgght have a
regulatory effect on VRAC activity (Hardy et al995). Conversely it could be shown
that neither P-gp knockdown by antisense oligoraicdes nor treatment with P-gp
antibodies had an inhibitory effect on VRAC aciTominaga et al., 1995).

The second candidate in the hunt for the molecudantity of VRAC was the
ubiquitously expressed protein cpl which was identified in an expression-cloning
approach. Overexpression of this protein Xanopus laevis oocytes activated an
outwardly rectifying anion current termednl with similar characteristics tociswer
(Paulmichl et al., 1992). A functional connectiohpidc, to VRAC was supported by
studies showing that treatment with antibodiesntisanse oligonucleotides againsgpl
reduced disweny (Gschwentner et al., 1995; Krapivinsky et al., 199%he putative
secondary structure of the protein was, howeverpidlict with the theory of it forming a
plasma membrane localized ion channel, since kelhchydrophobic stretches in its
primary sequence sufficient to span the phosplblipiayer. Accordingly, it could be
observed that the protein mostly resides in thesoft(Krapivinsky et al., 1994). Finally,
plcn was shown to be a spliceosome component (Pu €1989). Additionally, further
investigation of thed, in Xenopus laevis oocytes and reconstituted liposomes could show
substantial differences in ion-selectivity and eatrcharacteristics compared tshen)
(Furst et al., 2000; Li et al., 1998; Voets et 8996).

Another candidate channel proposed to medigtgeywas CIC-3, a member of the CIC-
family of chloride channels and transporters. Cl@s cloned in 1994 from rat brain
neuronal cells (Kawasaki et al., 1994). When hébgausly expressed, it gave rise to
outwardly rectifying anion currents, with much largamplitudes than thekwen from

untransfected cells (Duan et al., 1997). In thiglg it was also shown that the current
could be increased by cell swelling and that séwdraracteristics of the CIC-3 current
such as ion selectivity sequence and pharmacologiczile conformed to diswen).

Furthermore, the authors found a mutation that gbdrthe ion selectivity sequence and
abolished rectification of the channel, which iraded that CIC-3 was indeed the pore-

forming protein conveying the current recorded fromerexpressing cells. Nevertheless,
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there were some notable differences between csrifemin CIC-3-transfected cells and
endogenousclswery Whereas VRAC shows virtually no basal activityCe3 elicited
large anion currents already under isotonic coowldj that are increased upon cell
swelling. Furthermore, CIC-3 currents could be clatgby suppressed by activation of
PKC, which is not the case fagidwen (Duan et al., 1999; Gosling et al., 1995; Szucs et
al., 1996a). However, the ultimate proof againS€-3las a candidate for the VRAC
identity is that &iswen iS unchanged in cells from CIC-3 knockout mice, atthcould be
shown by several groups in different cell typesréata et al., 2002; Gong et al., 2004;
Stobrawa et al., 2001).

CIC-2 as another member of the CLC-family has b&isnussed as a candidate for the
identity of VRAC (Nilius et al., 1997a), since & ito some extent also activated by
osmotic swelling (Grinder et al., 1992; Jordt aadtsch, 1997). Nevertheless, there are
fundamental differences in current characteristicluding the direction of rectification,
permeability sequence and inactivation kineticg #@ually exclude CIC-2 from being
VRAC (Thiemann et al., 1992).

Rather recently, a new family of chloride channedfled bestrophins was identified in
connection to a congenital form of retinal degetnenaand was shown to be at least
partially regulated by cell volume by the group ©fiss Hartzell (Fischmeister and
Hartzell, 2005). Following studies by the same grebowed that iDrosophila S2 cells
the endogenous volume-regulated chloride curreabdished upon knockdown of the
Drosophila bestrophin dbestl (Chien and Hartzell, 2007). Téssilt was later confirmed
by a genome-wide siRNA screening approach in whiobstl was also identified as the
volume-regulated anion channel of S2 cells (Staid &lapham, 2012). These results
raised the question whether bestrophins also cemMRAC in vertebrate cells. To test
this hypothesis Hartzell and colleagues examindld é®m bestrophinl and 2 double
knockout mice and found thatikwery was unchanged (Chien and Hartzell, 2008).
Furthermore, endogenous bestrophin currents in @8 as well as heterologously
expressed dbestl currents in HEK cells show ardiftepharmacological profile than the
vertebrate disweny (Stotz and Clapham, 2012). According to these figsj bestrophins do
not constitute the vertebrate form of VRAC but seenbe the main volume-regulated

anion pathway in insect cells.

Finally, several members of the anoctamin protemify, which contains the calcium-
activated chloride channels ANO1 and ANO2 (Pedemand Galietta, 2014), have been
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suggested to be involved in volume-regulated ctioriransport. The lab of Karl
Kunzelmann reported thagbwen is reduced in cells from ANOBmice as well as in cells
treated with siRNAs against ANO1, ANO6, ANO8 or AN®D(Almaca et al., 2009).
Furthermore, it was shown that overexpression ofOANand ANO2 increasekwel)
However, these results were subsequently contetity two other publications showing
that neither knockdown nor overexpression of ANGXNO6 or ANO10 had an
significant effect ondiswen (Juul et al., 2014; Shimizu et al., 2013).

1.6 The LRRCS8 protein family

Although the outcome of the genome-wide siRNA strdescribed in this work should
not be anticipated, | would still like to give angeal introduction to the protein family
LRRC8 that became the focus of the post-screenixgeranents. Therefore, the
information on the members of the LRRC8 gene familgnmarized here are a reflection
of thestatus quo at the time when LRRC8A emerged as a candidaieglthie screen. All
further information resulting from this work andetwork by others will be discussed at

the end of this thesis.

The name of the protein family LRRC8 stands_foclee-rich_repeat containing family 8.
The leucine-rich repeat (LRR) is a polypeptide motimprised of 20-29 amino acids
containing a conserved segment with the conserepgeace LXXLXLXXN/CXL, where x
can be any amino acid and the “L” positions caim &ls occupied by valine, isoleucine
and phenylalanine (Kobe and Kajava, 2001). LRRsehaeen identified in numerous
proteins through sequence arrays, but the funatibmhis domain is not completely
understood yet. There is, however, evidence pa@ntinan important function of these
domains in protein-protein interactions (Kobe areisenhofer, 1995; Papageorgiou et al.,
1997).

The gene coding for LRRC8A was first discoveredainpatient suffering from an
immunodeficiency condition called agammaglobuliremihere a mutation of it was
identified as the likely underlying cause of thesadise (Sawada et al., 2003).
Subsequently, the complete gene family was idedtiind sequence analysis suggested a
four-transmembrane topology for all family membargl a strong conservation between
the human and mouse homologues (Kubota et al.,)2064 LRRC8 family consists of 5
members, which are named LRRC8A, LRRC8B, LRRC8CRCRD and LRRCSE (Fig.

2). Sequence analysis revealed that they originfabed a common ancestor and that the

paralogues B, C and D probably arose from tandepliciions whereas A and E
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originated later by duplications of B and C, respety. Accordingly, the paralogues B,
C and D are located together in the human genomghmmosome 1 whereas A and E

are located on chromosome 9 and 19, respectivddggéal and Zardoya, 2012).

Each LRRCS8 protein contains up to 17 leucine-ri ~

repeats at the C-terminus while the putati LRRC8B
transmembrane domains are located in the N-term
part of the protein (Smits and Kajava, 2004). Itsw

LRRC8A

originally proposed that the LRR-containing C-temnos
of the protein and thus also the N-terminus aretkxt
towards the extracellular medium (Sawada et aD320 LRRC8C
However, Absascal and Zardoya proposed the oppc
topology with both N- and C-terminus oriented tosgar

the cytosol in their bioinformatics study (Abaseaid LRRCSE
Zardoya, 2012). They furthermore state that th
analysis revealed an evolutionary relationship LRRC8D

pannexins.  These  four-transmembrane  domFigure 2: Schematic phylogenetic
tree of the LRRCS8 protein family
containing proteins can form hexameric channelthén (modifiedfrom Abscal and Zardoy
plasma membrane, which have been implicated inde v2003)
array of physiological functions (D'Hondt et al.Q(®). Interestingly, pannexins are
structurally related to connexins, which also fotmexameric compelexes called
connexons. These comprise gap-junctions and thexamyect the cytosol of neighboring
cells for example in the CNS (Abascal and Zard@¢d,3). These similarities suggest that
LRRCS8 proteins might also be able to form hexameoimplexes or even channels. In all
four transmembrane domains and in the connectiogslostretches of conserved amino
acid sequences can be found when comparing the LRR#8y members with the
pannexin family. Notably, four pairs of cysteinsidkies in the two extracellular loops are
conserved between the two families. These cystesElues might be involved in the
formation of disulfide bonds between loops of tame protein or even between loops of
adjacent proteins in a multimer, thereby stabilizithe complex. A similar role of

extracellular cysteine pairs has been shown fonerms (Foote et al., 1998).

The physiological role of LRRC8 proteins as remdirargely unknown so far. As
mentioned above, LRRC8A was identified in a patiesuffering from
agammaglobulinemia, which is characterized by a&Bedeficiency and is usually caused

19



Introduction

by mutations in genes responsible for B-cell depelent (Sawada et al., 2003; Tsukada
et al., 1993). It is therefore likely that LRRC8M/s@ plays a role in the differentiation or

proliferation of B-cells. Interestingly, the mutati in the patient was heterozygous and
consisted of a chromosome translocation that léadstruncated version of the protein.

This truncated protein is apparently not functioaaiymore and furthermore seems to
somehow also render the protein inactive that isgo¢ranslated from the unaffected

allele. This was also demonstrated by transplamtaéxperiments with murine bone

marrow cells heterologously expressing the mutansion of the protein, which resulted

in inhibition of normal B-cell development (Sawaetaal., 2003). This could be a further

indication of a multimeric complex formation of LRR proteins that would explain the

dominant negative effect of this truncation (Abdscal Zardoya, 2012).

Besides these data on LRRC8A, there is a studyhengene encoding LRRC8C
suggesting a connection to adipocyte differentratiad thus terming the gene “factor for
adipocyte differentiation (fad) 158" (Tominaga et 2004). In this study the authors
found that knockdown or LRRC8C prevented the déffitiation of T3-L1 cells into
adipocytes, while the overexpression resulted énitlduction of adipocyte differentiation
in a cell line that normally is not part of thiadiage. Furthermore, the same group created
a knockout mouse model for LRRC8C that showed mifsigntly reduced body mass as
well as an improved insulin resistance under haghefiet conditions (Hayashi et al.,
2011). Concerning the intracellular localizationtloé protein it was stated that it resides
in the ER when heterologously expressed in T3-Uk esing a GFP tag for visualization
(Tominaga et al., 2004).
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2. Aim of the work

Despite the many physiological functions proposetd connected to volume regulation
in general and to the activity of the volume-regedbanion channel in particular, most of
these could not be investigated in detail due te kick of knowledge about the
underlying molecular identity of this channel. Altigh VRAC is not the only ion
channel, whose identification had kept scientistsyband puzzled for many years, it is a
special case in respect to the obstacles that imaweded a successful discovery of the

gene(s) encoding for the protein(s) that compriBAC.

Other channels have been identified using expresdaning approaches, where a cell
line is used that lacks the respective channelchvig then transfected with pools of
cDNA. By subsequently dividing the pools that é&di currents upon transfection, one
finally ends up with a single cDNA encoding the mhel. This approach is however not
applicable for VRAC since so far no cell line coubd identified that lacked an
endogenous volume-activated anion current and ¢bukl provide a suitable expression
system. A second possible strategy is to use a hfghity ligand for an affinity-
purification approach in order to “fish” the pratetomprising the channel. This is also
not feasible for VRAC since no high-affinity ligamdare known and many of the
inhibitors that act on VRAC target several other amannels as well. In the case of other
ion channels, like for example CFTR, naturally adely mutants lacking the current
could be used to identify the gene connected tonmdlafunction, but as already
mentioned above there is no cell line or individiegorted that could be used for such a

genetic screening approach.

Despite these difficulties, several candidate pnstehave been proposed and were
subsequently discarded. This and the many attetopssudy the physiological role of
VRAC using pharmacological tools show the greaeregt and need of the molecular

identification of this channel.

Since the siRNA technology has become more acdessilbarge scale and genome-wide
siRNA libraries are commercially available, thisthed became an attractive possibility
for a new identification approach. The goal of teiady was to set up and optimize a
screening-assay for VRAC activity that could bepdd to a high-throughput scale to
perform a genome-wide siRNA screen. Through thigr@gch, candidate genes either
encoding the channel itself and/or essential régideor parts of the signaling cascade
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leading to VRAC activation should be identified.bSaquently, the results of the screen
should be assessed and validated through a segsutaen. The effect of SIRNAs with a
strong impact on the screening assay should befiaceriby electrophysiological
measurements. Validated candidate genes should lidecioned and characterized in
respect to their intracellular localization. Fetimore, the effect of their overexpression
on VRAC activity has to be tested. In order to sabBate the identity of the channel it
would be necessary to show that changes in praeguence will reflect in intrinsic
properties of the channel, such as current kinetas selectivity or pharmacological

profile.

The molecular identification of VRAC would be a mapreakthrough for the field of
volume regulation and ion homeostasis in generdl would facilitate a plethora of
further investigations concerning signal transdugtregulation and physiological as well

as pathological importance that had not been plesfibs far.
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3. Materials and Methods

3.1 Materials

3.1.1 Chemicals

All chemicals were purchased from Sigma, Fluka othRunless stated otherwise.

3.1.2 Cell lines
The cell lines shown in Table 1 were used for thpeements described in this work
including the generation of knockout cell lines @né YFP-expressing HEK293 cell line.

Table 1: Cell lines

Cell line Origin Karyotype References

HEK293 human embryonic kidney hypo-triploid  (Grahatal., 1977)
hpacultures.org.uk

HCT116 human colon carcinoma diploid (Brattain et al., 1981)
(Thompson and Compton, 2008)
hpacultures.org.uk

HelLa human cervix epitheloid aneuploid (Gey et al., 1952)
carcinoma hpacultures.org.uk

HL-60 human peripheral blood pseudodiploid (Collins et al., 1977)
leukocytes hpacultures.org.uk

3.1.3 Cell culture reagents

For general cell culture, Dulbecco's Modified Eajledium (DMEM) or McCoy's 5A
medium was used for HEK293 and HCT116 cells, respdg, supplemented with fetal
calf serum (FCS) and 100 u/ml Penicillin and 0.1/migStreptomycin, unless stated
otherwise. Phenol red-free DMEM was supplemented &%/mM L-Glutamine.

In general, cells were cultured on tissue cultushes (TPP Techno Plastic products or
Greiner) at 37°C under a humidified atmosphere &t CQ. Cell culture reagents were

purchased from PAN biotech, unless stated otherwise

3.1.4 Genome-wide siRNA library

The genome-wide siRNA screen was performed at ¥ Screening Unit using the
Ambion Silencer® Human Genome siRNA Library V3 @.ifechnologies). The library
contains 189 384-well plates, with each gene beargeted by three independently
placed siRNAs.

23



Materials and Methods

3.1.5 Expression constructs

The expression constructs generated for this saundifor used for electrophysiological
measurements, immunocytochemistry, immunoprecipitatexperiments, topology
experiments and the generation of knockout cedidiare listed in Table 2.

Table 2: Expression constructs

Construct name* backbone no.**  comment
LRRC8A pcDNA3.1/myc-His(-)B 5500 untagged
LRRC8B pcDNA3.1/myc-His(-)B 5501 untagged
LRRC8C pcDNA3.1/myc-His(-)B 5502 untagged
LRRC8D pcDNA3.1/myc-His(-)B 5503 untagged
LRRCS8E pcDNA3.1/myc-His(-)B 5504 untagged
LRRC8A-myc pcDNA3.1/myc-His(-)B 5651 no stop cod@iterm. myc-tag
LRRC8B-myc pcDNA3.1/myc-His(-)B 5506 no stop cod@term. myc-tag
LRRC8C-myc pcDNA3.1/myc-His(-)B 5507 no stop cod@aterm. myc-tag
LRRC8D-myc pcDNA3.1/myc-His(-)B 5508 no stop cod@term. myc-tag
LRRC8E-myc pcDNA3.1/myc-His(-)B 5509 no stop cod@aterm. myc-tag
LRRC8A-GFP pEGFP-N1 5518 no stop codon, C-term.-tagc
LRRC8B-GFP pEGFP-N1 5519 no stop codon, C-term.-tagc
LRRC8C-GFP pEGFP-N1 5520 no stop codon, C-term-tagc
LRRC8D-GFP pEGFP-N1 5521 no stop codon, C-term.-tagc
LRRC8E-GFP pEGFP-N1 5570 no stop codon, C-term-tagc
GFP-LRRC8A pEGFP-C1 5514 N-term. GFP-tag
GFP-LRRC8B pEGFP-C1 5568 N-term. GFP-tag
GFP-LRRC8C pEGFP-C1 5569 N-term. GFP-tag
GFP-LRRC8D pEGFP-C1 5515 N-term. GFP-tag
GFP-LRRCS8E pEGFP-C1 5516 N-term. GFP-tag
LRRC8A-RFP pmRFP-N1 5524 no stop codon, C-term.-RigP
LRRC8AncGFP pEGFP-N1 5526 truncated version, no stop codon
C-term. GFP-tag
GFP-LRRC8A-exHA pPEGFP-C1 5536 N-term. GFP-tag, H4-in
extracellular loop
GFP-LRRC8A-ctHA pEGFP-C1 5538 N-term. GFP-tag, @ateHA-tag
LRRC8A-N66A-N83A- pcDNA3.1/myc-His(-)B 5512 no stop codon, C-term.catgg,
myc mutated glycosylation sites
GFP-CIC-1 pEGFP-C1 3135 N-term. GFP-tag

* Abbreviated version of the construct name notuding the name of the backbone plasmid
** Number of construct in the internal plasmid dzdae of the Jentsch laboratory

3.1.6 Commercial antibodies

The following commercial primary antibodies wereedisrabbit anti-myc (A-14, Santa
Cruz Biotechnology), rabbit anti-GFP (A-11122, Lifechnologies) for IP and chicken
anti-GFP (1020, Aves Lab) for Western blot, mousé-@&tubulin (DM1A, Sigma),
mouse anti-HA (HA.11, Covance). Secondary antib®avere conjugated to AlexaFluor

488 or 546 (Molecular Probes) or to horseradislxydase (Jackson ImmunoResearch).

3.1.7 Lab-generated antibodies
Polyclonal antibodies against the different LRRG8t@ins were raised in rabbits and
guinea-pigs against the peptides indicated in Takteat were coupled to KLH through

an terminally added cysteine. The position of gagbtide within the respective protein is
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also indicated in Table 3. Peptide synthesis amechanmmunization was performed by
Pineda Antikdrper-Service, Berlin, Germany.

Sera were affinity-purified using the immunizingpgide coupled to a Sulfolink coupling
resin (Pierce). To this end, immunosera were in@baotating at 4°C on the columns,
then washed with high-salt TBS (TBS containing 50 NacCl) followed by additional
washing steps with TBS and 0.1x TBS. Bound anté®dvere eluted with 100 mM
glycine pH 3.0 and 20(} fractions were collected. Protein-containing frags were
identified in Ponceau S—stained dot blots, pocded, the pH was adjusted to pH 7.5-8.0.
After addition of 0.01% BSA and 0.02% NaNntibodies were aliquoted and shock-
frozen in liquid nitrogen. Long-term storage was-&9°C.

The specificity of the antibodies was assesseddiyab Stauber in Western blots and for
LRRCB8A in immunofluorescence (Voss et al., 2014pubilished data). The rabbit anti-
KCC1 antibody was described previously (Rust et28107).

Table 3: LRRCS8 antibodies

Target Target Name no** immunizing peptide peptide
protein species* position
LRRC8BA human/mouse MLRRC-8A-5arbl 1339 QRTKSRIEQGIVDRSE intra. loop
LRRC8B humanhouse mLRRC-8B-5brbl 1345 QSLPYPQPGLESPGIESPT intraplo

LRRC8C humamhouse mMLRRC-8C-ctrb2 1347 EDALFETLPSDVREQMKAD C-term.
LRRC8D humarthouse mMLRRC-8D-ctrbl 1348 LEVKEALNQDVNVPFANGI C-term.
LRRCBE humamhouse mMLRRC-8E-ctrb2 1351 LYEGLPAEVREKMEEE C-term.

* The target species of the immunizing peptideiadécated inbold
** Number of antibody in the internal antibody datsbaf the Jentsch laboratory

3.2 Methods

3.2.1 Generation of the HEK293-YFP Cell Line

The T-REx® system (Life Technologies) was usedenegate a stable HEK293 cell line
inducibly expressing the halide-sensitive YFP(H1A882L) (Galietta et al., 2001) as
described in the manual. Clones were selected u&dtgug/ml hygromycine B and
10 ug/ml blasticidin. Monoclonal cell lines were subsenqtly tested for robust and
homogenous expression of YFP after induction wibLig/ml doxycycline using live-
cell imaging techniques. The clone 1:5-(6) was eho®r the genome-wide screening
procedure. The cells were kept in DMEM with tetr@oye-free Hyclone FCS and the

above-mentioned antibiotics.
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3.2.2 Plate layout and control siRNAs

The screen was performed in a 384-well format usiogning CellBIND® flat bottom
assay plates. In total 189 plates were screenedn®igenome-wide screening round and
two replicate screens were performed consecutié@tyeach screening plate (Fig.3) rows
23 and 24 were used for the placement of severdtaosiRNAs: siRNA pools against
YFP (Silencer GFP siRNA from Ambion) as well ase#l death-inducing siRNA mixture
(AllStars Hs Cell Death Control siRNA from Qiagemgre used as transfection controls.
A non-targeting siRNA (Silencer Negative Contrarfr Ambion) was used as negative
control and an siRNA pool against AE2 (ON-TARGET®I$SMARTpool siRNA
SLC4A2 from Thermo Scientific) was used as assa&gifip positive control (see also
section 4.2). In wells 023, P23, 024, and P24, tymo solution containing 1% Triton X
was added to determine the background signal (setos 3.2.5). For detailed plate

layout see Fig. 3.

/ 12 3 456 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 ‘ library siRNA / hypo + I

transfection reagent / hypo + I

transfection reagent / iso + I

non-targeting siRNA / hypo + I
non-targeting siRNA / iso + I

| GFP siRNA/ hypo + I-

GFP siRNA /iso + I

cell death siRNA / hypo + I
cell death siRNA /iso + I

SLC4A2 siRNA [ hypo + I
SLC4A2 siRNA/iso + I

w2 rxR——ZZTdmmMO ol >

TritonX in hypo +i

Figure 3: Plate layout including the position of catrol SIRNAs

Cells in wells of rows 1-22 were transfected witiividual siRNAs of the Ambion SilendeéHuman
Genome siRNA Library V3 and tested for hypotonigitduced YFP-quenching (experimental wells).
Rows 23 and 24 contained control wells that weratéd as indicated.

3.2.3 High-throughput siRNA transfection

For siRNA transfection, &l of a 500 nM library-siRNA-OptiMEM® solution was

pipetted into each well of the 384-well assay plageng the Tecan Freedom EVO 200
workstation. Subsequently, 02 Lipofectamine® RNAimax transfection reagent (Life
Technologies) previously diluted in 11uBOpti-MEM® (Life Technologies) were added

to yield the final transfection mixture. Then, 600@lIs/well in antibiotic-free DMEM

were seeded onto the pre-dispensed transfectiourixusing a BioTek EL408
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dispenser, resulting in a final concentration ofr®® siRNA in a total volume of 8Ql
per well. 24 h post-transfection, the cell cultanedium was exchanged to phenol red-

free DMEM containing 1.2fg/ml doxycycline to induce YFP-expression.

For the prescreen and the secondary screen, the sansfection set-up was used to
transfect ON-TARGETplus SMARTpool siRNAs againse ttandidate genes listed in
Table 7 and Table 8, respectively . Parts of tipefting steps for the transfection were
performed manually using single or multiple-chanpigettes instead of the automated

workstation due to the smaller sample number.

3.2.4 YFP-based screening-assay

The YFP-quenching assay was performed 72 h pastfretion. As a first step, the cell
culture medium was exchanged in all wells of theglith 10ul of isotonic solution (in
mM: 145 NaCl, 5 KCI, 1 MgG| 2 CaC}, 10 glucose, 10 HEPES, pH 7.4, 329 mOsm)
using the Tecan Freedom EVO 200 workstation. Taep were then transferred into the
FLIPR™ (Molecular Devices) High Throughput Cellular Scrieen Device and
fluorescence measurements were initiated. All weflghe plate were simultaneously
illuminated atA=495-505 nm and YFP-fluorescence was measured=%26-585 nm
using the FLIPR" Fluo3 LED/filter set. After 5 measurements in imtgs of 5 s, parallel
pipetting within the FLIPR" added 25u iodide-containing hypotonic (rows 1-23) (in
mM: 70 Nal, 5 NaCl, 5 KCI; 1 MgG| 2 CaC}, 10 glucose, 10 HEPES pH 7.4,
189 mOsm) or isotonic (row 24) (in mM: 70 Nal, 5@a5 KCI; 1 MgC}, 2 CaCj,

10 glucose, 140 mannitol, 10 HEPES pH 7.4, 329 mGstution into each well. The
solution added to wells 023, P23, 024 and P24 wgsotbnic and contained 1%
Triton X in order to determine the background sigide mixture of the pre-existing
10l isotonic solution and the newly added @5hypotonic solution resulted in a final
osmolarity of 229 mOsm, i.e. a ~30% decrease inoteity, and a final concentration of
50 mM iodide. All assay solutions were preparedhhe for each screening day and the
osmolarity was monitored by using an Osmomat 038eZing point osmometer
(Gonotec). Fluorescence measurements were contfou&® s in 5-s intervals, followed
by 8 measurements in 30-s intervals to minimizadiég, and finally 10 measurements
in 1-s intervals. The total length of the measunen{®&00 s) was sufficient for YFP-
guenching to nearly reach steady state. At timatpd) s and 5 s (before pipetting) and at
25, 30, 35, 40, 45, and 490 s (during/after pipgjtphotographs of the entire plate were
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taken to allow post-hoc control of the integritytbe cell layer of each well. The same
assay set-up was used for the prescreen and thiedseyg screen.

For preliminary live-cell experiments, cells wereeded onto glass-bottom dishes
(MatTek) and induced with doxycycline as describedve. Fluorescence measurements
were performed at an inverted microscope (Zeis®yedit 200 equipped with a 40x 1.30
NA oil immersion lens) connected to a Polychrormtinochromator (TILL photonics) at
an excitation wavelength of 514 nm. The emittedhtligzas filtered with a 535+30 nm
filter and captured with a Sensicam CCD camera (P@Shg the 4x4 binning of the
TillVision software package (TILL photonics). Piots were taken every 2 s for 10 min
total. After recording a baseline for ~60 s, thedimm was exchanged by manual
pipetting to iodide- containing isotonic (in mM: Mal, 5 NaCl, 5 KCI; 1 MgGl

2 CaC}, 10 glucose, 140 mannitol, 10 HEPES pH 7.4, 32%m)) hypotonic (in mM:
70 Nal, 5 NaCl, 5 KCI; 1 MgGJ 2 CaC}, 10 glucose, 10 HEPES pH 7.4, 189 mOsm) or
iodide-free isotonic (in mM: 145 NaCl, 5 KClI, 1 M2 CaCj, 10 glucose, 10 HEPES
pH 7.4, 329 mOsm) saline. Fluorescence traces tem analyzed by subtracting the
signal from a background ROI of the same image @amanalizing to the time point

t=120 s (after the pipetting artifact).

For preliminary experiments on 96-well plates (Gog) the Safire Il plate reader
(Tecan) was used. The medium was removed manugllysimg a 12-channel pipette,
cells were washed once with isotonic saline and tt@0 pl of the respective saline (as
described for the live-cell experiments) was addedeach well. The plate was
immediately entered into the plate reader and Y&&réscence was measured at 510 nm
excitation wavelength and 540 nm emission wavelenwith a gain of 120 in 60-s

intervals with 8 reads per time point for a totaasurement time of 10 min.

3.2.5 Bioinformatics analysis and hit assessment

The primary data generated from the FLIBReasurements was subjected to subsequent
data processing to extract several parameters dtat dvaluation and hit definition
(Fig. 4). The averaged fluorescence before thettiigestep, E*Se Was obtained by
averaging values from measurements 1-3 and wastasget a warning ‘low cell’ flag
when its value was less than 0.8 times of the nf@%. averaged over all experimental
wells from the plate. After pipetting, the fluoresce acutely changed to new values
(pipetting artifact) that remained stable for ab8dts before swelling-induced quenching

of YFP set in. We averaged fluorescence values fno@asurements 9 to 12 to obtain
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F2PS 2t which was subsequently used for normalizatioti%Fwas defined as averaged

fluorescence from the four last measurements arsdusad to generate another ‘warning
flag’ if fluorescence had not reached quasi-stestdte at the end of the measurement.
The averaged fluorescence (over the last 300 #)eofour control wells from each assay
plate, that had been exposed to Triton X to maxyngiench YFP fluorescence were

used to determine background fluorescengg Which was then used for subtraction.

Furthermore, the background-subtracted fluorescealee of each well was normalized

to the corresponding®®.. value to yield F* (Fig. 4A).
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Figure 4: Parameters extracted from the primary dat during bioinformatics analysis

Example traces, showing the absolute, non-correctddes of fluorescence { measured at=526-
585 nm as a function of time. The green curve shawspresentative trace for cells that were exptsed
hypotonic, iodide-containing solution at the tinmelicated by the arrow. The brown curve shows arobnt
well to which hypotonic, iodide-containing solutiomith 1% Triton X was added. (B) Background-
subtracted and normalized fluorescence F*. Aftdatrsicting the background determined in control svell
treated with Triton X, the fluorescence of everpesimental well was normalized to its individudPE,.
value. The maximal slope of fluorescence decreagev@as determined by linear regression to the curve
between 35 and 300 secondss.twas defined as indicated.

Since siRNA-mediated knockdown of VRAC might onlduce the speed of iodide
guenching by impacting iodide current magnitudet Imot necessarily the final

intracellular iodide concentration (reflected if’¥), we also determined the slope of
fluorescence change by linear regression of 11tpaina sliding window between 35 and
350 s. The maximum of these slopes was defined ,@as Fhe intersection of the

corresponding linear regression line with F*=1 defl tnse:(Fig. 4B) as a measure for the
speed of response to the hypotonic challenge, aydblat might be changed e.g. by
interfering with the signal transduction cascadadieg to VRAC opening. For each

individual plate the mean maximal slop@asomean Of all experimental wells and the
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standard deviation were calculated. For all essgoérameters, Z-scores were calculated
in order to express differences in terms of stashdawviations, with e.g. Z=2 meaning that
the slope is slower by two standard deviations cregb to the average of the

experimental wells of the plate.

The main parameter used for hit definition wagxSIn order to account for different
efficiencies of siRNA knockdown within the threaedimidual siRNAs against each gene,
we calculated the mean Z-scores obtained withwloe'thbest’ sSiRNAs (giving the largest
values of Z) and primarily relied on this infornwati for further hit assessment. For this

the mean values from both replicate screens wkemtiato account.

Besides the evaluation of fluorescence values, ghetographs taken during the
measurements were also analyzed individually byteydetect artifacts caused by dirt
particles or disruption of the cell layer to exaufhlse positives/negatives from further

analysis.

Additional to the data retrieved from the primagyeen, an bioinformatics inquiry was
performed to obtain information on “protein famibelonging” from the UniProtkKB
database (Magrane and Consortium, 2011), the gdisssie expression pattern (as
determined by publicly available microarray datadés et al., 2011)) as well as on the
predicted number of transmembrane domains throlglohline-analysis tool TMHMM
2.0c (Krogh et al., 2001).

Candidate selection for the secondary screen widsrpeed by revising hitlists from the
above-mentioned mean “best of 2” Z-scores fgf8nd subsequent assessment towards
the following parameters: minimally one transmembradomains, broad tissue
expression or member of a gene-family with ovelathad tissue expression, known

function not incompatible with ion channel identity

3.2.6 Cloning and mutagenesis of candidate constrisc

For candidate genes, cDNA was cloned from HEK29Bi@ka cell total cDNA that was
prepared as described in section 3.2.11 (QRT PGRyspecific primers. In cases where
cloning from these cDNA libraries was not successfDNA clones were ordered from
SourceBioscience and used as template for PCR.PE#ts, Phusion (Finnzymes) or
OptiTag (Roboklon) DNA polymerase was used. Oligieotides were ordered from
eurofins genomics. Isolation of plasmid DNA froEa coli cultures or agarose gel
fragments was performed using the Nucleo $pilasmid QuickPure or the Nucleo Spin
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Gel and PCR Clean-up kit (Macherey & Nagel), refipely. Restriction enzymes were
purchased from Fermentas or New England Biolabsuaed according to the suppliers’
protocol. Agarose gels were prepared using UltraRgarose (Invitrogen) in TAE buffer
(40 mM Tris, 40 mM acetic acid, 1 mM EDTA, pH 8&)d samples were mixed with 6x
DNA loading buffer (60 mM Tris-HCI (pH 8.0), 60% yglerol, 60 mM EDTA, 0.4%

Orange G) before submitting them to agarose geételgroresis. DNA concentrations
were determined with a Nanodrop ND-1000 spectrapheter (PeglLab). Vector ligation
was performed using a T4 Ligase (Fermentas). Bacterere transformed using
electroporation and plated onto selective agar-meBositive clones were identified

using restriction digests or sequencing of plasbiA.

To generate expression constructs with a GFP foseitheir N-termini or C-termini,

cDNA encoding the respective human protein wasedowith stop codon into pEGFP-
C1 or without stop codon into pEGFP-N1, respecyiveor expression of C-terminally
RFP-tagged constructs, the cDNA was cloned into BRYRI1. For untagged and C-
terminally myc-tagged (deglycosylation experiment a&o-immunoprecipitations upon
heterologous expression) expression, cDNAs weneeddwith and without stop codon,
respectively) into pcDNA3.1/myc-His(-)B (InvitrogenHA-tags and point mutations
were introduced by PCR. All constructs were condidrby sequencing the complete

OREF. For an overview of used constructs see Table 2

3.2.7 Electrophysiology

HEK or HCT cells were plated onto gelatine-coatederslips and transfected using
Fugene HD (Promega) or Lipofectamine 2000 (Life irextogies) transfection reagents,
respectively. One of the transfected LRRCS8 isofommas fused C-terminally to GFP.
When LRRCB8A was co-transfected with other LRRC&asos only the latter carried

GFP because plasma membrane fluorescence indmatexpression with LRRCS8A.

To measure cells with sSIRNA mediated knockdown BfRC8A SMARTpool siRNAs
were transfected in a 96-well plate format. For hed&b-well 1.6 ul of a 5uM
SMARTpool siRNA stock solution were mixed with i Opti-MEM® (Life
Technologies) and separately 0.4 ul Lipofectamif®®Aimax transfection reagent (Life
Technologies) were diluted in 9.6 pl Opti-MEM® atiein added to the siRNA-mixture
and incubated for 20 min at room temperature. Th2:©00 cells/well were added in
140 ul antibiotic free medium, which resulted ifireal siRNA concentration of 50 nM.

48 h post-transfection cells were splitted ontatieé-coated coverslips and patch-clamp
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experiments were then performed 72 h post-tranefector rescue experiments cells
were transfected 24-48 h after the siRNA transbectusing 50 ng plasmid-DNA and

0.15 ul Fugene HD (Promega) transfection reagent.

Whole-cell voltage-clamp experiments were perfornredsotonic extracellular solution
containing (in mM) 150 NacCl, 6 KCI, 1 Mg&l11.5 CaCl, 10 glucose, and 10 HEPES,
pH 7.4 with NaOH (320 mOsm).cikweny Was elicited by perfusing the cells with
hypotonic solution containing (in mM) 105 NaCl, 6@, 1 MgC}, 1.5 CaCl, 10
glucose, 10 HEPES, pH 7.4 with NaOH (240 mOsm). dfon selectivity experiments,
NaCl was replaced in this solution by an equimaarount of Nal, NaNg) or Nab-
gluconate. The pipette solution contained (in mNJ) @sCl, 100 Cs-methanesulfonate,
1 MgCh, 1.9 CaCJ, 5 EGTA, 4 NaATP, and 10 HEPES, pH 7.2 with CsOH (290
mOsm). Osmolarities of all solutions were assesgddan Osmomat 030 freezing point
osmometer (Gonotec). All experiments were perforraedonstant temperature of 20—
22°C. Currents were recorded with an EPC-10 USBchpalamp amplifier and
PatchMaster software (HEKA Elektronik) or a Mul@@p 700B patch-clamp
amplifier/Digidata 1440A digitizer and pClamp 10fts@re (Molecular Devices). Patch
pipettes had a resistance of 1-8)MSeries resistance was compensated by 80-90% to
minimize voltage errors. Currents were sampledldid and low-pass filtered at 10 kHz.
The holding potential was -30 mV. Cells with a meante resistance below 800CMor
series resistance above 1@Mvere discarded. The standard protocol for meaguhe
time course ofdisweny activation, applied every 15 s after membraneunapt consisted of
a 0.6-s step to -80 mV followed by a 2.6-s rampnfrd00 to 100 mV. The read-out for
lcisweny Was the steady-state whole-cell current at -80 mdrmalized to the cell
capacitance (current density) subtracted by thelin@scurrent density at -80 mV before
perfusion with hypotonic solution. The voltage jail, applied after complete activation
of Icisweny consisted of 1-s or 2-s steps starting from -\ to 120 mV in 20-mV
intervals preceded and followed by a 0.5-s ste@@amV every 5 s.

The inactivation kinetics ofclsweny could not be fitted appropriately by a single-
exponential function. We therefore calculated tih&ction of remaining current by
dividing the current amplitude at the end of the @sltage step by the current amplitude
1.5 ms after the beginning of the voltage step i(hng contamination by capacitive
transients). The half inactivation timg,twas determined by the time point where the

inactivation reached half of the total inactivatifter 2 s. Calculation of current densities
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and inactivation characteristics was carried outhwan automatic script written in
MATLAB R2011a (MathWorks) and plotted with GraphPd&tism 5 (GraphPad
Software). Boltzmann curve-fitting and calculatioh Vi, was done with GraphPad
Prism with the following fitting constraints: bottovalue less than 0.2, top value greater
than 0.9. Example current traces were lowpasgditeat 2 kHz and reduced to a
sampling rate of 1 kHz for clarity. Averaged data presented as mean +* SEM.
Significance was calculated by one-way ANOVA andk@yis post-hoc test, where
applicable. At least 4 cells per condition were sugad on at least two different days;
exact n-values are given in the figures. Whereiptesssneasurements were done blinded.
Electrophysiological measurements were performeBlbgan Ullrich and Jonas Munch.

3.2.8 Deglycosylation experiments

To assess glycosylation of LRRC8A, HEK cells wasnsfected on 10-cm dishes using
17 pl of polyethylenimine (PEI) and 6 pg of plasneidcoding myc-tagged LRRC8A
(wildtype or mutant). Cells were lysed in Ripa &/$iuffer (150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, 8, 4 mM Pefabloc (Roth),
complete proteinase inhibitor cocktail (Roche)).teiAf 10 min centrifugation at
14.000 rpm at 4°C, protein concentrations of gedhtes were determined by BCA assay.
60 g of total protein were mixed with 2 ul of demang buffer (NEB) and 2 ul of 0.1 M
Tris/HCI pH 7.4 in a reaction volume of 20 pl anehdtured at 75°C for 10 min. Then
4 pl of 10xG7 Buffer (NEB), 4 pl of 10% NP-40 (NEBhd 4 pl of PNGase F (Roche)
were added in a total volume of 40 pl. After 2 bubation at 37°C, the reaction was
terminated by adding 10 ul of 5xLammli sample buffseamples were separated by SDS-
PAGE and analyzed by Western blot using the LRR@8s#body.

3.2.9 Co-immunoprecipitation, SDS-Page and Westetblots

For co-immunoprecipitation, HEK cells were co-tf@esed with plasmids (6 pg total)
encoding myc-tagged or untagged LRRC8A and N-temimifusion constructs of
LRRCB8A-E or CIC-1 (or soluble GFP) on 10-cm dislistng PEI as described above.
48 h post-transfection cells were lysed in 300ygisl buffer (150 mM NacCl, 1% NP-40,
0.5% sodium deoxycholate, 50 mM Tris-HCI pH 7.5m# Pefabloc (Roth), complete
proteinase inhibitor cocktail (Roche)) for 10 min me. The lysate was pre-cleared by
centrifugation at 14.000 rpm for 10 min at 4°C awntbsequently spun at 30.000 rpm for
30 min at 4°C. 150 ul of the supernatant were mixgd 5 pug of the respective antibody
and IP buffer (150 mM NacCl, 0.1% NP-40; 0.05% sadideoxycholate, 50 mM Tris-
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HCI, pH 7.5, complete proteinase inhibitor cock{®&bche)) was added to final volume
of 800 pl. The sample was rotated for 1-2 h at B&@re 10 pl of Protein A Dynabed&ds

(Life Technologies) were added and rotation comthwvernight at 4°C. After four

washes with 500 ul IP buffer, precipitates wergeslun 40 pul Lammli sample buffer,

separated by SDS-PAGE and analyzed by Westerrablotdicated. Lysate equivalent to
20% of input was loaded as reference.

For immunoprecipitation from native cells, lysafeam two confluent 15-cm plates per
cell line (wildtype and_.RRC8A™") were prepared as described above. 1.9 ml lysate w
mixed with equal volumes of IP buffer and 30 pl Pfotein A Dynabeads (Life
Technologies) previously coupled to 15 pug of theRIBA antibody using dimethyl
pimelimidate. After incubation and washing as diésct above, precipitates were eluted
from the beads in 50 pl of 0.2 M glycine (pH 2.B)ixed with Lammli sample buffer,
separated by SDS-PAGE and analyzed by Westerrablimidicated.

To assess protein expression, cells were lyse@ssided above. Protein concentrations
were determined by BCA and equal amounts were atgzhby SDS-PAGE and analyzed

by Western blot as indicated.

SDS-Page was usually performed on 8% SDS-polyarugia gels using the Mini-
PROTEAN 3 gel chamber system (Bio-Rad) and the Ralge " Plus Protein Ladder
(fermentas) as molecular weight marker. For Wediots, the tank blotting system Mini
Trans-Blot Electrophoretic Transfer Cell (Bio-Raah)d transfer buffer with methanol
(25 mM Tris-HCI pH 8.2, 20% methanol, 200 mM glyejrwas used. Protein samples
were blotted onto polyvinylidene difluoride (PVDmR)embrane for 2-3 h at 4°C at
84 mV. Membranes were stained with Ponceau S (R2¥%ceau S, 3% acetic acid) to
check for equal protein loading and transfer anbdsequently blocked using TBS
supplemented with 0.1% Tween 20 and 5% non-faddmék power as blocking buffer
for at least 30 min. Primary antibodies were int¢ataovernight at 4°C in blocking
buffer. Subsequently, membranes were washed 3 tifoes1l0 min with TBS
supplemented with 0.1% Tween. Secondary antibagiapled to horseradish peroxidase
were applied in blocking buffer for 45 min. Afterwda, the washing steps were repeated
and signals were visualized by chemiluminescenagguSuperSignal West Pico/Femto,
(Pierce). Signal documentation was done with a G{g&mart 5000 CCD camera system
using the ChemiCapt 5000 (PeglLab) software.
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3.2.10 Immunocytochemistry

For immunocytochemistry, cells were transfectedndicated) with plasmids encoding
the respective construct(s) using Fugene HD (Pramet-36 h after transfection, cells
were fixed in pre-cooled methanol at -20°C for 1 fimmunostaining with LRRC8A
antibody), or in 2% (topology assay) or 4% PFA BSPfor 15 min followed by a 5-min
incubation with 30 mM glycine in PBS at room tengiare. Cells were incubated
sequentially for 1 h each with primary and secondartibodies (where applicable) in
PBS containing 0.1% Triton X (or without Triton Xor non-permeabilized cells)
supplemented with 3% BSA. Images were acquired wath LSM510 confocal
microscope with a 63x, 1.4 NA oil-immersion lensig). The topology assay was

performed by Tobias Stauber.

3.2.11 Quantitative RT-PCR

Total RNA was isolated from cell pellets using REeasy Mini Kit (Qiagen). Approx.

1 ug of RNA was subjected to DNase | (amplificatioradg, Invitrogen) digestion and
subsequently transcribed into cDNA using randomrmprs and the Superscript Il reverse
transcriptase (Invitrogen). A gRT-PCR reaction watlotal volume of 20 pl was set up
using the Power SYBR Green PCR Master Mix (Applgidsystems) and 0.5 uM of
specific primers. Reactions were run in triplicatéth a 60-s elongation time at 60°C.
Amplification and melting curves were monitoredngsia StepOnePlus Real-Time PCR
System and the StepOne Software (Applied Biosyste@8PDH was used as internal
control and forAACt calculations. Primers were designed using thenfRrime selection
tool (Arvidsson et al., 2008) to preferentially spexon-exon boundaries and to give
products of 60—150 bp. The primer pairs are ligtetable 4.

Table 4: gRT PCR primers

Gene no.* primer pair sequences (5’-3’) product siz [bp]

GAPDH 8076 ACAGTCAGCCGCATCTTCT 127
8077 GTTAAAAGCAGCCCTGGTGA

LRRC8A 11012 GGGTTGAACCATGATTCCGGTGAC 133
11013  GAAGACGGCAATCATCAGCATGAC

LRRCS8B 11284 ACCTGGATGGCCCACAGGTAATAG 126
11285 ATGCTGGICAACTGGAACCTCTGC

LRRC8C 11288 ACAAGCCATGAGCAGCGAC 132
11289  GGAATCATGITTCTCCGGCEC

LRRC8D 11036 ATGGAGGAGTGAAGICTCCTGICG 126
11037 CTTCCGCAAGGGTAAACATTCCTG

LRRC8E 11038 ACCGTGGCCATGCTCATGATTG 62

11039 ATCTTGICCTGTGICACCTGGAG
*Number of primer in internal oligo database of flemtsch laboratory
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3.2.12 Generation of monoclonal knockout cell linegsing the CRISPR/Cas and zinc
finger nuclease Technologies

For the disruption of RRC8 genes by the CRISPR/Cas system in cell cultureuses
the px330 single plasmid system as described (@obrad., 2013). The targeting sgRNA
sequences were chosen using both the UCSC Genoaves@r tool at www.genome-
engineering.org and the sequence collection fronti Btaal. (2013) (for sequences see
Table 5). Target sgRNAs were cloned into the px886tor and transfected into the
described YFP-expressing HEK293 clone or WT HCT&éks in a 6-well format using
3 ul of the Fugene HD transfection reagent and rgf@argeting vector(s) (up to 4) plus
100 ng pEGFP-C1-vector. In HCT116 cells, HRRC8A gene was additionally disrupted
using a custom-designed Comp8Z¢nockout Zinc-Finger Nuclease (Sigma). The zinc
finger nuclease (ZFN) pair encoded on two sepam#smids was transfected as
described above, using 500 ng of each ZFN-plasmid1®0 ng of the pEGFP-CL1 vector.
2-5 days post-transfection, single GFP-positivdscalere FACS-sorted into 96-well
plates containing preconditioned DMEM (for HEK eglbr McCoy’s 5A (for HCT116
cells) medium. In some cases, transfected celle wariched by G418 selection before
FACS sorting.

Table 5: Guide sequences used for the CRISPR/Casdeal generation of knockout cell lines

Target gene Construct Guide sequence Targeting Target location in protein
(5'=2>3) strand
LRRC8A 1A GCCTGATGTAGAAGGACGCCAGG - aa 320-328 (beginning of TMD4)

3A  TGATGATTGCCGTCTTCGGGEGEGEG + aa 36-43 (in TMD2)
4A  TCCTGCAATGATTCGTTCCGGGG + aa 64-71
(between TMD1 and TMD?2)

LRRCS8B 1B TTTTTCTCTTAACGCCTCAAAGG - aa 346-353 (after TMDA4)
2B GGCCACAAAATGCTCGAGCCT GG - aa 147-354
(between TMD2 and TMD3)
LRRC8C 1C  ATGCTCATGATCGGCGIGTTTGG + aa 35-42 (in TMD1)
LRRC8D 1D  GTGGCTCTGAGAGGTATGTCAGG - aa 107-114
(between TMD1 and TMD?2)
LRRC8E 1E  GCTGGCCGAGTACCTCACCGIGG + aa 27-34 (inTMD1)

aa, amino acid; TMD, transmembrane domain; PAM erges are underlined

Monoclonal cell lines were raised and tested fausece alterations using target-site-
specific PCR on genomic DNA followed by Sanger-ssgpung and/or Western blot
analysis to confirm the absence of the protein wégecific antibodies were available.
Genomic DNA was isolated from cell pellets using timvisorb Spin Tissue Minikit

(Invitek). PCRs were performed with the primer pairdicated in Table 6 and the PCR

product was sequenced with one or both of the PGReps.
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To generate multiple KOs of several genes, theedse plasmids were transfected
together, or cell lines already carryihfRC8 gene disruptions were targeted again for
otherLRRCS8 genes.

Table 6: PCR primer pairs for genotyping of knockotu cell lines

Construct no.* PCR primers Product size [bp]
10998  AGGTGATCAAGITCATCC

1A 11200 GAAGGCGAAGICGITCTTGACGTCGG 311
10995  GCAGAATTCCATGATTCCGGT GACAGAGC

3A 11344  CTCGATCCGIGCCTTGGI CCGCTGCAGC 672
10998  AGGTGATCAAGITCATCC

4A 11041 CAGCTTCTGCAGGT GCACG 905
11130 CAAAGICATTTTGITTGIGC

1B 11625  GICCTGGGCATTTTTCACA 470
12153  AGTACTCCTATATTGATGCC

2B 12155  TGACTCCAAACCTGCCTGIG 545
11004  TCGAGCGGCCGCCATGATTCCCGTGACAGAATTCC

1C 11627 GTATCAATGGTGCTGGAC 469
11006  GCAGAATTCCATGITTACCCTTGCGG

1D 11628  TTAGAATACCACGGAAGG 489
10838  GCAGAATTCCATGATCCCAGTGGCCGAG

1E 11629  AGIGGGCCTCTGICTTCA 255
10997 GGCCTGCAGCAACTTCTG

ZFN 11040  CAATGICCACGGTGCAGTCC 488

*Number of primer in internal oligo database of flemtsch laboratory

3.2.13 RVD Measurements

Cell volume was measured semi-quantitatively udimg calcein fluorescence method
(Capo-Aponte et al., 2005). HEK cells were plated tdays before measurements at a
density of 6.000 cells/well in a 384-well plate.rkRbe RVD assay, 1QM calcein-AM
(Affymetrix eBioscience) in DMEM were loaded fohlat 37°C and then washed 3 times
with 80 pl isotonic solution (in mM: 145 NaCl, 5 KCI, 1 Mgg£I2 CaC}, 10 glucose,
10 HEPES pH 7.4, 329 mOsm) using a Tecan Freedo@ EQ0 workstation. Finally,
10l of the isotonic solution were added to each widler a 5-min incubation period the
plate was transferred into the FLIPR (Molecular Devices) and fluorescence
measurements atE515-575 nm were initiated using the FLIPRFIuo4 LED/filter set.
After recording a baseline for 25 s, gbaqua dest. were added to the wells resulting in a
final osmolarity of 94 mOsm. Calcein fluorescencaswnonitored for ~65 min. Wells
containing cells of the respective cell line noaded with calcein-AM (but otherwise
treated equally) were used for background subtmactand fluorescence values were
normalized to t=30 s (after the pipetting proceglure
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4. Results

4.1 Assay set-up and up-scaling to high-throughpdbrmat

In order to perform a genome-wide siRNA screenglaust read-out assay was needed
that could be easily applied to a high-throughpuirfat. To this end, we made use of one
characteristic feature of the volume-regulated mrecbannel, its high permeability for
iodide. Since Galietta et al. (2010) had alreadylished the generation of YFP variants
that were especially sensitive to halides such @dide, we opted to use the
YFP(H148Q/I152L) variant in a stably-transfected K283 cell line. During RVD,
VRAC opens upon cell swelling to release chloriderf the cell, which is then followed
by water and thus counteracts the swelling pro@féss 5). For the assay, the cells were
exposed to hypotonic medium to induce swelling,drditionally a high concentration of
iodide (50 mM) was added to this extracellular #otu This would then, due to the steep
concentration gradient, lead to an iodide influxoirthe cell, thereby quenching the
fluorescence signal of the halide-sensitive YFPrimyuthe genome-wide siRNA screen
we would hopefully find siRNAs leading to a knockdo of VRAC activity and thus

reducing or slowing-down the quenching process. (big

VRAC activation during RVD cr

VRAC, H,0 %
@ osmexl/ osminf

Screening assay principle H.O y/

@ Osmex I_ex T

YFP

H,O %
X osMmy, I-exf

YFP
+ SIRNA

Figure 5: Principle of the YFP assay read-out.

Top: During regulatory volume decrease (RVD), VRAgeases Clupon a swelling stimulus that could
occur from a drop in the extracellular osmolaritgrfy, |) or a rise in the intracellular osmolarity (qsn).
Bottom: Quenching of YFP fluorescence byehtering through VRAC upon hypotonic stimulaticsed as
readout in the genome-wide siRNA screening.
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The YFP signal could be monitored by different imnggmethods. As a first proof of
principle, we tested the read-out system in sn@lles live-cell imaging experiments
using 3.5 cm glass-bottom dishes on a Zeiss Axia®@® microscope where we could
detect a robust difference between cells that weqgosed to isotonic (iso +)lor
hypotonic (hypo +7) medium containing iodide (Fig. 6A). Neverthelegshas to be
noted that there is also a difference between msotmedium containing iodide (iso ¥ |
and iodide-free isotonic medium (iso w/o) (Fig. 6Ahis is indicative of an iodide
conductor that is open under non-swollen conditiamg is thus not likely to be identical
to VRAC. Although this conductance may also contigbto the swelling-induced iodide
influx, the difference between the hypo +ahd the iso + lis sufficient to provide a
robust read-out for a screening approach. Liveiomdiging experiments in a 3.5 cm dish
format as used for these preliminary measurementshawever, not suitable for a high-
throughput screen. For this reason the read-oalydssd to be transferred to an imaging
system that would be able to record the fluoreseem@ 384-well plate format, since the
genome-wide siRNA library at the FMP Screening Usitlistributed in this format. We
first tested this using a Safire Il plate readethwa 96-well plate to see if detection
thresholds would be sufficient to resolve the ddfece between iso and hypo curves. As
shown in Fig. 6B the three conditions are very wefparated, when measuring only a few
wells for each condition. Although the tested platader can also be used in a 384-well
format, it measures all wells of a plate consealyi\(like all available photomultiplier
plate readers), which results in a substantialydietan the first to the last well on a single
plate. Furthermore, this delay increases the iatebetween time points that can be
measured for each well. These two disadvantagdeegilate reader system would lead to
a loss of crucial kinetics data that is neededrdento access subtle changes in VRAC
activity. Since siRNA knockdown does not always @egs the expression of a protein
completely, it can be expected that the iodideumiivould only be slowed down and not
fully abolished by a specific SIRNA treatment. Ailohally, we were hoping to also
identify proteins involved in the signal transdoctileading to VRAC activation, which
would also rather affect the kinetics than the alisoYFP quenching. We therefore went
on to test yet another imaging system, called #owetic imaging plate reader (FLIPS.
This apparatus uses a CCD camera to monitor allswef a 384-well plate
simultaneously. Besides this, it is equipped withigetting head allowing for a pipetting
step adding the hypotonic solution in parallel ke tfluorescence measurements. As

shown in Fig. 6C, the curves for the different dtinds (hypotonic and isotonic solution
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with and without iodide) are nicely seperated ewdmren measuring many wells for the
same condition and the absolute response over kindevid84-well plate displays little
variance when applying just one condition (Fig. 6D)ith this uniformity test of the
guenching response over the whole plate we cosla eékclude so called “edge effects”

than can occur on the boundary wells of a multihpklte.
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Figure 6: Example fluorescence traces of differerimaging methods used for the assay set-up

A: Example traces from a live-cell imaging experitméraces averaged from separate experiments,ar=2 f
each conditionB: Example traces from a plate reader experimeatet averaged from single wells of a
96-well plate, n=12 for each conditiof; Example traces from a FLIPR experiment, normalized to
fluorescence at ~30 to 50 s, traces averaged fingleswells of a 384-well plate, treated with ioeid
containing isotonic saline (n=26), hypotonic sal{ne30) or iodide-free isotonic saline (n=28}C: Error
bars, SEMD: Homogeneity test for all wells of the 384-welafd with hypotonic saline. Average absolute
fluorescence over all wells, dotted line indicat@simal and maximal values.

As an additional proof of principle experiment, tested the effect of carbenoxolone in
our YFP assay. Carbenoxolone had been shown psdyida inhibit VRAC activity
(Benfenati et al., 2009). As shown in Fig. 7A theve for hypotonic saline is shifted to
the level of isotonic treatment when 100 uM carb@hune are added to the solution.
This shows that VRAC inhibition indeed influencde tiodide-influx under hypotonic
conditions. The isotonic curve on the other handcha$ shifted, indicating that the
protein(s) mediating the iodide influx under nonedién conditions is/are not sensitive to
carbenoxolone. In previous experiments on the &dfiPlate Reader we had already
observed that two other known inhibitors of VRABe rather unspecific chloride channel
inhibitor DIDS and the most selective available MRAnhibitor DCPIB, had similar
effects on the hypotonicity-induced iodide influxig. 7B and C). However, they both
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also affected the iodide influx under isotonic ctinds. While DIDS also inhibited the
iodide-influx under non-swelling conditions (FigB){ DCPIB seemed had a rather
unexpected, activating effect, shifting the curvelte left, thus representing an increased
iodide influx (Fig. 7C). Taken together, these tessshow that the assay is sensitive to
VRAC inhibition and thus will reflect reliably theffects of siRNAs that would lead to a
reduction in overall iodide flux through VRAC. Bdss this, the results highlight once
more the difficulties resulting from the lack ofegpfic VRAC inhibitors and the need of
the molecular identification of this channel, singkarmacological experiments will
always be limited by the “side-effects” many ofsgeecompounds exert on other channels

and transporters.
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Besides the read-out assay, other elements ofctieersing procedure also needed to be
optimized and adapted to the high-throughput formatritical step was the preparation
of the cells for the fluorescence measurement énfthIPR™. For this, the cell culture
medium had to be removed and replaced by an ispioaging solution in a manner that
would not lead to cell loss. Since HEK cells ar¢ very tightly adherent and can easily
be detached from culture plate surfaces, numerog®rienents were necessary to
optimize the pipetting protocol at the Tecan Freed6VO 200 workstation (data not
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shown). Both the pipetting speed as well as thestpi height had to be adapted,
resulting in a protocol that provided minimal to oell loss during medium exchange.
The integrity of the cell layer can be observedhia photographs taken by the FLIPR

during measurements (Fig. 9C).

Another important parameter was the initial platicgl number, which needed to be
optimized in order to meet two essential criten@aximal transfection efficiency and
optimal density for measurement of the iodide-delpeh quenching of YFP at t=72 h
after transfection. Several experiments performgdKatina Lazarow of the FMP

Screening Unit and myself resulted in the optinatipg cell number of 6000 cells/well

(data not shown).

4.2. Prescreen

Before starting the genome-wide siRNA screen wieetesome of the previous candidate
proteins in our assay. We also included some athannels and transporters, among
them members of the rather recently identified girotfamily of anoctamins.
Furthermore, we tested whether other anion exchangsd potassium/chloride
cotransporters contributed to the iodide influxther under swollen or non-swollen
conditions. To this end, we transfected smartp@d@N#&s against the genes listed in
Table 7 into the HEK YFP cell line and performee tFP assay at the FLIPR As
shown in Fig. 8 only the siRNA against the aniochanger AE2 showed a significant
effect. Interestingly, treatment with this smartpedRNA strongly reduced the slope of
the quenching curve, not only under hypotonic, &lab under isotonic conditions. This
indicates that AE2 contributes to the swelling-ipeledent iodide influx observed
previously (see section 4.1). Since the AE2 siRN®wged this robust and clearly
distinguishable effect we decided to use this asassay-specific positive control for

transfection efficiency in the genome-wide siRNAesmn.
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Table 7: List of anion transporters tested in the EIPR ™ prescreen.

Gene name  Alternative name(s) Proposed function
ANO1 Anoctaminl, TMEM16A C&-activated Clchannel
ANO3 Anoctamin3, TMEM16C Cd-activated Clchannel (?)
ANO4 Anoctamin4, TMEM16D CH-activated Clchannel (?)
ANO5 Anoctamin5, TMEM16E Cd-activated Clchannel (?)
ANO6 Anoctamin6, TMEM16F Cd-activated Clor cation channel, scramblase
ANO7 Anoctamin7, TMEM16G C#4-activated Clchannel (?)
ANOS8 Anoctamin8, TMEM16H CH-activated Clchannel (?)
ANO9 Anoctamin9, TMEM16J Cé-activated Clchannel (?)
ANO10 Anoctaminl10, TMEM16K CH-activated Clchannel (?)
CLCN3 ClCc-3 CI/H*-exchanger, wrongly claimed to be VRAC
BEST1 Bestrophin 1 C4-activated Clchannel
BEST2 Bestrophin 2 C4-activated Clchannel
S.C4A2 AE2, anion exchanger 2 THCO; exchanger
S.C4A3 AE3, anion exchanger 3 THCO; exchanger
S.C12A2 NKCC1 NaK2Cl cotransport
S .C12A4 KCC1 KCI cotransporter
S . C12A6 KCC3 KCI cotransporter
S_C12A7 KCC4 KCI cotransporter
S .C26A1 SAT1 anion exchanger, sulfate transporter
SLC26A9 anion transporter
S .C26A11 KBAT Na'-dependent sulfate transporter;, @lannel (?)
1.2+
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Figure 8: Prescreen FLIPR™ data

Fluorescence trace from a FLIPRexperiment including individual traces for weltanisfected with the
smartpool siRNAs against the prescreen candidatesgand averaged traces for wells, where hypotonic
(hypo; 229 mOsm) or isotonic (iso; 329 mOsm) saliith (+I") or without (w/0) iodide (each condition
n=32; error bars, SEM) was added. Blue arrows atdit¢he traces for the smartpool siRNA against the
anion exchanger AE2. The black arrow indicatedithepoint of saline addition.
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4.3 Genome-wide siRNA screen

The primary genome-wide siRNA screen was perforimetesting the complete Ambion
Silencer® Human Genome siRNA Library V3 (Life Teclogies) in the FLIPR'-based
YFP assay. To this end, we performed two consegsiiveening rounds, with each round
containing 189 384-well plates and each gene b&angeted by three independently
placed siRNAs. As described in section 3.2.2 weunhed several control sSiRNAs on each
screening plate to assess the quality and consisteinthe transfection efficiency and
assay performance. As illustrated in Fig. 8 and 8y the siRNA against AE2 served as
a good assay-specific control for both the hypat@md the isotonic condition. The traces
for the scrambled siRNA control show that the siRNAnsfection itself does not
influence VRAC activity or disturb the read-out agqFig. 9A and B). In Fig 9B, the
unnormalized fluorescence traces show the effecthef SIRNA against YFP, which
reduced the fluorescence signal of the cells t&dpanind levels. Likewise, the curves for
the wells treated with cell death-inducing siRNAsalshowed only a background
fluorescence signal. For these wells the differebeéween hypotonic and isotonic
treatment were not detectable anymore. These omtrals were mainly used to assess
transfection efficiency on every individual screepiplate. The results confirmed that
none of the 384-well plates had to be discardedumsxof low transfection efficiency.

Furthermore, in Fig 9B the Triton X addition leadsa complete quenching of the YFP
fluorescence after the pipetting step. This baakgdofluorescence of the Triton X-
treated wells was used in the subsequent analgsidbdckground subtraction. The
different controls are also clearly visualizedlie FLIPR™ photographs (shown inverted
in Fig. 9C), where the wells for the siRNA agaigtP and the cell death- inducing
siRNA show very low signals at the beginning of theasurement (Fig. 9C, column 23
and 24, wells G-H), while the isotonic controls general have a stronger remaining

signal at the end of the measurement due to lesdaionflux (Fig 9C, row 24).

When displaying the control wells in a heatmapther Z-score of the maximal quenching

slope Sax (Fig. 10D) they can also be clearly distinguisbgdheir color pattern.
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Figure 9: Example fluorescence traces and assay ptéafrom the genome-wide siRNA screen

A: Example traces, normalized to fluorescence at te380 s. Traces averaged from wells treated with
control siRNAs (scrambled, AE2, both n=3) and RN (n=2) (error bars, SEM), and individual traces
from wells singly transfected with the three siRNa#igainst LRRC8A. Except for LRRC8A siRNA2 and 3,
all traces are from the same pldde.Example traces, unnormalized fluorescence sigaakcorded by the
FLIPR™. Traces averaged from wells treated with conti@N&\s (YFP, cell death-inducing, scrambled,
both n=3) and no siRNA (n=2) and Triton X- treateélls (n=4) (error bars, SEM). Arrows indicate
addition of T-containing hypotonic (hypo; 229 mOsm) or isotoign; 329 mOsm) salineéC: Photograph
(inverted) of YFP fluorescence of an entire plagdobe the pipetting step (top) and at the end ef th
experiment (below). Note that fluorescence of ceflated with siRNA against YFP and cell death-zidg
siRNA is strongly reduced at the beginning of tkpeximent (top), (transfection control). At the erfcthe
experiment (bottom), fluorescence has remainedhgtio wells remaining in isotonic solution througiho
Arrows indicate well H11 containing cells transfstiwith the most efficient SiRNA against LRRCS8A.

When comparing the two replicate screens, the wsffe€ individual siRNAs on the
respective Z-scores ofs correlate reasonably well. A comparison betwergn FOA
and Fig. 10B shows the efficiency of our warniragffor low starting fluorescence, since

many of the outliers disappear when we correctwells that were marked for low cell

number.

As explained in section 3.2.5 our primary criterfon hit definition was the Z-score of
the maximal slope of YFP quenchingap By calculating the mean over the two replicate
screens of the mean Z-score for the two best siRfdAshis value, we created a hitlist
that was sorted by this parameter and was substbggebmitted to further examination.
As expected, many of the hits could be ruled oubbg or more criteria. For instance,
siRNAs against several ribosomal proteins led tgda-scores that were caused by poor
cell growth or cell death as indicated by the ‘logll’ flag. When large Z-scores were not
reproduced in the replicate screen, these hitddcaminetimes be discarded by examining
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the photographs of the plates, which showed dithatrespective well that had caused

high background fluorescence.
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Figure 10: Bioinformatics analysis of the genome-wle siRNA screen performance

A andB: Fidelity of replicate screens. Correlation of @res of maximal slopes between the original
and the replicate screen observed with all 65,0BNAs (A) and after filtering out those measurements
that were flagged for low cell number or did noack near-steady-state fluorescence by the endeof th
measurementB). Z-scores from screen 1 and screen 2 are plottetthe x- and y-axis, respectively. The
Pearson correlation coefficient (r=0.62 and r=0.65pectively) indicates positive correlation bedwe
replicate screens. The regression line from sinfiplear regression is shown as a dashed red line. Th
elimination of outliers demonstrated the usefulnekshe warning flagsC: Histogram of Z-scores for
maximal slope (S, from the genome-wide siRNA screen. Measuremehishwwere flagged for low cell
number or did not reach steady state fluorescepdbebend of measurement were filtered out, resyitn
values for 50258 siRNAs. The averaged Z-scores oreen 1 and screen 2 are plotted. Arrows indicate
the Z-scores of three individual siRNAs agaih&®RC8A (0.125, 0.809 and 2.217d: Heat map of a
screening plate containing the most effective siRN#yainsi RRC8A on position H11. Z-scores for,S

are displayed using the color scale shown at right.

The LRRCB8A gene, that subsequently became the prime candadtee the secondary
screen (see section 4.4) was located at positiéh d@2our genome-wide g« hitlist.

Interestingly, only one of the three independeRiN#As for LRRC8A gave a Z-score of ~2
and is therefore in the top group, when lookinthatoverall distribution of Z-scores (Fig.

10C). Accordingly, when looking at the single trac®r the three siRNAs against
LRRCB8A, siRNA1 shows the most prominent shift ie tjuenching curve, similar to the
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effect of the AE2 control siRNA (Fig. 9A). This 9\ is also clearly visible by a strong
red color in the heatmap of the respective screggpliaite at position H11 (Fig.10D).

4.4 Secondary screen

From the $ax hitlist that resulted from the data of the primagreen we defined 87
candidate genes for a secondary screen (Table &yder to examine them again in the
YFP FLIPRM assay using independent smartpool siRNAs (poold siRNAs against
one target gene). For the selection of these cataligenes, different criteria were
applied. As we were primarily looking for the chahitself instead of proteins involved
in the signal transduction leading to activation \/RAC, we limited our search to
proteins having at least one predicted transmenebdomain. Many candidates could
also be discarded due to their well-establishedtfan or their inclusion in well-known
gene families like olfactory receptors or other ®tpin coupled receptors. However, we
also included some candidates that had already tm@mected to a certain function and
thus appeared to be incompatible with VRAC, singeogations are not always reliable
and proteins may serve more than one function. RA® currents have been observed in
every mammalian tissue that has been investigate@xcluded candidates that showed a
narrow tissue distribution or very low expressiewdls as indicated by NCBI EST profile
databases or the scientific literature, except wihey belonged to a gene family whose

overlapping expression pattern covered many tissues

Among the 87 genes tested, orlfRRC8A could be confirmed as very prominent
candidate, since the siRNA pool against it showstt@ng effect on the VRAC mediated
YFP quenching (Fig.11). With this siRNA pool, tHeeiked effect was even stronger than
the best siRNA from the primary genome-wide scraea shifted the slope of the curve
more than the AE2 positive control. We also testedeffect of the 87 candidate siRNA
pools under isoosmolar conditions, but the curvidsnat differ significantly from the

isotonic controls (data only shown for LRRCS8A, Eib).
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Table 8: List of candidate genes for the secondagcreen

Gene ID Gene symbol TMDs* Z-score Gene ID Gene symbol TMDs* Z-score'
1 3371 TNC 1 2.6931 | 45 51338 MS4A4A 4 1.3255
2 79652 TMEM204 4 2.3119| 46 92255 DKFZp434H2226 9 .3183
3 253558 ALCAT1 3 2.1069 | 47 79762 FLJ14146 1 1.3139
4 54879 ST7L 2 1.9163| 48 159371 TMEM20 10 1.3091
5 5793 PTPRG 1 1.8685| 49 79683 ZDHHC14 4 1.3016
6 28959 LR8 / TMEM176B 4 1.8351| 50 65062 ALS2CR4 4 9@
7 51234 EMC4 2 1.7410| 51 79844 ZDHHC11 5 1.2780
8 10098 TM4SF9/TSPAN5S 4 1.7358 52 10100 TSPAN-2 4 2743
9 125111 GJC1/GJD3 4 1.7326 53 123606 NIPA1 8 1.2581
10 29940 SART2 3 1.6643| 54 55362 TMEM63B 11 1.2448
11 284723 SLC25A34 2 1.6399| 55 124491 TMEM170A 3 1.2369
12 130814 PQLC3 4 1.6306| 56 56674 TMEM9B 2 1.2335
13 23505 RW1/TMEM131 2 1.6096| 57 94015 TTYH2 6 1.2300
14 199953 TMEM201 6 15948 | 58 203562 TMEM31 2 1.2116
15 80759 KHDC1 2 1.5846 | 59 27069 GHITM 6 1.2099
16 9415 FADS2 4 1.5817 | 60 26526 TM4-B 3 1.1928
17 57484 RNF150 2 15569| 61 81671 VMP1 6 1.1703
18 54741 OBRGRP 4 1.5488| 62 374882 TMEM205 4 1.1329
19 5348 FXYD1 1 15477 | 63 10712 Fam189B 4 1.1222
20 56172 ANKH 8 1.5316 | 64 85414 Prostein/SLC45A3 11 2081
21 4034 LRCH4 1 1.5303 | 65 91147 TMEM67 4 1.1122
22 57198 ATP8B2 9 15268 | 66 57348 TTYH1 5 1.0725
23 53346 TM6SF1 9 1.5216| 67 128506 OCSTAMP 6 1.0707
24 120224 TMEMA45B 5 1.5205| 68 55852 TEX2 2 1.0702
25 56262 LRRC8A 4 1.5129 |69 93109 TMEM44 1.0630
26 10959 RNP24 2 1.4911| 70 11161 Cl4orfl 4 1.0598
27 79022 TMEM106C 2 1.4885| 71 64137 ABCG4 7 1.0392
28 349149 GJE1/GJC3 3 1.4769 72 29097 HSPC163 3 1.0315
29 746 TMEM258 2 1.4751 | 73 55625 ZDHHC7 4 1.0268
30 53827 FXYD5 1 1.4684 |74 64429 ZDHHC6 1.0165
31 55009 C19orf24 2 1.4654| 75 54860 MS4A12 4 1.0130
32 29058 C200rf30 2 1.4566| 76 162427 FAM134C 3 1.0120
33 10099 TM4SF8/ TSPAN3 4 1.4361| 77 23460 ABCAG6 13 9900
34 54929 TMEM161A 8 1.4268 | 78 9906 SLC35E2 3 0.9891
35 84561 SLC12A8 10 1.4140| 79 64645 HIAT1 12 0.9848
36 113829 SLC35A4 9 1.4016| 80 345274 SOAT/SLC10A6 8  ®B97
37 29956 LASS2 5 1.3728 | 81 347735 TDE2L/SERINC2 11 ®969
38 145407 Cl4o0rf37 2 1.3710] 82 55002 TMCO3 10 0.9674
39 51522 TMEM14C 4 1.3670 | 83 202915 TMEM184A 7 0.9488
40 55739 FLJ10769 1 1.3656| 84 8082 SSPN 4 0.9236
41 284099 C17o0rf78 1 1.3551| 85 84548 FAM11A/TMEM185A 8 0.9025
42 81555 SMAP-5 4 1.3487 | 86 135656 DPCR1 2 0.8911
43 57181 SLC39A10 7 1.3480| 87 85013 TMEM128 4 0.7763
44 7355 SLC35A2 8 1.3401

*predicted number of transmembrane domains
Tmean Z-score for $40f the two ‘best’ siRNAs from 2 replicate primarmgreens
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Figure 11: Fluorescence traces from secondary screesing independent smartpool siRNAs

All candidate traces are shown in grey, only tlaearfrom the well transfected with the smartpoBIN#s
against LRRC8A is shown separately in red. Averagedtrol traces from wells treated with control
siRNAs against AE2 (n=3) and no siRNA (n=2). Arrowdicates addition of iodide-containing hypotonic
(hypo; 229 mOsm) or isotonic (iso; 329 mOsm) salifreor bars, SEM.

4.5 Electrophysiological measurements of LRRC8A krekdown and overexpression
After the encouraging results of the YFP quenchasgay in the secondary screen we
wanted to test whether the siRNA treatment wouleramilar effects on VRAC currents
measured in whole-cell patch-clamp experimentsfaave had only measured VRAC
activity indirectly by examining the iodide-medidterFP quenching upon hypotonic
stimulation. The effect of the siRNA againdRCS8A could theoretically have been the
result of a decrease in VRAC-independent iodidéuinfin order to verify that the
decreased iodide influx we observed in the FLIPReexnents reflects a decrease in
VRAC currents it was necessary to electrophysialaity monitor kiswen in SIRNA-
transfected cells. As shown in Fig. 12 the siRNAdrated knockdown of LRRCS8A in
HEK cells abolishes the swelling-activated chlorderent almost completely.

As a next step to verify a role of LRRCB8A in VRACtizity, we cloned the cDNA for
LRRC8A from HEK cDNA and expressed a GFP-tagged versioth@fgene in wildtype
HEK cells. The cells were again measured in thelevhell configuration and stimulated
with hypotonicity to induce cell swelling. Surpngjly the overexpression of LRRC8A
did not result in larger VRAC currents, but didwsdty decrease the current in a similar
manner as the siRNA knockdown (Fig.12). Althouglexpected, these results suggested
an important role of LRRC8A in VRAC activation. Dte the fact that LRRC8A is a
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member of a protein family that is related to pammg which have been shown to form
hexameric heteromers, we hypothesized that also GQ8RRroteins might be able to
heteromerize. In this case the overexpression sf @ne subunit could lead to a
stoichiometry that is incompatible with channel inatt, which might explain the
suppressive effect observed upon overexpressitvRBIC8A. We tested this hypothesis
first by expressing LRRC8A together with one of thiner members of the protein
family, LRR8C. This combination indeed did not shtve suppression effect observed
previously and vyielded wildtype-like currents (HiB). Nevertheless, we could not
observe larger currents than in the wildtype situinaindicating that another factor, such
as a regulatory element or an additional subunltmiting the current amplitude.

(The electrophysiological measurements were peddriny Florian Ullrich and Jonas
Munch.)
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Figure 12: Icysweny of HEK293 cells with siRNA mediated knockdown or oerexpression of LRRC8A

A: Typical time course of VRAC activation in WT oRRC8A siRNA-treated HEK cells. Current densities
at -80 mV are shown. The black bar indicates applicatid hypotonic (hypo) saline (240 mOsm).
B: Current traces of fully activatedkwery measured with the voltage protocol shown below.tébtines
indicate zero currenC: Icsweny amplitudes (at80 mV) of WT HEK cells or cells treated with LRRC8A
siRNA, or transfected with indicated LRRC8 cDNAstdf bars, SEM; number of experiments is indicated:;
*** P < (0.001

4.6 Subcellular localization and trafficking of LRRCS8 proteins

Since the localization to the plasma membrane igrexequisite for the protein(s)
constituting VRAC we tested LRRC8A and the othemmhers of the LRRC8 protein
family for their subcellular localization. We founidat LRRCB8A localized to the plasma
membrane when heterologously expressed in HeLa ¢Elg. 13A) as well as under
endogenous conditions, when probed with a specRBRCB8A antibody (Fig. 13B). The
other family members, however, mainly localizedhte ER when expressed individually
(Fig. 13E-H). However, when expressing LRRC8B-Ectbgr with LRRCB8A they are co-
trafficked to the plasma membrane (Fig. 13I-L).STsupports the hypothesis that LRRC8

proteins interact and may form heteromeric chacosgiplexes in the plasma membrane.
50



Results

We also tested the subcellular localization of un¢ated version of LRRC8A, which

corresponds to the protein present in a patiert agammaglobulinemia (Sawada et al.,
2003). The truncation of the protein at positionlR7eads to cytoplasmic retention
(Fig.13D).

C LRRC8A" HEK

Figure 13: Subcellular localization of LRRCS8 protens

A: Plasma membrane localization of LRRC8A-GFP tractsfd into Hela cells detected by GFP
fluorescence B: Endogenous LRRCB8A detected at the plasma membo&ngildtype HEK cells by
immunostaining with LRRC8A antibodyC: No LRRCS8A signal inLRRC8A” HEK cells (clone 3E7).

D: Truncated LRRCB8A fused at R719 to GFP failed tcchethe plasma membrang-H: Intracellular
localization of LRRC8B-E when transfected alohk: LRRC8B-E localize to the plasma membrane when
co-transfected with LRRCB8A. Insets, magnificatidrboxed areas exclusively show the GFP fluorescence
signal. Scale bar, 1m for all panels.

4.7 Verification of the transmembrane topology of IRRC8A

As described in section 1.6, there had been coetsial suggestions concerning the
orientation of the LRRCB8A protein in the plasma nbeame. While one group proposed
that the LRR-containing C-terminus of the protesnoriented towards the extracellular
medium and may function as a receptor for ligandting (Sawada et al., 2003), Abascal
and Zardoya (2012) suggested an opposing topolathytie C-terminus protruding into

the cytosol. We wanted to check these hypotheseasvbydifferent methods. First, we

mutated two putative N-glycosylation sites (N66A3) located in the loop between
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the first two transmembrane domains of the prai@i@anines (Fig. 14A). These sites can
only be glycosylated if this loop is extracytosoliccordingly, one would expect a size
shift of the protein upon degylcosylation by PNG&s&eatment only if these sites are
indeed glycosylated; and absence of the shift enrttutated version of the protein. As
shown in Fig. 14B, a size shift is visible in theldtype version of the protein
(endogenously or transfected) that is not presenthe mutant (N66A, N83A). The
changed banding pattern of the mutant version @ptiotein suggests that there might be
additional post-translational modifications that disturbed or changed in the mutant.
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Figure 14: Transmembrane topology of LRRC8A

A: LRRC8 model (modified from Abascal and Zardo2812). Four transmembrane domains precede a C-
terminus with up to 17 leucine-rich repeats (orangdhosphoserines in LRRC8A (red P) and LRRC8D
(blue P), according to Uniprot (Magrane and Corigort 2011), predicted N-linked glycosylation si{&9,

and added epitopes are indicated. B: PNGaseF tweeaih endogenous LRRCB8A and transfected LRRC8A
decreased LRRCS8A size in Western blots. This is thet case for lysate from cells transfected with
LRRC8ANSCANEA) with disrupted glycosylation sites. The changeddiag pattern of LRRC8HNSANSA
suggests altered posttranslational modifications. mot transfected. C: Immunofluorescence of non-
permeabilized and permeabilized HelLa cells tramstewith HA-tagged GFP-LRRC8A. Overlays of GFP
(green) and HA (red) labeling. Insets show exclelsiHA staining. Scale bar, 20 mm.

In a second approach, we inserted hemagglutinin) (tdgs either in the loop between
transmembrane domains 3 and 4 or at the C-termimwa N-terminally GFP-tagged
version of the protein (Fig. 14A). We expresseds¢heonstructs in HelLa cells and
immunostained for the HA tag, either under permeabg or non-permeabilizing

conditions. As shown in Fig. 14C, the HA tag at @erminus is only accessible for the

antibody after cell permeabilization, while the H&g in the loop is clearly recognized
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under both conditions, verifying that this looplegated at the extracellular side of the
membrane. (The immunocytochemistry experiment wasfopmed by Dr. Tobias
Stauber.)

Taken together, these results confirm the topolegggested by Abascal and Zardoya
(2012) with the LRR-containing C-terminus and alse N-terminus located towards the
cytosol.

4.8 Heteromerization of LRRC8A with the other membes of the LRRC8 protein
family

In order to further investigate the hypothesis tRRC8A might form heteromers with
other members of the LRRC8 protein family we perfed several co-

immunoprecipitation experiments.

In a first approach we expressed a tagged verditRBCS8A together with a differently

tagged version of each of the other family memlsend precipitated either with an
antibody against the tag on LRRCB8A or the tag efdther LRRC8 protein. As shown in
Fig. 15 we could co-precipitate the different faymhembers with LRRC8A and vice-
versa. As a negative control we used vectors egprgshe tag alone. Additionally, we
tested the plasma membrane chloride channel Ci@hich does not co-precipitate with
LRRCB8A (Fig. 15B). In general, we noted that LRRC8Bd LRRC8D were poorly

expressible both during these experiments as wal ia transfections for

electrophysiological measurements in HCT116 cel® (section 4.11).
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Figure 15: Co-immunoprecipitation with differential ly tagged versions of LRRC8A and LRRC8B-E

A: Myc-tagged LRRC8A co-precipitated GFP-tagged IF8B-E in double-transfected HEK cells.
LRRC8B and LRRC8D were poorly expressed. B: LRRGB@ not co-precipitate the CIC-1 Cl-channel.
C: GFP-tagged LRRC8B through LRRCS8E co-precipitdtR(RC8A (untagged). Lysate equivalent to 20%
of input was loaded as reference.

Secondly we precipitated LRRC8A from native HEK Igelising our lab-generated
antibody (see section 3.1.7). We then probed theipitate for the other family members
using specific antibodies. The same experiment pagormed in parallel with a
knockout cell line for LRRC8A. As shown in Fig. B family members co-precipitate
with LRRCB8A in the wildtype but not in the knockagituation. We also included KCC1
as a negative control, which does not co-precitatith LRRC8A. Besides the
confirmation of the interaction by Western blot aleo subjected the eluates from this
experiment to analysis by mass spectrometry. Hereauld also find peptides from all 5

family members strongly enriched in the wildtypenpée (data not shown).
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Figure 16: Co-immunoprecipitation experiment on naive HEK cell lysate

LRRCB8A was precipitated from native HEK cell lysatging the LRRC8A antibody. LRRC8B-E could be
detected in the wildtype precipitate by Westernt bising specific antibodies. As control the expenin
was performed in parallel using the LRRC8A knockbilEK cell line 3E7. The plasma membrane ion
transporter KCC1 (negative control) did not co-jpiate with LRRC8A. Lysate equivalent to 25% of
input was loaded as reference.

4.9 Generation of LRRC8 knockout cell lines
In order to further investigate the role of LRRG&dromers in VRAC activity we aimed

to generate knockout cell lines for the differeRRC8 proteins.

We did this first for LRRC8A using the zinc fingeuclease technology and in parallel
used the newly developed CRISPR/Cas technologgdapme-editing. In both cases we
obtained knockout clones that were confirmed byusaging and Western blot (Fig. 17

and Table 9). We used several targeting constricested against different genomic

sites for the CRISPR/Cas approach to exclude offetaeffect. We obtained knockout

clones from 3 different CRISPR/Cas constructs aanhfthe zinc finger nuclease that we
further investigated by electrophysiological measugnts (see section 4.10). For the
generation of the knockout cell lines for LRRC8Ag used two different parent cell lines:

The HEK YFP cell line used for the genome-wide siRétreen and the human colon
cancer cell line HCT116 that has the advantageeofgostably diploid in contrast to the

polyploid HEK cells.
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Figure 17: Confirmation of LRRC8A knockout clones

A: Example trace for the confirmation by genomigusencing, site specific PCR followed by genomic
sequencing of RRC8A™ HCT116 cell line 3F8 reveals a frameshift at G#3oth alleles. Guide sequence
in bold, PAM sequence underlined. B: Western bbotsfirm LRRC8A disruption in mutant cell lines. §tir
number in the knockout clone name indicates coostnumber (see Table 9). ZF9 is the zinc finger
nuclease clonex-tubulin was probed as loading control.

We then also aimed to generate knockout cell lfoethe other LRRC8 family members
LRRCS8B-E. To this end, we again used several taergeatonstructs per gene. For these
targetings we now exclusively used HCT116 cells¢esia stable number of 2 alleles per
genomic locus reduced the sequencing complexitg.clbnes used for further analysis in

electrophysiology and other experimental procedaressummarized in Table 9.

For the generation of multiple knockout cell line® used targeting constructs for

different sites in parallel, but also did multipéegeting rounds when necessary.

In general, the cutting by the Cas9 nuclease aadidiiowing non-homologous repair
mechanisms can lead to various different alteratisnthe genomic sequence. These
alterations also occur independently on both (Bradleles and thus different mutations
for one genomic locus might occur per clone. Acoaly, we could also observe these
variances in our knockout cell lines like duplicats of nucleotides, deletion of a single
nucleotide or larger regions and insertions of danggions. All genomic alterations of

our knockout cell lines are given in Table 9.

We identified all clones by genomic sequencing aadfirmed them by Western blot
using specific antibodies that we generated agalhtRRC8 proteins. As shown in Fig.
18 some of these lab-generated antibodies giveiadal unspecific bands. Especially the
antibodies for LRRC8C and LRRC8D show many unspebiénds at a similar height as
the LRRCS8 protein. The respective knockout celleliand the quintuple knockout
(LRRC8") are however missing the specific band in bothesadnterestingly, the

LRRCB8A knockout leads to an alteration in the bagdpattern of all the other LRRC8
proteins. For instance, LRRC8E appears as a ddodnhel in the wildtype probably

representing an ER version and a post-ER (probglgbosylated) version of the protein.
In the LRRC8A knockout, however, the upper bandlfBRCS8E is missing, indicating
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that the protein might be retained in the ER. Tdygsees with our observations from the

co-trafficking experiments with heterologously eagsed proteins (Fig.13).

Similar alterations in the banding pattern are olex for all LRR8B-E proteins in the
LRRCB8A knockout.

The several different single and multiple knockoell lines were then further examined
using mainly electrophysiological methods. In thegard, the quintuple knockout cell
line LRRC8 was of great use, since it served as an expressjstem where no

remaining endogenous expression of the LRRC8 preteuld interfere with the channel

composition.
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Figure 18: Western blot analysis of LRRC8 knockoutell lines
Western blot analysis of several LRRC8 knockouk lagds using the specific antibodies listed in TEaB.
a-tubulin was probed as loading control.
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Table 9: LRRCS8 knockout cell lines

Cell line Clone name Construct * Genetic modificathn Protein modification
LRRC8A” 3E7 3A al: A21nt (t110-al130) Al: AM37-G43 in TMD1
(HEK) (non- functional)
a2: insertion of 1 nt A2: G42W-fs in TMD1
(t after c123)
1F7 1A al: A9nt (a958-g966) Al: AI320-A322 at start of TMD4(non-
functional)
a2: A2nt (c965-g966) A2: A322V-fs at start of TMD4
a3: A23nt (a958-g980) A3: 1320P-fs at start of TMD4
LRRC8A” 3F8 3A A2g out of 6g (9124-g129) G43D-fs in TMD1
(HCT116) 4B9 4A al: A32nt (c195-g226) Al: C65W-fs between TMD1 and
a2: duplication of t206 TMD2
A2: R70P-fs between TMD1 and
TMD2
ZF9 ZFN al: A2nt (a508-c509) Al: T170E-fs between TMD2 and
a2: insertion of 5nt (cacga TMD3
after ab11) A2: R171T-fs between TMD2 and
TMD3
LRRC8B™ n2B-D3 2B duplication of t446 E150R-fs after TMD2
(HCT116)
LRRC8C™ nlC-C2 1C duplication of t119 F41V-fs in TMD1
(HCT116)
LRRC8D™ nlD-F11 1D al: A19nt (a325-t1343) D1: P110L-fs between TMD1 and
(HCT116) a2: duplication of a325 TMD2
D2: 1109N-fs between TMD1 and
TMD2
nlD-B2 1D duplication of a325 I109N-fs between TMD1 and TMD2
LRRCSE" BCDE(WT)-F5 1E duplication of a94 T32N-fs in TMD1
(HCT116) CE(WT)-B6 1E duplication of a94 T32N-fs in TMD1
LRRC8(D/E)™ nBCDE 1D, 1E D: duplication of a325 D: 1109N-fs between TMD1 and
(HCT116) (WT)-G9 TMD2
E: duplication of a94 E: T32N-fs in TMD1
nBCDE 1D, 1E D: duplication of a325 D: 1109N-fs between TMD1 and
(WT)-B3 TMD2
E: duplication of a94 E: T32N-fs in TMD1
LRRC8(C/E)" BCDE(WT)- 1C, 1E C: al: duplication of t119 C1: F41V-fs in TMD1
(HCT116) F5+1C-D5 a2: A5nt (c114-g118) and C2: G39C-fs in TMD1
duplication of t119
E: duplication of a94 E: T32N-fs in TMD1
LRRC8(C/D/E)” nBCDE(WT)-H8 1C, 1D, 1E C: 78nt (from a66 onwards)  C: W23R-fs at start of TMD1, before
(HCT116) incl. splice acceptor site missing splice site
replaced by 13 nt (net A65nt)
D: al: duplication of a325 D1: I109N-fs between TMD1 and
TMD2
a2: Alint (g322-t332) D2: D108Q-fs between TMD1 and
TMD2
E: al: duplication of a94 E1: T32N-fs in TMD1
a2: A10nt (g87-c96) E2: Y30W-fs in TMD1
LRRC8(B/C/D/E)” BCDE 2B,1C, 1D, 1E B: al: duplication of t446 B1: E150R-fs after TMD2
(HCT116) (WT2)-D2+2B- a2: A2nt (c447-g448) B2: E150A-fs after TMD2
E8 C: duplication of t119 C: F41V-sin TMD1
D: duplication of a325 D: 1109N-fs between TMD1 and
TMD2
E: A2nt (t92-c93) E: L31H-fs in TMD1
LRRC8" BC+DE 3A, 2B, 1B®, 1C, A: A2g out of 6g (g124-g129) A: G43D-fs in TMD1
(HCT116) (KO)D5+ 1D, 1E B: al: duplication of t446 B1: E150R-fs after TMD2
2B-G4 a2: Adnt (c447-g450) B2: E150I-fs after TMD2

: duplication of t119

C: F41V-fsin TMD1

g0

: duplication of a325

D: 1109N-fs between TMD1 and
TMD2

E: duplication of a94

E: T32N-fs in TMD1

a, allele (only given if alleles differed in modiditions); fs, frameshift; nt, nucleotide; TMD, tsamembrane domain;
ZFN, zinc finger nucleasd, deletion;
Indicated nucleotide numbers give nucleotide positvithin the ORF.
* For targeted guide sequences, see Table 5.
8 Targeting with construct 1B ibRRC8” cell line resulted in a duplication of a1043 whigbuld lead to A349G-fs
after TMD4. However, the mutations by the 2B tamggtiruncate LRRC8B already after TMD2.
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4.10 Electrophysiological measurements of LRRCS8 krmiout cell lines

In order to characterize the LRRCB8A knockout dekt$ that we generated from our HEK
YFP cell line and HCT116 cells, we performed whodd-patch clamp experiments. We
quantified current amplitudes afiwen (Fig. 19) and could show that the current is gone
in all our LRRC8A knockout clones generated witfiestent CRISPR/Cas constructs and
a zinc finger nuclease (also see Table 9). We tasted whether we could rescue the
knockout by heterologous expression of a GFP-taggesion of LRRC8A and indeed
the current regained wildtype-like amplitudes iag@ experiments (Fig. 19).
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Figure 19: Electrophysiological characterization ofLRRC8A knockout cell lines

A: Example §sweny traces (as in Fig. 12B, but 2-s pulses) of WT amdant HEK cells (clone 3E7). When
transfected into HEKLRRC8A/ cells, LRRC8A rescuescilswen. B: Amplltudes of maximally activated

I cigsweny (&t -80 mV) of WT HEK, WT HCT116 and differenRRC8A™ cell lines, rescued by transfection of
LRRCB8A-GFP cDNA. Note that the amplitude @fden current was not fully rescued in HEK cells by
LRRCB8-GFP transfection, an observation that fitghie suppression otswen in native HEK cells by
LRRCS8A transfection (Fig. 12C). Mean currents + SEMmber of measurements is indicated. **, p<0.01
and ***, p<0.001 compared to WT HEK or WT HCT11@spectively. For a description of the different
knockout cell lines see Table 9.

In a next step we investigateddweny in the other LRRC8 knockout cell lines we
generated. It has to be noted that none of ther ctimgle knockouts of LRRC8B-E
completely abolishestsweny (Fig. 20). Hence, none of the LRRC8B-E proteinsnse to
be indispensable for VRAC activity. Nevertheledse tturrents do not resemble the
wildtype situation since inactivation kinetics ateastically changed in some of these
mutant cell lines (Fig. 20 A and C). Especially thRRC8C knockout leads to a
considerably accelerated inactivation at positivdeptials. The double knockout for
LRRC8D and LRRCBE however decelerates the inawbivakinetics compared to
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wildtype. This strongly points to an involvement @RRC8 heteromers in the
composition of the pore region of the channel, siregulatory elements are not likely to

influence an intrinsic channel property such aghetivation kinetics.

We also investigated a cell line where all LRRC8B+hteins are missing. Interestingly,
in this mutant dsweny is abolished completely, demonstrating that VRAGivity is
dependent on the presence of LRRC8A and at leastobrthe other LRRC8 family
members (Fig. 20A and B). In the quintuple knockeelt line LRRC8" VRAC activity is
also lost. (These electrophysiological measuremest® performed by Florian Ullrich

and Jonas Minch.)
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Figure 20: Electrophysiological characterization ofLRRC8 knockout cell lines

A: Example &ysweny traces (as in Fig. 19) of WT and mutant HCT11éscel: Current densities (at -80 mV)
of maximally activateddswery Of WT and mutant HCT116 cell€:: |cysweny inactivation assessed by ratio of
current at end/beginning of pulse.

60



Results

4.11 Inactivation kinetics in the reconstituted LRRC8 quintuple knockout

Through the generation of the quintuple knockolltlcee we gained an important tool to
further investigate the role of the different LRRG&8Ibunits on diswen current
characteristics. We could now specifically expressibinations of subunits to test them
for current properties, especially the inactivationetics, since these had already shown
to be dependent to some extent on the presenaztafrcsubunits in the single knockout
cell lines. Accordingly, the reconstitution okidwen in the LRRC8” cell line by
heterologous expression of LRRC8A together witthegit LRRC8C, LRRCS8D, or
LRRCS8E resulted in a current that presented chamgactivation kinetics at positive
potentials (Fig. 21A and C). While co-expressionthwiiRRC8E strongly accelerated
inactivation, co-expression with LRRC8D mildly andRRC8C strongly decelerated
inactivation kinetics. It has to be noted also thfa¢ combination with LRRC8D
diminished current amplitudes significantly (Fid.B). This is probably due to the very
low expression efficiency of LRRC8D that we obsertieroughout several experiments
and can also be observed in the Western blotsgri&i The same is true for LRRCS8B,
which was expressed even less and thus could naddzkfor the reconstitution afibwen)

in the quintuple knockout. We know, however, tha¢ tombination of LRRC8A and
LRRCS8B yields &isweny currents from the measurements of the LRRCS8(C/D/E)
knockout cell line (Fig. 20).
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Figure 21: Icysweny in the reconstituted LRRC8 quintuple knockout cellline

A:When transfected into HCT11BRRC8™ cells (with all LRRC8 genes disrupted), LRRC8A rescues
lciswery ONly when co-expressed with LRRC8C, D or Eeft, example ramp current traces from
reconstituteddysweny at isotonicity (black), 2 minutes after switchiteghypotonicity (green) and at maximal
activation (red).B: Icysweny current densities at -80 mV for indicated combiordi C: Voltage-dependent
inactivation of kyswen. Error bars, SEM. Number of cells in brackets.p&0.05 **, p<0.01 and ***,
p<0.001 vs. WT.
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In agreement with the previous results from sirghel multiple knockout cell lines, a
reconstitution of VRAC with transfection of only ERC8A was not possible. Minimally
one other subunit needs to be co-expressed taedsiser).

(These electrophysiological measurements were e by Florian Ullrich and Jonas
Minch.)

4.12 Differences in inactivation kinetics coincid&vith endogenous subunit expression
Differences in the inactivation kinetics afidweny had also been observed previously in
cell lines from different tissue origin. In the bibcell line HL-60, for example, almost no
inactivation at positive potentials can be obseraed also neurons show only very little
inactivation (Hernandez-Carballo et al., 2010; lesaet al.,, 1997). HEK and HCT116
cells, however, show prominent inactivation with H6 cells displaying rather fast
inactivation kinetics. Since our previous resutidicated that the subunit composition has
an influence on the inactivation kinetics, we wariie investigate whether the expression
profile of different cell lines reflects their inaction profile. To this end, we performed
guantitative real time PCR analysis for all five R&8 members on HEK, HCT116 and
HL-60 cells. As shown in Fig. 22, in agreement wille absence of inactivation at
positive potentials, HL-60 cells do not or onlydovery small extent express LRRC8E
which had an accelerating effect on the inactivationetics in our reconstitution
experiments. HCT116 cells however, that show aerattast inactivation, express
relatively little LRRC8C which led to a slow inagdtion profile when co-expressed in

the quintuple knockout.
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Figure 22: Relative LRRC8 mRNA expression.

LRRC8A-E mRNA expression in HEK, HCT116 and HL6dIsaletermined by quantitative RT-PCR.
Values were normalized to the respective value &KHcells. Values represent the means from 4
experiments. Error bars indicate SEM.
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Taken together, these results support the notiantlie endogenous subunit composition
of VRAC differs among tissues which explains theiatgon in inactivation kinetics that

had been an unsolved mystery in the VRAC field.

4.13 LRRCB8A as an essential component of regulatorolume decrease (RVD)

In order to investigate the physiological relevant& RRC8A mediated VRAC activity
we performed a fluorescence-based assay to mamatovolume changes over time using
calcein-AM (Fig. 23). We used our HEKRRC8A™ cell line 3E7 in comparison to the
wildtype, loaded the cell cells with calcein-AM 884-well plates and then monitored the
fluorescence over time in the FLIPR The calcein fluorescence increases with the cell
volume due to a reduction in the concentratiomtfcellular quenching components. At
t=30 s we diluted the isotonic imaging solutionatdinal osmolarity of 96 mOsm. The
cell volume then increased rapidly due to the ogmmmessure. Under wildtype conditions
the cells are able to perform regulatory volumerel@ee and thereby slowly shrink
towards their original volume. IhRRC8A™ cells this process is dramatically impaired.
The cells continuously swell without being ablectmnteract this process. This illustrates
that VRAC activity via LRRCB8A is essential for th@ocess of regulatory volume

decrease in HEK cells.
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Figure 23: RVD measurements using calcein-AM

WT andLRRC8A™™ HEK cells were shifted to hypotonic saline (96 mQst t=30 s, and cell volume was
monitored by calcein fluorescence. Mean of six maeaments; error range, SEM. Similar results were
obtained in three independent experiments.
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5. Discussion

5.1 The genome-wide siRNA screen as superior appida for the identification of
VRAC

The many failed attempts to identify the molecutanstituents of VRAC in the past
clearly demonstrate the difficulty of this task.ig s mostly due to the fact that many of
the classical approaches for the molecular ideatibn of an ion channel were, in
retrospect, not suitable for VRAC. Although mengdmalready briefly in section 2, this
issue should be discussed here in further detadyder to illustrate the importance of a

more innovative screening strategy.

A widely used method to uncover the molecular idgrdf ion channels that has been
proven to be successful in several cases (Candsal, d993; Frech et al.,, 1989) is
expression-cloning, where a cDNA library is expesssn Xenopus laevis oocytes and
subsequently subdivided into smaller pools untdieg up with a single cDNA coding
for the sought-after channel. For VRAC this apploaould not be applied for two
reasons. First of allXenopus laevis oocytes display endogenous volume-activated
chloride currents and are therefore not a suitakfgession system. Second of all, there
are a number of technical obstacles for the mesasame of kysweny (ENdOgenous or
heterologously expressed) frog oocytes. It has been observed that whengushe
regularly applied protocol for oocyte preparatiomhere the follicle membrane is
removed by collagenase treatmerfisdery cannot be induced by hypotonic treatment
(Ackerman et al., 1994). It seems like either teesser or the channel itself depends on a
component that is removed together with the faliohembrane when applying
collagenase. Interestingly, we also observed inexyperiments that HEK cells that had
very recently been trypsinized did not displayslerny upon hypoosmotic stimulation
(unpublished data). It is therefore likely that tieterologously expressed channel would
also depend on the presence of the follicle mengratowever, with the intact
membrane in place the injection of the oocytes witRNA is very difficult and the
electrophysiological measurements are hinderedrdatingly, in the case of another ion
channel that had remained unidentified on the nutdedevel for decades, the calcium-
activated chloride channel, this method could aleb be used due to the presence of
endogenous currents. Fortunately, oocytes of anatimphibian, the axolotl salamander

(Ambystoma mexicanum) do not display these currents and could succkgdfe used as
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expression system. This approach led to the ideatiibn of Anol asona fide calcium-
activated chloride channel (Schroeder et al., 2088) VRAC one could also have used
such an alternative expression system, but sodhody could show the absence of the
current in a certain cell type that would be suédor this approach. It has to be noted,
however, that insect cells like S2 cells franosophila melanogaster display volume-
sensitive chloride currents, mediated by dbestlh \properties distinct fromciswen
(Stotz and Clapham, 2012p theory, it would therefore be possible to digtiish the
endogenous current from a current present only velxpnessing the respective protein of
interest. It is, however, possible if not likelyathnsect cells lack essential elements of the
signal transduction leading to VRAC activation, e&splly since in these organisms a

different class of chloride channels has taken tivetask of volume regulation.

Another argument against an expression cloningagmpr, besides the lack of a suitable
expression system, is that it could not be usaddntify a multimeric channel complex.
In retrospect, the fact thagkwen requires the expression of LRRC8A together with at
least one other LRRC8 family member would have madearly impossible to identify
the channel proteins via this approach. The supjmeseffect we observed upon

overexpression of LRRC8A in HEK cells furthermoogroborates this point.

Another commonly used method is the identificatloyn affinity purification using a
specific ligand or inhibitor (Beneski and Catterall980). As discussed before
(section 1.2), poor inhibitor specificity is a geaeproblem in the chloride channel field.

Therefore, this approach could also not be usdldertase of VRAC.

A different strategy is a large scale genomics aepgn. In case of the calcium-activated
chloride channel, a second group successfully ifietht Anol using a functional
genomics approach. They had noticed that calciumeded chloride currents are
upregulated in bronchial epithelial cells upon ilgekin-4 treatment and thus used this
finding to perform a microarray analysis on intakm-4-treated cells and found Anol to
be among the upregulated genes (Caputo et al.,)2808imilar approach would also
have been feasible for the identification of VRAG.fact, we performed a preliminary
experiment with HEK cells that were osmotically biaged by repetitive medium
exchanges from isotonic to hypotonic medium in 30 mtervals for 24 h. We measured
VRAC currents in these cells before and after thatiment with the hypothesis that the
cells would upregulate VRAC expression in orderctpe with the osmotic challenge.

Unfortunately, current densities were unchangedta(daot shown). Although
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disappointing, this finding fits to the fact that the literature only quite small variances
in current density are reported between differezit types, culture conditions or drug
treatments (Nilius et al., 1997a; Nilius et al.,94B). Hence, this type of functional
genomics approach was also hampered by the lacknofvledge about possible

modulators of VRAC expression or activation.

With the discovery of small interfering RNAs thaancbe used to specifically silence
genes simply by transfecting them into a culturetl, mew possibilities for genomic
analyses emerged. The synthesis and commercidblaMity of genome-wide siRNA
libraries allows for screenings that can be pertmtm high-throughput formats and thus
enables a rapid scan for possible players in campdaysiological processes.
Accordingly, the majority of genome-wide siRNA senéngs that have been performed
so far aimed at the identification of novel factor@uencing specific cellular pathways or
processes such as cell migration, cancer drugtaesis, viral infection or signal
transduction (Prusty et al., 2011; Warner et &1,3 Whitehurst et al., 2007; Yang et al.,
2013). In case of the molecular identity of an &tgzhysiologically known ion channel
like VRAC, a genome-wide siRNA screening is stilhaedle-in-a-haystack approach.
Even if performed in a very sophisticated mannkeerd is a high risk of missing the
gene(s) encoding for the channel itself. For thenidication of the mechanically
activated cation channels piezol and piezo2, aiqusly defined candidate list from
expression profiling was used in a subsequent siRbkiken (Coste et al., 2010). Other
studies used bioinformatics analyses to selecsteofi candidate genes for their SIRNA
screen (Yang et al., 2008). In case of thé'Galease—activated €a(CRAC) channel,
however, the authors opted for a genome-wide siRki&en and successfully identified

essential components of this ion channel in S2 ¢¥lig et al., 2006).

During the planning phase of our siRNA screen faRAC, we also discussed the
possibility of preselecting a subset of siRNAs etiag for transmembrane proteins, but
subsequently discarded this option for severala®sasOn the one hand this would have
limited us to finding VRAC without being able toeidtify possible regulators or members
of the signaling cascade, which we still hope tivaet from the data we gained during the
genome-wide SiRNA screen. On the other hand, alensst of sSiRNAs would not have
eliminated the most prominent risk factor of theesa, which would be false-negatives
due to non-functional siRNAs. We therefore optegénform the genome-wide siRNA

screen and sought to minimize the possibility ofsdanegatives by very carefully
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optimizing the transfection protocol and includirg large number of controls
(see section 3.2.2). Through these measures, wedd ceuccessfully monitor the
transfection efficiency on every single plate. Thisnimized the risk of missing the
sought-after gene due to a technical problem like transfection efficiency, washed-off
cells or obliterating artifacts caused by dirt et on the plate. To exclude the latter, we
examined the photographs taken by the FLIPRuring the measurements. We also
accounted for possible dropout siRNAs in our bioinfatics screening analysis, by
calculating the mean value of the best 2 out ofRN#s for each gene. Thereby, we
could clearly identify the hit for LRRCS8A althougimly one of the three siRNAs gave a
very high value for the slope shift in the YFP geiging assay (Fig. 10C).

The assay set-up was also very carefully plannedrder to obtain a robust and
reproducible quenching response, which was cledid{inguishable from the response
under isotonic conditions. We performed numeroysegrments to determine the perfect
assay conditions and to find the right equipmenttie performance of the read-out assay
in a high-throughput manner. With the FLIPRwe could then monitor the time course of
the quenching response very precisely with a higimlver of measurements per plate.
Therefore, even small changes in the kinetics efrésponse could be detected, which is
crucial since siRNA knockdown is rarely completad ahus a residual iodide influx
through remaining VRAC channels was likely to ocawen with high transfection

efficiency and well-performing siRNAs.

Despite the careful planning of the assay set-up sareening controls, which could
minimize technical shortcomings, there was st#l tisk that the molecular identification
of VRAC via an siRNA screen would not be possibilee do redundant expression of
different proteins underlying VRAC. Especially iase of heteromeric protein complexes
functional redundancy or at least compensatoryceffeetween subunits are frequently
observed and would have impeded the identificatioa single-gene knockdown

experiments.

Shortly before the start of our primary screen, ldie of David Clapham at the Howard
Hughes Medical Institute in Boston published a geeavide siRNA screen performed
for the volume-regulated anion channelDnosophila S2 cells, also using a YFP-based
assay similar to the one we used in our screentZStod Clapham, 2012). They
successfully confirmed dbestl as the volume-regdlanion channel of insect cells with

this method, showing that the assay is a suitai@é for indirectly monitoring volume-
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regulated anion currents. In contrast to our readassay, however, they measured the
fluorescence just before and after the hypotonimgation using a plate reader. In
retrospect, it is doubtable that we would have sssfully identified LRRCS8A if we had
performed a similar end-point measurement sincestbpe of the quenching curve is
more strongly affected by a reduction in channeisttlg due to siRNA knockdown than
the finally reached steady-state.

In parallel to our publication of the main findingsthis study (Voss et al., 2014), the lab
of Ardem Patapoutian at the Scripps Research stin San Diego also reported the
identification of LRRC8A as a component of the VRABannel by a genome-wide
SiRNA screen that was performed in a surprisingtyilar manner to our own screen (Qiu
et al., 2014). They also used the FLI®R monitor the quenching of the halide-sensitive
YFP variant upon hypotonic stimulation. In contresbur assay, they stimulated VRAC
opening by adding a hypotonic solution before agdadide to the solution and thereby
inducing the quenching process. Furthermore, thesfopmed their screen using a
different siRNA library. The independent identificen of LRRC8A as an essential
component of VRAC by this approach strongly suppdiie validity of the result and
illustrates the effectiveness of the applied method

5.2 LRRCB8A is essential for VRAC activity

After having identified LRRCS8A as a hit in our prny screen and confirmed during our
secondary screen, we could verify its importance WRAC activity by several
electrophysiological experiments. Treatment with $fRNA smartpool against LRRC8A
almost completely abolishedtwery Showing that LRRCB8A is indispensable for channel
function. This is also evident from the several ¢hkaut cell lines we generated for
LRRC8A in HEK and HCT116 cells, that all lost theability to produce volume-
activated anion currents upon hypotonic stimulatibnis is of course no definite proof
that the LRRCBS8A protein is part of the channel pétewever, the fact that it localizes to
the plasma membrane and its confirmed topology thdsmembrane domains with an
intracellular N- and C-terminus support this hymsils. Furthermore, the phylogenetic
relation of LRRC8 proteins to pannexins and thuso ahe structural similarity to
connexins (Abascal and Zardoya, 2012) suggest tR&RC8A might be able to form

heteromeric complexes that could function as chlarninghe plasma membrane.

A usual approach to investigate whether a certeotepy might constitute an ion channel

is to overexpress the protein in order to checkdorincrease in current due to the
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increased number of ion channels incorporatedtieanembrane. An increase in current
amplitude can be observed for the overexpressiomarfy well-known ion channel
proteins, such as voltage-gated potassium char{Beé&ynova et al., 2004), calcium-
activated chloride channels (Schroeder et al., p@®8chloride channels of the CIC
family (Jordt and Jentsch, 1997). Surprisingly, rexeression of LRRC8A in HEK cells
did not result in an increase of current amplitualg, suppressed the current in a similar
way as SiRNA treatment. Thus, the increased promluadf the protein, which also
correctly localized to the plasma membrane, didehastrong impact on the activity of
the endogenous channel. A possible explanatiothfersuppression effect would be the
involvement of LRRCS8A in a heteromeric complex ihigh the stoichiometry could be
severely disturbed by the asymmetrical overexpoessi one subunit. A similar effect
has been shown previously for the correct assenablyheteromeric acetylcholine
receptors, which were shown to strongly dependhencborrect expression ratio of the
different subunits (Eertmoed et al., 1998).

In summary, our results show that LRRC8A is esaéfr VRAC function and suggest

that it might be part of a heteromeric complex tbatild form the channel pore. We
therefore further explored this possibility by istigating the role of the other members
of the LRRCS8 family for VRAC activity and lookedrfgossible interactions among the

family members.

5.3 Heteromerization of LRRCS8 proteins

Upon the initial hint from the suppression effettilte overexpression of LRRC8A, we
performed several experiments that could succdgsfilow an interaction between
LRRCBS8A and the other members of the LRRCS8 familystrof all, LRRC8B-E can only
be targeted to the plasma membrane when they aegpressed together with LRRC8A
and are otherwise stuck in the ER. This alreadycatds that these proteins interact at
least during protein trafficking, but likely also their final destination where they show
strong co-localization. A similar trafficking depence can be observed for several other
interaction partners. For example, the beta sulfn@IC-7 Ostm1, which is needed for
transport activity, only localizes correctly to thesosomal membrane when CIC-7 is
present. In its absence, Ostml is retained in fRelEange et al., 2006). Also KCNEs,
tissue-specific beta subunits of voltage-gated gsitan channels, require the co-
expression of their respective alpha subunit forem trafficking and surface expression
(Chandrasekhar et al., 2006; Schroeder et al.,)2006t only beta subunits, that often
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play regulatory roles, but also proteins that reeterize to form the pore of a channel or
transporter can co-depend on mutual expressiomglymotein targeting. Examples for
this are the subunits of heterodimeric ABC-transgsr(Graf et al., 2003) and multimeric
TRPC channel complexes (Hofmann et al., 2002). Thhe interdependence of
LRRCS8B-E with LRRCB8A according to their localizatido the plasma membrane is a

strong indicator of functional interaction and pbksmultimeric channel formation.

We furthermore showed by co-immunoprecipitatiort ttRRCB8A interacts with all other
LRRC8 family members. This underlines the physimahnection formed between the

respective proteins, also pointing towards a fumgtl interplay.

We tried to overcome the dominant-negative effdctRRC8A overexpression by co-
expressing LRRCB8A with LRRC8C and could succesgfidktore wildtype-like currents
with this combination. Expression studies in oumodkout cell lines confirmed that
LRRCB8A alone is not sufficient to reconstitute pop/RAC currents. This is also
evident from the absence afidwen in the quadruple knockout cell lineRRCSB-E".
Concordantly, the quintuple knockduRRC8”" could only be rescued by co-expression of
LRRCB8A and one of the other family members, butlmothe expression of one subunit
alone. This strongly suggests that VRAC channettion depends on the presence of
LRRC8 heteromers that obligatorily consist of askeone copy of LRRC8A and one
other LRRCS8 protein. The suppression effect of LBRMverexpression furthermore
indicates that the multimeric complex consists of l@ast 3 subunits, since the

stoichiometry of a dimeric complex would not besated by uneven expression.

Oligomerization of LRRCS8 proteins had also beengssgted previously by Abascal and
Zardoya, who performed a bioinformatics analysid gound a phylogenetic relation of
LRRCS8 proteins to pannexins which are known to fdrexameric channel complexes
(Abascal and Zardoya, 2012). They even proposédiatgral model explaining how the
leucine-rich repeat C-termini of the LRRCS8 protegmild be arranged into a hexamer,

based on the structural similarity to connexins.

It has to be noted, however, that although panmseixaive been shown to oligomerize and

form hexameric complexes, these complexes seera tmimposed of only one pannexin

subtype. Nevertheless, interactions between driitepannexin isoforms have also been

shown by immunoprecipitation, but so far no conioect between possible

heteromerization and channel activity could be figgti Co-expression experiments

showed a decrease in current amplitude comparttetexpression of only one pannexin
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isoform and thus pannexins rather seem to form moenic than heteromeric channels
(Bond and Naus, 2014).

5.4 Evidence for a heteromeric LRRC8 channel compie

Despite convincing evidence for the dependencegfdy on the presence of LRRCS8
heteromers (see section 5.3), these data coulgeddufficiently prove the involvement
of LRRCS8 proteins in the formation of the channeteg So far, these findings would also
be in agreement with an obligate regulatory rold RRC8 proteins for VRAC activity.
In order to show that a certain protein constitytest of the channel pore, different
strategies could be used. In general, this candoe dy showing that a change in the
primary sequence or structure of the protein(deces in a change of channel-intrinsic
properties such as activation or inactivation kogtion selectivity, single channel
conductance or sensitivity to specific pharmacalabgcompounds. We could successfully
influence the composition of the channel complexbgcking out single subunits in our
CRISPR/Cas cell lines and also by heterologous esgpon of specific subunit
combinations in th&€ RRC8” cell line. These alterations in the guaternarycttire of the
channel then indeed reflected in a change in tlaetivation kinetics. For example,
LRRC8C™ cells showed accelerated inactivation kinetics cameg to the wildtype, while
LRRC8D/E’" displayed rather slow inactivation kinetics. Restintion experiments in
the LRRC8" cell line with different subunit combinations cinfed this dependence of
inactivation kinetics on the subunit compositionhi&' the co-expression of LRRC8A
together with LRRC8C leads to a rather slow inatton at positive potentials, the
combination of LRRC8A with LRRCS8E results in a piaent acceleration of the
inactivation kinetics. Furthermore, we could caatel naturally occurring differences in
inactivation kinetics of different cell types wittheir expression profile of different
LRRCS8 isoforms. This physically connects a struaityoroperty of LRRC8 heteromers
with a characteristic feature ofikweny and thereby strongly supports the notion that the

VRAC channel complex is constituted by these pnstei

We also tried to further prove this point by ingsggtmany different point mutations into
the cDNA of LRRCB8A and also LRRCS8C in order to find amino acid or identify a
region in the primary sequence that is respongdri¢he ion selectivity of VRAC (data
not shown). Unfortunately, we could not find anyimmacid change that resulted in a
change of the known ion selectivity. In parallelowr publication of the main results of

this work, another group also published their fingdi about LRRC8A being a part of
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VRAC (Qiu et al., 2014). This group mutated seveesidues in a cysteine-scanning
approach and found that the mutation of the thremrat position 44 to cysteine or
glutamate resulted in a shift of the reversal pidérior iodide, indicating a changed
anion selectivity (Qiu et al., 2014). These findinturther support our results that
LRRCB8A is indeed part of the channel pore and noege regulatory element of VRAC.
It has to be noted, however, that the reportedsalgetivity change could not be
reproduced by expressing the respective mutantsiitHEK and HCT116 knockout cell

lines (unpublished data).

An additional approach to further fortify the contien to LRRC8 protein expression,
could be the measurement of single channel currerke different knockout cell lines in
order to find possible differences in the unitanyrrent amplitude. These types of
measurements ogilsweny are, however, technically very demanding since \CR#eeds to
be activated by swelling for single channel opesitaybe detectable. Cells either have to
be pre-swollen and subsequently a stable hightaesis on-cell patch has to be
established, or cells have to be patched with tipetfes at once in the whole-cell and on-

cell mode, in order to record single channel cus¢Akita and Okada, 2014).

5.5 The molecular identity of VRAC from an evoluticnary perspective

From an evolutionary point of view it is interegfito note that the LRRC8 protein family
originated from an ancestral pannexin protein & pinylogenetic time point of the
emergence of chordate animals. Volume-regulatednargurrents are, as stated
previously, known to exist in all vertebrate cefiels tested, but they also exist in cells
from non-chordate organisms like S2 cells fromdhbropodaDrosophila melanogaster.

In arthropoda, innexins, which are related to tremmalian pannexins, but no LRRC8
homologs are present (Abascal and Zardoya, 20h2agkeement with this, it could
repeatedly be shown in the past that the main veltegulated anion channel in
Drosophila melanogaster cells is dbestl (Chien and Hartzell, 2007; Stotd &€lapham,
2012). This protein is a homolog to the mammalemify of bestrophins and not related
to innexins or pannexins. In mammals, however,rbpkins do not constitute VRAC as
shown in bestrophin knockout mice with unchangedA@Rcurrents compared to
wildtype (Chien and Hartzell, 2008). It could thfere be concluded that ancestral forms
of pannexin proteins that exist today in both anpmda and chordates, evolved separately
in the two different phyla. While LRRCS8 proteinsoéxed to form the volume-regulated
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anion channel in chordates like vertebrates, inrapioda a different class of proteins had

to take over this task.

Furthermore, sequence comparison revealed thaiRR&ES protein family is less diverse
compared to pannexins. This could be caused byoagstelective restraint connected to
protein function (Abascal and Zardoya, 2012). SiNEAC has been implicated in a
large number of essential biological processes agatell division, apoptosis and general
cell integrity, it seems likely that alterations WYRAC functionality might hardly be
tolerable. Strikingly, LRRC8A seems to have beenleannan even stronger purifying
selection pressure than the other LRRC8 family mexsjbwhich is indicated by a high
sequence similarity to orthologues from rather aistchordates like actinopterygians
(Abascal and Zardoya, 2012). This is in agreemettt the fact that we found LRRC8A
to be the only subunit that is absolutely esserfbalthe formation of a functional
channel, whereas the other subunits could sulestitutone another in our reconstitution
experiments and knockout cell lines. Our data asggest that the evolutionary
evolvement of LRRC8B-E might have caused differerioecurrent properties ofifswel,
like in the inactivation kinetics. Other characséids of VRAC could also be influenced

by the subunit composition, which will be a subjetcturther investigations.

Another interesting fact is the conservation otaieramino acids or amino acid stretches
among the different LRRC8 proteins or even betweernmembers of the LRRC8 family
and pannexins. Particularly remarkable is the awasien of several opposing cysteine
residues in the two extracellular loops that ase aresent in all members of the pannexin
family, where they can be considered a homologtustsiral trait (Abascal and Zardoya,
2012). Even in the merely structurally related @in protein family, these cysteine
residues are present. Here they were shown to periemt for the formation of disulfide
bonds between adjacent loops (Birkenhager et @lL.4;2Foote et al., 1998). The latter
concordance could thus be considered an analogousgusal feature and implies that
these cysteine residues play an equally importate m stabilizing intra- or even
intermolecular bonds in LRRC8 heteromers. This liyesis and the question whether the
presence of several other conserved stretche®iprtimary structure of LRRC8 proteins
are somehow indicative of important sites for VRA€ulation and structure-function
relations will be the subject of future investigais.
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5.6 Transport of other osmolytes and substances tbugh VRAC

Cell volume regulation does not only comprise i@msport in response to swelling. The
movement of organic osmolytes is also an importaature of regulatory volume
decrease and has a strong protective effect dogngptic perturbations, especially of the
extracellular space. Since the intracellular amiamgd concentration significantly
contributes to the intracellular osmolarity, thansport of these organic osmolytes can
have a strong impact on volume regulation. Bramino acid taurine has been the focus
of many investigations, since it is one of the mabundant intracellular organic
osmolytes and thus its transport might be involiedeveral pathological conditions
connected to volume regulation. However, the qaasbhy which pathway or channel
taurine is released from the cell upon swellingldoot be answered conclusively so far
(Shennan, 2008). A major contentious point is wéethurine is released through VRAC,
or a separate transport pathway. A number of clkematics of the volume-regulated
taurine efflux are in accordance with features ofume-regulated anion currents. For
instance, the pharmacological profile of both psses is in agreement in many tested
cell types (Jackson and Strange, 1993; Kirk and,Ki®93), but as mentioned before,
most VRAC and taurine efflux inhibitors are veryspecific. Furthermore, some
differences in the pharmacological profile of sfieatell types were reported (Culliford
et al., 2004; Tomassen et al.,, 2004a). A similartrmversy exists about evidence for
common and distinct regulatory mechanisms of voliegrllated anion and taurine
efflux (Galietta et al., 1997; Tomassen et al.,Z)0A rather strong argument in favor of
a common pathway comes from two studies that fawndence for taurine permeation
through volume-activated anion channels in eletiysplogical recordings, claiming
taurine to chloride permeability ratios of 0.75 d@hd, respectively (Banderali and Roy,
1992; Jackson and Strange, 1993), but since taiginet charged at physiological pH,
these measurements had to be performed at pH=~8hwvdould possibly influence
channel properties.

With the identification of LRRC8 heteromers as esis¢ component of the volume-
regulated anion channel, we now had the tool toi@ate this long-debated contention.
To this end, Darius Lutter performed efflux studveith radioactively labeled taurine in
our HCT116 and HEK LRRCB8A knockout cell lines anould show that swelling-
induced taurine efflux was reduced to backgrouncelie In LRRC8B-E” cells, the
swelling-activated taurine efflux was also abolghéemonstrating its dependence on the

presence of at least LRRCS8A and one of the othd®RC& proteins (Voss et al., 2014). In
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accordance with these results, the lab of Ardenag®attian could also show a strong
reduction in hypotonicity-induced taurine effluxifeLa cells treated with siRNA against
LRRCB8A (Qiu et al., 2014). Taken together, theagdiss prove that both, volume-
regulated anion current and swelling-activatediteurelease, depend on the presence of
LRRC8 heteromers. It has to be noted, however,uhbite for kswen there is so far no
direct evidence (like changes in permeability mtay subunit specific efflux kinetics)
that LRRC8 heteromers form the pore for the perioeatf taurine. It is also possible
that the taurine release pathway is downstreamRA® activation and is thus abolished
together with dysweny. To unambiguously show that both halide anions dreddrganic
osmolyte taurine are released through the samenehdarther investigations are needed.
This work provides a valuable tool set for thisktas form of the numerous single and

multiple knockout cell lines.

Besides taurine, a variety of other organic osneslyhight also contribute to the process
of regulatory volume decrease in several cell typgsong these are theamino acids
alanin and glycine, the anionic amino acids asparéend glutamate as well as other
organic osmolytes, such as inositol, betaine, aboliuridine, creatine, sorbitol and
glucose (Burg and Ferraris, 2008; Shennan, 2008)stMf these compounds have
previously been suggested to share a common votaméated release pathway with
taurine, but no unambiguous data exists on thfars(Ghennan, 2008). Of special interest
is the glutamate and aspartate release from nduaodaglial cells upon ischemic brain
edema, which is at least in part causative for rieerotoxic consequences of this
pathological state (Kimelberg, 2005). There is adge some experimental evidence that
glutamate might permeate through VRAC (Inoue ¢t2807; Roy, 1995; Schlichter et al.,
2011). A prerequisite for the permeation of themt@er large anionic molecules through
an ion channel is a sufficiently large pore. Assugnithe permeation of taurine and
inositol, the pore size of VRAC has been estimatede between 5.4 and 8 A (Nilius et
al., 1997a). In this regard, it is slightly puzgithat VRAC shows selectivity between the
halide anions, depending on their size, while budth at the same time (and possibly

through the same pore) be permeable for much langércules as well.

The lack of knowledge about the molecular identfyVRAC has precluded further
investigation of the actual role of VRAC in glutaimaelease, and most of the existing
data is based on rather unspecific pharmacologyh Wie identification of LRRC8

heteromers as an essential component of VRAC lineiv be possible to test whether the
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observed swelling-induced glutamate and aspartde@se from neurons and glial cells is
equally dependent on these proteins. If a role RRC8 in glutamate efflux can be
confirmed, the generation of knockout mice for LRBACand/or the other family
members will be of interest to study the contribntiof swelling-activated amino acid
efflux to stroke pathology. Interestingly, it wasticed recently that carbenoxolone,
which is a known inhibitor of gap junction proteinalso blocks diswery and that
carbenoxolone treatment has a neuroprotectivetdffec mouse model of brain ischemia
(Benfenati et al., 2009; Vakili et al., 2009). Tékect of the drug might be based on an
inhibitory effect on VRAC, although gap junction-diated effluxes could also be a
factor in this pathology. Besides this, the drligzole, which is used to treat amyotrophic
lateral sclerosis by inhibiting Nahannels and glutamate receptors, was shown tiitinh
VRAC (Bausch and Roy, 1996; Schlichter et al., 20This might be another hint that
the inhibition of glutamate release via VRAC couatthtribute to the alleviating effect of
drugs used for conditions connected to excitatewyronal injury.

Another substrate that has been discussed to bsptreed via VRAC is ATP. Mainly
based on pharmacological data, it was reported AEP is released from aortic
endothelial cells through VRAC in a swelling-acte@ manner (Hisadome et al., 2002).
This finding is in agreement with previous repatssomparable time courses of VRAC
activation and ATP release during hypotonic st{&ss/ama et al., 2001). In this regard,
it is interesting to note that intracellular as e extracellular ATP seems to have an
effect on VRAC activity. While intracellular ATP required for VRAC opening (Oiki et
al., 1994), extracellular ATP seems to blogksden In a voltage-dependent manner at
least in some cell types (Jackson and Strange,; T3@#nura et al., 1996). These findings
might be explained by a permeation block model. Mo#tage-dependence of the
inhibition by intracellular ATP has also been dseed as the mechanistic basis of the
outward rectification of disweny (Hisadome et al., 2002)nterestingly, another study
showed a connection of ATP and volume-regulatecharacid release from astrocytes.
The authors suggest that extracellular ATP actevsiRAC-mediated amino acid release
with the involvement of P2X receptors upon cell-Bvvg (Mongin and Kimelberg,
2002). They interpret their results as evidenceA®P being a cooperative signal for
volume-regulated amino acid release. However, ttesults could also be indicative of
ATP directly regulating VRAC function or even pemtien of ATP through VRAC.
Furthermore, it is important to mention that panneshannels have also been proposed

to mediate ATP release and/or being regulated bl Adth via P2Y receptors as well as
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through a permeation block mechanism as propose®RAC (Qiu et al., 2012). The
homologous structure of LRRCS8 proteins and panrsegould therefore be responsible
for similar ATP permeation and/or ATP sensitivity the two protein families. While
LRRC8 heteromers could function as swelling-acédaATP release channels, pannexins
might mediate ATP release upon other intra- oraedtiular cues. The physiological role
of volume-regulated ATP release could on one haslg pn a form of signal-
amplification to activate osmolyte release fromghéioring cells during hypotonic stress
or a completely opposite role as feedback-inhihitio block the VRAC pore and stop
further osmolyte efflux. This would explain whyidwen deactivates after a few minutes
even if the hypoosmotic stimulus persists, as ofeskerin whole-cell patch clamp
experiments, where the intracellular osmolarityixed by the pipette solution. Besides
these possibilities, it has been suggested thainmwlactivated ATP release through
VRAC might serve non-synaptic communication betwaearonal axons and glial cells
during action potential firing (Fields and Ni, 2010

Recently, another possible substrate for VRAC hesnbsuggested by a study about
LRRC8D and the import of blasticidin S. This stuthynfirmed the topology of LRRC8
proteins with N- and C-terminus located in the egloand showed that LRRC8D-
deficient cells are resistant to blasticidin S tm&nt. Furthermore, the interaction
between LRRC8D and A (and also B and C) could benficoed in co-
immunoprecipitation and mass spectrometry analyss et al., 2014). At the time when
the authors performed their experiments, LRRC8gmst were not yet known to be
involved in VRAC activity and therefore they didtnoclude experiments with hypotonic
stimulation of the cells and likewise did not prepaa connection to volume regulation.
Considering the molecular size of blasticidin S idea of a common channel pore,
which is furthermore selectively permeable for talianions and shows a distinct
selectivity sequence among them, seems ratherisiagpif not unlikely. Nevertheless,
these findings have to be taken into considerdiorfuture experiments. Especially in
connection to the proposed role of VRAC in apoamnd multidrug resistance, it is
crucial to determine or possibly exclude the optioait apoptosis-inducing agents might
enter the cell through VRAC, since this would shad different light on the
interconnection of the processes of apoptosis ahume regulation.
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5.7 Possible regulatory sites in LRRCS8 proteins

With the molecular identification of the VRAC-forng LRRCS8 protein family, it is now
feasible to look for possible regulatory mechanisiswery based on structural motifs
present in the primary sequence. In case of LRR@8%e is evidence, both from
bioinformatics sequence analysis and experimentgsnspectrometry data for several
sites of posttranslational modification. There ardéeast two putative glycosylation sites,
which were confirmed by our topology experimentesiles this, several putative
phosphorylation sites in the N- and C-terminus antdhe intracellular loop have been
assigned, of which one was experimentally confirfoganass spectrometry. Besides this
there are two predicted acetylation sites whichadse located in the intracellular loop
(Abascal and Zardoya, 2012; Olsen et al., 2006b®&iget al., 2011).

Interestingly, LRRC8 proteins contain a putativerigg-20-related proline-alanine-rich
kinase (SPAK) recognition motif with the consensggiuence (R/K)FX(V/l) shortly
before the C-terminal leucine-rich-repeat regiohe TSPAK kinase and the oxidative
stress response 1 kinase (OSR1) are known to leéved/in osmoregulation, but so far
mainly as activators of NKCC transporters duringérpsmotic stress (Hoffmann et al.,
2007). It has been suggested that SPAK functiore lask from the cytoskeleton to the
channel proteins during cell shrinkage, therebyfewmimg the signal from a mechanical
stimulus to a chemical cue in form of protein phHusplation. It was shown that SPAK
can bind to F-actin but not to G-actin (Tsutsumiakt 2000), indicating that actin
assembly or disassembly might regulate the kinageitg. This would also be a
conceivable mechanism to translate cell swelling iohemical activation of VRAC
activity. Indeed, there already have been a numbestudies suggesting a stimulatory
effect of F-actin disruption ortilswen), €ven under isotonic conditions, indicating that F-
actin integrity could have a silencing effect unden-swollen conditions (Klausen et al.,
2006; Levitan et al., 1995; Schwiebert et al., 1994

Other kinases like Src family kinases, serine/thie® kinases, tyrosine kinases, rho
kinases and myosin light chain kinase have also lEsscribed to have an effect on
lcisweny (Hoffmann and Pedersen, 2008hus, the putative phosphorylation sites in the
intracellular loop of LRRCS8 proteins fit the hypethis that VRAC activity or activation is
linked to phosphorylation events. This can now heestigated in more detail by

biochemical approaches that had not been feasiblarsFor example, it is now possible
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to look for an increase in phosphorylated LRRC8AHEON hypoosmotic treatment of

native cells using the knockout cell lines as aepsal negative control.

Calmodulin binding has also been suggested to playe in VRAC activation since the
calmodulin blocker primozide was shown to inhiitshen in Ehrlich ascites tumor cells
(Hoffmann et al., 1986). Similar results were obeal for VRAC activation in HelLa cells.
It is also known that VRAC activity requires anrattellular C&" concentration of at least
50 nM (Kirk and Kirk, 1994; Szucs et al., 1996burthermore, there exists some
evidence for the involvement of calmodulin in swejlmediated taurine efflux in a few
cell types (Lang et al., 2000; Vitarella et al.,949 This might indicate a cell type-
specific regulatory role of G&calmodulin binding in the activation cascade ofuwoe-
regulated osmolyte efflux. LRRC8 proteins do howewet exhibit the 1Q-calmodulin-
binding motif [FILV]QxxX[RK]GxxX[RK]xX[FILVWY] (Rho ads and Friedberg, 1997).
A direct binding of calmodulin to any of the subigns thus unlikely. Calmodulin binding
might still be involved in the signaling cascadadmg to VRAC activation. This remains

to be addressed by future investigations on theharasms underlying VRAC activation.

5.8 Are we missing something? - The possibility @f limiting auxiliary subunit

While this work clearly shows the dependencecgfukryon the presence of LRRC8A and
at least one other LRRC8 subunit, one point hasamed enigmatic throughout our
investigation: Why is it not possible to increasaerrent densities of clswery UPON
overexpression of LRRC8A or any tested combinatbérsubunits? As mentioned in
section 5.3, the suppression effect of the oversgion of LRRC8A can be explained by
the obligatory heteromerization of LRRC8A with thther subunits that depends on a
stoichiometry that is altered upon LRRCB8A overesgpien. Co-expression of LRRC8A
with, for example, LRRC8C does not yield this suggsion effect and can rescue currents
in the LRRC8™ cell line. However, it is not clear why co-overeagsion of two subunits
that are capable of forming a functional channedsdoot increase amplitudes above
wildtype levels as one would expect when the prnotenount at the plasma membrane is
drastically increased, as we can see from immuaodkcence experiments. One possible
explanation would be that there is another esdeat@@ssory subunit or beta subunit that
is not part of the LRRC8 protein family and limitse activation or the formation of
functional VRAC complexes. So far, we have no cosigle evidence for other
interaction partners of LRRCS8 proteins that coubtstitute this assumed beta subunit.

With the large amount of data from the genome-wsd®NA screen we do, however,
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possess a valuable treasure of data that couldahiat secondary subunit. So far the
analysis of this data has been focused on transmaemlproteins that could constitute the
channel pore, but has left out candidate proteiiis @ytosolic localization. These could
well be members of the signaling cascade or regulasubunits needed for VRAC
activation. The future evaluation of this datasell wiost likely yield a number of
possible interaction partners of LRRC8 proteinst than be further analyzed by
biochemical interaction assays. Furthermore, aultili assays could be performed to
look for potential interacting proteins, for exampyeast two-hybrid assays or co-
immunoprecipitation experiments followed by masscsmmetry. Even before the
molecular identification of VRAC, a number of prote were suggested to play a
regulatory or accessory role in volume-regulatemrartransport. It has been proposed
that caveolin might constitute such an accessooyepr essential for VRAC activation,
since caveolin-krdeficient cells display extremely smadldwen, Which could be rescued
by transient expression (Trouet et al., 1999). Glwemay constitute a link between
VRAC and the cytoskeleton providing a mechanicalanse to sense the volume
expansion of the cell during swelling. In line witlis model, one could argue that either
caveolin expression or parts of the cytoskeletash their distribution might limit diswen)
amplitudes. Other putative elements of the sigrexisduction cascade like kinases or
small GTPases are not very likely to play suchnatiing role, since they can quickly
process a high number of substrate molecules cotigely. The limiting effect is
therefore more likely conveyed via a direct physsinteraction with the LRRCS8 proteins.
A possible site of interaction is the leucine-rigpeat (LRR)-containing C-terminus.
LRRs have been shown to mediate protein-protegractions (Kobe and Kajava, 2001).
For LRRCS8 proteins, however, no such interactiornggis have been identified thus far.
Therefore, it will be interesting to perform mutagsis studies and other structure-
function experiments in the C-terminus of LRRC8Al @he other subunits to see whether
it is possible to identify specific binding sites fa putative limiting beta subunit, which
could in turn be identified via “fishing” approachesing the respective part of the C-

terminus as bait.

Besides caveolin, the cAMP activated CFTR has &ksen suggested as interaction
partner of VRAC, based on several findings: Intedtiepithelial cells from CFTR
knockout mice display a defective volume regulativialverde et al., 1995).
Furthermore, expression of the cystic fibrosis-gagisnutant version of CFTRAF508)

significantly reduced dsweny in C127 epithelial cells (Xia et al., 1996). This in
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agreement with results from experiments with a CRFfdbody in T84 cells, that also
show an inhibitory effect orcfsweny(Chan et al., 1992). The CFTR hypothesis can now be
tested by co-expression of CFTR (both wildytpe andant) and LRRCS8 proteins, to see
whether this modulateskwen). Furthermore, it will be of interest to test whetl@FTR
currents are changed in the LRRC8 knockout cedislirNevertheless, it is unlikely that
CFTR is a general obligatory interaction partnerV&AC in all cell types, since its
expression is mostly restricted to epithelial celilsthese cells, however, it is possible,

that it has a modulatory effect ofidwer).

In summary, it cannot be excluded at this point thare is an essential beta subunit
needed for proper channel function and thus limitigswerny amplitudes even upon
overexpression of LRRC8 heteromers. It is howelssr possible that the channel itself is
exclusively formed by LRRC8 heteromers, while itaistivated by a mechanism that
involves, for example, elements of the cytoskeldatmat somehow limit the number of
channels that can be activated and thus deternyggell amplitudes. In order to
investigate these possibilities, further studieb g necessary to look for both, possible
interaction partners, as well as the signal tracsoin cascade leading to VRAC

activation.

5.9 Possible physiological significance of LRRCS8 pteins
Shortly after the publication of the results ofstiwork, two studies became available that
give new insights into possible physiological rob¢4 RRCS8 proteins.

First, a LRRCB8A knockout mouse has been publishyed group mainly interested in the
suggested immunological function of the protein ifi@w et al., 2014). This interest is
based on a reported patient mutation in LRRCS8A ldeds to B-cell deficiency (Sawada
et al., 2003). Concerning the immunological phepefythe authors found a modest block
in B-cell development but intact B-cell functiondaa rather severe defect in thymus
development caused by decreased proliferation aaeased apoptosis of thymocytes
(Kumar et al., 2014). However, their further resutin the possible link between
thymocyte development and LRRCS8A are largely basedhe assumption that the C-
terminal LRRs are located on the extracellular sitel function as a ligand-binding
domain. Since the opposite topology of LRRC8 pridias now been confirmed by three
independent labs and methods, it is very unlikbbt this hypothesis is true (Lee et al.,
2014; Qiu et al., 2014; Voss et al., 2014). Besitesr immunological phenotype, the

Lrre8a’™ mice displayed other very severe symptoms. Theystadncreased pre- and
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postnatal mortality, growth retardation and abndrmarphology of several tissues. For
example, they displayed vacuolation of the renlkar cells and thinned skeletal muscle
bundles. Furthermore, the few surviving mice exbibicurly hair, hind limb weakness,
progressive hydronephrosis and epidermal hypersigt rrc8a’ mice were also sterile.
So far it is not clear how one or all of these stongs are related to VRAC function. The
very high mortality rate, already during early s€iagof embryogenesis but also after
complete embryonic development, however, point pavotal role for volume-regulated
chloride and/or amino acid release in survival aegelopment. The pathology of the
kidney might be a result of a strong dependenckinctioning volume regulation of this
organ, since it is constantly facing osmolarity s during secretion and absorption
processes at the kidney epithelium. Also, a gertapéndence of proliferation on volume
regulation is likely since changes in cell volunme a known feature of mitosis and it has
been shown that VRAC activity also varies durinffedent cell cycle stages (Klausen et
al., 2007). However, our own LRRC8 knockout ceties did not display an apparent
proliferation defect, although quantitative studoesthis matter have not been performed
so far. It is however possible that the prolifeyatof certain cell types and tissues shows a
stronger dependence on VRAC activity than othersichv could explain the skeletal
muscle and thymus phenotype of the mice.

During development, apoptotic cell death is a @uf@ature for correct organ and tissue
formation. Therefore, an impairment of apoptosi®uigh the lack of apoptotic volume
decrease, that has been suggested to be mediatatRAZ, could lead to severe
developmental pathologies. Besides the high emlryethality, the observed epidermal
hyperkeratosis in surviving mice might also be tesult of dysfunctional apoptosis of
keratinocytes in the skin that show especially higfies of proliferation and apoptosis in

newborn animals (Raj et al., 2006).

The second publication that suggests another plogstal role of LRRCS8 proteins deals
with the protein synthesis inhibitor blasticiding®d its uptake into cells (Lee et al.,
2014). In this study the authors were aiming antifigng new players in the NkB

pathway by performing a gene trapping approach tisaed blasticidin S resistance as
read-out (Lee et al., 2013). As a bycatch of tlei®en, they discovered that LRRC8D-
deficient cells were resistant to blasticidin S tlwa strongly reduced uptake of the drug.
Based on the homology to pannexins, the authorgose that LRRC8 proteins might

form complexes that mediate the uptake of solutks blasticidin S. As already
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mentioned in section 5.6 blasticidin S is a muaigda molecule than halide anions or
organic osmolytes like taurine and glutamate. thams enigmatic how a channel can
concomitantly show a strict anion selectivity setpee and still be permeable for such
large compounds. Of course it has not yet been shdiectly that amino acids or
blasticidin S really permeate through a pore forrogd RRC8 heteromers. Accordingly,
this question remains to be addressed in furthelies.

Besides these functional studies on LRRCB8A and L&RGhere have been a number of
genetic studies in which one or several memberhh@tL. RRC8 gene family came up,

suggesting further physiological functions of thietpin family.

A group interested in congenital heart disease laftdight body axis patterning found
LRRCB8A as one of the genes that showed abnormal copy euwasiations in patients.
However, subsequently generatéehopus morpholinos forLRRC8A did not show the

expected left-right looping phenotype (Fakhro et2011).

Another study focused on gene expression profifes specific inner ear cell line and
found LRRC8E among the genes that were differentially higheresged in this specific
cell line (Fujimoto et al., 2010). This could segythat LRRC8E might be the dominant
LRRCS8 subunit in this cell type, which would mayditer the heteromeric composition of
VRAC. This could in turn influence functional chahproperties.

Another expression profiling study focused on tppasing effect of serotonin transporter
(HTT) inhibition on the neonatal brain and durifg tdepression treatment in the adult
brain. The authors found that LRRC8A expressiodownregulated in brain tissue from
HTT” mice and upregulated in tissue from mice treatét the serotonin transporter
inhibitor fluoxetine (Ichikawa et al., 2008). Inéstingly, it has been shown previously
that fluoxetine also inhibits VRAC at concentrasonlose to plasma concentrations
during depression treatment with this drug (Maestenal., 1999). Accordingly, it might
be possible that a modulatory effect e@fslen contributes to the mode of action of this
psychotherapeutic drug.

A very interesting link comes from a study that gamed expression profiles of
pancreati3-cells from wildtype and transgenic mice overexpig the serine/threonine
protein kinase Akt, which is a known effector oétinsulin/IGF-1 signaling pathway. The
authors found LRRC8C to be differentially expressedhese cells, but did not further
investigate this (Gleason et al., 2010). Howeveith vthe suggested role of VRAC

activity in insulin secretion (see section 1.4yttata could be an important hint towards
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an involvement of LRRCS8 heteromers in this procdsas to be noted, however, that the
authors found that genes linked to growth, suppyass apoptosis, RNA processing, and
metabolism were in general differentially expressedhe transgenic islet cells. In this
context the connection to VRAC might also be viararmlvement in apoptotic induction

rather than in insulin secretion. Either way, itl\e interesting to further investigate the

role of LRRCS8 heteromers in pancredticells.

Another group performed a genomics analysis ofimiatesistant cancer cells and found
alterations in th&. RRC8A gene (Joha et al., 2011). This might point toraoivement of
VRAC in proliferation, which is drastically alteraal cancer cells. Another possibility is a
connection to drug uptake or drug resistance (&edeby to apoptosis induction), as
suggested previously (Gollapudi et al., 1992; Liesd.e2007; Min et al., 2011).

Another connection of abhRRC8 gene to cancer comes from a study on genetic risk
factors for neutropenia and leucopenia, which ar®wn side effects of many
chemotherapeutic drugs. The authors identified tyemeodifications (single nucleotide
polymorphisms) in thé.RRC8B gene in patients that had been treated with thetiai
inhibitor paclitaxel, also known as taxol, whichtsaacdhrough the stabilization of
microtubules (Low et al., 2013). Furthermore, apotstudy has explicitly investigated
the expression of leucine-rich-repeat-containingegéamilies in colorectal cancer and
found LRRCBA and LRRCSE to be upregulated in their cancer specimens (Fiepall.,
2012).

Another link to apoptosis can be found in a stueéwlithg with a model for vascular
atrophy that found.RRC8A among the differentially expressed genes in a oaitay
analysis and furthermore showed tHaRRC8A expression gets upregulated upon

treatment with the apoptotic inducer Fas ligandn@gy et al., 2011).

A possible connection to spontaneous brain hemgerheomes from a microarray
analysis performed on patients that suffered friroke induced by spontaneous brain
bleed. The authors sought to identify genes thatugr or downregulated in the brain
following this pathological event. Interestinglely foundLRRC8B among the strongest
upregulated genes (Rosell et al., 2011). This figds intriguing in the context of the
discussed swelling-activated glutamate releasenguorain ischemia, which might be
mediated by VRAC and could contribute immenselyh® severity of this pathological

state.
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Finally, a recently published genomics study hasedli at investigating genes that might
be regulated by vitamin D via the transcriptiontéacvitamin D receptor (VDR). The
authors found a VDR binding site in thé&kRC8A gene and showed it to be an early
response gene in monocytic cells (Wilfinger et 2014). The physiological role of this

observation was however not further investigatethis study.

5.10 Expression pattern of LRRC8 proteins — a keyotfunctional diversity?

A crucial point in the discussion about the molacutlentity of VRAC during the past
two decades has been the question whether themetugslly just one type of VRAC
channel or if the task of volume-regulated anidease is mediated by different channels
or proteins in different tissues. The reason fois thontroversy are the different
characteristics ofclswenyin different tissues. For example, the pharmacakigprofile as
well as the inactivation kinetics differs signifitly between cell types. Similar
discrepancies are also known for volume-regulatetha acid release as well as volume-
stimulated ATP release, which both also have bestudgsed to be mediated by VRAC
(Hisadome et al., 2002; Shennan, 2008). Furthermmyenow there have been quite a
number of different substrates suggested to peentbabugh VRAC, from monovalent
anions to amino acids and larger compounds liketioldin S. This broad range of
putative substrates also points to a high varigbili channel characteristics that might
even be reflected in structural diversity of thamhel pore. A diversity of this kind could
be provided by the many different possible hetemrehannel compositions formed by
complexes of LRRC8A with LRRC8B-E. So far, it isthmown whether the interaction
of the LRRC8 proteins leads to the formation ofexdmeric complex -as suggested by
their homology to pannexins- or if it forms oligora@®f more or less subunits. Depending
on this, there might be a huge number of possiateations of subunit arrangements that
could form an oligomeric channel. This structuradegsity could then be the key to the
functional variability that has been observed imgnalectrophysiological studies on the
properties of diswen. FOr one of the variable characteristics, thetimaton kinetics, we
already showed in this work that the subunit contjpes is the underlying cause by
examining the different LRRC8 knockout cell linesida through reconstitution
experiments in th& RRC8" cell line. We further plan to generate all combimas of
triple knockout cell lines that would then just esgs LRRC8A and one of the other
LRRCS8 proteins, to investigate these effects atogadous expression levels, since
overexpression in the quintuple knockout could leadberrant subunit stoichiometry. In

all of these cell lines it will then be possibleitwestigate further on the differences in
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pharmacological profile, osmolyte transport andnetlee suggested permeation of other
substances such as ATP, antibiotics or chemothetiapérugs. Together with further
biochemical experiments to investigate the pararseté oligomerization, including
subunit stoichiometry and complex size, these studiill help to elucidate the enigma of
VRAC heterogeneity among different tissues. Furtiege, these findings, together with
the analysis of the tissue expression levels of diiterent LRRC8 proteins, could
uncover new physiological roles of VRAC in diffetegell types. Additionally, it would
be of great interest to gain more insight into sreicture of LRRC8 proteins and the
heteromeric channel complex. However, for apprositbesolve the structure of a protein
or protein complex like crystallography or cryoeten microscopy, the possible
irregularity of a heteromeric channel complex migbhta major obstacle. To this end, it
would also be of great value to identify the sgegifotein domains that contribute to the
formation of the pore or other essential parts disannel activity in order to create a
chimeric construct that might the be able to forfuractional homomeric complex. This
chimeric protein could then be produced in a slataxpression system, for instance
insect cells, to gain large amounts of correctseasbled heteromers which then could be
subjected to crystallography. Structural informatmn the channel complex would then
provide new information on pore size and a posssklectivity filter that might explain

how substrates of different size and charge cameate through VRAC.

In conclusion the identification of LRRC8 heterom@s an essential component of the
volume-regulated anion channel provides solid gdsufor future investigations of the
regulatory mechanisms of VRAC activity on the malec level. It furthermore enables
structure-function studies which will elucidate theolecular basis of the observed
channel properties and selectivity. Findings frérase studies will provide new insights
into the roles of VRAC in essential cell biologicatocesses like cell division and
apoptosis. Furthermore, the proposed involvement tled channel in (patho-)
physiological processes like insulin secretionngepithelial transport and ischemic
amino acid release in the brain can now be invatgd)in detail. With the knowledge
about the molecular identity of VRAC the search taghly specific inhibitors is also
facilitated since it allows the pinpointing of bing sites within the channel protein. In
summary the results of this study open up a platledmpossibilities for the investigation
of VRAC activity and volume regulation in generaat had been beyond the scope of ion

channel research so far.
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