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ABSTRACT 

The volume-regulated anion channel (VRAC) is ubiquitously expressed in 

vertebrate cells and is a key component of the cellular volume regulation machinery. The 

characteristic current mediated by VRAC termed volume-activated chloride current (ICl,vol) 

has been first described in the late 1980s, but despite several attempts, the underlying 

protein(s) could not be identified. A large body of work suggests that in addition to its role 

in volume regulation, VRAC may be important in various other physiological and 

pathophysiological processes including cell proliferation and migration, apoptosis, 

gliotransmission, ischemic brain edema and cancer.  

A genome-wide siRNA screen identified the plasma membrane protein LRRC8A 

that is distantly related to pannexins as an essential component of VRAC. Disruption of 

the LRRC8A gene in mammalian cells led to a loss of endogenous ICl,vol. LRRC8A 

formed heteromers with the four other LRRC8 family proteins LRRC8B-LRRC8E, which 

required LRRC8A to reach the plasma membrane. Functional VRACs were only detected 

in the presence of LRRC8A and at least one other LRRC8 isoform. Kinetics of the 

characteristic voltage-dependent inactivation of ICl,vol depended on the LRRC8 subunit 

composition, suggesting that the VRAC pore is formed by LRRC8 heteromers. 

Regulatory volume decrease (RVD) and swelling-induced efflux of the important cellular 

osmolyte taurine also required LRRC8 heteromers. 

A chimeric approach identified part of the first extracellular loop adjacent to the 

second transmembrane domain of LRRC8 proteins as a major determinant of the 

differential inactivation properties. Mutation of two amino acid residues, Lys98 and 

Asp100 in LRRC8A and equivalent residues in LRRC8C and -E, were found to strongly 

alter kinetics and steady state extent of ICl,vol inactivation. Charge reversal of the 

conserved Lys98 also led to a reduction of the characteristic I− > Cl− selectivity that was 

more pronounced when mutations were introduced into both the obligatory LRRC8A and 

the co-expressed isoform, thus suggesting that this region contributes to the conduction 

pathway of VRACs, probably forming the extracellular opening of their pore. 

I conclude that LRRC8 heteromers are the pore-forming entities of a distinct new 

class of ion channels. Our findings pave the way for further research on the physiological 

and pathophysiological roles and the structure-function relationship of VRACs. 

 

 



VIII 

ZUSAMMENFASSUNG  

Der Volumen-regulierte Anionenkanal (volume-regulated anion channel, VRAC) ist 

ubiqitär exprimiert und stellt eine Schlüsselkomponente der zellulären Maschinerie für 

Volumenregulation dar. Der charakteristische VRAC-vermittelte Strom, genannt 

Volumen-aktivierter Chloridstrom (ICl,vol), wurde bereits in den späten 1980er Jahren 

beschrieben. Das zugrundeliegende Protein konnte jedoch bisher nicht identifiziert 

werden. Zahlreiche Studien deuten darauf hin, dass VRAC neben seiner Rolle in der 

Volumenregulation ebenfalls bei verschiedenen anderen physiologischen und 

pathophysiologischen Prozessen von Bedeutung ist, so zum Beispiel bei der 

Zellproliferation und -migration, Apoptose, Gliotransmission, Schlaganfall und Krebs. 

Durch einen genomweiten siRNA-Screen konnte das entfernt mit Pannexinen 

verwandte Plasmamembranprotein LRRC8A als essentielle Komponente von VRAC 

identifiziert werden. Deaktivierung des LRRC8A-Gens führte zum Verlust des 

endogenen ICl,vol. LRRC8A bildete Heteromere mit den vier anderen Proteinen der 

LRRC8-Familie (LRRC8B-LRRC8E), welche LRRC8A benötigten um zur 

Plasmamembran zu gelangen. VRAC-Funktionalität konnte nur in Gegenwart von 

LRRC8A und mindestens einer anderen LRRC8-Isoform nachgewiesen werden. Die 

Kinetik der charakteristischen spannungsabhängigen Inaktivierung von ICl,vol wurde von 

der LRRC8-Zusammensetzung bestimmt. Dies legt nahe, dass die VRAC-Pore durch 

LRRC8-Heteromere gebildet wird. Die regulatorische Zellvolumenreduktion sowie der 

schwellinduzierte Efflux des wichtigen zellulären Osmolyts Taurin hingen ebenfalls von 

LRRC8-Heteromeren ab.  

Ein chimärischer Ansatz wurde gewählt, um molekulare Determinanten der 

unterschiedlichen Inaktivierungseigenschaften verschiedener VRACs zu identifizieren. 

Diese konnten bis auf das C-terminale Drittel des ersten extrazellulären Loops von 

LRRC8-Proteinen eingegrenzt werden. Die Mutation zweier Aminosäurereste in diesem 

Bereich, Lys98 und Asp100 in LRRC8A und äquivalente Reste in LRRC8C und -E, 

führte zu stark veränderter Kinetik und Sättigung der Inaktivierung von ICl,vol. 

Ladungsumkehrende Mutationen des konservierten Lys98 führten zudem zu einer 

Verringerung der charakteristischen I− > Cl− Selektivität, die größer war wenn Mutationen 

sowohl in das obligatorische LRRC8A als auch in die koexprimierte LRRC8-Isoform 

eingeführt wurden. Dies deutet darauf hin, dass dieser Bereich strukturell zur 

extrazellulären VRAC-Pore beiträgt. 

Es wird geschlussfolgert, dass LRRC8-Heteromere die porenbildenden Einheiten 

einer neuen Klasse von Ionenkanälen sind. Unsere Ergebnisse ebnen den Weg für die 

weitere Erforschung der physiologischen und pathophysiologischen Rollen sowie der 

Struktur-Funktionsbeziehung von VRACs. 
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1. INTRODUCTION 

1.1. Mechanisms of cellular volume regulation 

Metazoan cells, lacking a rigid cell wall, shrink or swell in response to anisotonic 

challenges since the lipid bilayer forming the cell membrane is permeable to water, which 

can therefore follow its concentration gradient. In most cells, dedicated water channels, 

the aquaporins, further increase water permeability and accelerate cell volume changes 

(Verkman, 2011).  

While the osmolarity of the extracellular fluids in multicellular organisms is 

generally tightly regulated to prevent excessive volume perturbations, some cells are 

exposed to extracellular osmotic challenges because of their localization, for example in 

the kidney medulla or the gastrointestinal tract. Furthermore, pathological states such as 

cerebral ischemia, diabetes, renal failure, congestive heart failure or hepatic cirrhosis 

may lead to changes in plasma ion concentrations and osmolarity. Under physiological 

conditions, cell volume challenges mostly originate from disturbances in intracellular 

osmolarity. These may arise during processes like epithelial transport, prolonged 

neuronal activity, or the breakdown of nutrients during metabolism. 

Cell volume alterations can be harmful for several reasons. Swelling is considered 

especially dangerous because it may lead to cell lysis. Bilayers formed from 

phospholipids typically found in cell membranes can only sustain an expansion of around 

3% before rupturing, leaving limited room for volume increase (Nichol and Hutter, 1996). 

However, cells generally have sufficient amounts of extra plasma membrane in the form 

of invaginations and intracellular reserves to increase their surface area several-fold in 

response to hypotonic challenges (Groulx et al., 2006). Thus, bursting is only observed 

upon extreme swelling. Lesser perturbations of cellular volume can be considered 

pathological for various other reasons. As the cytosol is crowded with macromolecules, 

even small changes in cellular water content drastically affect the concentration of 

cellular constituents, thus altering metabolic processes, protein folding, enzymatic 

activities and signaling pathways (Ellis, 2001). The cell shape, which is vital for the 

function of many specialized cell types, may be altered. In swelling cells, the 

cytoskeleton is mechanically stressed, affecting processes like vesicle trafficking, while 

shrinkage can disrupt cell-cell contacts. In multicellular organisms, widespread swelling 

or shrinkage can affect organ size and function as well as tissue integrity. Therefore, 

mechanisms to rapidly and accurately regulate cellular volume are paramount to the 

sustainability of all metazoan organisms. Elaborate molecular machineries have evolved 

to fulfill this task. 
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The regulatory processes that are activated in response to cell shrinkage or 

swelling are termed regulatory volume increase (RVI) and regulatory volume decrease 

(RVD), respectively. Both processes utilize existing concentration gradients for Na+, K+, 

Cl− and organic osmolytes through the activation of plasma membrane channels and 

transporters to quickly counteract osmotic imbalances (Hoffmann et al., 2009).  

Main players in RVI are Na+-K+-2Cl−-co-transporters (NKCCs), Na+/H+-exchangers 

of the NHE family and Na+-coupled osmolyte transporters (Figure 1). NKCCs use Na+ 

and Cl− concentration gradients to mediate the electroneutral uptake of K+. The steep 

Na+ gradient is also utilized for the uptake of organic substrates such as the 

physiologically important osmolyte taurine. NHEs mediate further electroneutral 

shrinkage-stimulated Na+ influx, while parallel exchange of intracellular HCO3
− for Cl− 

through anion exchangers (AEs) ensures the stability of the cytosolic pH. The osmolytes 

taken up through these mechanisms are then followed by water, causing an increase in 

volume (Hoffmann et al., 2009). 

As RVD cannot make use of the Na+ concentration gradient, it relies on the 

extrusion of KCl and intracellular organic osmolytes which are followed by water, leading 

to a volume reduction. The main effectors involved are K+ channels, K+-Cl−-co-

transporters (KCCs) and the volume-regulated anion channel (VRAC, Figure 1). KCCs 

couple efflux of K+ along its steep outward concentration gradient to Cl− extrusion, 

resulting in a net loss of KCl. Due to the high basal K+ conductance, K+ also leaves the 

cell in an uncoupled manner. However, the K+ efflux alone is limited since it 

hyperpolarizes the membrane potential, thereby quickly depleting its driving force. Since 

hyperpolarization drives chloride extrusion which in turn leads to depolarization, opening 

of VRAC balances the opposed electrical effects and allows rapid electroneutral loss of 

KCl. Thus, VRAC is the rate-limiting effector in RVD. In addition to its permeability for 

anions, VRAC is also thought to conduct small organic molecules like taurine, thereby 

further contributing to osmolyte extrusion. 

 

 

 

Figure 1 | Schematic overview of effectors in RVI and RVD 

See text for details. 
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1.2. The volume-regulated anion channel VRAC 

As discussed before, RVD as a tightly regulated process relies on a swelling-

activated Cl− conductance for electroneutral net loss of KCl. This conductance was first 

described in the late 1970s and early 1980s using microelectrodes and radioactive flux 

measurements (Grinstein et al., 1982; Hoffmann, 1978). Shortly after the advent of the 

patch clamp technique, the corresponding Cl− currents could first be recorded in T 

lymphocytes and Intestine 407 cells1 (Cahalan and Lewis, 1988; Hazama and Okada, 

1988). Its ubiquitous expression and easy experimental accessibility led to a surge of 

interest in this characteristic current, termed ICl,swell or ICl,vol for swelling- or volume-

activated Cl− current, in the 1990s. ICl,vol exhibited very similar properties in diverse cell 

types, suggesting that it is mediated by a distinct channel type termed VRAC. However, 

despite major efforts the underlying channel protein(s) could not be identified thus far.  

Here, the literature on basic properties of VRAC, including its electrophysiological 

fingerprint, pharmacology, mechanisms of activation and proposed roles in physiological 

and pathophysiological processes will be summarized. Furthermore, the long search for 

proteins underlying VRAC and obstacles on the way to its final identification will be 

reviewed. 

1.2.1. Biophysical properties 

Several Cl− channels have been described to be sensitive to changes in cell 

volume. These include bestrophins (Fischmeister and Hartzell, 2005) and CLC family 

channels like ClC-2 (Gründer et al., 1992). Members of the anoctamin/TMEM16 family of 

Ca2+-activated Cl− channels have also been referred to as swelling-activated chloride 

channels by others (Kunzelmann, 2015). Whereas anoctamins may indeed be activated 

indirectly through a swelling-induced raise in [Ca2+]i, it is important to distinguish them 

and other swelling-sensitive Cl− channels from VRAC. The term VRAC strictly refers to 

the channel mediating ICl,vol, a current defined by characteristics which differ notably from 

those of currents mediated by other anion channels. 

ICl,vol shows no or only little activity under basal conditions and is slowly activated 

by hypotonic swelling (Figure 2A-C), decreases in intracellular ionic strength or several 

isovolumic stimuli which will be discussed in depth in section 1.2.3. Currents mediated by 

VRAC are weakly outwardly rectifying (Figure 2A,C,D), hence its alternative name 

volume-sensitive outwardly rectifying (VSOR) anion channel (Akita and Okada, 2014; 

                                                 
1 It is now known that Intestine 407 cells were actually derived from a HeLa contamination and are 

thus authentic HeLa cells. There is no evidence that they contain genetic information from any 

other cell type (Masters, 2002). 

 



Introduction 

4 

Okada, 1997). This is in stark contrast to other anion channels like the inwardly rectifying 

ClC-2 (Gründer et al., 1992), bestrophins with a linear I-V-relationship (Hartzell et al., 

2008) or anoctamins with a steep outward rectification at low [Ca2+]i and linearity at high 

[Ca2+]i (Grubb et al., 2013; Juul et al., 2014; Pifferi et al., 2009; Schroeder et al., 2008). 

 

 

 

Figure 2 | Properties of the swelling-activated anion current ICl,vol 

(A) Time course of the activation of ICl,vol upon perfusion of a HEK293 cell patched in the whole-
cell configuration with hypotonic saline as indicated. Maximal and minimal currents elicited by a 
2.6-s voltage ramp from −100 to 100 mV are plotted. (B) Activation of ICl,vol is accompanied by 
visible cell swelling. (C) Ramp currents at the indicated time points in A. Note the mild outward 
rectification of ICl,vol. (D) Currents from the same cell elicited by the voltage protocol shown above. 
Note the pronounced inactivation at potentials >80 mV. The dashed line indicates zero current. 

 

Another property that is exclusive for VRAC among anion channels is its 

pronounced inactivation at cytosol-positive potentials (Figure 2D), which will be 

discussed in more detail in section 1.2.1.2. In contrast, ClC-2, bestrophins and 

anoctamins do not inactivate (Grubb et al., 2013; Hartzell et al., 2008; Makara et al., 

2003; Pifferi et al., 2009; Schroeder et al., 2008). A further characteristic of VRAC is its 

virtual exclusion of cations and its I− > Br− > Cl− anion selectivity sequence (Okada, 

1997), which will be discussed in depth in the next section. While some anion channels, 

including bestrophins and anoctamins share the characteristic I− > Br− > Cl− selectivity 

(Hartzell et al., 2008; Huang et al., 2012), others are distinct in this respect: CFTR 

exhibits Br− > Cl− > I− selectivity and Cl− > Br− > I− selectivity is characteristic for CLC 

family channels (Jentsch, 2015; Sheppard and Welsh, 1999).  
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1.2.1.1. Permeation properties 

A negligible cation permeability (PNa/K/PCl > 0.05) was found for ICl,vol in several 

different cell lines, suggesting that VRAC currents accessible to electrophysiological 

techniques are carried almost exclusively by anions (Gosling et al., 1995; Kubo and 

Okada, 1992; Lewis et al., 1993; Meyer and Korbmacher, 1996; Worrell et al., 1989). As 

determined from shifts in the reversal potential of ICl,vol upon anion substitution, the 

permeability sequence among halides is as follows: I− > NO3
− > Br− > Cl− > F− (Akita and 

Okada, 2014; Nilius and Droogmans, 2003; Nilius et al., 1997). Thus, VRAC prefers 

larger anions over smaller ones. This sequence corresponds to an Eisenmann type I 

sequence as observed in channels with low affinity binding sites, where the dehydration 

of ions required for pore entry is the rate-limiting step of permeation (Eisenman, 1961). 

Such a weak discrimination among halides suggests that VRAC might be permeable for 

larger anions or even uncharged substrates. 

Indeed, VRAC has been proposed to conduct small organic osmolytes known to 

be released during RVD alongside chloride in many cell types, hence its alternative 

name VSOAC (volume-stimulated organic osmolyte/anion channel; Strange and 

Jackson, 1995). Possible substrates include amino acids and their derivatives (e.g., 

aspartate, glycine, taurine), polyols (e.g., myo-inositol) and methylamines (e.g., 

ethanolamine). Several groups have shown that these substances can leave the cell 

through a swelling-activated pathway and that time courses and pharmacological profiles 

of ICl,vol and the swelling-activated organic osmolyte efflux overlap closely (Hall et al., 

1996; Jackson and Strange, 1993; Kirk and Kirk, 1993; Manolopoulos et al., 1997a; 

Sánchez-Olea et al., 1996). More direct evidence for VRAC conducting organic 

osmolytes came from bi-ionic selectivity measurements in the whole-cell patch clamp 

configuration, where significant currents for glycine, gluconate, aspartate, glutamate and 

anionic taurine could be recorded, yielding relative permeabilities (PX/PCl) between 0.1 

and 0.6 (Boese et al., 1996a; Jackson and Strange, 1993; Jackson et al., 1996; Kirk and 

Strange, 1998; Manolopoulos et al., 1997a; Roy, 1995). Other reports, however, 

presented contradictory findings arguing for an organic osmolyte efflux pathway different 

from VRAC/VSOAC (Lambert and Hoffmann, 1994; Shennan et al., 1994; Stutzin et al., 

1999), igniting a debate that is still ongoing (Hoffmann et al., 2009; Shennan, 2008).  

Moreover, there is evidence that VRAC conducts ATP (Blum et al., 2010; Burow et 

al., 2015; Hisadome et al., 2002; Koyama et al., 2001) and the antioxidative tripeptide 

glutathione (Sabirov et al., 2013). Bicarbonate (HCO3
−), physiologically important as part 

of the pH buffering system in the body, was shown to permeate the channel as well 

(Nilius et al., 1998; Verdon et al., 1995). Finally, a decrease in water permeability upon 

pharmacological inhibition of ICl,vol suggested that VRAC also transports water and may 
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thus complement aquaporins as the major pathway for physiological water fluxes (Nilius, 

2004). 

The well described permeability sequence quantitatively deduced from shifts in 

reversal potentials in bi-ionic measurements (Figure 3A) has been used to estimate the 

pore size of VRAC (Nilius et al., 1999a). Fitting the PX/PCl of a range of different anions 

(X) permeating VRAC to their Stoke’s diameter yielded a pore diameter of 1.1 nm (Figure 

3B). Calixarenes, organic cyclic oligomers of distinctive molecular sizes, have been used 

to further probe the pore diameter and geometry of VRAC. Whereas 4-sulphonic-

calix[4]arene permeated VRAC, the slightly larger 4-sulphonic-calix[6]arene only exerted 

a voltage-dependent blocking effect (Droogmans et al., 1998, 1999). Thus, the VRAC 

pore was estimated to measure approximately 1.1 x 1.7 nm, compatible with the 

passage of large substrates such as amino acids or ATP. Another study, using differently 

sized polyethylene glycols to probe the VRAC pore, arrived at an estimated pore 

diameter of 1.26 nm (Ternovsky et al., 2004). 

 

 

Figure 3 | Permeation properties of VRAC 

(A) Permeability ratios calculated from the shifts in Erev upon substitution of Cl− with the indicated 
anions (asp, aspartate; glu, glutamate; gluc, gluconate; lact, lactate; taur, taurine; gly, glycine; 
HCO3

−, bicarbonate; SCN−, thiocyanate). (B) Stoke’s diameters of the anions used for Cl− 
substitution plotted against their permeability relative to Cl−. The diameter of the open VRAC pore 
was estimated from the excluded volume model (blue line). Figure and caption is modified from 
Nilius and Droogmans, 2003. For experimental details, also see Nilius et al., 1999a. 

 

1.2.1.2. Voltage-dependent properties 

One of the most striking properties of ICl,vol is its characteristic current inactivation 

(Akita and Okada, 2014; Nilius et al., 1997; Okada, 1997). At inside-positive potentials 

above a certain threshold that differs between cell lines and tissues, VRAC currents 

decrease slowly. More positive voltages accelerate the current decay, which saturates on 
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a timescale of tens of milliseconds at sufficiently strong depolarizations. Inactivation is 

not complete but rather saturates at around 10–20% of the initial peak current. However, 

the remaining current might at least partially differ from ICl,vol since swelling also activates 

leak currents that are especially prominent at highly depolarized voltages where 

inactivation is most pronounced. The time course of inactivation could be fitted by double 

exponentials in some (Jackson and Strange, 1995a; Voets et al., 1997a), but not all cell 

types (Voss et al., 2014), suggesting a kinetically complex process. Negative potentials 

facilitate recovery from inactivation which occurs more rapidly at more hyperpolarized 

potentials (Nilius et al., 1997; Okada, 1997). Steady state inactivation, a process 

observed in some voltage-gated channels, has been reported for ICl,vol (Braun and 

Schulman, 1996), but was later found to be an artifact caused by insufficient recovery 

periods in the voltage clamp protocol used (Voets et al., 1997a).  

 

 

 

Figure 4 | Voltage-dependent inactivation of ICl,vol 

ICl,vol was evoked in different cell types by hypotonic swelling in the whole-cell patch clamp 
configuration. Currents in response to the voltage clamp protocol shown above were recorded 
under identical conditions. The dashed lines indicate zero current. Note the pronounced 
inactivation in HEK293 and HCT116 cells, which is almost absent in KBM7 cells. KBM7 cells have 
been classified as non-inactivating in Table 1 since weak inactivation only becomes apparent at 
120 mV, a voltage only rarely used in the other reports. 

 

As mentioned before, inactivation can differ drastically when comparing ICl,vol from 

different cells types. In Table 1, results from an in-depth review of the literature 

describing ICl,vol in different cell lines or tissues are shown. Generally, ICl,vol inactivation is 

observed in most cell types. Epithelial cells show pronounced fast inactivation that is 

often already evident at around 40–50 mV. ICl,vol of neuronal and endothelial cells also 

inactivates, albeit with significantly slower kinetics and at more depolarized voltages. 

Currents from blood cells, skate hepatocytes and some glial cells did not inactivate at 

voltages up to 100 mV. It has been discussed whether VRAC in these cells is really 

entirely non-inactivating or if the threshold voltage for inactivation is simply higher 
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(Okada, 1997). It has to be noted, however, that recording conditions, voltage clamp 

protocols and factors like cell size, current amplitude, series resistance, space clamp, or 

the size of confounding background currents may have differed drastically between 

reports.  

 

Table 1 | ICl,vol inactivation kinetics in different cell lines and tissues  

Inactivation kinetics of ICl,vol were compared between several studies containing appropriate 
current traces. Currents were classified as non-inactivating if no inactivation was obvious at 
voltages ≥80 mV. Only studies using intracellular ATP and permissive intracellular Ca2+ 
concentrations were considered. 

Cells Origin Type Inactivation References 

HCT116 human, colon epithelial very fast (Voss et al., 2014) 

T84  human, colon epithelial very fast (Worrell et al., 1989) 

HeLa human, cervical cancer epithelial fast (Shimizu et al., 2004) 

Intestine 407 human, identical to HeLa epithelial fast (Kubo and Okada, 1992) 

HEK293 human, embryonic kidney epithelial fast (Ando-Akatsuka et al., 2002; 
Hernández-Carballo et al., 
2010) 

IMCD rat, inner meduallary 
collecting duct 

epithelial fast (Boese et al., 1996b) 

ROS 17/2.8 rat, osteosarcoma osteoblast-like fast (Gosling et al., 1995) 

C6 cells rat, glioma neuronal fast (Solc and Wine, 1991) 

cortical neurons mouse, cortex, primary 
culture 

neuronal slow (Inoue and Okada, 2007; 
Inoue et al., 2005) 

hypothalamic 
neurons 

rat, arginine-vasopressin 
neurons (AVN), primary 
culture 

neuronal slow (Sato et al., 2011) 

sympathetic 
neurons 

rat, superior cervical 
ganglia, isolated 

neuronal slow (Leaney et al., 1997) 

parotid acinar 
cells 

rat, parotid glands, 
dissociated 

exocrine slow (Arreola et al., 1995) 

umbilical vein 
endothelial cells 

human, primary culture endothelial slow (Nilius et al., 1994a) 

pulmonary artery 
endothelial cells  

bovine, primary culture endothelial very slow (Szücs et al., 1996a) 

artery smooth 
muscle cells 

canine, primary culture smooth muscle very slow (Wang et al., 2004) 

astrocytes mouse, cortical, primary 
culture 

glial very slow (Akita and Okada, 2011; 
Akita et al., 2011; Liu et al., 
2009) 

microglia rat, primary culture glial absent (Ducharme et al., 2007; 
Schlichter et al., 2011) 

hepatocytes skate, primary culture hepatocyte absent (Jackson et al., 1996) 

neutrophils human, primary culture hematocyte absent (Stoddard et al., 1993) 

KBM7 human, chronic 
myelogenous leukemia 

hematocyte absent (Planells-Cases et al., 2015) 

HL-60 human, promyelocytic 
leukemia 

hematocyte absent (Hernández-Carballo et al., 
2010) 

T-lymphocytes human, primary culture hematocyte absent (Schumacher et al., 1995) 

T/B-lymphocytes mouse, primary culture hematocyte absent (Lewis et al., 1993) 
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To explain the pronounced differences between reported inactivation kinetics, it 

has been proposed that VRACs might be composed of distinct isoforms in different cell 

types (Nilius et al., 1997). Yet, it is also conceivable that ICl,vol inactivation is completely or 

partially determined by environmental differences, such as membrane lipid distribution, 

cytoskeleton integrity or composition of extracellular and intracellular solutions. Indeed, 

several factors that impact inactivation kinetics have been described. 

High concentrations of divalent cations in the extracellular bath solution facilitated 

inactivation with their efficacy decreasing in the order Mg2+ > Ca2+ > Sr2+ > Ba2+ 

(Anderson et al., 1995; Braun and Schulman, 1996; Voets et al., 1997a). A mechanism 

has been proposed in which the influx of Cl− at depolarized potentials forces bivalent 

cations into a blocking site within the pore (Anderson et al., 1995). However, this seems 

unlikely as it would require movement of cations against a strong electrochemical 

gradient (Nilius et al., 1997; Okada, 1997). It was alternatively suggested that bivalent 

cations may bind to extracellular sites on the channel protein thereby altering its gating 

properties (Nilius et al., 1997). More acidic extracellular pH also sped up ICl,vol inactivation 

as observed in several cell lines (Hernández-Carballo et al., 2010; Jackson and Strange, 

1995a; Voets et al., 1997a). Low pH has been proposed to act in a similar fashion as 

bivalent cations by protonation of extracellular site(s) on VRAC (Hernández-Carballo et 

al., 2010; Nilius et al., 1997; Voets et al., 1997a). 

Another factor influencing ICl,vol inactivation is the concentration and nature of 

permeant anions. It has been shown that reduction of extracellular Cl− accelerates 

inactivation (Voets et al., 1997a). Furthermore, anion substitution led to a facilitation of 

inactivation in the case of less permeant anions (gluconate) and a slower inactivation in 

the case of more permeant anions (SCN−, I−, NO3
−), with the extent of the respective 

effects closely following the permeability sequence of ICl,vol for these anions (Voets et al., 

1997a). Similar observations have also been made by others (Braun and Schulman, 

1996; Hernández-Carballo et al., 2010; Meyer and Korbmacher, 1996). Thus, VRAC 

seems to be less prone to inactivation the more permeation events take place. This 

hypothesis is further supported by the effect of channel blockers, many of which 

accelerate inactivation and shift its voltage-dependence to less positive potentials 

(Gosling et al., 1995; Kubo and Okada, 1992; Meyer and Korbmacher, 1996; Voets et 

al., 1997a). However, there are exceptions: ATP, which blocks ICl,vol in a voltage-

dependent manner, almost completely prevented inactivation in the remaining current 

(Jackson and Strange, 1995a; Tsumura et al., 1996). 

In conclusion, multiple factors including pH and the ion composition of intra- and 

extracellular solutions alter ICl,vol inactivation. The voltage clamp protocol is also of high 

importance, as short hyperpolarizing pre-pulses will recover VRACs already inactivated 
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by prior depolarizations and investigators not using such pre-pulses might severely 

underestimate inactivation (Gosling et al., 1995). The large dependence of inactivation 

on experimental parameters is illustrated by an example which Yasunobu Okada 

described in his 1997 review on VRAC: Several groups have reported very different 

inactivation kinetics of ICl,vol in B lymphocytes, yielding threshold voltages of 50 mV 

(McDonald et al., 1992), 70 mV (Kitano et al., 1992) and 80 mV (Levitan and Garber, 

1995), while another group found non-inactivating currents up to 100 mV (Lewis et al., 

1993). Thus, care should be taken when considering the results shown in Table 1. 

Notwithstanding, there are major differences in inactivation kinetics between different cell 

types that cannot solely be explained by differences in experimental conditions and thus 

hint at a natural diversity of VRACs. 

1.2.1.3. Single channel properties 

VRAC single channel recordings have proven difficult for several reasons. First, 

channels must be activated in sufficient quantity by cell swelling. Several groups have 

succeeded in recording single VRACs in cell-attached patches made on swollen cells 

(Jackson and Strange, 1995a; Voets et al., 1997a), but no active channels were detected 

when cells were not pre-swollen, but swollen after on-cell patches had been established 

(Akita and Okada, 2014). Furthermore, pre-swelling does not activate VRAC sufficiently 

to be detected at a high enough frequency in on-cell patches in many cell types, even 

when VRAC activation in the whole-cell configuration is appreciable (unpublished 

observation). These problems, together with the poor voltage control in the cell-attached 

configuration, could be overcome by double-patch recordings, in which a cell is first 

patched in the whole-cell configuration, swollen and again patched on-cell with a second 

electrode (Inoue et al., 2005; Okada et al., 1994). The cytosolic composition is clamped 

via dialysis from the pipette solution and VRAC activation can be confirmed through 

observation of whole-cell currents. The membrane voltage of the on-cell patch can also 

be conveniently controlled through the whole-cell patch electrode. Whereas this 

approach increases the quality of recordings and the probability to observe VRAC 

activity in a given patch, on-cell patch stability is a major issue. Thus, it is not surprising 

that only few groups have ever succeeded in performing such recordings. 

Another major obstacle that many studies fail to overcome is the convincing 

confirmation of recorded single channel events as VRAC-dependent. Because the 

molecular identity of VRAC remained enigmatic, it could neither be overexpressed nor 

knocked down. Thus, single channel approaches had to rely on endogenous currents 

which are very prone to contamination by other conductances such as Ca2+-activated Cl− 

channels, the maxi-anion channel, or even cation channels. Since VRAC rapidly runs 

down in excised patches from most cells, it is not well accessible to perfusion techniques 
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required for the confirmation of the pharmacological profile and ion selectivity of the 

single channel currents (Akita and Okada, 2014).  

Notwithstanding these difficulties, some studies stand out by providing compelling 

evidence that the presented single channel activities are indeed mediated by VRAC. 

Jackson and Strange were able to observe a ‘flickering block’ of single channels in 

outside-out patches by extracellular ATP at inside-positive potentials, as predicted from 

the voltage-dependent block it exerted on macroscopic VRAC currents (Jackson and 

Strange, 1995a). Furthermore, Voets et al., and also Jackson and Strange could show 

that ensemble currents from several jumps upon steps to inside-positive potentials 

exhibited similar inactivation kinetics as whole-cell ICl,vol (Figure 5A), and single channels 

recovered at inside-negative potentials as is characteristic for VRAC (Figure 5B; Strange 

and Jackson, 1995; Voets et al., 1997a).  

 

 

 

Figure 5 | Single channel properties of VRAC 

(A) Swelling-activated currents of a BC3H1 myoblast cell upon a voltage step from −80 to 120 mV. 
Dashed lines indicate zero current. Note the inactivation. Bottom traces are single channel 
currents from an outside-out patch obtained from the same cell using the same voltage protocol 
(B) Current from the same cell as in A, in response to a step from 80 to −100 mV. Bottom traces 
are corresponding single channel recordings after patch excision. (C) Amplitude histograms from 
single channel openings in an outside-out patch pulled from a swollen cell which was held at 
−80 mV and stepped to 120 mV. The histogram was fitted by four Gaussian functions. The single 
channel amplitude was approximately 5 pA. Plotted below is the entire single channel current-
voltage relationship from those experiments (BC3H1 cells). Figure and caption is modified from 
Nilius and Droogmans, 2003. For experimental details, also see Voets et al., 1997a. 

 



Introduction 

12 

The few high-quality papers on this topic converge on a VRAC single channel 

conductance of 50–80 pS at positive and 10–20 pS at negative membrane potentials 

(Jackson and Strange, 1995a; Nilius et al., 1997; Okada et al., 1994; Voets et al., 

1997a). This puts the channel in the intermediate conductance range and further 

distinguishes it from other chloride channels such as bestrophins (2–8 pS, Hartzell et al., 

2008), anoctamins (3–4 pS, Adomaviciene et al., 2013), ClCs (<1–40 pS, Jentsch, 2008, 

2015), or CFTR (6–10 pS, Sheppard and Welsh, 1999). The rectification of the single 

channel currents resembles that of the macroscopic currents which implies that the mild 

voltage-dependence of VRAC is a property of its pore and not the result of a voltage-

dependent gating mechanism (Figure 5C). As mentioned above, inactivation and 

subsequent recovery of single channels was observed for swelling-activated currents by 

several groups (Jackson and Strange, 1995a; Okada et al., 1994; Voets et al., 1997a). 

Thus, inactivation of macroscopic VRAC currents seems to reflect a reduction in single 

channel open probability over time.  

The results from direct single channel measurements were further corroborated by 

non-stationary noise analysis of currents from whole-cell and outside-out patches from 

C6 glioma cells, where the unitary conductance was estimated at 55 pS (Jackson and 

Strange, 1995b). However, stationary noise analysis of the same currents yielded a 

unitary conductance of just 1 pS. The stationary variation of the noise analysis method 

relies on the assumption that channel activation occurs in the form of a graded increase 

in the open probability of a fixed number of channels with a fixed unitary conductance. 

The authors concluded that this must not be the case for VRAC, hence the severe 

underestimation of unitary conductance. They rather proposed that VRACs must activate 

by an increase of the number of active channels with a constantly high open probability 

(Jackson and Strange, 1995b).  

1.2.2. Pharmacological properties 

Another attribute frequently used to distinguish ICl,vol from other currents and to 

study its physiological role is its characteristic pharmacological profile. However, no 

specific inhibitor of VRAC is known as of yet, severely hampering these approaches.  

One of the more specific agents is the ethacrynic-acid derivative DCPIB (4-(2-

butyl-6,7-dichlor-2-cyclopentyl-indan-1-on-5-yl) oxybutyric acid), which potently inhibited 

ICl,vol in several cell lines and tissues at low micromolar concentrations, while not affecting 

other major Cl− currents (Abdullaev et al., 2006; Akita et al., 2011; Decher et al., 2001; 

Harrigan et al., 2008; Liu et al., 2009; Schlichter et al., 2011). Yet, blocking effects of 

DCPIB on connexin hemichannels, the glutamate transporter GLT-1 (Bowens et al., 

2013) and the gastric H+,K+-ATPase (Fujii et al., 2015) as well as an enhancement of 

TREK-mediated K+ currents by DCPIB have been reported (Minieri et al., 2013). 
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NS3728, an acidic di-aryl urea, was described as a rather potent and specific 

inhibitor of ICl,vol (Hélix et al., 2003; Klausen et al., 2007; Pedersen et al., 2015). However, 

it also inhibited Ca2+-activated chloride currents (Klausen et al., 2007; Sauter et al., 

2015).  

The natural bisphenol phloretin has also been shown to be relatively selective for 

VRAC, inhibiting it in epithelial cells, neurons and astrocytes at micromolar 

concentrations while leaving Ca2+-activated Cl− currents unaffected (Abdullaev et al., 

2006; Fan et al., 2001; Inoue et al., 2005). Yet, phloretin also affects several other 

transporters, cation channels and aquaporins (Fan et al., 2001). 

The steroid derivative carbenoxolone is widely used as an experimental blocker of 

gap junctions as well as connexin and pannexin hemichannels (Bruzzone et al., 2005; 

Juszczak and Swiergiel, 2009), but it has also been reported to block ICl,vol (Akita and 

Okada, 2014; Benfenati et al.; Ye et al., 2009). Carbenoxolone is also applied clinically 

for the treatment of gastric ulcers and other types of inflammation since it potently inhibits 

11β-hydroxysteroid dehydrogenase, an enzyme involved in glucocorticoid metabolism 

(Connors, 2012). 

Another drug in frequent clinical use that also blocks ICl,vol is the common 

antidepressant fluoxetine (also known by the trade name Prozac), a selective serotonin-

reuptake inhibitor. It inhibited VRAC in a reversible, pH-dependent manner but was 

rather unspecific amongst anion channels as it also affected Ca2+-activated Cl− currents 

and CFTR (Maertens et al., 1999). 

Interestingly, the estrogen receptor agonist/antagonist tamoxifen exerted cell type 

specific effects (Okada, 1997). On one hand, it produced potent block of ICl,vol in, 

amongst others, fibroblasts (Ehring et al., 1994), astrocytes (Abdullaev et al., 2006; Liu 

et al., 2009), macrophages (Burow et al., 2015), cardiac (Duan et al., 1997a; 

Vandenberg et al., 1994), endothelial (Nilius et al., 1994b), epithelial (Hélix et al., 2003), 

kidney collecting duct (Meyer and Korbmacher, 1996), pancreatic duct (Verdon et al., 

1995), as well as eye and lens-derived cells (Wu et al., 1996; Zhang and Jacob, 1996; 

Zhang et al., 1994). On the other hand, no or only little block could be observed in 

neurons of the central nervous system or neuron-derived cells (Harvey et al., 2010; 

Inoue and Okada, 2007; Inoue et al., 2005; Zhang et al., 2011). Furthermore, tamoxifen 

also affected voltage-gated K+ and Na+ channels (Dick et al., 2001; Smitherman and 

Sontheimer, 2001). Tamoxifen, as well as 1,9-dideoxyforskolin, verapamil, nifedipine and 

quinidine block both, ICl,vol and P-glycoprotein-mediated drug transport with similar 

potencies, leading to the proposal of P-glycoprotein as a component of VRAC, which will 

be discussed further in 1.2.5 (Gill et al., 1992; Mintenig et al., 1993; Valverde et al., 

1992, 1993). 
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VRAC is also inhibited by conventional non-specific anion channel blockers such 

as DIDS (4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid), DBDS (4,4'-dibenzamido-2,2'- 

stilbenedisulfonic acid), DNDS (4,4′-diamino-2,2′-stilbenedisulfonic acid), and SITS (4-

acetamido-4’-isothio-cyanato-2,2’-stilbenedisulfonic acid), which exert a voltage-

dependent block (Jentsch et al., 2002; Nilius et al., 1997; Okada, 1997). Differences in 

DIDS-sensitivity for ICl,vol and swelling-induced taurine fluxes have been described 

(Lambert and Hoffmann, 1994; Pedersen et al., 1998). Other unspecific anion channel 

inhibitors, including NPPB (5-nitro-2-(3-phenylpropylamino)benzoic acid), IAA-94 

(indanyloxy acetic acid 94) and NFA (niflumic acid) gave low-affinity blocking effects that 

were voltage-independent (Akita and Okada, 2014; Nilius et al., 1997). Notably, NFA can 

be used at low concentrations (around 100 µM), where it potently inhibits Ca2+-activated 

Cl− currents but does not affect ICl,vol, to discern these ubiquitous currents (Abdullaev et 

al., 2006; Pedersen et al., 1998). Other anion channel or transporter blockers that also 

affect VRAC are NPA (N-phenylanthracillic acid), DPC (diphenylamine-2-carboxylate), 

MK-196 (3’,5-dichlorodiphenylaminocarboxy acid), gossypol, MK-447 (2-aminomethyl-4-

t-butyl-6-iodophenol hydrochloride), and furosemide (Nilius et al., 1997; Okada, 1997). 

Extracellular ATP in the Mg2+-free form inhibited ICl,vol in a voltage-dependent 

manner (Jackson and Strange, 1995a; Nilius et al., 1994a; Tsumura et al., 1996). 

Flickering observed in outside-out patches upon ATP addition suggested an open-

channel block mechanism (Jackson and Strange, 1995a). 

Surprisingly, the alkaloids quinine and quinidine, which have been shown to block 

K+ channels (Grinstein and Foskett, 1990) also potently inhibited ICl,vol in a pH-dependent 

manner, suggesting that the uncharged form of these compounds is the active one 

(Voets et al., 1996a). 

The polyunsaturated fatty acid arachidonic acid, which is present in part of the 

phospholipids of cell membranes and also serves as a lipid second messenger, has 

been found to be a potent blocker of ICl,vol (Gosling et al., 1996; Kubo and Okada, 1992; 

Nilius et al., 1994b). Furthermore, inhibitors of enzymes involved in phospholipid 

breakdown, such as phospholipase A2 or lipoxygenases have been demonstrated to 

inhibit VRAC (Fatherazi et al., 1994; Gosling et al., 1996; Nilius et al., 1994a). 

1.2.3. Mechanisms of activation and regulation 

The mechanism by which VRAC opens in response to hypotonic swelling remains 

largely enigmatic. A multitude of stimuli, signaling pathways, second messengers and 

modulators have been found to influence or induce VRAC activation to some extent, the 

most prominent of which will be discussed in this section. However, only few of these 

could be convincingly shown to be universally required for ICl,vol. It has to be assumed 

that many others are either artifacts or cell type specific regulation mechanisms of often 



Introduction 

   15 

questionable physiological relevance (Akita and Okada, 2014; Pedersen et al., 2015). 

Generally, VRAC seems to be very sensitive to many kinds of manipulations of the 

cellular homeostasis, including overexpression of unrelated proteins, activation of 

growth- or apoptosis-related signaling pathways, changes in the growth substrate or 

increases in metabolic activity. This sensitivity may have led to the great variety of 

published mechanisms of activation or regulation of VRAC and the many wrong 

molecular candidates (see section 1.2.5).  

One of the central questions is if VRAC itself is able to sense volume changes or 

accompanying phenomena or if it relies on an extrinsic sensor which could be coupled to 

the channel either directly or via a signal transduction cascade. The current knowledge 

about ICl,vol activation, which will be outlined in some detail below, is compatible with both 

mechanisms and further research is required to identify a common activation mechanism 

for VRAC. 

INTRACELLULAR IONIC STRENGTH. The notion of a ‘volume regulated’ channel has 

been challenged because it was shown that VRAC can be activated isovolumically by a 

reduction in intracellular ionic strength (Cannon et al., 1998; Nilius et al., 1998; Sabirov 

et al., 2000; Voets et al., 1999). ICl,vol amplitudes and the time course of activation 

correlated better with ionic strength than with cell volume, and swelling induced by a 

hypertonic intracellular solution of high ionic strength even inhibited VRAC (Voets et al., 

1999). Furthermore, single VRACs could be activated in on-cell patches when cells were 

permeabilized and ionic strength was subsequently reduced, demonstrating a direct 

relationship between VRAC gating and intracellular ionic strength (Sabirov et al., 2000). 

It was thus concluded that VRAC activation is not triggered directly by cell volume 

changes, but indirectly by the resulting changes in ion concentrations. 

MECHANICAL STRETCH OR TENSION. Mechanical activation of VRAC through 

membrane stretch or shear stress has been discussed (Nilius and Droogmans, 2001; 

Nilius et al., 1997; Okada, 1997). Notably, ICl,vol could be induced by application of 

positive pressure through the patch pipette (Hagiwara et al., 1992; Lewis et al., 1993; 

Nilius et al., 1994a; Zhang and Jacob, 1997). However, it has been argued that osmotic 

swelling might not actually induce membrane stretch, as cells have great amounts of 

membrane invaginations which may unfold during volume increase (Okada, 1997). Direct 

shear stress activated small Cl− currents in endothelial cells, but no hallmarks of ICl,vol 

were reported for them and sensitivity to low concentrations of niflumic acid rather 

indicates that they may be mediated by calcium-activated chloride channels (Barakat et 

al., 1999; Nakao et al., 1999). Another study provided evidence that VRAC is not directly 

activated by shear stress, but that shear stress enhances VRAC activation induced by 

osmotic challenges in a biphasic manner (Romanenko et al., 2002). 
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INTRACELLULAR ATP. Activation of ICl,vol depends on the presence of intracellular 

ATP at physiological concentrations (Jackson et al., 1994; Oike et al., 1994; Oiki et al., 

1994). Hydrolysis of ATP is probably not required for ICl,vol, since substitution for the non-

hydrolysable homologues ATPγS, AMP-PNP and AMP-PCP, as well as ADP and GTP 

still permitted its activation (Jackson et al., 1994; Oike et al., 1994). The Mg-bound form 

of ATP, however, was not sufficient for VRAC activation and high intracellular 

concentrations of free Mg2+ inhibited the current, probably by binding to free ATP (Oiki et 

al., 1994). It has been proposed that the ATP-dependence might prevent the loss of 

osmolytes through VRAC in energy-deprived cells (Nilius et al., 1997). 

AUTOCRINE AND PARACRINE SIGNALING. An early study proposed that cell swelling 

causes release of ATP and that the subsequent autocrine activation of purinergic P2Y 

receptors is an obligatory step in the signaling cascade leading to the opening of VRAC 

(Wang et al., 1996). While such a non-permissive role of ATP release in VRAC activation 

could not be confirmed (Okada et al., 2001), numerous following studies provided 

evidence that stimulation of P2Y receptors in astrocytes leads to a limited isovolumic 

activation of VRAC (Akita et al., 2011; Darby et al., 2003; Mongin and Kimelberg, 2005; 

Takano et al., 2005). Moreover, signaling through several other G-protein-coupled 

receptors has been shown to similarly activate astrocytic VRAC (Fisher et al., 2008, 

2010; Franco et al., 2008).  

INTRACELLULAR CALCIUM AND EXOCYTOSIS. Whereas cell swelling is often 

accompanied by a rise in [Ca2+]i, ICl,vol is generally assumed not to be Ca2+-dependent in 

the classical sense (Kubo and Okada, 1992; Nilius et al., 1994a, 1997; Strange et al., 

1996). However, similar to the ATP dependence, full activation of ICl,vol required 

permissive Ca2+ concentrations in endothelial cells (≥50 nM free Ca2+) while higher 

concentrations did not affect the current (Nilius et al., 1997; Szücs et al., 1996b). Yet, 

others reported that ICl,vol could still be elicited when intracellular Ca2+ was chelated by 

large amounts of BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid, 

Kubo and Okada, 1992). The possible requirement of permissive amounts of Ca2+ has 

been invoked as an argument for a previously proposed mechanism of VRAC activation, 

in which active channels reside in intracellular vesicles which fuse with the plasma 

membrane (a Ca2+-dependent process) only upon cell swelling (Jackson and Strange, 

1995a; Strange et al., 1996). This would fit to the observation that single channels 

apparently do not activate through a gradual increase in open probability, but rather an 

increase in the number of active channels (see section 1.2.1.3). Such a mechanism 

would require that the membrane capacitance increases during ICl,vol activation because 

of the increase in plasma membrane surface upon exocytic insertion of vesicle 
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membranes. However, no capacitance increase coinciding with ICl,vol activation has been 

observed (Graf et al., 1995; Heinke et al., 1997; Ross et al., 1994). 

PROTEIN PHOSPHORYLATION. Various reports linked tyrosine phosphorylation upon 

hypotonic challenges to the activation of VRAC. The tyrosine kinase inhibitors genistein, 

tyrphostin B46 and tyrphostin A25 prevented VRAC activation (Bryan-Sisneros et al., 

2000; Sorota, 1995; Tilly et al., 1993; Voets et al., 1998), while the tyrosine phosphatase 

inhibitors Na3VO4 and dephostatin potentiated it (Tilly et al., 1993; Voets et al., 1998). 

Swelling also led to an increase in protein tyrosine phosphorylation in cardiac myocytes, 

which was not blocked by any pharmacological agent except for tyrosine kinase 

inhibitors (Sadoshima et al., 1996). Since tyrosine phosphorylation was the first 

detectable reaction to swelling it was hypothesized that it might happen upstream of 

VRAC activation (Nilius et al., 1997; Sadoshima et al., 1996; Tilly et al., 1993). However, 

it remains unknown if the target of tyrosine phosphorylation is another upstream 

regulator or VRAC itself (Nilius and Droogmans, 2003). While it is also not yet clear 

which tyrosine kinase is specifically responsible for the hypotonicity-induced 

phosphorylation, evidence has pointed towards the Src family (Lepple-Wienhues et al., 

1998). 

GTP-BINDING PROTEINS. VRAC could be activated by intracellular GTPγS, a non-

hydrolysable GTP analog, even in the absence of cell volume perturbations 

(Doroshenko, 1991; Doroshenko and Neher, 1992; Mitchell et al., 1997; Nilius et al., 

1994a). This suggests a role of GTP binding proteins in the signal transduction leading to 

ICl,vol activation. However, no effect of GTPγS was found in several other studies 

(Ackerman et al., 1994; Botchkin and Matthews, 1993; Strange et al., 1996). 

Pharmacological inhibition of RhoA, a small Rho family GTPase, and one of its targets, 

Rho kinase, led to a decrease in ICl,vol (Nilius et al., 1999b; Pedersen et al., 2002). One of 

the targets of Rho kinase is the myosin light chain phosphatase. Consistently, 

interference with myosin light chain phosphorylation also modulated VRAC activation 

(Nilius et al., 2000). Overexpression of constitutively active forms of proteins involved in 

Rho signaling, however, did not increase ICl,vol (Carton et al., 2002). Therefore, it has 

been inferred that the role of Rho signaling in VRAC activation is permissive at best. 

CYTOSKELETON, CAVEOLAE AND INTEGRINS. When VRAC is activated classically via 

cell swelling, current densities seem to depend on the ‘nativity’ of cells, and were much 

higher in cultured cells (Nilius et al., 1997) than in freshly isolated cells and in cells of 

primary cultures (Nilius et al., 1994a, 1994c; Suh et al., 1999). These observations could 

hint at an involvement of the cytoskeleton, which is differently arranged in cells within 

native tissue and which could act as a sensor for the extent of cell shape and volume 

changes. A role of actin as a stabilizing factor for membrane invaginations, the unfolding 
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of which might facilitate ICl,vol activation, has been proposed (Okada, 1997). 

Pharmacologically induced F-actin depolarization mildly enhanced VRAC’s sensitivity to 

volume changes (Levitan and Garber, 1995; Morishima et al., 2000; Okada, 1997). 

However, other studies found no or even inhibitory effects of cytoskeletal modifiers on 

ICl,vol (Oike et al., 1994; Pedersen et al., 2001). Further investigation of the role of 

cytoskeleton components pointed to a role of caveolae, distinct membrane domains 

abundant in endothelial cells and adipocytes with key roles in signal transduction 

processes and endocytosis (Anderson, 1998). Interference with the binding of annexin II, 

an actin-membrane-linker protein involved in caveolae formation, to its intracellular ligand 

p11 resulted in decreased ICl,vol amplitudes (Nilius et al., 1996). Interestingly, the annexin 

II-p11 complex also dissociates at very low intracellular Ca2+ concentrations at which no 

VRAC activation occurs, thus pointing to a possible explanation for the low amounts of 

Ca2+ required for ICl,vol (Nilius et al., 1997). The expression of caveolin 1, a principal 

scaffold protein of caveolae, also correlated well with ICl,vol current densities (Trouet et al., 

1999). Cancer cell lines lacking caveolin 1 displayed very low ICl,vol which could be 

restored to normal levels by transient caveolin 1 overexpression. Furthermore, 

expression of a dominant-negative caveolin 1 as well as artificial targeting of the c-Src 

tyrosine kinase to caveolae strongly inhibited VRAC (Trouet et al., 2001a, 2001b). It has 

thus been hypothesized that VRACs might cluster to caveolae, which could provide a 

microdomain for their activation (Nilius and Droogmans, 2001). Integrins, adhesion 

molecules connecting extracellular matrix or cell-cell contacts to intracellular signaling 

complexes and the cytoskeleton, have also been linked to VRAC activation. A complex 

signaling pathway involving FAK, Src, EGF receptor, PI3K, Rac, NADPH oxidase and 

ROS was proposed to couple integrin stretch to the induction of a current partially 

resembling ICl,vol, but evidence for a general role of such a pathway remains very limited 

(Browe and Baumgarten, 2003, 2004, 2006). Notably, one of the studies by Browe and 

Baumgarten also implicated the angiotensin II type 1 receptor (AT1R) as part of the 

mechanosensory machinery leading to VRAC activation (Browe and Baumgarten, 2004). 

Indeed, angiotensin-independent activation of AT1R by mechanical stress has been 

demonstrated (Zou et al., 2004).  

MEMBRANE LIPIDS. Membrane cholesterol depletion has been shown to potentiate 

or even induce ICl,vol in several cell types (Klausen et al., 2006; Levitan et al., 2000; 

Romanenko et al., 2004). Cholesterol determines membrane elasticity, which has been 

implied in the gating of other ion channels (Lundbaek et al., 2004). The finding that 

incorporation of polyunsaturated fatty acids, which also affect membrane elasticity, 

increased ICl,vol is in agreement with a membrane elasticity-modulated gating mechanism 

(Hoffmann et al., 2009; Lauritzen et al., 1993). However, cholesterol content also 
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mediates cytoskeletal organization and the modulation of VRAC by cholesterol has been 

shown to be accompanied by alterations in the organization or membrane attachment of 

F-actin, linking the observed cholesterol effects to the already discussed role of F-actin in 

VRAC gating (Byfield et al., 2004, 2006; Klausen et al., 2006).  

APOPTOTIC STIMULI. In agreement with the putative role of VRAC in the induction of 

apoptosis through apoptotic volume decrease (AVD; see section 1.2.4), a chloride 

current that resembled ICl,vol in outward rectification, dependence on intracellular ATP and 

pharmacological profile, has been shown to be activated under isovolumic conditions by 

several pro-apoptotic stimuli, including staurosporine (Coca-Prados et al., 1995; Okada 

et al., 2006; Porcelli et al., 2003, 2004; Shimizu et al., 2004), the death receptor ligand 

TNFα (Nietsch et al., 2000; Schumann et al., 1993; Shimizu et al., 2004), doxorubicin 

(d’Anglemont de Tassigny et al., 2004) and reactive oxygen species (see below). 

REACTIVE OXYGEN SPECIES (ROS). ROS have been found to be produced in 

response to cell swelling in some but not all cell types (Hoffmann et al., 2009). Several 

studies suggested a regulatory role of NADPH oxidase-generated ROS in VRAC 

activation (Akita and Okada, 2011, 2014; Akita et al., 2011; Harrigan et al., 2008; Liu et 

al., 2009). Extracellular application of H2O2 activated ICl,vol in HTC, HeLa and mesangial 

cells under isotonic conditions (Jiao et al., 2006; Shimizu et al., 2004; Varela et al., 2004, 

2007). Furthermore, there is evidence for a role of NADPH oxidase-generated ROS in 

apoptotic signaling and subsequent activation of VRAC leading to AVD (Jiao et al., 2006; 

Okada et al., 2006; Shimizu et al., 2004). As mentioned before, NADPH oxidase-

generated ROS were also shown to be involved in integrin stretch-mediated ICl,vol 

induction (Browe and Baumgarten, 2004). 

1.2.4. Physiological and pathophysiological roles 

As the molecular identity of VRAC remained unknown and pharmacological agents 

targeting the channel are notoriously unspecific, approaches to elucidate its physiological 

relevance were greatly hindered. VRACs role in cellular volume regulation is well 

established (Hoffmann et al., 2009; Nilius et al., 1997; Okada, 1997), but it is not known 

what phenotype cells or even organisms lacking the channel might exhibit. Several other 

processes have been suggested to involve VRAC and the most prominent of these will 

be summarized in this section. However, it should be kept in mind that all these 

hypotheses rely heavily on imperfect pharmacological tools (see section 1.2.2) and will 

have to pass meticulous tests as soon as the channel is identified. Furthermore, the 

identification of the protein(s) comprising VRAC will probably lead to the apprehension of 

further unexpected physiological and pathophysiological roles. 

While VRAC probably does not contribute greatly to the resting membrane 

potential in most cell types because of its low basal activity, small increases in Cl− 
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conductance can already cause drastic membrane potential alterations, thereby affecting 

the excitability of cells and driving forces for membrane transport systems (Nilius et al., 

1997). For example, ICl,vol was shown to modulate action potentials in cultured cardiac 

cells and may thus contribute to arrhythmia under pathological conditions that affect 

serum osmolarity (Vandenberg et al., 1994; Zhang et al., 1993). VRAC activation also 

depolarized chromaffin cells, leading to the opening of voltage-dependent Ca2+ channels 

and subsequent Ca2+-triggered exocytosis (Moser et al., 1995). However, the 

physiological role of this mechanism is still unclear. 

Another interesting hypothesis linking VRAC to membrane excitability concerns 

the mechanism of insulin secretion by pancreatic islet β-cells upon the elevation of blood 

glucose levels. The generally accepted process is as follows: Uptake and metabolism of 

glucose by β-cells causes a rise in the intracellular ATP/ADP ratio, which inhibits KATP 

channels, resulting in a membrane depolarization, opening of CaV channels, and a 

subsequent rise in [Ca2+]i, triggering the exocytic release of insulin (Ashcroft and 

Rorsman, 1989). However, glucose-induced electrical activity has been shown to 

partially depend on [Cl−]i (Best, 2005), and was found to some extent in β-cells lacking 

functional KATP channels (Rosário et al., 2008; Szollosi et al., 2007), suggesting the 

additional contribution of an anion conductance. Pharmacological and biophysical 

evidence suggested that this conductance is provided by VRAC, which is presumably 

activated by glucose or its metabolic derivatives in pancreatic β-cells (Best et al., 2010). 

However, the studies cited by Best and colleagues allegedly reporting glucose-evoked 

ICl,vol in β-cells show a Br− > Cl− > I− selectivity (Best et al., 1996; Kinard and Satin, 1995), 

not compatible with VRAC but rather with the cystic fibrosis transmembrane conductance 

regulator (CFTR). CFTR is a cAMP/PKA-dependent Cl− channel gated by intracellular 

ATP (Aleksandrov et al., 2007), which is expressed in pancreatic islets (Boom et al., 

2007), and is thus a good candidate for the anion channel contributing to glucose-

induced electrical activity in β-cells. Furthermore, cystic fibrosis patients often develop a 

special form of diabetes mellitus called cystic fibrosis-related diabetes (Hodson, 1992). 

Indeed, a recent study found that specific inhibition, knockdown or mutation of CFTR 

abolished or reduced glucose-elicited currents, Ca2+ oscillations and insulin secretion in 

mouse β-cells (Guo et al., 2014). Future studies have to clarify if VRAC really contributes 

to insulin secretion as well. 

As mentioned earlier, high neuronal activity can cause the accumulation of 

intracellular Na+, Cl− and water, resulting in neuronal swelling (Akita and Okada, 2014; 

Iwasa et al., 1980). Activity-dependent release of K+ from neurons further leads to 

swelling of astrocytes, which maintain low extracellular K+ through KCl uptake (MacVicar 

et al., 2002). Thus, regulatory mechanisms for cell volume are of special importance in 
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the central nervous system. Pharmacological inhibition of ICl,vol revealed a central role of 

VRAC in the RVD of neurons, astrocytes and microglia (Akita and Okada, 2014). Mature 

neurons, whose low intracellular Cl− concentration does not support Cl− extrusion as a 

driver of RVD are thought to rely on the efflux of cellular organic osmolytes such as 

taurine through VRAC or another volume-sensitive pathway (Akita and Okada, 2014).  

In brain injury and ischemia, VRAC is thought to wreak havoc by releasing 

excitatory amino acids from astrocytes, causing widespread excitotoxic neuronal death 

(Akita and Okada, 2014). Astrocytes swell strongly and rapidly upon ischemia and 

traumatic brain injury through mostly unknown mechanisms, resulting in the prolonged 

activation of ICl,vol (Kimelberg, 2005; Mongin, 2007). Since VRAC may be permeable to 

glutamate and aspartate which are present in the cytosol of astrocytes at millimolar 

concentrations (Danbolt, 2001), these excitatory neurotransmitters could be released 

upon swelling and evoke continued depolarization in surrounding neurons, resulting in a 

massive Ca2+ influx that causes rapid neuronal death (Liu et al., 2009; Mongin, 2007). 

Indeed, inhibitors of VRAC such as tamoxifen and DCPIB greatly reduced infarct size 

and extracellular glutamate concentrations in animal models of ischemic stroke, hinting 

at possible therapeutic approaches (Feustel et al., 2004; Kimelberg, 2005; Seki et al., 

1999; Zhang et al., 2008). 

The role of VRAC in the nervous system under physiological conditions, e.g. 

without severe cell swelling, is less clear. There is accumulating evidence that the 

channel plays an important role in the intercellular signaling between astrocytes and 

neurons, also termed gliotransmission. One well-described example where this 

mechanism is of importance and in which VRAC is possibly involved is osmosensation in 

magnocellular neurosecretory cells (MNCs) of the supraoptic nucleus (SON) and 

paraventricular nucleus (PVN) of the hypothalamus. These cells regulate the systemic 

electrolyte-water balance by secreting the antidiuretic hormones vasopressin and 

oxytocin in response to systemic osmotic perturbations (Bourque and Oliet, 1997; Hussy 

et al., 1997). MNCs integrate signals from Na+- and osmosensitive neurons in the 

subfornical organ (SFO) and the organum vasculosum lamina terminalis (OVLT), which 

are in direct contact with the plasma (Bourque and Oliet, 1997). However, MNCs are also 

intrinsically osmosensitive. Hypertonic shrinking of MNCs themselves activates TRPV1 

channels, which leads to increased firing and subsequent hormone secretion (Prager-

Khoutorsky et al., 2014; Sharif Naeini et al., 2006). The excitability of MNCs is in turn 

dampened by surrounding astrocytes. In response to hypotonic swelling these cells 

release taurine which activates inhibitory glycine receptors on MNCs and thus 

suppresses hormone secretion (Hussy et al., 1997). The swelling-induced taurine efflux 

from SON astrocytes was blocked by several rather unspecific inhibitors of ICl,vol such as 
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DIDS, NPPB and niflumic acid (Brès et al., 2000; Deleuze et al., 1998), but was 

completely insensitive to tamoxifen (Brès et al., 2000), which was shown to block ICl,vol in 

astrocytes (Abdullaev et al., 2006; Liu et al., 2009, also see section 1.2.2). 

While it remains to be clarified whether VRAC is indeed the efflux pathway for 

taurine from SON astrocytes, this example illustrates an attractive hypothesis for the role 

of the channel in gliotransmission that might not be limited to taurine as substrate and 

swelling as the activating stimulus. Because VRAC may also conduct other potent 

neurotransmitters such as glutamate, a broader role of the channel in neuron-astrocyte 

communication is feasible. Interestingly, as of yet unidentified plasma membrane 

channels have been proposed as conduits for the release of several signaling molecules 

from astrocytes in addition to the extensively studied vesicular pathway (Verkhratsky et 

al., 2016). One conceptual problem is that hypotonic stimuli sufficient for the activation of 

VRAC may not occur in healthy neuronal tissue and therefore, gliotransmitter release 

through it might be of limited physiological relevance. However, autocrine activation of 

VRAC, for example by P2Y-mediated purinergic signaling (see section 1.2.3) has been 

demonstrated in astrocytes (Mongin and Kimelberg, 2005) and may be sufficient to 

establish an appreciable neurotransmitter conductance also under isotonic conditions. 

As discussed in section 1.2.1.1, several studies reported that ATP may also 

permeate VRAC. The channel may therefore contribute to non-vesicular ATP release, 

which serves as an important signal in processes such as inflammation (Idzko et al., 

2014), phagocytosis of apoptotic cells (Elliott et al., 2009), neurotransmission and 

neuromodulation (Burnstock, 2008), or regulation of blood vessel tone (Lohman et al., 

2012). While pannexins and connexin hemichannels are widely accepted as major 

pathways for non-vesicular ATP release (Idzko et al., 2014; Lohman and Isakson, 2014) 

and maxi-anion channel(s) have been discussed as another conduit for nucleotide and 

neurotransmitter release (Sabirov et al., 2016), the overlapping pharmacological profiles 

of these channels with VRAC have made it difficult to assess the specific physiological 

roles of each of them. 

Since two daughter cells of similar size as the parent cell are produced during cell 

division, proliferation generally requires an increase in cell volume (Hoffmann et al., 

2009; Lang et al., 2007). Cell proliferation was found to be stimulated by swelling and 

inhibited by shrinkage (Burg, 2002; Dubois and Rouzaire-Dubois, 2004; Lang et al., 

2000; Rouzaire-Dubois et al., 2005). Progression through cell cycle phases correlated 

with orchestrated cell volume changes in different cell types (Habela and Sontheimer, 

2007; Michea et al., 2000; Pendergrass et al., 1991). Considering the important role of 

VRAC in cell volume regulation, it is therefore not surprising that blockers of ICl,vol also 

inhibited cell proliferation at similar concentrations (Chen et al., 2007; Klausen et al., 
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2007; Pappas and Ritchie, 1998; Rouzaire-Dubois et al., 2000; Shen et al., 2000; Voets 

et al., 1995; Wondergem et al., 2001). ICl,vol amplitudes differed throughout the cell cycle 

(Doroshenko et al., 2001; Klausen et al., 2007; Shen et al., 2000; Varela et al., 2004) 

and switching from proliferation to differentiation led to downregulation of VRAC currents 

in myoblasts, which may explain the different ICl,vol current densities observed in cultured 

and freshly isolated cells (Manolopoulos et al., 1997b; Voets et al., 1997b). In line with a 

stimulatory effect of VRAC activation in cell proliferation, VRAC inhibition also curbed 

angiogenesis in different model systems (Manolopoulos et al., 2000; Nilius and 

Droogmans, 2001; Ziegelhoeffer et al., 2003). 

Cell motility has been shown to at least partially depend on localized cell volume 

changes (Schwab et al., 2012). Since cell migration is important for tumor metastasis, 

specific interference with this process may be beneficial for the containment of malignant 

carcinoma. Indeed, several inhibitors of ICl,vol also suppressed migration and tissue 

invasion of glioma and nasopharyngeal carcinoma cells (Mao et al., 2007; Ransom et al., 

2001; Soroceanu et al., 1999). Fibroblasts expressing the H-ras oncogene exhibited 

increased migratory activity that was accompanied by ICl,vol upregulation, inhibition of 

which in turn decreased migration (Schneider et al., 2008). 

One hallmark of apoptosis is an initial isosmotic shrinkage of the cell, a process 

termed apoptotic volume decrease (AVD) that is thought to be one of the earliest triggers 

for the induction of the apoptotic cascade through as of yet unknown mechanisms 

(Maeno et al., 2000; Poulsen et al., 2010; Shimizu et al., 2008). Since AVD, like RVD, is 

the result of cellular KCl and organic osmolyte loss, VRAC is thought to play a major role 

in this process (Bortner and Cidlowski, 1998; Lang et al., 2007; Okada and Maeno, 

2001). Indeed, cell shrinkage and induction of apoptosis could be inhibited by typical ICl,vol 

blockers in several cell types (d’Anglemont de Tassigny et al., 2004, 2008; Ise et al., 

2005; Okada et al., 2006; Poulsen et al., 2010). Conversely, ICl,vol and AVD were induced 

under isovolumic conditions by pro-apoptotic stimuli activating intrinsic mitochondrion-

mediated and extrinsic death receptor-mediated apoptotic pathways (see section 1.2.2, 

Okada et al., 2006; Shimizu et al., 2004). VRAC’s involvement in apoptosis seems 

paradoxical when considering a possible role in cancer: On one hand, VRAC activation 

is pro-apoptotic and cancer cells should downregulate the channel to evade cell death; 

on the other hand it stimulates proliferation and migration and thus should be 

upregulated. However, while proliferation and migration can be stimulated by a specific, 

short-term or localized activation of VRAC, induction of apoptosis requires a long-term 

increase in ICl,vol (Pedersen et al., 2013). Thus, cancer cells may decrease overall VRAC 

expression to protect themselves from apoptosis, while still permitting ICl,vol activation in a 

time- or space-limited fashion to promote cell cycle progression and cell migration. 
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Indeed, ICl,vol was decreased in several cancer cell types (Ise et al., 2005; Lee et al., 

2007; Lehen’kyi et al., 2011; Min et al., 2011; Poulsen et al., 2010).  

The drug resistance developed by some cancer cells, specifically to the major anti-

cancer drug cisplatin, has also been linked to VRAC (Poulsen et al., 2010). Like with 

other pro-apoptotic drugs, apoptosis induction by cisplatin has been shown to depend on 

VRAC and AVD (Lee et al., 2007; Poulsen et al., 2010). Cisplatin slowly induced cell 

shrinkage and currents resembling ICl,vol (Cai et al., 2015; Ise et al., 2005; Min et al., 

2011), and inhibition of VRAC rendered cells resistant to cisplatin treatment (Poulsen et 

al., 2010). Interestingly, ICl,vol and cisplatin sensitivity could be restored simultaneously in 

the tumor cell line KCP-4 by treatment with histone deacetylase inhibitors, suggesting an 

epigenetic downregulation of VRAC in these cells (Lee et al., 2007). It has to be noted 

that apoptosis is not the major mechanism by which cisplatin kills cancer cells (Borst et 

al., 2001). It is, however, induced at very high cisplatin concentrations not reached in 

clinical settings through cytosolic off-target effects (Berndtsson et al., 2007; Fayad et al., 

2009). Therefore, the use of very high cisplatin concentrations in some of the studies 

cited above warrants some caution. 

1.2.5. Attempts at the molecular identification of VRAC 

Several factors have severely hampered conventional approaches to identify the 

molecular entities underlying ICl,vol. Most importantly, VRAC is ubiquitously expressed in 

all vertebrate cells, including Xenopus oocytes, which have been a principle tool to clone 

and study ion channels in the past (Dascal, 1987). Thus, no expression system with a 

ICl,vol-free background was available; a problem that was further exacerbated by other 

confounding background currents such as Ca2+-activated Cl− currents which are similarly 

found in many cell types including oocytes (Nilius et al., 1997). Furthermore, it turned out 

that endogenous anion currents are rather sensitive to the overexpression of unrelated 

proteins (Buyse et al., 1997; Tzounopoulos et al., 1995). High-affinity blockers or ligands 

have been used in the past to biochemically purify ion channel proteins (Noda et al., 

1984). However, no blocker with a high enough specificity and affinity is known for VRAC 

(see section 1.2.2). The promiscuity of VRAC regarding pharmacological alterations is 

paralleled by the many factors claimed to be involved in its activation (see section 1.2.3), 

which might limit ICl,vol current amplitudes to endogenous levels. Conversely, depletion of 

factors involved in the activation of VRAC may reduce ICl,vol without affecting the channel 

itself. Another possible issue was the heterogeneity in certain characteristics of ICl,vol (e.g. 

inactivation, organic osmolyte permeability) that hinted at the involvement of different 

tissue-specific proteins or even a heteromeric channel with functionally redundant 

subunits. Despite these obstacles, many efforts have produced a number of molecular 
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candidates, all of which turned out to be wrong. The most prominent of these previous 

candidates will be briefly discussed in this section. 

The Band 3 anion exchanger protein (AE1) was suggested to mediate volume 

activated taurine fluxes in skate erythrocytes based on pharmacological evidence 

(Goldstein and Brill, 1991; Goldstein et al., 1990). Expression of trout AE1, but not of the 

mouse orthologue, in Xenopus oocytes led to Cl− currents and taurine transport, not 

compatible with a role of the mammalian transporter as VRAC (Fiévet et al., 1995). AE1 

was finally discarded as a candidate after it was found that cells completely lacking anion 

exchange activity still displayed ICl,vol (Sánchez-Olea et al., 1995). 

Overexpression of the ABC membrane transporter family protein P-glycoprotein 

encoded by the MDR1 gene in mammalian cells led to volume-sensitive Cl− currents that 

were absent in control cells (Gill et al., 1992; Valverde et al., 1992). However, P-

glycoprotein expression did not correlate with ICl,vol in several cell types (De Greef et al., 

1995a, 1995b; Tominaga et al., 1995), and expression in Xenopus oocytes did not lead 

to enhanced swelling-activated chloride currents (Morin et al., 1995). 

Expression cloning identified pICln, a small ubiquitously expressed protein, that 

induces a current termed ICln in Xenopus oocytes (Paulmichl et al., 1992). ICln resembled 

ICl,vol in outward rectification, I− > Cl− selectivity, inactivation and block by extracellular 

nucleotides. Mutations in pICln abolished the nucleotide sensitivity and drastically altered 

ICln gating. It was therefore proposed that pICln forms plasma membrane channels that 

also mediate ICl,vol (Paulmichl et al., 1992, 1993). Yet, the highly acidic pICln lacks 

sufficiently long hydrophobic regions to span a lipid bilayer and was subsequently found 

to localize to the cytosol (Buyse et al., 1997; Krapivinsky et al., 1994). Furthermore, the 

current elicited by pICln expression differed from ICl,vol in several respects, including its 

insensitivity to swelling and presence in defolliculated Xenopus oocytes (Voets et al., 

1996b). Strikingly, a current identical to ICln was found in oocytes expressing ClC-6, a 

protein unrelated to pICln, and even in a small fraction of uninjected control oocytes 

(Buyse et al., 1997). This rather suggested that ICln is mediated by an anion channel 

endogenous to Xenopus oocytes that can be activated by overexpression of different 

exogenous proteins. Later, pICln was shown to be a chaperone that regulates the 

assembly of spliceosomal small nuclear ribonucleoproteins, ending its short tenure as a 

molecular candidate for VRAC (Chari et al., 2008; Pu et al., 1999). 

ClC-2, a member of the CLC family of chloride channels and transporters, forms a 

plasma membrane channel, is ubiquitously expressed and sensitive to cell volume 

changes (Gründer et al., 1992; Thiemann et al., 1992). It was briefly discussed as a 

molecular candidate for VRAC, but never seriously considered given the drastically 

different biophysical characteristics of ClC-2-mediated currents and ICl,vol (see section 
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1.2.1; Nilius et al., 1997). Another member of the CLC family, ClC-3, was also proposed 

to embody VRAC. ClC-3 is rather broadly expressed and gave rise to a time- and 

voltage-independent anion conductance when expressed in Xenopus oocytes or in CHO 

cells (Kawasaki et al., 1994, 1995). The current exhibited I− > Cl− selectivity and was 

blocked by DIDS, cytosolic Ca2+, and PKC activation. However, these findings were 

quickly met with skepticism as others were unable to record currents induced by ClC-3 in 

Xenopus oocytes and mammalian cells (Borsani et al., 1995; Friedrich et al., 1999; 

Jentsch et al., 1995; Steinmeyer et al., 1995; Weylandt et al., 2001). In another study, 

stable expression of ClC-3 in fibroblasts led to a current resembling ICl,vol in several 

characteristics such as outward rectification, I− > Cl− selectivity, pharmacological profile 

and modulation by cell volume (Duan et al., 1997b). Furthermore, Duan et al. could 

demonstrate that mutations in ClC-3 alter gating behavior and halide selectivity of the 

elicited current, posing strong evidence for ClC-3 forming the observed anion channel. 

On the other hand, the current was already pronounced under isotonic conditions, only 

modestly altered by cell swelling, and was potently inhibited by PKC activation, 

properties not observed for ICl,vol (Miwa et al., 1997; Nilius et al., 1994a, 1997; Szücs et 

al., 1996c). The ClC-3 hypothesis was eventually rejected when several groups reported 

unchanged ICl,vol in many different cell types from ClC-3 knockout mice and ClC-3 was 

found to localize to intracellular organelles (Arreola et al., 2002; Gong et al., 2004; 

Stobrawa et al., 2001). Today it is largely accepted that ClC-3 is not a plasma membrane 

channel but an intracellular Cl−/H+-exchanger (Guzman et al., 2013; Jentsch, 2008, 

2015). The true nature of the current induced by ClC-3 remains puzzling. As for pICln, an 

increase of endogenous anion currents by ClC-3 overexpression has been proposed as 

a possible explanation (Jentsch et al., 2002). 

Bestrophins are a family of Ca2+-activated Cl− channels that has been identified in 

relation to vitelliform macular dystrophy (VMD or Best disease), a condition leading to 

progressive loss of central vision (Qu et al., 2003; Sun et al., 2002; Tsunenari et al., 

2003). Currents mediated by bestrophins were shown to be sensitive to osmolarity 

changes and it was proposed that they contribute to cell volume regulation in retinal 

pigmented epithelium cells (Fischmeister and Hartzell, 2005). Intriguingly, the Drosophila 

orthologues of bestrophin also mediate Ca2+-activated Cl− currents in Drosophila S2 cells 

(Chien et al., 2006). Currents mediated by dBest1 are activated by cell swelling and are 

crucial for cellular volume regulation (Chien and Hartzell, 2007; Stotz and Clapham, 

2012). Thus, bestrophins probably form the channel mediating a current functionally 

similar to ICl,vol in insect cells. However, ICl,vol was unaffected in cells from bestrophin 1/2 

double knockout mice (Chien and Hartzell, 2008) and mammalian bestrophins differ from 

VRAC in biophysical properties (see section 1.2.1), tissue distribution and 
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pharmacological sensitivity (Hartzell et al., 2008). Thus, while bestrophins may contribute 

to cell volume regulation under certain conditions, for example in human retinal 

pigmented epithelium cells (Kunzelmann, 2015; Milenkovic et al., 2015), they are not the 

classical vertebrate VRAC.  

Members of the TMEM16/anoctamin family were also discussed as VRAC 

candidates. The extent of ICl,vol activation and RVD have been shown to be modulated by 

the expression of several different anoctamins, including TMEM16F (Almaça et al., 

2009). Furthermore, ICl,vol was reduced in colonic epithelium and in salivary acinar cells 

from TMEM16A knockout mice (Almaça et al., 2009). Thus far, the only anoctamins 

convincingly shown to form Ca2+-activated Cl− channels are TMEM16A and TMEM16B. 

However, currents mediated by these differ drastically from ICl,vol in biophysical properties 

like rectification, unitary conductance, inactivation and Ca2+-dependence (Hoffmann et 

al., 2015; section 1.2.1; Pedemonte and Galietta, 2014). Also, the VRAC inhibitors 

DCPIB and NS3728 did not affect Ca2+-activated Cl− currents (Harrigan et al., 2008; 

Hélix et al., 2003), and TMEM16A inhibitors T16inh-A01 and CaCCinh-A01 did not block 

ICl,vol (De La Fuente et al., 2008; Namkung et al., 2011). Earlier findings suggesting a role 

of TMEM16F in ICl,vol activation and RVD were contradicted by other studies which 

reported no such effect (Juul et al., 2014; Shimizu et al., 2013). Finally, TMEM16F has 

been shown to be an ATP-independent phospholipid scramblase (Suzuki et al., 2010; 

Yang et al., 2012) and the nonselective currents found in cells overexpressing this 

protein have been attributed to a leak pathway formed during phospholipid translocation 

(Yu et al., 2015). 

 

1.3. The LRRC8 protein family 

Since leucine-rich repeat-containing 8 (LRRC8) proteins will be shown to be 

essential components of VRAC in the results section of this thesis, the pre-existing 

literature on them will be summarized here. The LRRC8 family comprises 5 paralogues 

in vertebrates, LRRC8A, LRRC8B, LRRC8C, LRRC8D and LRRC8E. All LRRC8 proteins 

are thought to contain 4 transmembrane (TM) domains in the N-terminal half and a 

leucine-rich repeat domain (LRRD) with up to 17 leucine-rich repeats (LRRs) in the C-

terminal half (Kubota et al., 2004; Smits and Kajava, 2004).  

The eponymous LRRs are polypeptide motifs of 20 to 29 amino acids defined by 

the consensus sequence LxxLxLxx(N/C)xL  with x = any amino acid; and L = leucine, 

valine, isoleucine or phenylalanine (Kobe and Kajava, 2001). A multitude of proteins with 

diverse functions and subcellular locations are known to contain tandem arrays of LRRs, 

so-called LRRDs (Kobe and Deisenhofer, 1994), which are thought to act as motifs 

mediating protein-protein recognition and binding (Kobe and Kajava, 2001). Crystal 
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structures of LRR-containing proteins demonstrated the three-dimensional assembly of 

LRRDs, in which each LRR corresponds to a structural unit. Every unit consists of a β 

strand and an α helix connected by loops (Kobe and Deisenhofer, 1993). Multiple units 

arrange in a way that all strands and helices are parallel to a common axis, forming a 

horseshoe-shaped curved domain (thus called α/β horseshoe fold; Enkhbayar et al., 

2004) in which the parallel β sheets line the inner circumference and the helices flank the 

outer circumference of the horseshoe (Kobe and Kajava, 2001). The concave face and 

the adjacent loops of this structure form the major surfaces on LRRDs involved in 

protein-protein interactions (Kobe and Deisenhofer, 1993, 1995; Papageorgiou et al., 

1997). An extracellular localization of the LRRD-containing C-terminus of the plasma 

membrane-localized LRRC8s has been proposed (Sawada et al., 2003). This topology 

would be compatible with LRRC8s mediating intercellular protein-protein interactions. 

Indeed, most other LRRD-containing receptors, including Toll-like receptors and several 

hormone receptors have extracellular LRRDs (Dolan et al., 2007; Gay et al., 2014). 

After they had been first described in 2003 (Sawada et al., 2003), further research 

on LRRC8 proteins was limited and their biology remained poorly understood. A recent 

bioinformatics study revisited the LRRC8 family, coming to several surprising but well-

supported conclusions (Abascal and Zardoya, 2012). Sequence comparison showed that 

the N-terminal TM domain of LRRC8 proteins was likely derived from pannexins, a class 

of channel forming plasma membrane proteins structurally related to the gap junction 

forming connexins. Indeed, pannexins and LRRC8s share well-conserved sequences 

and structural motifs in this domain. By analyzing online databases, Abascal and 

Zardoya could also show that the loops connecting the TM domains in LRRC8s contain 

several posttranslational modifications, including glycosylation, phosphorylation, 

ubiquitination and acetylation, the distribution of which was only compatible with a 

pannexin-like topology (Figure 6A).  

These findings were further corroborated by results from several TM topology 

prediction algorithms and cell surface proteome database entries of peptides found in the 

TM1–2 and TM3–4 loops of LRRC8A and LRRC8D. Furthermore, four cysteines that 

form stabilizing disulfide bridges in the extracellular loops of gap-junction proteins 

(innexins/pannexins and connexins) were also found to be conserved in LRRC8s 

(Abascal and Zardoya, 2012). The strong support for the pannexin-like topology of 

LRRC8s and the high degree of conservation of the TM domains between pannexins 

and LRRC8s led Abascal and Zardoya to propose that LRRC8s might, like pannexins 

and connexins, form hexameric channel complexes. Indeed, the volume of the LRRCDs 

of LRRC8 proteins would be compatible with such an assembly, as demonstrated by a 

simple structural model (Figure 6B). Furthermore, the recently identified Ca2+ channel 
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CALHM1 (calcium homeostasis modulator 1) which bears structural and functional 

similarities to connexins and pannexins, has also been found to form hexameric 

complexes (Ma et al., 2012; Siebert et al., 2013). 

 

 

 

Figure 6 | Homology between pannexins and LRRC8s 

(A) Schematic of the proposed transmembrane topology and posttranslational modifications of 
pannexins and LRRC8 proteins. (B) 3D model of a LRRC8 hexamer as a channel based on 
connexin and LRR crystal structures. Extracellular (top) and membrane view (bottom). (C) 
Maximum likelihood phylogeny of LRRC8 proteins from H. sapiens, M. musculus and B. taurus. 
The distance metric is uncorrected pairwise distance. Modified from Abascal and Zardoya, 2012. 

 

Evolutionary analysis revealed that LRRC8s arose at the origin of chordates, likely 

by combination of an ancestor shared with pannexins, and an unknown LRR-containing 

protein (Abascal and Zardoya, 2012). Protein families identified as close relatives to the 

LRRC8 LRRDs included SHOC2, LAP, RSU1 and LRRIQ4. Since the LRRC8 

paralogues LRRC8B, LRRC8C and LRRC8D cluster together in the human genome 

(1p22.2; Flicek et al., 2011), it was hypothesized that they emerged by tandem 
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duplication events (Abascal and Zardoya, 2012). LRRC8A (9q34.11) and LRRC8E 

(19p13.12) likely arose later by the duplication of LRRC8B and LRRC8C, respectively. 

The five LRRC8 paralogues share a high sequence similarity when compared to 

pannexins, suggesting a higher selective pressure (Figure 6C). Human LRRC8s are, on 

average, 45.92% identical, while human pannexins are only 34.29% identical (Abascal 

and Zardoya, 2012). The highest sequence identity is found between LRRC8C and 

LRRC8E (63.39%), while LRRC8B and LRRC8D are the least identical proteins of the 

family (37.08%). When comparing each paralogue to orthologues of other species, a 

high conservation of LRRC8A, LRRC8C and LRRC8D is found, suggesting a higher 

functional relevance (Figure 6C). On the other hand, LRRC8B and LRRC8E, which are 

the paralogues least conserved amongst species, are even lost in actinopterygians and 

birds (Abascal and Zardoya, 2012). 

Only few studies reported on the physiological role of LRRC8 proteins. LRRC8A 

was the first member of the family to be described in 2003, when a heterozygous 

mutation in LRRC8A was found in a human patient suffering from congenital 

agammaglobulinemia, minor facial anomalies and a lack of B cells in peripheral blood 

(Sawada et al., 2003). The mutation was caused by a chromosome translocation that led 

to a truncated version of LRRC8A lacking part of the LRRD. It has been speculated that 

the apparent haploinsufficiency may be due to integration of truncated LRRC8A into 

multimeric protein complexes where it exerts a dominant-negative effect (Abascal and 

Zardoya, 2012). Another study suggested a role of LRRC8C in adipocyte differentiation 

(Tominaga et al., 2004), and the gene was subsequently named fad158 (for factor for 

adipocyte differentiation). The subsequently generated Lrrc8c−/− mouse exhibited a mild 

phenotype including reduced body weight gain and attenuated development of insulin 

resistance under a high-fat diet (Hayashi et al., 2011). LRRC8D and E have not been 

studied thus far and their physiological role remains to be elucidated. 

Several large-scale gene expression studies found altered expression of LRRC8s 

under different pathological conditions. Serotonin transporter (Htt) knockout mice, a 

laboratory model for depression disorders, displayed reduced Lrrc8a expression in the 

brain, while Lrrc8a expression was increased in brains of mice treated with the HTT 

inhibitor fluoxetine (Ichikawa et al., 2008). However, it has to be noted that fluoxetine 

also potently inhibits ICl,vol (see section 1.2.2). In another study, LRRC8A expression was 

found to be increased in different cellular models for vascular atrophy (Kenagy et al., 

2011). Microarray analysis of transcripts isolated from colorectal cancer specimens 

revealed an increased expression of LRRC8A and LRRC8E (Piepoli et al., 2012). 

Furthermore, LRRC8B was downregulated in brain tissue obtained from patients who 

died from spontaneous intracerebral hemorrhage (Rosell et al., 2011). 
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2. AIM OF THE WORK 

While many important functions have been assigned to the biophysically well-

described VRAC based on experiments using unspecific pharmacological manipulations, 

the confirmation and further elucidation of these roles has been precluded by the lack of 

a known molecular entity comprising the channel. 

The initial aim of this work was to electrophysiologically verify hits from a genome-

wide siRNA screen to finally identify VRAC. After LRRC8A emerged as a promising 

candidate, the aim shifted towards proving that this protein is forming the VRAC pore. 

However, it quickly emerged that VRAC is not formed by LRRC8A alone and that the 

other LRRC8 family proteins are also involved. My task was to elucidate the role of 

LRRC8 proteins in mediating ICl,vol, while others performed crucial experiments to 

determine how LRRC8s traffic within the cell, what their transmembrane topology is and 

where they are expressed. Furthermore, several cell lines were generated in which 

LRRC8 genes were disrupted, and these were then probed for ICl,vol or served as clean 

background for overexpression and functional characterization of LRRC8s.  

After our identification of LRRC8 heteromers as essential component of VRAC 

was published, I concentrated on the analysis of the structure-function relationship of 

LRRC8 channels, taking a special interest in the characteristic voltage-dependent 

inactivation gating. My goal was to identify the molecular determinants of ICl,vol 

inactivation via a chimeric approach to gain insights into the molecular mechanism 

underlying this process. Other pressing questions I was striving to answer were if the 

VRAC pore is indeed formed by LRRC8 complexes, and if so, which parts of the proteins 

contribute to it and which specific properties they confer. 
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3. RESULTS 

3.1. Identification of LRRC8 proteins as essential VRAC components 

3.1.1. A genome-wide screen identifies LRRC8A as likely constituent of VRAC 

To identify the protein(s) forming VRAC, a genome-wide RNAi screen was 

employed (performed by Felizia Voss and Tobias Stauber, see preface). Methodology 

and results are presented in detail elsewhere (Voss, 2015; Voss et al., 2014). Briefly, 

HEK293 cells stably expressing an I−-sensitive yellow fluorescent protein 

YFP(H148Q/I152L) were used in an imaging approach. Cells were subjected to 

hypotonic saline containing 50 mM NaI in a fluorometric imaging plate reader. Because 

VRAC conducts I−, swelling-induced influx of I− through VRAC and subsequent I−-

dependent quenching of YFP fluorescence could be used as readout (Figure 7A).  

 

 
 

Figure 7 | Genome-wide RNAi screen identifies LRRC8A as candidate for VRAC 

(A) Schematic of the screening principle. Top: VRAC is activated by swelling, which can be 
induced by a drop in extracellular osmolarity (osmex) or a rise in intracellular osmolarity (osmin). 
Cl− leaves the cell through VRAC, following its electrochemical gradient. Bottom: By 
simultaneously lowering osmex and raising the extracellular I− concentration (I−ex), VRAC is 
activated and I− forced into the cell, where it quenches the YFP fluorescence. Upon disruption of 
VRAC, the YFP fluorescence is quenched to a lesser extent. (B) Normalized and averaged 
example traces. siRNA against the Cl−/HCO3

−-exchanger AE2 was used as positive control. (C) 
Fluorescence traces from the secondary screen using independent smartpool siRNAs. The 
LRRC8A trace is shown in red, other candidates in grey. Control traces from wells treated with 
control siRNAs against AE2 (n=3) and no siRNA (n=2) were averaged. Arrow indicates addition of 
iodide-containing hypotonic or isotonic saline. Error bars, SEM. 
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A prescreen found no effects of siRNAs targeting several previous VRAC 

candidates, including anoctamins, ClC-3, bestrophins and several anion transporters 

(Voss et al., 2014). One exception was the Cl−/HCO3
− exchanger AE2 which mediated a 

swelling-independent I− flux and was therefore well suited as a positive control. In the 

first round of the genome-wide screen, three independent siRNAs per gene were 

transfected (Figure 7B). 

Hits were defined by the maximal slope of fluorescence quenching and refined by 

properties of the encoded protein, such as a wide expression pattern and at least one 

predicted transmembrane domain. Independent smartpool siRNAs were used to 

evaluate 87 genes that satisfied all hit criteria. Of those, only LRRC8A knockdown 

resulted in a robust slowing of swelling-induced YFP quenching (Figure 7C). 

3.1.2. siRNA knockdown and overexpression of LRRC8A reduce ICl,vol 

To confirm LRRC8A as a candidate for VRAC, the effect of siRNA-mediated 

knockdown of LRRC8A on ICl,vol was tested. In HEK293 cells, ICl,vol could be evoked in 

cells patched in the whole-cell configuration by extracellular perfusion with hypotonic 

solution. Currents activated with the characteristic time course and exhibited prominent 

voltage-dependent inactivation at potentials above 80 mV (Figure 8A,B). These typical 

currents were strongly suppressed in cells treated with siRNA targeting LRRC8A, 

suggesting that the LRRC8A protein is either part of VRAC or an essential factor in the 

signal transduction cascade leading to its activation (Figure 8).  

 

 

Figure 8 | siRNA knockdown of LRRC8A drastically reduces ICl,vol 

(A) Example time course of ICl,vol activation in WT and siRNA-treated HEK293 cells. Hypotonic 
saline (hypo) was washed in as indicated. Current densities (I/C) were taken at −80 mV. (B) 
Representative current traces of fully activated ICl,vol in response to the voltage clamp protocol 
shown below. Dashed lines indicate zero current. (C) ICl,vol current densities (at −80 mV) in WT 
HEK293 cells or cells treated with LRRC8A siRNA, or transfected with indicated LRRC8 cDNAs. 
Error bars, SEM; number of experiments is indicated; *** P < 0.001 (one-way ANOVA, Tukey’s 
test). 
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In most cases, overexpression of an ion channel protein leads to an increase in 

current. However, this was not true for LRRC8A. While overexpressed LRRC8A-GFP 

could be detected at the plasma membrane, it suppressed ICl,vol to a similar extent as 

siRNA knockdown (Figure 8C). We hypothesized that this unexpected effect might be 

due to LRRC8A being part of a heteromer containing other LRRC8 proteins and that 

overexpression of LRRC8A adversely affects the assembly of functional channels by 

altering their subunit stoichiometry. Indeed, co-expression of LRRC8A with LRRC8C did 

not result in suppression, but neither in a significant increase of ICl,vol (Figure 8C).  

3.1.3. Localization and trafficking of LRRC8 proteins 

The subcellular localization of LRRC8 proteins was studied by Felizia Voss and 

Tobias Stauber using confocal microscopy (see preface).  

GFP-tagged LRRC8A reached the plasma membrane when overexpressed in 

HeLa (Figure 9A), HCT116 and HEK293 cells (data not shown). Native LRRC8A could 

also be detected at the plasma membrane (Figure 9B,C). Therefore, LRRC8A could be 

part of a plasma membrane channel such as VRAC. In a patient with 

agammaglobulinemia, a mutation in LRRC8A has been identified that leads to a 

premature stop codon, truncating the C-terminus of the protein (see section 1.3). We 

observed that the truncated protein is retained in the ER upon overexpression (Figure 

9D).  

Overexpressed LRRC8B–E did not reach the plasma membrane on their own 

(Figure 9E–H) but only when co-expressed with LRRC8A (Figure 9I–L). This hints at an 

interaction between LRRC8A and LRRC8B–E, which is required for correct trafficking to 

the plasma membrane. Such a physical interaction could indeed be confirmed between 

LRRC8A and LRRC8B–E in co-immunoprecipitation experiments with overexpressed as 

well as native proteins (Voss et al., 2014). We thus concluded that LRRC8 proteins form 

heteromers, in which LRRC8A plays a central role. 
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Figure 9 | Subcellular localization of LRRC8 proteins 

(A) LRRC8A-GFP (8A-GFP), when overexpressed in HeLa cells, localizes to the plasma 
membrane. (B) Endogenous LRRC8A is detected at the plasma membrane of permeabilized 
native HEK293 cells by immunostaining using an antibody against LRRC8A. (C) The specificity of 
the LRRC8A antibody was confirmed by the absence of signal in LRRC8A−/− HEK293 cells 
generated using CRISPR/Cas (see section 5.2.1.2). (D) Truncated LRRC8A fused at R719 to 
GFP did not reach the plasma membrane. (E–H) GFP-tagged LRRC8B–E (GFP-8B–E) localize to 
the ER when overexpressed alone. (I–L) Upon co-expression with LRRC8A-RFP (8A-RFP), 
LRRC8B–E reach the plasma membrane. 

 

3.1.4. LRRC8A and at least one other LRRC8 isoform are required for ICl,vol  

One major problem for the further characterization of the role of LRRC8 proteins in 

VRAC function was that overexpression did not result in ICl,vol current densities above 

wild type (WT) levels. Hence, functional studies would be confounded by endogenous 

currents. To overcome this issue, we opted to generate multiple cell lines in which 

LRRC8 genes and combinations thereof were disrupted. To this end, we used 

commercially available zinc finger nucleases and the CRISPR/Cas technique (Cong et 

al., 2013). As target, we chose the stably diploid human colorectal carcinoma cell line 

HCT116 and HEK293 cells. First, we sought to confirm our results from siRNA 

knockdown experiments on the role of LRRC8A. Several different LRRC8A−/− HEK293 

and HCT116 clones were generated using different targeting and knockout strategies 
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(Table 4). All LRRC8A−/− cell lines were confirmed by sequencing of genomic DNA 

(Table 5) and Western blot (Figure 10). Generation and validation of knockout cell lines 

was done in collaboration with Felizia Voss and Tobias Stauber (see preface). 

 

 

 

Figure 10 | Western blots confirm LRRC8A disruption in mutant cell lines 

The first number in the knockout clone name indicates construct number. ZF9 is the clone 
generated using a zinc finger nuclease. α-tubulin, loading control. 

  

 

 

 

Figure 11 | ICl,vol is abolished upon LRRC8A disruption and can be rescued 

(A) Representative ICl,vol traces from HEK293 WT and LRRC8A−/− cells (clone 3E7) in response to 
the voltage clamp protocol shown in Figure 8B, but with 2-s-pulses. (B) Current densities of 
maximally activated ICl,vol (at −80 mV) of WT HEK293, WT HCT116 and different LRRC8A−/− cell 
lines, rescued by transfection of LRRC8A-GFP cDNA. Mean currents ± SEM, number of 
measurements is indicated. **, p<0.01 and ***, p<0.001 compared to the respective WTs (one-
way ANOVA, Tukey’s test). For description of cell lines see Table 5. 
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ICl,vol was completely abolished in all the differently targeted LRRC8A−/− cell lines 

(Figure 11). It is therefore very unlikely that off-target effects lead to the loss of the 

current. Furthermore, overexpression of LRRC8A restored ICl,vol partially in LRRC8A−/− 

HEK293 cells and completely in LRRC8A−/− HCT116 cells (Figure 11). The partial rescue 

in HEK293 cells may be due to the suppression of ICl,vol upon overexpression of 

LRRC8A, a phenomenon not observed in HCT116 cells. In conclusion, our data clearly 

demonstrate that LRRC8A is essential for ICl,vol.  

LRRC8B–E were shown to interact physically with LRRC8A (data not shown, see 

Voss, 2015; Voss et al., 2014), which facilitates their correct trafficking to the plasma 

membrane. Furthermore, co-expression of LRRC8A with LRRC8C prevented 

suppression of ICl,vol in HEK293 cells. These observations indicate that LRRC8A and 

LRRC8B–E form heteromeric complexes. However, apart from LRRC8A, no other 

LRRC8 protein appeared as a major hit in our genome-wide siRNA screen, hinting at a 

functional redundancy. To further investigate the role of LRRC8B–E, we analyzed cell 

lines in which these genes were disrupted alone or in combination. Again, all cell lines 

were confirmed by DNA sequencing (Table 5) and subsequently by Western blot (Voss, 

2015). 

Compatible with apparent functional redundancy of LRRC8B–E, no single 

knockout cell line apart from LRRC8A−/− showed abolished ICl,vol (Figure 12A,B). Only 

LRRC8E−/− cells exhibited significantly reduced ICl,vol, which was even lower in 

LRRC8(C/E)−/− double knockout, LRRC8(C/D/E)−/− triple knockout, and similar in size in 

LRRC8(D/E)−/− double knockout cells, indicating that LRRC8C and LRRC8E are the 

major LRRC8 proteins apart from LRRC8A involved in ICl,vol in HCT116 cells (Figure 

12A,B). Strikingly, ICl,vol was completely abolished in LRRC8(B/C/D/E)−/− quadruple 

knockout cells (Figure 12A,B). We thus conclude that concurrent expression of LRRC8A 

and at least one other LRRC8 protein is required for ICl,vol.  

Furthermore, we noticed a pattern of differential voltage-dependent inactivation in 

our knockout cells. Since the current decay is not appropriately fitted using single, double 

or even triple exponential functions, we opted to use the ratio of current after 2 s and 

peak current (I2s/Imax) to quantitatively assess voltage dependence of current inactivation. 

While ICl,vol from cells in which LRRC8C was disrupted inactivated much faster and at 

less depolarized potentials than WT cells, currents from cells in which LRRC8D and 

LRRC8E were lacking inactivated slower and at more positive voltages (Figure 12A,C). 

These slowly inactivating currents resembled ICl,vol in WT HEK293 cells, which generally 

inactivated slower than ICl,vol in WT HCT116 cells (Figure 12C and Figure 11A). As 

voltage-dependent current inactivation on similar timescales is generally mediated by 
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proteins either forming an ion channel pore or closely associated with it, these findings 

hint that LRRC8 proteins might be part of the VRAC channel complex. 

 

 

 

Figure 12 | Characterization of ICl,vol in LRRC8 knockout cells 

(A) Representative ICl,vol traces from WT and mutant HCT116 cells in response to the voltage 
clamp protocol shown in Figure 8B, but with 2-s-pulses. (B) Current densities of maximally 
activated ICl,vol (at −80 mV) of WT and mutant HCT116 cells. (C) ICl,vol inactivation assessed by the 
ratio of current at the end and in the beginning of a 2-s-pulse to the indicated voltages. Data are 
mean ± SEM, number of measurements is indicated. **, p<0.01 and ***, p<0.001 compared to WT 
HCT116 (one-way ANOVA, Tukey’s test). For description of knockout cell lines see Table 5. 

  

Next, we sought to confirm our results from knockout cell lines by reconstitution of 

currents upon overexpression of combinations of LRRC8 proteins. To this end, we used 

a quintuple knockout HCT116 cell line, in which all LRRC8 genes had been disrupted 

(LRRC8(A/B/C/D/E)−/−, henceforth called LRRC8−/−). ICl,vol could not be elicited in 
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LRRC8−/− cells when untreated or when transfected with LRRC8A alone (Figure 13A,B), 

corroborating our results from LRRC8(B/C/D/E)−/− quadruple knockout cells (Figure 

12A,B). Co-expression of LRRC8A with LRRC8C and LRRC8E yielded robust volume-

activated currents that were not different in amplitude from WT HCT116 ICl,vol (Figure 

13A,B). Current amplitudes mediated by LRRC8A and LRRC8D were a bit lower, which 

is probably owed to a poor expressibility of the LRRC8D-GFP construct that we 

observed. Similarly, overexpressed LRRC8B-GFP could hardly be detected. Thus, we 

could not observe any ICl,vol with the LRRC8A/B combination, even though a low but 

detectable ICl,vol was measured in the LRRC8(C/D/E)−/− triple knockout cell line, 

suggesting that LRRC8A and LRRC8B can also form functional VRACs (Figure 12A,B). 

Very low currents in LRRC8(C/E)−/− double knockout HCT116 cells further suggest that 

LRRC8B and LRRC8D might be poorly expressed not only upon overexpression, but 

also in native HCT116 cells. The inactivation phenotypes of rescued currents in 

LRRC8−/− quintuple knockout cells agreed well with our findings from single, double, and 

triple knockout cell lines. Co-expression of LRRC8A with LRRC8C yielded currents that 

inactivated more slowly and at more positive voltages than WT currents (Figure 13A,C). 

This fits to the slowly inactivating currents observed in LRRC8(D/E)−/− double knockout 

cells (Figure 12A,C).  
 

 

 

Figure 13 | Characterization of ICl,vol reconstituted in LRRC8−/− cells 

(A) Representative ICl,vol traces from LRRC8−/− cells transfected with the indicated LRRC8 
combinations in response to the voltage clamp protocol shown in Figure 8B, but with 2-s-pulses. 
(B) Current densities of maximally activated ICl,vol (at −80 mV). (C) ICl,vol inactivation assessed by 
the ratio of current at the end and in the beginning of a 2-s-pulse to the indicated voltages. Data 
are mean ± SEM, number of measurements is indicated. *, p<0.05 and ***, p<0.001 compared to 
WT HCT116 (one-way ANOVA, Tukey’s test). 
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 On the other hand, co-expression of LRRC8A with LRRC8D or LRRC8E led to 

currents that inactivated similarly as or faster than WT currents, respectively (Figure 

13A,C), matching the fast current inactivation observed in LRRC8C−/− cells. In summary, 

LRRC8C has a ‘decelerating’ effect on ICl,vol inactivation, while LRRC8D and LRRC8E act 

as ‘accelerating’ subunits. Since inactivation in ‘fast’ VRACs, e.g. those formed in 

LRRC8C−/− cells or in LRRC8−/− cells co-transfected with LRRC8A/E, reached saturation 

in tens of milliseconds, an involvement of LRRC8 proteins through signaling pathways 

like phosphorylation can be almost excluded, as these processes are generally slower. It 

rather suggests that LRRC8 heteromers are integral to the VRAC channel complex. 

The inactivation of ICl,vol had earlier been shown to differ drastically among different 

cell lines and native tissues (Nilius et al., 1997). For example, vascular smooth muscle 

cells (Wang et al., 2004), neurons (Leaney et al., 1997) and blood cells like the human 

promyelocytic leukemia cell line HL-60 (Hernández-Carballo et al., 2010) exhibit almost 

non-inactivating ICl,vol, while HEK293 cells (Hernández-Carballo et al., 2010; Nilius et al., 

2001) and HCT116 cells (Figure 12) displayed pronounced ICl,vol inactivation. As we have 

shown, inactivation is determined by the expression of LRRC8 isoforms in HCT116 cells 

(Figure 12 and Figure 13). To test whether LRRC8 expression might explain the 

observed variability in inactivation between cell types, we performed quantitative real-

time PCR (qRT-PCR) in HEK293, HL-60 and HCT116 cells to assess the relative mRNA 

expression levels of the LRRC8 family. In agreement with their slowly inactivating ICl,vol, 

HL-60 cells expressed only low amounts of the ‘accelerating’ subunit LRRC8E (Figure 

14). On the other hand, HCT116 cells expressed little of the ‘decelerating’ LRRC8C 

when compared to HEK293 cells, where ICl,vol inactivated more slowly. Furthermore, EST 

databases suggested a similar correlation between LRRC8C/LRRC8E expression and 

the observed ICl,vol inactivation kinetics in other cell types such as neurons and vascular 

smooth muscle cells 
 
 

 

 

Figure 14 | Relative LRRC8 mRNA 
expression in different cell types 

LRRC8A–E mRNA expression determined 
by quantitative RT-PCR. Values were 
normalized to the respective value of 
HEK293 cells. Values represent the means 
from 4 experiments. Error bars indicate 
SEM. qRT-PCR experiments were 
performed by Felizia Voss (see preface). 
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 As discussed earlier, one major attribute used to discern VRAC currents from other 

anion currents is their typical anion permeability sequence (SCN− > I− > NO3
− > Br− > Cl− 

> F− > gluconate > aspartate), corresponding to an Eisenmann type I sequence (Nilius et 

al., 1997). Therefore, we opted to determine anion selectivities to ascertain that the 

swelling-induced currents recorded from knockout HCT116 cells and, more importantly, 

upon overexpression of different LRRC8 combinations in LRRC8−/− cells, were indeed 

identical to ICl,vol. To this end, we elicited currents in the whole-cell patch clamp 

configuration by subjecting cells to hypotonic saline. After maximal activation, we 

recorded reversal potentials for NaCl-containing saline using 2-s-ramp protocols from 

−100 to 100 mV. Subsequently, we perfused cells with hypotonic salines in which NaCl 

was substituted for by NaI, NaNO3 or Na-D-gluconate and measured reversal potentials. 

From the relative shift in reversal potentials, the relative permeability (PX/PCl) for the 

substituting anions could be calculated (also see section 5.2.5).  

ICl,vol in WT HCT116 cells displayed the typical anion permeability sequence, which 

was unchanged in currents mediated by LRRC8A co-expressed with LRRC8C, LRRC8D 

or LRRC8E in LRRC8−/− HCT116 cells (Figure 15A,B). We also tested all other HCT116 

LRRC8 knockout cell lines that mediated appreciable ICl,vol (Figure 12). While the 

measurement of reversal potentials was difficult in LRRC8(C/E)−/− and LRRC8(C/D/E)−/− 

cells, because they mediated very low currents that may be confounded by background 

and leak currents, all of the cell lines retained the typical I− > NO3
− > Cl− >> gluconate 

selectivity (Figure 15C). Thus, the swelling-activated and LRRC8-dependent currents 

recorded are indeed identical to what is normally referred to as ICl,vol. Whereas the 

LRRC8 subunit composition determines voltage-dependent inactivation of VRAC, we 

found no evidence for different permeabilities for halides and the larger organic 

compound gluconate between different LRRC8 combinations. 
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Figure 15 | Anion selectivity of ICl,vol mediated by different LRRC8 combinations 

(A) Example current-voltage relationships obtained at the time of maximal current activation of 
endogenous and reconstituted ICl,vol with normal and anion substituted hypotonic extracellular 
solutions. Insets show a magnification of reversal potentials for Cl−, I− and NO3

−. The reversal 
potential is shifted to slightly more negative voltages when extracellular Cl− is replaced by I− and 
NO3

− and to drastically more positive voltages upon replacement by D-gluconate (Glc−). (B, C) 
Relative anion permeabilities (PX/PCl) as determined from shifts in reversal potential of ICl,vol upon 
anion substitution (B) in LRRC8−/− cells transfected with the combinations indicated and (C) in 
LRRC8 knockout HCT116 cell lines. Mean ± SEM, number of cells ≥ 4. 
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3.2. Molecular determinants of differential VRAC inactivation 

As shown in Section 3.1.4, when co-expressing LRRC8A and LRRC8C or 

LRRC8E in LRRC8−/− HCT116 cells, the differences in inactivation kinetics of ICl,vol are 

striking (Figure 13). The highly depolarized voltages at which these differences can be 

observed are only rarely reached under physiological conditions. Thus they are unlikely 

to be of high physiological relevance. However, since the voltage-dependent inactivation 

can be considered a channel-intrinsic characteristic of VRAC, identification of the 

molecular determinants of these differences could provide a starting point for the further 

exploration of the structure-function relationship of this newly identified ion channel. 

3.2.1. Kinetic differences between ICl,vol mediated by LRRC8A/C and LRRC8A/E  

First, the differences between inactivation kinetics of ICl,vol mediated by LRRC8A/E 

and LRRC8A/C heteromers were analyzed in more depth. Whereas LRRC8A/C yielded 

currents that did not inactivate at potentials more negative than ~60 mV, LRRC8A/E-

mediated currents showed pronounced inactivation already at 40 mV (Figure 16A,B). We 

used the ratio of current after 2 s and peak current (I2s/Imax) to assess the voltage-

dependence of inactivation. This yielded a ~40 mV difference in the potential of half-

maximal inactivation (V50) between LRRC8A/C- and LRRC8A/E-mediated currents 

(Figure 16B). Whereas the inactivation of ICl,vol in WT cells could not be fitted by single or 

double exponentials, likely because they contain a complex mixture of different VRACs, 

inactivation of heteromers containing just two isoforms could be adequately 

approximated by exponential functions (Figure 16A). The resulting time constants of 

inactivation (τinactivation) were voltage-dependent and generally much smaller for 

LRRC8A/E- than LRRC8A/C heteromers (Figure 16C). τinactivation of LRRC8A/E reached 

steady state at voltages more positive than ~80 mV, whereas LRRC8A/C currents did 

not reach similar inactivation time constants even at 120 mV. 

The observed differences could be either purely kinetic, implying that LRRC8C-

containing heteromers inactivate to the same extent, but much slower than those 

containing LRRC8E, so that steady state cannot be reached within 2 s pulses; or 

LRRC8C could confer a higher residual current even when inactivated to steady state. 

To clarify this issue, we applied very long pulses to depolarized potentials to cells co-

expressing LRRC8A and LRRC8C (Figure 16D). Just as LRRC8E-mediated currents, the 

resulting currents inactivated to around 15% of peak current at steady state (Figure 

16D,E).  
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Figure 16 | Kinetic differences between LRRC8C- and E-mediated ICl,vol inactivation 

(A) Representative swelling-activated current traces of LRRC8−/− HCT116 cells transfected with 
LRRC8A and the indicated isoform in response to 2 s voltage steps between −100 mV and 
100 mV in 20 mV increments (top) or to the voltages given (bottom). Cells were held at −80 mV 
for 500 ms before and after voltage steps to allow for complete recovery from inactivation. In the 
bottom panels, only the outward component of the current is shown. Light lines are from 
monoexponential fits to the current decay. (B) Left: ICl,vol inactivation assessed by ratio of current 
at end (I2s) and beginning (Imax) of 2-s-pulse. Solid lines are Boltzmann fits. Right: V50 values from 
Boltzmann fits. (C) Inactivation time constants (τinactivation) obtained from monoexponential fits to 
ICl,vol current traces in response to 2-s-pulses to given voltages. WT currents could not be 
adequately fitted by monoexponentials and are thus absent. (D) Representative ICl,vol traces. Cells 
were held at indicated voltages until steady state inactivation was reached. (E) Relative steady 
state ICl,vol (Iss/Imax) as determined from long depolarizing pulses. (F) Representative currents 
recovering from inactivation. Currents were inactivated to near steady state with 4-s- (LRRC8C) 
or 1-s-pulses (LRRC8E) to 100 mV (not shown) and recovered during 1-s-pulses to −120, −100, 
−80 and −60 mV. Light lines are double-exponential fits to the currents. (G) Recovery time 
constants from double exponential fits to currents as shown in F. All experiments have been 
repeated in 5–10 cells. Error bars, SEM. 
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We next asked whether also hyperpolarization-facilitated recovery from 

inactivation differs between LRRC8A/C- and LRRC8A/E-mediated currents. After 

inactivating channels to near steady state with 1-s- (LRRC8A/E) or 4-s-pulses 

(LRRC8A/C) to 100 mV, 1-s-pulses to voltages from −120 to −60 mV in 20 mV 

increments were applied. These pulses elicited rapidly increasing inward currents (Figure 

16F) which reflect the reopening of inactivated VRACs and can be fitted by double 

exponentials (Voets et al., 1997a). Such fits (Figure 16F) yielded voltage-dependent time 

constants that were only slightly different between LRRC8A/C and LRRC8A/E (Figure 

16G). Hence, whereas inactivation is drastically faster in LRRC8A/E than in LRRC8A/C 

channels, both heteromers recover from inactivation on a similar timescale. 

3.2.2. ICl,vol inactivation in LRRC8 triple knockout cells 

Before exploring the molecular basis of VRAC inactivation, we asked if the kinetic 

differences observed upon heterologous overexpression of different LRRC8 

combinations in LRRC8−/− cells are comparable at near-physiological expression levels to 

exclude overexpression artifacts. To this end, we used CRISPR/Cas-generated HCT116 

cells in which LRRC8B, -D and -E (LRRC8(B/D/E)−/−) or LRRC8B, -C and -D 

(LRRC8(B/C/D)−/−) were disrupted in parallel. These cells only express LRRC8A/C and 

LRRC8A/E heteromers, respectively. Gene disruption was confirmed by DNA 

sequencing (Table 5) and Western blot (Figure 17). 

Both cell lines still gave robust swelling-activated currents (Figure 18), but current 

densities were approximately 50% lower in LRRC8(B/D/E)−/− than in WT, probably due to 

the observed higher expression of LRRC8E in HCT116 cells (Voss et al., 2014). At first 

glance, inactivation in the triple knockouts was strikingly similar to that observed in 

overexpression experiments, with LRRC8(B/C/D)−/− cells showing much faster 

inactivation than WT, while currents from LRRC8(B/D/E)−/− cells inactivated slower 

(Figure 18A), demonstrating the applicability of our results also to endogenous VRACs. 

However, quantification showed a slight left-shift of the voltage-dependence I2s/Imax and 

τinactivation of currents from both cell lines when compared to their overexpression 

counterparts (Figure 18B,C, and Figure 16B,C). This suggests that overexpression in 

LRRC8−/− cells generally leads to marginally slower current inactivation. We hypothesize 

that LRRC8A also affects inactivation kinetics and that the LRRC8A:LRRC8X 

stoichiometry upon overexpression is different from that at endogenous expression 

levels, causing a slightly different inactivation behavior. 
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Figure 17 | Expression of LRRC8 proteins 
in triple knockout cells ►

Western blot analysis of several LRRC8 knockout 
cell lines using the specific antibodies listed in 
Table 10. Tubulin was used as loading control. 

 

Figure 18 | ICl,vol inactivation in LRRC8 
triple knockout cells 

 

▼

(A) Representative swelling-activated current 
traces (as in Figure 16A) of HCT116 cells with the 
indicated LRRC8 genotypes. Light lines are from 
monoexponential fits to the current decay, when 
possible. (B) Left: ICl,vol inactivation assessed by 
ratio of current at end (I2s) and beginning (Imax) of 
2-s-pulse. Solid lines are Boltzmann fits. Right: 
V50 values from Boltzmann fits. (C) Inactivation 
time constants (τinactivation) obtained from 
monoexponential fits to ICl,vol current traces in 
response to 2-s-pulses to given voltages. WT 
currents could not be adequately fitted by 
monoexponentials and are thus absent. 
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3.2.3. Molecular determinants of differential ICl,vol inactivation kinetics 

To identify the regions determining the observed differences between LRRC8C- 

and LRRC8E-mediated currents, we constructed chimeric proteins based on LRRC8C 

and LRRC8E (Figure 19A). The chimeras were co-expressed with LRRC8A in LRRC8−/− 

HCT116 cells. Chimeras containing the N-terminus and the first TM segment of LRRC8E 

in LRRC8C-background (chimera 1, LRRC8E1–42/LRRC8C43–830, Figure 19A) or the N-

terminus, first TM segment and first extracellular loop (ECL1) of LRRC8C (chimera 2,  

LRRC8C1–125/LRRC8E117–796, Figure 19A) in LRRC8E background mediated slowly-

inactivating currents that were indiscernible from LRRC8A/C currents (Figure 19B–D). 

These results argue for a major role of the LRRC8C ECL1 in slow inactivation, since the 

ECL1 was the only segment in both chimeras that was constantly LRRC8C-derived.  

 

 

 

Figure 19 | Part of the ECL1 determines differences in inactivation between LRRC8C and E 

(A) Scheme of LRRC8C/E chimeric constructs. Light blue: LRRC8E, red: LRRC8C. (B) 
Inactivation of ICl,vol mediated by the indicated LRRC8 combinations, assessed by the ratio of 
current at end/beginning of 2-s-pulse. Solid lines are Boltzmann fits. (C) V50 values from 
Boltzmann fits shown in B. Number of cells in brackets. (D) Inactivation time constants (τinactivation) 
obtained from monoexponential fits to ICl,vol current traces in response to 2-s-pulses to given 
voltages. All experiments have been repeated in 5–8 cells. Error bars, SEM. 
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To corroborate this finding and to further narrow down the region determining 

inactivation kinetics, we generated a chimera in which part of ECL1 of LRRC8E was 

substituted for by the homologous LRRC8C segment (chimera 3,  

LRRC8E1–84,117–796/LRRC8C94–125, Figure 19A). This chimera also mediated LRRC8C-like 

inactivation (Figure 19B–D), carving out the importance of LRRC8C residues 94–125 for 

slow inactivation. Remarkably, the converse chimera, in which these residues in 

LRRC8C were replaced by the corresponding LRRC8E residues (chimera 4,  

LRRC8C1–93,126–803/LRRC8E85–116, Figure 19A) mediated fast inactivation, very similar to 

that observed in LRRC8E-mediated currents (Figure 19B–D), revealing that LRRC8E 

residues 85–116 largely account for fast inactivation kinetics.  

Sequence comparison between LRRC8C and LRRC8E showed a high level of 

conservation of this region (Figure 20A). To identify single residues responsible for the 

differences in inactivation, we introduced point mutations into LRRC8C that changed the 

respective residues to those found in LRRC8E (Figure 20B–D). While the LRRC8C-to-

LRRC8E mutations LRRC8C(T101N) (Figure 20B–D) as well as LRRC8C(M96V), 

LRRC8C(M114L), and LRRC8C(R118T) (data not shown) resulted in inactivation 

indistinguishable from LRRC8A/C, the LRRC8C(D102N) mutant exhibited faster 

inactivation and a substantial left-shift of V50 (Figure 20B–D). Although LRRC8C(T101N) 

had no effect by itself, it further accelerated inactivation in the LRRC8C-to-LRRC8E 

double-mutant LRRC8C(T101N,D102N), leading to almost LRRC8E-like inactivation 

(Figure 20B–D), similar to that of chimera 4 (Figure 19). The critical role of LRRC8C 

Asp102 was further corroborated by the converse LRRC8E-to-LRRC8C mutation 

LRRC8E(N93D), which exhibited slow inactivation indistinguishable from that mediated 

by LRRC8C (Figure 20E–G) when co-expressed with LRRC8A. Lack of an effect of the 

LRRC8E-to-LRRC8C mutation LRRC8E(N92T) alone or within the double-mutant 

LRRC8E(N92T,N93D) suggested a negligible role of this LRRC8E residue (Figure 20E–

G). 

For clarity, the position that had the larger influence on inactivation (LRRC8C 102, 

and LRRC8E 93) will from now on be referred to as position 0 (p0, Figure 20A). 
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Figure 20 | Two non-conserved residues in the C-terminal part of ECL1 affect ICl,vol 
inactivation 

(A) Protein sequence alignment of the second half of ECL1 of LRRC8A/C/E. The segment 
swapped in chimeras 3 and 4 is highlighted in red and blue, respectively. The beginning of 
predicted TM2 is indicated. According to the UniProt database (UniProt Consortium, 2015), TM1 
in LRRC8A ends at L45 while TM2 begins at Y124. LRRC8A residue D102 and the homologous 
residues in LRRC8C/E are designated as position 0. Residues differing between LRRC8C and -E 
are indicated by asterisks. (B–J) Effects of LRRC8 point mutations on inactivation. (B–D) 
Inactivation of ICl,vol mediated by LRRC8C mutants or (E–G) LRRC8E mutants co-expressed with 
WT LRRC8A and (H–J) LRRC8A mutants co-expressed with WT or mutant LRRC8C/E in 
LRRC8−/− HCT116 cells. (B,E,H) ICl,vol inactivation assessed by ratio of current at end/beginning of 
2-s-pulse. Solid lines are Boltzmann fits. (C,F,I) V50 values from Boltzmann fits shown in B, E and 
H. (D,G,J) Inactivation time constants (τinactivation) obtained from monoexponential fits to ICl,vol 

current traces in response to 2-s-pulses. All experiments have been repeated in 4–12 cells. Error 
bars, SEM. 
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3.2.4. LRRC8A also contributes to ICl,vol inactivation kinetics 

Since our results from triple knockout cell lines suggested a role of LRRC8A in 

inactivation, we compared its sequence in this region to the other isoforms. LRRC8A is 

similar to LRRC8C in that it contains an Asp at p0 (Asp100, Figure 20A). Since an Asp in 

this position seemed to produce slow inactivation, we hypothesized that LRRC8A might 

have a decelerating effect on VRAC inactivation and LRRC8A-to-LRRC8E mutations 

should therefore accelerate inactivation independent of the co-expressed isoform. 

Because only the double mutant LRRC8C(T101N,D102N) led to LRRC8E-like fast 

inactivation (Figure 20B–D), we generated the LRRC8A-to-LRRC8E double mutant 

LRRC8A(Y99N,D100N) and co-expressed it with LRRC8E in LRRC8−/− HCT116 cells. 

Indeed, LRRC8A(Y99N,D100N)/E inactivated even faster than LRRC8A/E, with 

inactivation apparent already at ~20 mV (Figure 20H–J) and a slight shift of V50 to less 

positive voltages (Figure 20I). Likewise, currents mediated by LRRC8A(Y99N,D100N)/C 

inactivated much faster and at less positive potentials than LRRC8A/C (Figure 20H–J). In 

accord with LRRC8A/C(T101N,D102N) showing LRRC8A/E-like fast inactivation (Figure 

20B–D), LRRC8A(Y99N,D100N)/ C(T101N,D102N) inactivated like 

LRRC8A(Y99N,D100N)/E channels (Figure 20H–J). LRRC8A(D100N) and 

LRRC8A(Y99N,D100N) displayed almost equal inactivation in heteromers with either 

LRRC8C or -E (Figure 20H–J), revealing the dominant role of the p0 residue. 

3.2.5. Concurrent mutation of key residues in LRRC8s drastically alters ICl,vol 

Next, we set out to further elucidate the molecular mechanism of VRAC 

inactivation by simultaneously mutating the p0 residue in both LRRC8E and LRRC8A to 

amino acids that are not present at this position in any LRRC8 isoform. We then co-

expressed both mutants in LRRC8−/− HCT116 cells. Substitution by Ala drastically 

accelerated inactivation between 30 and 70 mV, an effect that was even more 

pronounced when positively charged Lys or Arg were inserted (Figure 21A–C) 

Substitution for negatively charged Glu resulted in slow inactivation comparable to that 

observed with LRRC8A/C or LRRC8A/E(N93D) (Figure 21A–C, and Figure 20E–G). All 

p0 mutant combinations still yielded robust ICl,vol (Figure 21D). Qualitatively similar, but 

generally less pronounced effects were obtained when mutants of LRRC8A or LRRC8E 

were co-expressed with the corresponding wild type partners, or when equivalent 

mutations in LRRC8A and LRRC8C were co-expressed (data not shown). We conclude 

that residues at p0 are central determinants of ICl,vol inactivation. Positive and, to a lesser 

extent, uncharged amino acids in this position led to inactivation that rapidly reached 

steady state even at mildly positive membrane potentials. In contrast, negative charges 

caused inactivation to set in only at strongly depolarized potentials, as observed with the 
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LRRC8A/C combination. Similar inactivation properties in Lys and Arg, or Ala and Asn 

mutants, respectively, indicate that side chain volume is less important.  

  

 
 

Figure 21 | Charged side chains of residues at p0 and p−2 drastically affect ICl,vol 
inactivation 

(A–D) Effects of p0 and (E–H) p−2 mutations on ICl,vol inactivation. (A,E) Example ICl,vol currents at 
indicated voltages mediated by the indicated LRRC8A/LRRC8E mutants co-expressed in 
LRRC8−/− HCT116 cells. (B,F) ICl,vol inactivation assessed by ratio of current at end/beginning of 2-
s-pulse. Solid lines are Boltzmann fits. (C,G) Inactivation time constants (τinactivation) obtained from 
monoexponential fits to ICl,vol current traces in response to 2-s-pulses. (D,H) Current densities of 
maximally activated ICl,vol (at −60 mV) mediated by the indicated p0 (D) or p−2 (H) mutant 
combinations. All p0 and p−2 mutants tested gave rise to robust swelling-activated currents of 
similar magnitude as observed in WT. All experiments have been repeated in 6–12 cells. Error 
bars, SEM. n.t., not transfected. 
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Given the dramatic effects of charged amino acids at p0, we next investigated the 

role of the conserved Lys at p−2 (Figure 20A). Charge reversal or neutralization of this 

residue in LRRC8A and LRRC8E strongly altered inactivation when both mutants were 

co-expressed in LRRC8−/− cells, while a charge-conserving mutation to Arg exerted only 

a minor decelerating effect (Figure 21E–H). In Ala and Asn substitutions, inactivation 

appeared to be almost absent save for a very fast component that was detected only at 

the most strongly depolarized potentials (Figure 21E–H). Very fast inactivation was also 

observed when negatively charged Glu was introduced (Figure 21E–H). The inactivation 

of currents from p−2 mutants displayed a very shallow voltage-dependence and 

appeared to saturate at larger remaining currents than observed with WT combinations 

(>40% of current left vs. ~15% for WT, Figure 21F). Co-expression of LRRC8A wild type 

or p−2 mutants with LRRC8C WT or p−2 mutants gave results undistinguishable from 

those obtained with the equivalent LRRC8A/E combinations (data not shown). All p−2 

mutant combinations showed robust ICl,vol amplitudes not different from WT (Figure 21G). 

We next asked whether p−2 mutations alter the characteristic I− > Cl− selectivity of 

VRACs. Cells in which ICl,vol was maximally activated were superfused with solutions in 

which Cl− was substituted by I−, and the resulting shifts in reversal potential (∆Erev) were 

used to calculate relative permeabilities. Whereas the mutant combinations 

LRRC8A(K98A)/E(K91A) and LRRC8A(K98N)/E(K91N) did not alter ∆Erev compared to 

the WT combination, ∆Erev was significantly smaller for the charge reversal mutants 

LRRC8A(K98E)/E(K91E), reducing the relative permeability (PI/PCl) from 1.25 to 1.12 

(Figure 22A–C). None of these mutations significantly changed the NO3
−, gluconate, or 

Na+ permeability of VRACs (Figure 22B). When only one of the two co-expressed 

LRRC8 subunits contained the p−2 Lys-to-Glu mutation, ∆Erev was only significantly 

altered in LRRC8A/E(K91E), but not in LRRC8A(K98E)/E, suggesting a larger 

contribution of LRRC8E to the selectivity of the pore (Figure 22D). 

Introduction of p−2 Lys-to-Glu mutations also altered ∆Erev in the LRRC8A/C 

combination (Figure 22D). As reported by ourselves as well as others (Qiu et al., 2014; 

Voss et al., 2014), ∆Erev upon iodide substitution was not significantly different between 

LRRC8A/C and LRRC8A/E heteromers (Figure 22D). We also investigated if p0 

mutations affect ICl,vol selectivity, but did not find significant changes in PI/PCl or PNMDG/PNa 

(Figure 22E). 
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Figure 22 | Charge reversal of the conserved Lys in p−2 affects ICl,vol anion selectivity 

(A) Example ICl,vol current traces in response to voltage ramps. (B,D,E) Relative shifts in reversal 
potential (∆Erev) upon substitution of NaCl with the indicated substances. The number of cells is 
indicated (B,E) or single experiments are plotted (D). Error bars, SEM. *, P < 0.05; **, P < 0.01; 
****, P < 0.0001 (one-way ANOVA, Bonferroni’s test). (C) Relative iodide permeability as 
calculated from ∆Erev. 
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4. DISCUSSION 

4.1. LRRC8A as an essential component of VRAC 

Our findings unambiguously demonstrate that LRRC8A is an essential component 

of VRAC. Using a genome-wide siRNA screen with a cell line expressing a halide-

sensitive YFP variant, we found that knockdown of LRRC8A resulted in a strong 

reduction of swelling-activated I− influx. This result was confirmed in a secondary screen 

with independent siRNAs, where the effect was even more pronounced. Furthermore, 

siRNA-mediated knockdown of LRRC8A drastically reduced ICl,vol in whole-cell patch 

clamp recordings, and disruption of the gene using the CRISPR/Cas and zinc finger 

technologies abolished the current completely. The specificities of siRNAs and gene 

targeting approaches were ascertained by the use of different target sequences within 

the LRRC8A gene.  

In most cases, overexpression of an ion channel leads to a pronounced increase 

in the currents it mediates, even if the channels are already expressed endogenously. 

Surprisingly, overexpression of LRRC8A in HEK293 cells did not increase ICl,vol, but 

rather suppressed it to a similar extent as the siRNA-mediated knockdown. We attributed 

this result to a requirement for hetero-oligomerization of LRRC8A with other LRRC8 

proteins to form functional channels, a hypothesis we followed up on in some detail 

(discussed in section 4.2). However, expression of LRRC8A in LRRC8A−/− cells did 

rescue ICl,vol, demonstrating that VRAC requires the LRRC8A protein. 

We found that LRRC8A localizes to the plasma membrane upon overexpression 

using fluorescently labeled constructs and in native cells using specific antibodies, in 

agreement with a role as a plasma membrane channel. However, LRRC8A containing a 

mutation found in a patient with agammaglobulinemia causing a truncation of the C-

terminus (Kubota et al., 2004), did not reach the plasma membrane. The reported weak 

homology of LRRC8 proteins to pannexins and connexins, both of which form plasma 

membrane channels, is in accordance with the channel hypothesis (Abascal and 

Zardoya, 2012). However, while the bioinformatical analysis done by Abascal and 

Zardoya provided strong evidence for a pannexin-like transmembrane topology of 

LRRC8 proteins, experimental support was lacking. On the contrary, comparison to other 

LRRD-containing proteins rather suggested an extracellular localization of the LRRC8A 

LRRD, which would not be compatible with a similar structure as pannexins (Abascal and 

Zardoya, 2012; Sawada et al., 2003). Therefore, we set out to ascertain the pannexin-

like topology in deglycosylation experiments and accessibility studies using mutated or 

HA-tagged LRRC8A proteins (not shown in this thesis, see Voss et al., 2014). Indeed, 

we found that the orientation of LRRC8A is similar to that of pannexins: The first and 
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third loops connecting the putative TM domains are on the extracellular side, while the 

LRRD-containing C-terminus is located intracellularly. It is therefore tempting to 

speculate that LRRC8A might, like connexins and possibly pannexins, assemble to 

hexamers and form an ion-conducting pore. 

In addition to the electrophysiological evidence presented in this thesis, we also 

investigated if LRRC8A is required for two other processes in which VRAC was thought 

to play a major role: Regulatory volume decrease (RVD) and swelling-activated efflux of 

the important cellular osmolyte taurine (not shown in this thesis, see Voss et al., 2014). 

Radioactive 3[H]-Taurine efflux from preloaded WT and LRRC8A−/− HEK293 cells 

subjected to isotonic or hypotonic saline was measured over time. Whereas taurine 

release was substantially stimulated by hypotonicity in WT cells, no such stimulation was 

found in LRRC8A−/− cells (Voss et al., 2014). Hence, LRRC8A is probably essential for 

both proposed pathways, the anion channel VRAC and the organic osmolyte channel 

VSOAC. Because Cl− and organic osmolytes both drive RVD, we also investigated the 

ability of LRRC8A-deficient cells to regulate their volume. When cells were subjected to 

hypotonic saline and cell volume was monitored by calcein fluorescence, a pronounced 

volume decrease was measured for WT, but not for LRRC8A−/− cells. This is an expected 

result, as pharmacological inhibition of VRAC causes similar effects (Hoffmann et al., 

2009). 

On the same day our findings were first published, Ardem Patapoutian and 

coworkers (Scripps Research Institute, La Jolla, USA) reported on a remarkably similar 

siRNA screen that also identified LRRC8A as a component of VRAC (Qiu et al., 2014). 

As in our own screen, HEK293 cells stably expressing an I−-sensitive YFP variant were 

generated, and the fluorescence quenching of YFP was used as readout for swelling-

induced I− influx through VRAC. However, different siRNA libraries and analysis 

procedures were employed. In a prescreen similar to ours, Qiu et al. tested siRNAs 

against the previous VRAC candidates pICln, ClC-2, ClC-3, and bestrophin 1, which did 

not affect YFP quenching, further adding to the many studies refuting their role in ICl,vol. 

Both, primary and secondary screens yielded LRRC8A as the major hit. Knockdown of 

LRRC8A using several different siRNAs reduced the swelling-induced quenching 

responses to the same extent as the VRAC inhibitor DCPIB. Whole-cell patch clamp 

experiments revealed that LRRC8A knockdown also abolished ICl,vol in different cell lines. 

Furthermore, Qiu et al. found that siRNA-mediated knockdown of LRRC8A 

expression drastically impaired RVD and swelling-induced taurine efflux, closely 

resembling our own findings. 

Since VRAC is ubiquitously expressed, an essential component of the channel 

should exhibit a broad expression pattern. Whereas we relied on EST databases and 
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previous reports (Kubota et al., 2004) that indeed suggested a widespread expression of 

LRRC8A, Qiu et al. addressed the issue experimentally by probing different tissues for 

LRRC8A mRNA, confirming the other studies. Experiments aimed to clarify the 

subcellular localization and membrane topology of LRRC8A were very similar in 

approach to the ones we conducted. The results again verified that LRRC8A is a plasma 

membrane protein and has a pannexin-like structure with LRRDs in the cytoplasm, 

matching its implied role as a channel.  

Importantly, Qiu et al. also confirmed our finding that overexpression of LRRC8A 

does not increase ICl,vol but rather suppresses it. On the other hand, LRRC8A expression 

in stable LRRC8A knockdown cells restored currents which exhibited all characteristics 

of ICl,vol, excluding off-target effects. Currents were not rescued by the truncated LRRC8A 

mutant found in an agammaglobulinemia patient, which fits to our observation that the 

truncated protein does not reach the plasma membrane but is retained in the 

endoplasmic reticulum. 

To investigate if LRRC8A is part of the VRAC channel itself, Qiu et al. individually 

mutated all residues within the putative transmembrane segments (TM) to cysteines, 

expressed these mutants in stable LRRC8A knockdown cells and probed if modification 

by the membrane-impermeable thiol-reactive reagent 2-sulfonatoethyl methane-

thiosulfonate (MTSES) affected VRAC function. Out of 62 mutants assessed in the YFP 

reporter assay, only T44C located at the extracellular end of TM1 led to reduced VRAC 

activity upon MTSES application. In patch clamp experiments, inward but not outward 

currents mediated by the T44C mutant were significantly reduced upon MTSES 

application. While these findings hinted that LRRC8A indeed contributes to the VRAC 

pore, only an alteration of a channel-intrinsic property such as ion selectivity can be 

considered more definitive proof. Therefore, Qiu et al. investigated if mutations to T44 

alter the characteristic I− > Cl− selectivity of VRAC. The relative permeability of I− (PI/PCl) 

was calculated from reversal potential changes upon replacement of NaCl with NaI. 

Surprisingly, the structurally conservative mutant T44C displayed an increased PI/PCl 

(1.59 ± 0.02 compared to 1.29 ± 0.03 in WT), while mutation to a positively charged 

arginine (T44R) decreased PI/PCl (1.15 ± 0.03) and a mutant carrying a negatively 

charged glutamate (T44E) displayed unaltered selectivity. However, the very low 

currents observed with the T44 mutants increase the risk of a contamination by 

background currents, which may be an alternative explanation for the rather miniscule 

changes in PI/PCl. Whereas an alteration of ion selectivity caused by a mutation within a 

protein is generally considered as good evidence for that protein forming the channel 

pore, a few examples illustrate that caution should be exercised with this interpretation. 

For instance, the potassium channel β subunit KCNE1 (MinK) can alter the ion selectivity 
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of the channels it associates with while not forming a pore by itself (Kaczmarek and 

Blumenthal, 1997). 

It is assuring that two completely independent studies arrived at the same 

conclusions (Qiu et al., 2014; Voss et al., 2014). This convergence certainly strengthens 

the arguments of both studies and establishes LRRC8A as a protein essential for VRAC 

function beyond reasonable doubt. However, the notion that LRRC8A contributes to the 

VRAC pore is not sufficiently backed by the evidence discussed so far. The dependence 

of VRAC function on LRRC8A expression could equally well be explained by other roles 

of LRRC8A, e.g. as indispensable β subunit, stabilizing factor or essential part of the 

signaling cascade leading to VRAC activation. 

 

4.2. VRAC is formed by LRRC8 heteromers 

The observation that LRRC8A overexpression suppresses ICl,vol in HEK293 cells 

led us to hypothesize that LRRC8A may be part of a multimeric complex which also 

requires other proteins to function correctly. The obvious candidates for such a 

hypothesis were the closely related LRRC8 homologs LRRC8B to LRRC8E. Indeed, the 

suppression effect was not detected when co-expressing LRRC8A and LRRC8C. While 

fluorescently labeled LRRC8B through LRRC8E on their own did not leave the 

endoplasmic reticulum upon overexpression, co-expressed LRRC8A efficiently carried 

them to the plasma membrane. This suggested that the other LRRC8 proteins are also 

involved in VRAC function, but the fact that these proteins are expressed endogenously 

by most cell types required an unusual approach to study their functional role. We 

therefore generated knockout HCT116 cells in which the corresponding genes were 

disrupted singly or in combinations. While all single LRRC8s except for LRRC8A were 

dispensable for ICl,vol, currents were reduced in LRRC8E−/− and LRRC8(D/E)−/− cells, 

almost abolished in LRRC8(C/E)−/− and LRRC8(C/D/E)−/− cells; and no current could be 

evoked in LRRC8(B/C/D/E)−/− cells. We also noticed differences in the speed of 

inactivation between different knockout cell lines. LRRC8C knockout led to a faster 

inactivation while disruption of LRRC8D, LRRC8E or both yielded currents that 

inactivated slower than WT. Furthermore, we found that not only ICl,vol but also swelling-

activated taurine efflux depends on LRRC8B–E, as it was fully abolished in 

LRRC8(B/C/D/E)−/− cells. Three conclusions could be drawn from these findings: First, 

VRAC and VSOAC require LRRC8A and at least one other LRRC8 protein, hinting that 

they are very likely both formed by LRRC8 heteromers. Second, LRRC8A, LRRC8E, and 

LRRC8C are the main contributors to the endogenous VRAC in HCT116 cells. And third, 

the combination of LRRC8 homologues apparently determines the inactivation kinetics of 

ICl,vol. 
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These conclusions were further backed by results from overexpression studies in 

LRRC8−/− cells, in which all LRRC8 genes were disrupted. Rescue of ICl,vol could not be 

achieved by expression of LRRC8A alone, but required co-expression of LRRC8A with 

at least one other LRRC8 protein. However, it has to be noted that while we did not 

manage to overexpress LRRC8B, modest ICl,vol could be evoked in LRRC8(C/D/E)−/− 

cells, suggesting that LRRC8B also contributes to endogenous VRACs. Inactivation 

kinetics depended on the expressed LRRC8 isoform, resembling results from the 

knockout cell lines: LRRC8A/C mediated slowly inactivating ICl,vol, while LRRC8A/D and 

LRRC8A/E caused rapid inactivation which saturated within tens of milliseconds. As 

similarly fast current inactivation in other ion channels is generally mediated by either the 

pore-forming α-subunits themselves, as observed in NaV and KV channels (Catterall, 

2012; Hoshi et al., 1990), or closely associated accessory proteins such as KV β-subunits 

(Rettig et al., 1994), but cannot be explained by a signal transduction cascade, we 

concluded that LRRC8 proteins must be an integral part of the VRAC channel. 

If LRRC8 proteins indeed form heteromers, as strongly suggested by our 

functional studies and the observation that LRRC8A facilitates trafficking of LRRC8B–E 

to the plasma membrane, LRRC8 proteins should physically interact. We could indeed 

show such an interaction in co-immunoprecipitation experiments (not shown in this 

thesis, see Voss, 2015; Voss et al., 2014). LRRC8A co-precipitated LRRC8A through 

LRRC8E and, conversely, LRRC8A through LRRC8E co-precipitated LRRC8A, 

demonstrating that LRRC8A can interact with all other LRRC8 proteins.  

 

4.3. Molecular mechanisms of VRAC inactivation and permeation 

Voltage-dependent inactivation, defined as spontaneous decay of currents after 

the establishment of a certain transmembrane voltage, is a hallmark of many ion 

channels. It is most often due to a closure of the channel pore. Whereas fast inactivation 

is crucial for certain cation channels involved in action potential generation, its biological 

role is less clear for ion channels like VRACs whose functions are normally not related to 

fast voltage changes. Voltage-dependent inactivation has been studied in great detail 

over several decades for various voltage-dependent K+ and Na+ channels. Fast N-type 

inactivation of Kv channels involves a cytoplasmic N-terminal blocking particle that binds 

to the intracellular opening of the pore (Hoshi et al., 1990, 1991), whereas the 

mechanism of the slower C-type inactivation is less clear but may involve a constriction 

of the channel pore (Cuello et al., 2010). In contrast, nothing was known about the 

structural basis of the inactivation of VRACs, the molecular composition of which 

remained unknown. We now identified amino acids in the highly conserved extracellular 

stretch preceding the second transmembrane domain of LRRC8 proteins as key 
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determinants of inactivation (see section 3.2). Mutations in one of these residues also 

changed the ion selectivity of VRACs, suggesting that this stretch forms part of the 

extracellular opening of the ion-conducting pore which might constrict with channel 

inactivation. 

As discussed before, differences in voltage-dependent inactivation of native ICl,vol 

(Nilius et al., 1997) can be attributed to tissue-specific expression patterns of LRRC8 

isoforms. Analysis of cultured cells expressing the obligatory LRRC8A together with 

particular other LRRC8 isoforms showed that differences in inactivation were largest 

between channels containing LRRC8C or -E, which induced the slowest and fastest 

inactivation of ICl,vol, respectively (see section 3.1.4). Co-expression of different 

LRRC8C/E chimeras with LRRC8A now identified the C-terminal half of the first 

extracellular loop (ECL1) as a major determinant of VRAC inactivation. In this stretch we 

identified the negatively charged Asp102 of LRRC8C, which is replaced by uncharged 

Asn at this position (p0) in LRRC8E, as a key determinant of channel inactivation. 

Mutations at p−1 modulated the effect of the p0 mutation on inactivation in LRRC8C, but 

not in the other subunits tested. The charge, rather than size, of the residue at p0 

strongly influenced the rate and voltage-dependence of ICl,vol inactivation. Likewise the 

charge at p−2 (Lys in all LRRC8 isoforms but LRRC8B) markedly affected voltage-

dependence and kinetics of inactivation, but surprisingly also VRAC’s ion selectivity.  

The strong influence of charges at positions p−2 and p0 on voltage-dependent 

inactivation raises the question whether these residues directly act as voltage-sensors. A 

positive charge at p0 accelerated channel inactivation and shifted its voltage-

dependence to the left, whereas negative charges at p−2 shifted the voltage-

dependence to the right, but also accelerated inactivation. The similar effect of positive 

charges at position p−2 and p0 on the voltage-dependence evokes the hypothesis that a 

putative, and possibly pore-forming, re-entrant loop in the stretch delimited by the 

glycosylation site and the predicted extracellular end of the second transmembrane span 

(N83 and Y126, respectively, in LRRC8A) dips into the electric field of the outer mouth of 

the channel and causes inactivation by an electrostatically induced movement in 

response to depolarization. However, the observation that neutralization of the positive 

charge at p−2 leads to a more pronounced right shift of the voltage-dependence of 

inactivation than charge reversal is difficult to reconcile with this hypothesis, as is the 

similar effect of opposite charges at p0 and p−2 on inactivation kinetics. 

Inactivation of ICl,vol was not complete, but saturated, depending on the particular 

channel composition, at maximum values of 80–95% that were asymptotically reached at 

long times and strong depolarization. Even less complete inactivation was observed with 

p−2 mutants. Previous single-channel recordings of native ICl,vol currents suggested that 
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voltage-dependent inactivation involves the stepwise closure of single VRAC channels 

that display a single-channel conductance of 50–80 pS at positive potentials (Jackson 

and Strange, 1995a; Okada et al., 1994; Voets et al., 1997a). Therefore, the current 

remaining after maximal inactivation may represent the spontaneous flickering of such 

channels with a low average open probability. However, the observation that LRRC8A/C 

and LRRC8A/E channels display similar steady state inactivation while showing 

markedly different time constants for entering, but not for leaving inactivated states, 

argues against the possibility that steady state inactivation represents an equilibrium of 

direct transitions between an open and an inactivated state. Instead, inactivation may 

lead to a partial closure of the pore that would result in a reduced single channel 

conductance. While such a behavior has not been observed in any of the studies 

reporting single VRAC currents, the expected small steady state currents (~10%) may 

have been below the detection limit. High-resolution single channel recordings, 

especially of p−2 mutants which exhibit much higher steady state currents could help to 

clarify this issue. However, we failed to record swelling-induced single channel activity in 

pre-swollen HCT116 cells.  

It is instructive to compare our results to those obtained for pannexins and 

connexins. LRRC8 proteins display weak, but significant sequence homology to 

pannexin channels (Abascal and Zardoya, 2012), which in turn display structural 

similarity, but no sequence homology, to gap-junction forming connexins. The highest 

degree of homology between pannexins and LRRC8 proteins is found in TM1 and TM2 

(Abascal and Zardoya, 2012), which in connexins line the pore as revealed by high-

resolution structures (Maeda et al., 2009). The homology between pannexins and 

LRRC8 channels extends about 10 residues beyond the predicted end of TM1 into 

ECL1. By contrast, there is no significant homology between both channel classes in the 

C-terminal part of ECL1 (Abascal and Zardoya, 2012) and pannexin hemichannel 

currents lack conspicuous inactivation (Barbe et al., 2006). Structure-function studies 

indicated that besides TM1, ECL1 is important for the permeation of both pannexins (Qiu 

et al., 2012; Wang and Dahl, 2010) and connexins (Kronengold et al., 2003; Trexler et 

al., 2000). For instance, a change from anion- to cation-preferring hemichannels was 

observed when ECL1 of connexin32 was replaced by that from connexin46 (Kronengold 

et al., 2003). Moreover, the crystal structure of connexin26 showed that ECL1 

contributes to the formation of the outer pore funnel that contacts the hemichannel from 

the other cell (Maeda et al., 2009).  

In contrast to the very low currents mediated by T44 mutants described by Qiu et 

al. (2014), the Lys to Glu mutations at p−2 described in this thesis did not reduce current 

densities and decreased rather than increased the I− > Cl− permeability of VRACs. As 
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expected for a pore-lining residue, the change in selectivity was larger when both co-

expressed subunits carried the mutation.  

In summary, our results reveal that the portion of the first extracellular loop that 

directly precedes TM2, and which is highly conserved over a length of 30 amino acids in 

all mammalian LRRC8 isoforms, plays a pivotal role in the voltage-dependent 

inactivation of VRACs. Unexpectedly, mutations in this region also change VRAC’s ion 

selectivity and hence suggest that it is in contact with the permeation pathway. I 

speculate that VRAC inactivation involves a constriction of the pore close to its 

extracellular opening. 

 

4.4. Selected new findings since the molecular identification of VRAC 

The identification of LRRC8 proteins as essential components of VRAC by us and 

others (Qiu et al., 2014; Voss et al., 2014) has enabled several seminal advances in the 

understanding of the physiological role and the functional properties of these exciting 

new channels. The most relevant studies to date will be summarized and discussed in 

this section. 

4.4.1 The Lrrc8a knockout mouse 

The phenotype of a Lrrc8a knockout mouse was published shortly after the role of 

LRRC8A as an essential component of VRAC was first reported (Kumar et al., 2014). 

Lrrc8a−/− mice showed increased pre- and postnatal lethality, with few animals surviving 

past an age of 4 weeks and none past 16 weeks. The appearance of newborn Lrrc8a−/− 

animals was described as normal, but after only one week, severe growth retardation 

and other abnormalities including curly hair, hind limb weakness, progressive 

hydronephrosis, and sterility were noted. Histological examination exposed various 

pathologies in skin, muscles, kidney, and ovaries (Kumar et al., 2014). Only homozygous 

knockout animals exhibited these defects, whereas heterozygous animals were 

described as normal. The severe phenotype of Lrrc8a−/− mice suggests a major 

physiological role of VRAC in many different tissues. It will be interesting to see how 

these pathologies relate to volume regulation and the many other physiological 

processes linked to VRAC. 

Kumar et al. further focused on lymphocyte development and function in Lrrc8a−/− 

mice. They found severe impairments of thymic development, thymocyte proliferation 

and T cell function, while the function of peripheral B cells, which was reportedly 

perturbed by a truncated version of LRRC8A heterozygously expressed in a patient with 

agammaglobulinemia (Sawada et al., 2003), appeared to be largely unaffected (Kumar 

et al., 2014).  
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Thus, considering that Lrrc8a+/− and Lrrc8a−/− mice showed no B cell phenotype 

(Kumar et al., 2014), and that the LRRC8A truncation implied in agammaglobulinemia 

did not exert a dominant-negative effect on ICl,vol (Qiu et al., 2014), it may be necessary to 

reconsider if the LRRC8 truncation was really causative for the observed pathology 

(Sawada et al., 2003). 

Using antibodies against the C-terminus and the loop connecting TM2 and TM3 of 

LRRC8A, as well as a C-terminally FLAG-tagged LRRC8A construct and anti-FLAG 

antibodies, Kumar et al. could detect LRRC8A in FACS experiments using non-

permeabilized cells. These findings suggested a transmembrane topology where N-

terminus, TM2–TM3 loop and LRRD-containing C-terminus of LRRC8A are located on 

the extracellular side. However, such topology would be in conflict with the topology 

proposed by Abascal and Zardoya (2012), which was later confirmed independently in 

both reports identifying LRRC8A as a VRAC component via different albeit similar 

experimental approaches (Qiu et al., 2014; Voss et al., 2014), as well as another recent 

study, employing well-controlled FACS experiments (Lee et al., 2014). Given that the 

majority of experimental evidence suggests a pannexin-like topology, and that the study 

by Kumar et al. lacks appropriate negative controls (e.g. antibodies against the TM1–

TM2 or TM3–TM4 loops) the extracellular localization of the LRRC8A LRRDs can 

probably be discarded as an experimental artifact (Abascal and Zardoya, 2012; Lee et 

al., 2014; Qiu et al., 2014; Voss et al., 2014).  

Assuming the receptor-like topology, Kumar et al. hypothesized that LRRC8A can 

be activated by an extracellular ligand. They found evidence that thymic epithelial cells 

may express such a ligand that promoted thymocyte differentiation and survival in vitro. 

‘Activation’ of LRRC8A with a monoclonal anti-LRRC8A antibody and subsequent 

crosslinking led to AKT phosphorylation. The authors also found that LRRC8A 

associates with LCK (lymphocyte-specific protein tyrosine kinase), a member of the Src 

family, which activates AKT through the LCK-ZAP-70-GAB2-PI3K pathway (Kumar et al., 

2014). Interestingly, involvement of LCK signaling in VRAC activation has been reported 

in the past (Lepple-Wienhues et al., 1998). Thus, while it seems unlikely that LRRC8A is 

a receptor that binds ligands through outward-facing LRRDs, it may be worthwhile to 

investigate how these signaling pathways relate to the activation of VRAC. 

4.4.2 Excitatory amino acid release from astrocytes requires LRRC8A 

After learning that VRAC depends on LRRC8 expression, the research group of 

Alexander A. Mongin (Albany Medical College, Albany, USA) rapidly investigated the 

proposed role of the channel in the release of excitatory amino acids (see section 1.2.4) 

from primary rat astrocytes (Hyzinski-García et al., 2014). Quantitative RT-PCR revealed 

that these cells express LRRC8A, LRRC8B, LRRC8C, and LRRC8D at a ratio of 
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approximately 1:2:2:2, while LRRC8E was only poorly expressed. This finding is 

compatible with the very slow inactivation of ICl,vol in astrocytes (see Table 1). As 

expected from many studies relying on pharmacological inhibition of VRAC, siRNA-

mediated knockdown of LRRC8A led to dramatically reduced release of aspartate, 

glutamate and taurine in response to hypotonic stimuli (Hyzinski-García et al., 2014). 

ATP-stimulated release of aspartate and taurine in non-swollen astrocytes was also 

abolished, adding to the evidence for a role of VRAC in physiological gliotransmission. 

4.4.3 LRRC8D is essential for cellular blasticidin S uptake 

A specialized role for LRRC8D in drug transport was first suggested in a report 

appearing shortly after publication of the identification of LRRC8 proteins as essential 

VRAC constituents (Lee et al., 2014). In a preceding study, the same authors found 

LRRC8A and LRRC8D as hits in a genetic screen for endogenous NF-κB inhibitors, 

which used cells carrying a transcriptional reporter that drives the expression of a gene 

conferring resistance to the antibiotic blasticidin S (BlaS; Lee et al., 2013). While cells 

containing gene-trap insertions in LRRC8A and LRRC8D were indeed resistant to BlaS, 

no defects in NF-κB regulation were found. Noting that other genetic screens in which 

tunicamycin and 3-bromopyruvate were used as selecting agents actually identified 

transporters for these substances, the authors hypothesized that LRRC8A and LRRC8D 

may likewise be involved in the cellular uptake of the large, polar BlaS molecule. To test 

this hypothesis, they measured cellular BlaS levels in a LC/MS-based assay and found 

drastically reduced BlaS contents in LRRC8D-deficient KBM7 cells when compared to 

WT cells. Thus, LRRC8D deficiency indeed leads to defective BlaS uptake. LRRC8A and 

to a lesser extent also LRRC8D were detected at the plasma membrane, as is required 

for an uptake pathway.  

A role of LRRC8 proteins in solute transport would be in accord with the proposed 

similarity of LRRC8s to channel-forming pannexins (Abascal and Zardoya, 2012), which 

have been shown to conduct larger substrates such as ATP (Bao et al., 2004; Chekeni et 

al., 2010; Penuela et al., 2013). To investigate if LRRC8s indeed have the same 

transmembrane topology as pannexins, Lee et al. conducted a series of well controlled 

experiments, revealing that both LRRC8A and LRRC8D have a cytosolic C-terminus like 

pannexins. These findings are entirely consistent with the topology found by Qiu et al. 

(2014) and us (Voss et al., 2014). Finally, Lee et al. could show that LRRC8A, LRRC8B, 

LRRC8C and LRRC8D stably interact in biochemical assays, again confirming our 

findings. 
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4.4.4 Specialized VRACs mediate organic osmolyte and drug transport 

In a more recent study, we revisited the role of VRAC in drug resistance, 

apoptosis, and organic osmolyte transport in a collaborative effort together with the 

groups of Sven Rottenberg (Bern) and Piet Borst (Amsterdam, Planells-Cases et al., 

2015). Although I was involved in this work, it was highly collaborative and therefore my 

contributions do not stand alone. I therefore decided not to include them in the results 

section of this thesis. However, since this study substantially expands our understanding 

of how LRRC8 proteins determine VRAC function and because they uncovered a new 

and unexpected role of VRAC in drug transport, I want to summarize and discuss them in 

some detail here.  

A genome-wide gene-trap mutagenesis screen was used to identify mediators of 

carboplatin and cisplatin resistance in haploid KBM7 cells. Cells that resisted carboplatin 

treatment accumulated insertions disrupting LRRC8A and, more prominently, LRRC8D. 

LRRC8D-deficent cells generated for the study investigating LRRC8D-dependent 

blasticidin S uptake (Lee et al., 2014) were more resistant to clinically relevant 

concentrations of cisplatin and carboplatin, but not to the larger oxaliplatin. 

We next asked whether Pt-drug resistance correlates with ICl,vol and cell volume 

regulation. KBM7 and KBM7-derived HAP1 cells in which LRRC8D was disrupted 

displayed unchanged ICl,vol current densities and gating behavior when compared to WT 

cells, while no VRAC currents could be elicited in LRRC8A− HAP1 cells. These results 

resemble our findings in HCT116 cells which required LRRC8A for ICl,vol, while LRRC8D 

was dispensable (Figure 12, Voss et al., 2014). RVD, like ICl,vol, depended on LRRC8 

heteromers in HEK293 cells because it was similarly abolished in LRRC8A−/− and 

LRRC8(B/C/D/E)−/− clones. Surprisingly, RVD was also mildly impaired in LRRC8D−/− 

cells, suggesting that LRRC8D-containing VRACs, while being dispensable for ICl,vol, 

contribute to cell volume regulation. 

Because VRAC is thought to be involved in the induction of apoptosis through 

AVD (section 1.2.4; Maeno et al., 2000; Shimizu et al., 2004), and high concentrations of 

platinum anti-cancer drugs induce apoptosis, it is tempting to speculate that the Pt-drug 

resistance of LRRC8 knockout cells is at least partially due to an impairment of their 

ability to undergo programmed cell death. To test this hypothesis, we monitored caspase 

activity as a marker for apoptosis in cells treated with high amounts of cisplatin and 

staurosporine. Indeed, caspase induction by cisplatin was significantly reduced in 

LRRC8A−/−, LRRC8D−/− and LRRC8−/− cells. Staurosporine-induced caspase activity was 

strongly reduced in LRRC8A−/− and LRRC8−/− cells but largely unaffected in LRRC8D−/− 

cells, thus resembling ICl,vol in its LRRC8-dependence. It is thought that activation of 

VRAC by pro-apoptotic stimuli leads to AVD, which is an obligate early step in the 
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initiation of apoptosis (see section 1.2.3). If this is indeed the case, it should be possible 

to observe VRAC activity after exposing cells to such stimuli. While others were able to 

record a current resembling ICl,vol a few minutes after acutely applying staurosporine or 

Fas-ligand to cells patched in the whole-cell configuration (Shimizu et al., 2004), we 

could not observe such a rapid activation in HeLa, HEK293 or HCT116 cells within 

30 minutes after application (unpublished observation). However, when monitoring ICl,vol 

through the YFP-quenching assay used in the genome-wide screen, we recorded a slow 

but robust activation in cells treated with cisplatin and staurosporine, an effect that was 

absent in LRRC8A−/− cells. Thus, as suggested before, VRAC is indeed activated by pro-

apoptotic stimuli, and because cells lacking essential VRAC constituents were protected 

from drug-induced apoptosis, the resulting AVD is probably an important step facilitating 

programmed cell death. While several other studies already suggested that this is the 

case (see sections 1.2.3 and 1.2.4), our work provides the first solid evidence not based 

on unspecific pharmacological manipulations.  

When applying the pro-apoptotic stimuli under hypotonic conditions, we were 

surprised to find that caspase induction by cisplatin, but not by the larger staurosporine, 

was drastically increased when compared to isotonic conditions. The effect depended on 

VRAC since it was completely abolished in LRRC8A−/− and LRRC8−/− cells, and reduced 

in LRRC8D−/− cells. This hinted that cisplatin may enter cells through VRACs opened by 

cell swelling. Indeed, it is assumed that only about 50% of cisplatin enters cells by 

passive diffusion, while the other 50% depend on an as of yet unknown protein 

component, the absence of which may be a major hallmark of cellular cisplatin resistance 

(Gately and Howell, 1993). 

To test more rigorously if VRAC is indeed a pathway for Pt-drug uptake, we 

measured cellular Pt contents under various conditions. Isotonic cisplatin uptake was 

reduced in LRRC8A−/− and LRRC8D−/− HEK293 cells, but only after long uptake periods 

of >4 hours, while Pt contents were unchanged in LRRC8C−/− cells. Likewise, isotonic 

uptake of carboplatin was diminished in LRRC8D− KBM7 cells. Because LRRC8D is 

dispensable for ICl,vol, but apparently important in Pt-drug uptake, we hypothesized that 

LRRC8D-containing VRACs may have an increased permeability for larger transport 

substrates such as cisplatin. To study the role of different LRRC8 heteromers in isolation, 

we analyzed LRRC8(B/D/E)−/− and LRRC8(B/C/E)−/− cells, which only express 

LRRC8A/C and LRRC8A/D heteromers, respectively. While VRACs containing 

LRRC8A/D mediated normal cisplatin uptake, in cells only expressing LRRC8A/C it was 

reduced to the same extent as in LRRC8A−/− cells. Differences in hypotonic cisplatin 

uptake were even more pronounced. Hypotonic uptake was completely abolished in 

LRRC8A−/− cells, but was only reduced by ~50% in LRRC8D−/− cells and unaffected in 
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LRRC8C−/− cells. Results from triple knockout cells resembled those under isotonic 

conditions: While LRRC8A/D heteromers supported robust hypotonicity-induced cisplatin 

uptake, only low uptake was observed in cells expressing LRRC8A/C. We also 

measured ICl,vol in those cell lines and found similar current densities in WT, LRRC8D−/− 

and LRRC8(B/D/E)−/− cells (expressing LRRC8A/C), but significantly lower currents in 

LRRC8(B/C/E)−/− cells (expressing LRRC8A/D). Thus, LRRC8D-containing VRACs have 

a much higher cisplatin/Cl− transport ratio than VRACs containing LRRC8C or the 

mixtures found endogenously. 

If VRAC is indeed responsible for the uptake of chemotherapeutic drugs, tumors 

may select against it during the acquisition of resistance to those drugs. We analyzed 

data from ovarian cancer patients treated with Pt-drugs for a correlation of survival with 

expression of LRRC8A or LRRC8D. While reduced LRRC8A expression had no effect on 

survival, patients with a lower expression of LRRC8D displayed significantly reduced 

survival. We hypothesize that while both LRRC8A and LRRC8D are important for Pt-drug 

uptake, LRRC8A downregulation may be selected against because functional VRAC is 

crucial for tumor cell proliferation due to its essential role in volume regulation. On the 

other hand, LRRC8D is dispensable for this task and can thus be downregulated without 

harm. We concluded that LRRC8D is also partially responsible for tumor Pt-drug 

resistance in patients. However, further studies are required to experimentally confirm 

these findings, as they are solely based on data from expression databases. 

A high-throughput pharmacology screen conducted in our lab had revealed a 

modest blocking effect of cisplatin on VRAC transport when initially dissolved in DMSO. 

However, DMSO-free cisplatin did not exert a measureable effect. Cisplatin reacts with 

DMSO to form adducts such as Pt(NH3)2(Cl)(DMSO) (Fischer et al., 2008), which may 

explain the requirement of DMSO for VRAC inhibition. When directly measuring effects 

of cisplatin-DMSO on ICl,vol, we found that the block develops very slowly with time. Since 

VRAC currents are not stable but change with time, the onrate of the block could not be 

measured reliably. We therefore resorted to a 30-min pre-incubation of cells with 

cisplatin-DMSO and found ICl,vol to be blocked in a dose-dependent manner. High 

concentrations of cisplatin (200 µM, with 0.3% DMSO) reduced currents by 50–70%, and 

affected currents equally at voltages between −100 and 100 mV. The blocking effect 

depended on the presence of LRRC8D, demonstrating that differently composed VRACs 

can be specifically targeted by pharmacological means. It is tempting to speculate that 

cisplatin-DMSO adducts may occlude LRRC8D-containing channels by entering the pore 

but not passing due to the increased molecular size, whereas cisplatin cannot enter the 

pore of channels not containing LRRC8D and therefore does not block them. However, 
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due to the slow onset of the inhibition and our inability to elicit single channel activity in 

our cells, we could not find any evidence for a pore block mechanism. 

As we had previously shown, swelling-induced release of taurine depends on 

LRRC8 heteromers. Given the importance of LRRC8D in drug transport, the role of 

different LRRC8 isoforms in taurine transport was also investigated in more detail. While 

LRRC8D−/− cells exhibited unaltered ICl,vol when compared to WT cells, swelling-induced 

taurine efflux was strongly reduced. This result is compatible with the finding that 

LRRC8D−/− cells also show impaired volume regulation. RVD is not carried solely by the 

extrusion of KCl, but also of uncharged organic osmolytes like taurine that do not 

contribute to measureable ICl,vol. Experiments in triple knockout cell lines revealed that 

the LRRC8A/D combination supports substantial taurine fluxes, while fluxes in 

LRRC8A/C- and LRRC8A/E-expressing cells were only marginally greater than in 

LRRC8A−/− controls. Furthermore, LRRC8-dependent taurine fluxes were not only 

induced by swelling, but also by long-term incubation with cisplatin. 

In summary, our study found that VRAC conducts the anticancer drugs cisplatin 

and carboplatin as well as the important cellular osmolyte taurine in a largely LRRC8D-

dependent manner. In addition to its role in the uptake of pro-apoptotic drugs, we also 

found VRACs to be directly activated by pro-apoptotic stimuli, which increased VRAC-

dependent drug uptake even more and independently led to facilitation of apoptosis, 

possibly through AVD. This dual role of VRACs in Pt-drug action is illustrated in Figure 

23. 

While we did not investigate apoptosis in detail and induction of apoptosis is 

assumed by some to be only a secondary effect of clinically irrelevant high Pt-drug 

concentrations, VRAC-deficient cells also exhibited strongly decreased caspase 

induction by staurosporine, a drug commonly used to induce apoptosis that is not taken 

up via VRACs. Therefore, our results add to the existing evidence that VRAC is an 

important part of the apoptosis induction machinery, possibly mediating apoptotic volume 

decrease. Further research is required to elucidate the impact of VRAC disruption on 

apoptosis induction and the underlying molecular mechanisms.  

The special role of LRRC8D in taurine and drug transport makes this VRAC 

subunit especially interesting for further research. Specific disruption of LRRC8D could 

be used to estimate the differential contributions of halides and organic osmolytes to cell 

volume regulation. As LRRC8D expression correlated with survival of Pt-drug treated 

cancer patients, it may be used as a marker to predict drug responsiveness of tumors 

and to improve chemotherapy success rates. LRRC8D-containing VRACs could also be 

interesting targets for potential activators that may specifically increase Pt-drug uptake. 
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Figure 23 | Dual role of VRACs in drug 
uptake and apoptosis 

(A) Anticancer drugs cisplatin and carboplatin 
and the pro-apoptotic staurosporine enter cells 
through passive diffusion. Pt-based drugs 
induce non-apoptotic cell death, and to a lesser 
extent, apoptosis through DNA damage, while 
both Pt-based drugs and staurosporine can 
induce apoptosis through an additional, poorly 
characterized pathway (indicated by “?”). 
(B) Pro-apoptotic stimuli also activate VRACs, 
which mainly transport osmolytes but also 
provide a further pathway for uptake of Pt-
based drugs, but not for the larger 
staurosporine. Incorporation of the LRRC8D 
subunit greatly increases the permeability of 
VRACs for taurine and Pt-drugs. Therefore, 
disruption of the essential VRAC subunit 
LRRC8A, but also of LRRC8D reduces 
transport of Pt-drugs and taurine. (C) Cl− and 
organic osmolyte efflux through drug-activated 
VRACs trigger AVD, which facilitates the 
progression of apoptosis. Thus, apoptosis 
induction by both, the VRAC-permeable 
cisplatin and the impermeable staurosporine is 
supressed upon disruption of the essential 
VRAC subunit LRRC8A. A, B, C and D indicate 
the different LRRC8 subunits.  

 

 

Finally, the finding that the substrate specificity of VRACs depends on their LRRC8 

subunit composition is strong evidence that LRRC8 proteins indeed form the VRAC pore. 

Given that LRRC8A may coassemble with LRRC8B–LRRC8E in hexamers or even 

higher-order multimers (see sections 4.4.5 and 4.5), there may be a great diversity of 

different VRACs with distinct permeation properties, even within one cell. Furthermore, 

the stoichiometry of LRRC8 subunits within one channel complex may also determine its 

selectivity. We may thus expect many different VRACs even when the complexity of 

expressed LRRC8 isoforms is reduced in triple knockout cells, possibly explaining why 

we could observe both taurine fluxes and ICl,vol in LRRC8(B/C/E)−/− cells (only expressing 

LRRC8A/D). This hypothesis is very attractive because it offers a simple solution for the 
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problem of how one channel can so strongly select anions over cations, but also conduct 

much larger uncharged substrates. It may also explain the apparent differences between 

anion selective ‘VRACs’ and organic osmolyte conducting ‘VSOACs’ (see section 

1.2.1.1). Much additional research is required to clarify how the heteromeric assembly of 

LRRC8 proteins affects the selectivity of VRACs and to identify the molecular 

determinants for the distinct permeability profiles conferred by different LRRC8s. 

4.4.5 Functional reconstitution of purified LRRC8 complexes 

In a study from the Patapoutian lab published in early 2016, it was demonstrated 

that purified LRRC8 complexes mediate anion currents activated by osmolarity changes 

when reconstituted into lipid bilayers (Syeda et al., 2016).  

Affinity purification of a C-terminally FLAG-tagged LRRC8A stably expressed in 

HeLa cells yielded complexes that ran at approximately 800 kDa on native gels. 

Reactivity with a specific anti-LRRC8A antibody and mass spectrometry analysis of the 

purified ~800 kDa band confirmed that it contained LRRC8A. Peptides derived from all 

other LRRC8 family members were detected in high abundance, hinting that these 

isoforms are efficiently co-purified. The mass spectrometry results gave no indication for 

the presence of non-LRRC8 proteins in the complex. Whereas the 800 kDa band would 

suggest an octamer of LRRC8s, native gels commonly overestimate the size of 

membrane protein complexes. Therefore, the authors were noncommittal regarding the 

actual oligomeric state of LRRC8 complexes, which may contain six to eight LRRC8 

proteins. 

Upon reconstitution of LRRC8 complexes in a droplet lipid bilayer system, channel 

activity was only observed upon stimulation with hypotonicity. A broad spectrum of single 

channel conductances between 10 pS and 50 pS at −100 mV was reproducibly recorded 

from these preparations. Currents did not require ATP on either side, were blocked by 

DCPIB and reduced in amplitude when Cl− was substituted for with gluconate. While the 

selectivity and pharmacology match typical ICl,vol, the lack of ATP-dependence and 

voltage-dependent inactivation do not. Another conundrum is the large variety of unitary 

conductances which had not been reported for canonical VRACs (see section 1.2.1.3). 

The authors then explored the contribution of different LRRC8 isoforms to the 

observed conductances by purifying LRRC8 complexes from triple knockout cell lines 

expressing only LRRC8A together with one other isoform, LRRC8C, LRRC8D or 

LRRC8E. Remarkably, the observed unitary conductances were much more limited with 

these simplified heteromers, with each combination covering a certain part of the 

spectrum observed in preparations from WT cells (LRRC8A/C: 35–47 pS, LRRC8A/D: 

14–19 pS, and LRRC8A/E: 23–33 pS at −100 mV) Thus, the single channel conductance 

of VRACs depends on their subunit composition, a finding that is compatible with our 
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results for taurine and cisplatin (Planells-Cases et al., 2015). The authors were not able 

to record whole-cell ICl,vol in LRRC8(B/C/D/E)−/− cells, which is in accord with our results 

(Voss et al., 2014). However, a distinct channel activity was mediated by homo-

multimeric LRRC8A complexes purified from these cells. The current was only seen at 

inside-negative potentials and exhibited a much lower unitary conductance (8–16 pS) 

than those observed with heteromeric VRACs. It was however sensitive to the somewhat 

specific VRAC inhibitor DCPIB. Hence, LRRC8A homomers may be able to mediate 

anion currents under certain experimental conditions. It is currently unclear whether this 

is physiologically relevant or an experimental artifact associated with bilayer recordings. 

To verify that the LRRC8 subunit composition determines VRAC unitary 

conductance also in cells, the authors then recorded single channels in on-cell patches 

from pre-swollen HeLa cells. Despite the technical limitations of this method, the results 

from bilayer recordings were qualitatively confirmed in LRRC8(B/D/E)−/− and 

LRRC8(B/C/E)−/− cells, which exhibited greater and smaller single channel 

conductances, respectively. 

The macroscopic rectification of ICl,vol was previously described to be a result of the 

rectification of the unitary conductance of VRAC (see section 1.2.1.3). In bilayer 

experiments, Syeda et al. found no difference in the ratios of single channel 

conductances at 100 mV and −100 mV between VRACs composed of LRRC8A/C, 

LRRC8A/D and LRRC8A/E. Consequently, while LRRC8 heteromers formed single 

channels with different conductances, all of them exhibited similar intrinsic rectification 

with a rectification ratio (100 mV / −100 mV) of ~1.8. However, the ratio of single channel 

open probabilities (Po) at 100 mV and −100 mV was significantly greater with LRRC8A/D 

heteromers than with the LRRC8A/C and LRRC8A/E combinations, which should result 

in a more pronounced outward rectification of macroscopic currents. Indeed, 

macroscopic currents from LRRC8(B/C/E)−/− cells rectified more strongly than those from 

LRRC8(B/D/E)−/− or LRRC8(B/C/D)−/− cells. We also observed a similar rectification 

behavior in HEK293 knockout cells (unpublished observation). It has to be noted, 

however, that apparently the gating behavior of VRACs in bilayers differed from that in 

cells, as illustrated by the conspicuous lack of inactivation at 100 mV. 

To further demonstrate that LRRC8C–E contribute to the VRAC pore, the authors 

then measured I− versus Cl− permeability ratios (PI/PCl) in LRRC8(B/C/D/E)−/− cells 

transfected with WT LRRC8C, LRRC8D or LRRC8E, or T44C mutants thereof, as the 

Patapoutian lab had previously reported that this mutation alters the characteristic PI/PCl 

of ICl,vol when present in LRRC8A (Qiu et al., 2014). Surprisingly, all LRRC8 combinations 

led to slightly but significantly different PI/PCl ratios. Furthermore, the T44C mutation 

generally increased PI/PCl to a similar extent, regardless of the LRRC8 isoform harboring 
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it. These results are in conflict with our own data, as we did not find altered PI/PCl ratios 

in several different knockout cell lines or in rescue experiments (Figure 15). We also 

could not reproduce the results for the T44C mutation, which in our hands led to a drastic 

reduction of ICl,vol, but did not alter PI/PCl, even when present in both, LRRC8A and the 

co-expressed subunit (unpublished observation). 

Finally, Syeda et al. examined different hypotheses for the activation mechanism 

of VRAC in their lipid bilayer system. Volume increase and membrane stretch were 

simulated by asymmetrically increasing the volume of cis or trans droplets through 

injection of solution during the recording. This activated mechanosensitive MscS 

channels used as a positive control, but failed to activate VRACs. Next, ionic strength 

was symmetrically reduced while keeping the osmolarity constant by using solutions in 

which KCl was substituted for mannitol. This induced robust DCPIB-sensitive currents 

with LRRC8A purifications from all available triple knockout cell lines. It was concluded 

that differently composed VRACs can be activated by reduced ionic strength in a minimal 

lipid bilayer system; confirming earlier studies which proposed that VRAC is activated by 

ionic strength alterations instead of directly sensing volume changes (see section 1.2.3). 

In summary, this impressive study demonstrated that LRRC8 complexes, probably 

hexamers, are sufficient to form the VRAC pore via several converging lines of evidence. 

LRRC8A was able to form channels with some limited functionality, but for full VRAC 

activity, at least one of the other isoforms LRRC8C–LRRC8E was required. It was further 

shown that LRRC8C–LRRC8E also contribute to the VRAC pore and shape its single 

channel conductance, voltage-dependent gating and the extent of its I− > Cl− selectivity. 

Finally, LRRC8 channels were directly gated by ionic strength in bilayers. The most 

obvious interpretation of these results is that VRAC is solely formed by LRRC8 proteins, 

which also contain a sensor for changes in ionic strength that opens the channel. 

However, the requirement for an obligatory non-LRRC8 component, while unlikely, 

cannot fully be excluded. Mass spectrometry did not detect any significant signal for non-

LRRC8 proteins in the 800 kDa complex, but this might just reflect low abundance. 

Because the bilayer system selects for functional complexes, very low amounts of an 

essential β subunit or ionic strength sensor could be sufficient to measure currents.  

All in all, Syeda et al. could unambiguously show that low ionic strength leads to 

activation of VRAC in a minimalistic functional assay, confirming previous studies 

(Sabirov et al., 2000; Voets et al., 1999). However, it remains unclear how the many 

other proposed mechanisms of activation and modulation are integrated by VRACs. 

While several questions remain, the study provides ample evidence that LRRC8 proteins 

indeed form the VRAC pore, whose biophysical properties depend on the subunit 

composition. 
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4.5. Outlook  

The identification of LRRC8 heteromers as constituents of VRAC has opened an 

entirely new avenue of research devoted to the physiological role of this long elusive 

channel and its structure-function relationship. 

An essential role in cell volume regulation and several other functions in 

physiology and pathophysiology have been previously proposed for VRAC as the result 

of a great number of studies, but all these relied heavily on unspecific inhibitors (see 

section 1.2.4). Now that we know that LRRC8 proteins form the channel, disruption of 

LRRC8 genes can be utilized to specifically eliminate VRACs in cells or organisms and 

to study the consequences in detail.  

The constitutive Lrrc8a−/− mouse was published shortly after the initial identification 

of LRRC8 proteins as VRAC components (Kumar et al., 2014). The severe defects found 

in many different tissues from these animals confirmed the great importance of the 

channel (see section 4.4.1). However, because only few Lrrc8a−/− mice survive long 

enough to study their complex phenotype in depth, the constitutive knockout may not be 

optimal to elucidate the physiological roles of VRAC. Tissue specific LRRC8A knockouts 

that can be generated with the Cre/LoxP system are probably better suited to do so. 

Apart from LRRC8A, whose disruption renders VRAC nonfunctional, the generation of 

knockouts of other Lrrc8 genes in mice may help to resolve the question if any of these 

serve specific roles, as suggested by the dependence of VRAC permeation properties on 

the co-expressed LRRC8 isoforms described by ourselves and others (Planells-Cases et 

al., 2015; Syeda et al., 2016). In this regard, the LRRC8D subunits appears most 

promising as it was found to dramatically increase VRAC’s permeability for drugs and 

organic osmolytes (Planells-Cases et al., 2015). For the elucidation of possible tissue-

specific roles of the different LRRC8 proteins, it is also necessary to precisely clarify 

where they are expressed — and where not. 

In addition to its physiological role, the identification of VRAC now permits the 

study of its structure-function relationship. LRRC8 proteins are only distantly related to 

pannexins and connexins and therefore represent an entirely new ion channel family. 

Topics like gating by ionic strength or cell swelling, pore architecture and overall 

structure are of special interest as they may uncover new biological concepts. 

The many wrong candidates that have been proposed to form VRAC raised the 

bar for new approaches to finally identify this elusive channel. However, the evidence for 

LRRC8 heteromers forming the VRAC pore is by now overwhelming: The subunit 

composition of VRACs determined their permeability for Pt-drugs and the important 

osmolyte taurine (Planells-Cases et al., 2015), as well as their biophysical properties 

such as unitary conductance, rectification (Syeda et al., 2016) and voltage-dependent 
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inactivation (this work, Ullrich et al., 2016; Voss et al., 2014). Mutation of several key 

residues in LRRC8 proteins also altered their characteristic I− > Cl− selectivity (this work, 

Qiu et al., 2014; Syeda et al., 2016; Ullrich et al., 2016). Furthermore, reconstituted 

LRRC8 proteins were sufficient to induce ICl,vol-like currents, hinting that LRRC8 

heteromers are sufficient to form fully functional VRACs.  

However, several observations still point to the requirement for another protein. If 

LRRC8 complexes are indeed sufficient to form functional VRACs, it is puzzling why 

whole-cell ICl,vol is not increased by their overexpression. Similarly, no VRAC activity 

could thus far be induced by expressing LRRC8 proteins in Xenopus oocytes. This could 

in principle be due to the requirement for a limiting factor, such as an obligatory β 

subunit. An example where this was indeed the case is the Ca2+ release-activated Ca2+ 

channel (CRAC) formed by Stim and Orai proteins. Stim1 and Orai1 were both identified 

as components of CRAC, but overexpression of neither of them did lead to substantial 

increases in CRAC currents (Feske et al., 2006; Liou et al., 2005; Roos et al., 2005; Vig 

et al., 2006). However, co-expression of Orai1 with Stim1 drastically increased currents 

(Mercer et al., 2006; Peinelt et al., 2006). It is now known that Stim1 forms the Ca2+ 

sensor of CRAC (Cahalan, 2009), while Orai proteins are the pore-forming subunits (Hou 

et al., 2012). Potential LRRC8 interaction partners could for example be identified by 

mass spectrometry screening approaches. Furthermore, the data obtained in our whole-

genome siRNA screen may still contain hints which proteins may be involved in VRAC 

activation. 

An alternative explanation for the lack of current increase upon LRRC8 

overexpression could be that the LRRC8 subunit stoichiometry is the limiting factor. For 

instance, currents induced by recombinant expression of heteromeric acetylcholine 

receptors depended strongly on the expression ratio of the different subunits (Eertmoed 

et al., 1998). This hypothesis is compatible with the observed current suppression upon 

overexpression of LRRC8A in WT cells. Moreover, as the pore properties of VRACs 

depend on the subunit composition, it is also feasible that stoichiometry affects 

permeability or gating. As discussed in section 4.4.4, VRACs incorporating more 

LRRC8D subunits may exclusively conduct organic osmolytes, while other 

stoichiometries may give rise to halide-selective channels. However, expression ratios 

are difficult to control in plasmid-transfected mammalian cells. The Xenopus oocyte 

expression system in which the ratios of expressed protein can be finely tuned by 

adjusting the amounts of injected RNA could help to solve the question how different 

LRRC8 stoichiometries affect VRAC function. Alternatively, artificial LRRC8 concatemers 

could be constructed to fix the subunit stoichiometry. However, this approach may not be 

feasible as the N-terminus of LRRC8 proteins proved very sensitive to manipulations and 



Discussion 

74 

even the attachment of the relatively small GFP rendered resulting VRACs nonfunctional 

(unpublished observation). 

Our limited understanding of the stoichiometry of LRRC8 subunit assembly is 

aggravated by the lack of definitive proof that LRRC8s form hexamers, a hypothesis 

which was based on the homology to pannexins. However, the assumption that 

pannexins actually form hexamers rests heavily on their similarity to connexins 

(Bruzzone et al., 2003) and few studies on Panx1 (Ambrosi et al., 2010; Boassa et al., 

2007). There is also evidence that the Panx2 isoform does not form hexamers, but 

higher-order oligomers (Ambrosi et al., 2010; Bond and Naus, 2014). Thus, the 

oligomerization behavior of pannexins is far from clear and the limited similarity to 

pannexins alone is no convincing argument for a functional hexameric assembly of 

LRRC8s. The issue will have to be addressed experimentally, but the difficulties 

encountered by Syeda et al. (2016) when trying to estimate the size of LRRC8 

complexes from biochemical assays illustrate how challenging this task may be. One 

method that might be suited to answer this pressing question is single-molecule 

fluorescence photobleaching. Whereas the method is difficult to apply to multimers 

containing more than five subunits (Ulbrich and Isacoff, 2007), it may be possible to tag 

only LRRC8A or one co-expressed subunit to clarify how many of these proteins 

contribute to VRACs. Alternatively, purified LRRC8 complexes could be imaged using 

cryo-electron microscopy (cryo-EM). With this method, it may be possible to gain insights 

into the oligomeric state even at low resolution, and protein tags attached to different 

LRRC8s could be used to elucidate their contribution to VRACs. The recent advances in 

applicability of cryo-EM to structural biology (Nogales, 2015) also make this technique an 

interesting alternative to crystallization for the determination of a high-resolution VRAC 

structure.  

Another important topic in VRAC structure-function is its permeability profile. It 

seems counterintuitive that the channel is so selective for anions over cations, while also 

conducting comparably large charged and non-charged substrates. The special role of 

LRRC8D in the permeation of taurine and Pt-drugs makes this isoform especially 

interesting. Based on sequence comparison, it has been speculated that the LRRC8 

ECL1 may contribute to the VRAC pore and that the longer ECL1 of LRRC8D leads to 

an increased pore diameter (Voets et al., 2015). This hypothesis is compatible with our 

finding that residues in this region determine ICl,vol inactivation and selectivity. Chimeric 

approaches and a suitable assay for VRAC-dependent organic osmolyte or drug 

transport might allow identification of structural determinants of the differential selectivity 

conferred by LRRC8D and other isoforms, helping to further elucidate the properties of 

the VRAC pore. Furthermore, it now seems plausible that many other substances may 



Discussion 

   75 

permeate specific VRACs. Additional studies are required to confirm previously proposed 

VRAC substrates such as ATP, bicarbonate or glutathione and to clarify if these are also 

transported in an isoform-specific manner. A screen for entirely new VRAC permeants 

among substances such as amino acids, metabolites or drugs may also be worthwhile as 

it might help to identify as of yet unknown physiological and pathophysiological roles of 

the channel. 

Another pressing issue is the molecular mechanism of VRAC gating. As shown by 

Syeda et al. (2016), reduced ionic strength is an important trigger for the induction of 

channel activity, but the underlying mechanism remains to be elucidated. The bacterial 

glycine betaine transporter OpuA is also sensitive to ionic strength. In OpuA, an increase 

in ionic strength disrupts protein-phospholipid interactions, leading to a conformational 

change that renders the transporter active (Biemans-Oldehinkel et al., 2006; Poolman et 

al., 2004). This mechanism was inferred because the transport activity of reconstituted 

OpuA in liposomes depended strongly on the charge of phospholipid headgroups. 

Protein-phospholipid interactions are also involved in the gating of mechanosensitive 

K2P2.1 channels (Chemin et al., 2005). It will have to be clarified if VRAC activation 

thresholds also depend on the lipid composition, e.g. using reconstituted channels in 

liposomes, which would allow direct control of the lipid environment. In addition to the 

activation by cell swelling, we could also show that VRAC is activated by pro-apoptotic 

stimuli such as Pt-drugs or staurosporine. Furthermore, several other isovolumic stimuli 

that activate ICl,vol have been discussed and require confirmation (see section 1.2.3). The 

mechanisms through which such stimuli open VRACs are of high interest as well and 

could be addressed by chimeric approaches, possibly using the similar pannexins or 

connexins as negative controls. 

When compared to the activation mechanism, the inactivation gating of VRAC is 

probably of lesser biological importance as it occurs at highly depolarized potentials 

which are not reached under physiological conditions. Nevertheless, the variable 

inactivation of differently composed VRACs is good evidence for the involvement of 

LRRC8 proteins in the channel pore. Moreover, as it was the only functional difference 

between differently composed VRACs that we could measure in patch clamp 

experiments, it proved a promising starting point to explore the structure-function 

relationship of the channel. Our work did not only reveal the structural determinants of 

differential inactivation within LRRC8 proteins, but also residues which are involved in 

the formation of the outer VRAC pore. While we speculate that inactivation may be due 

to a closure of the extracellular mouth of the VRAC pore, the exact mechanism still 

remains unclear and detailed structural information may be required to understand this 

complex process in more detail.  



Discussion 

76 

Although the genetic disruption of specific LRRC8 proteins is a great approach to 

illuminate the physiological roles of VRACs, there is still a need for specific VRAC 

inhibitors or activators, not only as research tools but also as possible leads for drug 

development. For instance, the role of LRRC8D in the uptake of chemotherapeutic drugs 

suggests that specific activation of LRRC8D-containing channels may be beneficial in 

the treatment of Pt-drug sensitive cancers. Indeed, we could show that cisplatin inhibition 

of ICl,vol depended on the expression of LRRC8D, which proves the principle that 

differently composed VRACs can be specifically targeted pharmacologically. VRACs 

might become even more attractive as targets for drug development as soon as further 

isoform-specific pathophysiological roles emerge. The YFP-based assay that we used to 

identify the channel is also suited for a high-throughput pharmacological screen using 

drug libraries. In addition, YFP-expressing cell lines with disrupted LRRC8 genes could 

be generated to identify isoform-specific VRAC modulators. 

As already implied, a high-resolution structure of VRAC would be a major 

breakthrough which could be of great help in answering many of the questions discussed 

here. Large mammalian transmembrane protein complexes are among the biggest 

challenges in structural biology and the vast diversity of possible LRRC8 heteromers 

may add to the difficulty of the endeavor. However, recent developments in cryo-EM 

technology, which has proven especially well-suited for the structure determination of 

large membrane protein complexes (Nogales, 2015) warrant some optimism that we may 

well see a high-resolution structure of a LRRC8 channel in the near future. 
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5. MATERIAL AND METHODS 

5.1. Material 

5.1.1. Chemicals 

All chemicals were purchased from Sigma, Fluka, Merck or Roth, if not otherwise stated. 

5.1.2. Bacteria strains 

Table 2 | E. coli strains 

E. coli strain Genotype Application 

XL1-Blue  recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB 
lacIqZ∆M15 Tn10 (Tetr)] 

standard cloning 

DH12S 80dlacZ∆M15 mcrA ∆(mrr-hsdRMS-mcrBC) araD139 ∆(ara, 
leu)7697 ∆(lacX74 galU galK rpsL (StrR) nupG recA1/F’ proAB+ 
lacIqZ∆ M15 

standard cloning using 
electroporation (Kanr) 

ET-10 ∆(mcrA)183 ∆(mcrCBhsdSMRmrr)173 endA1 supE44 thi-1 
recA1 gyrA96 relA1 lac Kanr [F’ proAB lacIqZ M15 Tn10 (Tetr)] 

standard cloning using 
electroporation (Ampr) 

 

5.1.3. Cell lines 

Table 3 | Cell lines 

Cell line Origin Karyotype RRID Reference 

HEK293 human embryonic kidney hypo-triploid CVCL_0045 (Graham et al., 1977) 

HCT116 human colon carcinoma diploid CVCL_0291 (Brattain et al., 1981) 

HeLa human cervical adenocarcinoma aneuploid CVCL_0030 (Gey et al., 1952) 

KBM7 human chronic myelogenous 
leukemia 

near-haploid CVCL_A426 (Andersson et al., 
1987) 

HAP1 human chronic myelogenous 
leukemia, derived from KBM7 

haploid CVCL_Y019 (Carette et al., 2011) 

HL-60 human peripheral blood 
leukocytes 

pseudodiploid CVCL_0002 (Collins et al., 1977) 

 

Table 4 | Guide Sequences for the generation of knockout cell lines with CRISPR/Cas 

Target 
gene 

Construct 
no. 

Guide sequence  

(5’→3’)  
Targeting 
strand 

Target location  
in protein 

LRRC8A 
 
 

1A 
3A 
4A 

ggctgatgtagaaggacgccagg 
tgatgattgccgtcttcgggggg 
tcctgcaatgattcgttccgggg 

− 
+ 
+ 

aa 320–328 (beginning of TM4) 
aa 36–43 (in TM2) 
aa 64–71 (between TM1 and TM2) 

LRRC8B 
1B 
2B 

tttttctcttaacgcctcaaagg  
ggccacaaaatgctcgagcctgg  

− 
− 

aa 346–353 (after TM4) 
aa 147–354 (between TM2 and TM3) 

LRRC8C 1C atgctcatgatcggcgtgtttgg + aa 35–42 (in TM1) 

LRRC8D 1D gtggctctgagaggtatgtcagg − aa 107–114 (between TM1 and TM2) 

LRRC8E 1E gctggccgagtacctcaccgtgg + aa 27–34 (inTM1) 

 
aa= amino acid; TM = transmembrane domain; PAM sequences are underlined 
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Table 5 | LRRC8 knockout cell lines 

Cell line Clone name Construct* Genetic modification Protein modification 

LRRC8A−/− 
(HEK293) 

3E7 
 
 

3A 
 
 

a1: ∆21nt (t110-a130) 
a2: insertion of 1 nt 
      (t after c123) 

A1: ∆M37-G43 in TM1 (non- functional) 
A2: G42W-fs in TM1  

1F7 1A a1: ∆9nt (a958-g966) 
 
a2: ∆2nt (c965-g966) 
a3: ∆23nt (a958-g980) 

A1: ∆I320-A322 at start of TM4  
(non-functional) 
A2: A322V-fs at start of TM4 
A3: I320P-fs at start of TM4 

LRRC8A−/− 

(HCT116) 

3F8 3A ∆2g out of 6g (g124-g129) G43D-fs in TM1 

4B9 4A a1: ∆32nt (c195-g226) 
a2: duplication of t206 

A1: C65W-fs between TM1 and TM2 
A2: R70P-fs between TM1 and TM2 

ZF9 ZFN a1: ∆2nt (a508-c509) 
a2: insertion of 5nt  
      (cacga after a511) 

A1: T170E-fs between TM2 and TM3 
A2: R171T-fs between TM2 and TM3 

LRRC8B−/−  

(HCT116) 

n2B-D3 2B duplication of t446 E150R-fs after TM2 

LRRC8C−/−  

(HCT116) 

n1C-C2 1C duplication of t119 F41V-fs in TM1 

LRRC8D−/−  

(HCT116) 

n1D-F11 1D a1: ∆19nt (a325-t343) 
a2: duplication of a325 

D1: P110L-fs between TM1 and TM2 
D2: I109N-fs between TM1 and TM2 

n1D-B2 1D duplication of a325 I109N-fs between TM1 and TM2 

LRRC8E−/− 

(HCT116) 

BCDE(WT)-F5 1E duplication of a94 T32N-fs in TM1 

CE(WT)-B6 1E duplication of a94 T32N-fs in TM1 

LRRC8(D/E)−/− 

(HCT116) 

nBCDE 
(WT)-G9 

1D, 1E 
 

D: duplication of a325 D: I109N-fs between TM1 and TM2 

E: duplication of a94 E: T32N-fs in TM1 

nBCDE 
(WT)-B3 

1D, 1E D: duplication of a325 D: I109N-fs between TM1 and TM2 

E: duplication of a94 E: T32N-fs in TM1 

LRRC8(C/E)−/− 

(HCT116) 

BCDE(WT)-
F5+1C-D5 
 

1C, 1E C:  a1: duplication of t119 
 a2: ∆5nt (c114-g118) and 
 duplication of t119 

C1: F41V-fs in TM1 
C2: G39C-fs in TM1 

E: duplication of a94 E: T32N-fs in TM1 

LRRC8(B/C/D)−/− 

(HCT116) 

BCD-C5 2B, 1C,  
1D 

B: duplication of t446 B: E150R-fs after TM2 

C: duplication of t119 C: F41V-fs in TM1 

D: duplication of a325 D: I109N-fs between TM1 and TM2 

LRRC8(B/D/E)−/− 

(HCT116) 

BDE-B8 2B, 1D,  
1E 

B: duplication of t446 B: E150R-fs after TM2 

D: duplication of a325 D: I109N-fs between TM1 and TM2 

E: duplication of a94 E: T32N-fs in TM1 

LRRC8(C/D/E)−/− 

(HCT116) 

nBCDE(WT)-H8 1C, 1D,  
1E 

C: 78nt (from a66 onwards) incl. 
splice acceptor site replaced by 
13 nt (net ∆65nt) 

C: W23R-fs at start of TM1, before 
missing splice site 

D:  a1: duplication of a325 
    
 a2: ∆11nt (g322-t332) 

D1: I109N-fs between TM1 and TM2 
D2: D108Q-fs between TM1 and TM2  

E:  a1: duplication of a94 
 a2: ∆10nt (g87-c96) 

E1: T32N-fs in TM1 
E2: Y30W-fs in TM1 

LRRC8(B/C/D/E)−/− 

(HCT116) 

BCDE 
(WT2)-D2+2B-
E8 

2B,1C, 
1D, 1E 

B:  a1: duplication of t446 
 a2: ∆2nt (c447-g448) 

B1: E150R-fs after TM2 
B2: E150A-fs after TM2 

C: duplication of t119 C: F41V-fs in TM1 

D: duplication of a325 D: I109N-fs between TM1 and TM2 

E: ∆2nt (t92-c93) E: L31H-fs in TM1 

LRRC8−/− 

(HCT116) 

BC+DE 
(KO)D5+ 
2B-G4 

3A,2B, 
1B§,1C, 1D, 
1E 

A: ∆2g out of 6g (g124-g129)  A: G43D-fs in TM1 

B:  a1: duplication of t446 
 a2: ∆4nt (c447-g450) 

B1: E150R-fs after TM2 
B2: E150I-fs after TM2 

C: duplication of t119 C: F41V-fs in TM1 

D: duplication of a325 D: I109N-fs between TM1 and TM2 

E: duplication of a94 E: T32N-fs in TM1 
 

a = allele (only given if alleles differed in modifications); fs = frameshift; nt = nucleotide; TM = transmembrane domain; ZFN = zinc-finger nuclease;  
∆ = deletion. Indicated nucleotide numbers give nucleotide position within the ORF. 
* For targeted guide sequences, see Table 4. 
§ Targeting with construct 1B in LRRC8−/− cell line resulted in a duplication of a1043 which would lead to A349G-fs after TM4. However, the mutations 
by the 2B targeting (given in Table 4) truncate LRRC8B already after TM2. 
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5.1.4. Sequencing and genotyping primers 

Table 6 | Sequencing primers 

Target Location* Orientation No.# Sequence 

CMV −220 forward 2 CAAAATGTCGTAACAACTCCG 

LRRC8A 

0 forward 10995 GCAGAATTCCATGATTCCGGTGACAGAGC 

400 forward 10997 GGCCTGCAGCAACTTCTG 

550 forward 13393 GAGGAGAGCGACCCCAAGC 

800 forward 10998 AGGTGATCAAGTTCATCC 

1200 forward 10999 GGACGCTGGACAAGCTCC 

1600 forward 11000 AACGCCTCAAGGTGCTGC 

2000 forward 13394 CTCACCTGCCTTAAGCTG 

2415 reverse 10996 CTTGGTACCTCAGGCCTGCTCCTTGTC 

LRRC8C 

400 reverse 11133 TCCTCATCCATACCCTG 

550 forward 13395 CTCAGAAGAAAAGGACAAC 

800 forward 11134 TTCCTAATCATCATTGC 

1200 forward 11135 TCCTGATAAACTGAGG 

1600 forward 11136 AAAATCCCTCAGGCAGTG 

1950 forward 13396 GCTAAAACTGTGGCATAACAG 

LRRC8E 

400 reverse 11141 CCCTGCACTGGTATGC 

550 forward 13397 GCTGCGGCCACCATAGTGG 

800 forward 11142 GCGACATCCTGTACACC 

1200 forward 11143 CGAGGTCAGCGAAAGCC 

1600 forward 11144 GGGAGCTGAAGCAGCTC 

1850 forward 13398 CAAGGACAACCACCTGCGCTC 

GFP 680§ reverse 5775 CGTCCAGCTCGACCAGGATG 
 

* Approximate annealing location within the ORF (in bp), start codon = 0 
# Number of primer in internal oligo database of the Jentsch laboratory 
§ With respect to the stop codon of the insert 
 

Table 7 | Primers for genotyping of knockout cell lines 

Target No.* Sequence Product size 

1A 
10998 AGGTGATCAAGTTCATCC 

311 
11200 GAAGGCGAAGTCGTTCTTGACGTCGG 

3A 
10995 GCAGAATTCCATGATTCCGGTGACAGAGC 

672 
11344 CTCGATCCGTGCCTTGGTCCGCTGCAGC 

4A 
10998 AGGTGATCAAGTTCATCC 

905 
11041 CAGCTTCTGCAGGTGCACG 

1B 
11130 CAAAGTCATTTTGTTTGTGC 

470 
11625 TGACTCCAAACCTGGCTGTG 

2B 
12153 AGTACTCCTATATTGATGCC 

545 
12155 TGACTCCAAACCTGGCTGTG 

1C 
11004 TCGAGCGGCCGCCATGATTCCCGTGACAGAATTCC 

469 
11627 GTATCAATGGTGCTGGAC 

1D 
11006 GCAGAATTCCATGTTTACCCTTGCGG 

489 
11628 TTAGAATACCACGGAAGG 

1E 
10838 GCAGAATTCCATGATCCCAGTGGCCGAG 

255 
11629 AGTGGGGCTCTGTCTTCA 

ZFN 
10997 GGCCTGCAGCAACTTCTG 

488 
11040 CAATGTCCACGGTGCAGTCC 

* Number of primer in internal oligo database of the Jentsch laboratory 
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5.1.5. Plasmids 

Table 8 | Plasmids for heterologous expression in mammalian cells 

Plasmid name No.* Insert# Vector backbone Description  

LRRC8A 5500 NM_019594 pcDNA3.1/myc-His(-)B Stop before myc/His, no tag 

LRRC8B 5501 NM_015350 pcDNA3.1/myc-His(-)B Stop before myc/His, no tag 

LRRC8C 5502 NM_032270 pcDNA3.1/myc-His(-)B Stop before myc/His, no tag 

LRRC8D 5503 NM_018103 pcDNA3.1/myc-His(-)B Stop before myc/His, no tag 

LRRC8E 5504 NM_025061 pcDNA3.1/myc-His(-)B Stop before myc/His, no tag 

LRRC8A-myc 5651 NM_019594 pcDNA3.1/myc-His(-)B No stop, C-terminal myc tag 

LRRC8B-myc 5506 NM_015350 pcDNA3.1/myc-His(-)B No stop, C-terminal myc tag 

LRRC8C-myc 5507 NM_032270 pcDNA3.1/myc-His(-)B No stop, C-terminal myc tag 

LRRC8D-myc 5508 NM_018103 pcDNA3.1/myc-His(-)B No stop, C-terminal myc tag 

LRRC8E-myc 5509 NM_025061 pcDNA3.1/myc-His(-)B No stop, C-terminal myc tag 

LRRC8A-GFP 5518 NM_019594 pEGFP-N1 No stop, C-terminal GFP tag 

LRRC8B-GFP 5519 NM_015350 pEGFP-N1 No stop, C-terminal GFP tag 

LRRC8C-GFP 5520 NM_032270 pEGFP-N1 No stop, C-terminal GFP tag 

LRRC8D-GFP 5521 NM_018103 pEGFP-N1 No stop, C-terminal GFP tag 

LRRC8E-GFP 5570 NM_025061 pEGFP-N1 No stop, C-terminal GFP tag 

GFP-LRRC8A 5514 NM_019594 pEGFP-C1 N-terminal GFP tag 

GFP-LRRC8B 5568 NM_015350 pEGFP-C1 N-terminal GFP tag 

GFP-LRRC8C 5569 NM_032270 pEGFP-C1 N-terminal GFP tag 

GFP-LRRC8D 5515 NM_018103 pEGFP-C1  N-terminal GFP tag 

GFP-LRRC8E 5516 NM_025061 pEGFP-C1 N-terminal GFP tag 

LRRC8A-RFP 5524 NM_019594 pmRFP-N1 No stop, C-terminal RFP tag 

LRRC8Atrunc-GFP 5526 NM_019594& pEGFP-N1 
No stop, C-terminal GFP tag, 
truncation at R719 

GFP-LRRC8A 
-exHA 

5536 NM_019594& pEGFP-C1 
N-terminal GFP tag, HA tag in 
ECL1 

GFP-LRRC8A 
-ctHA 

5538 NM_019594 pEGFP-C1 
N-terminal GFP tag, C-terminal 
HA tag 

LRRC8A-(N66A-
N83A)-myc 

5512 NM_019594& pcDNA3.1/myc-His(-)B 
No stop, C-terminal GFP tag, 
mutated glycosylation sites 

GFP-ClC-1 3781 NM_000083 pEGFP-C1 N-terminal GFP tag 
 

* Number of plasmid in internal plasmid database of the Jentsch laboratory 
# RefSeq accession number of the DNA sequence 
& original sequence altered 
 

All mutants generated for the experiments presented in section 3.2 and in Ullrich et 

al. (2016) are listed in Table 9. Many more DNA constructs were generated in the course 

of the study, but have been omitted here for brevity. These plasmids have all been 

entered into the plasmid database of the Jentsch laboratory. More detailed information 

on all plasmids generated by Felizia Vosss, Tobias Stauber, Momsen Reincke, and 

myself in the course of our studies on VRAC can be found on the internal Jentsch 

laboratory server2. 
                                                 

2  \\mdcstg4.mdc-berlin.net\AG_Jentsch\grpdata\shared data\VRAC_Cloning_Ephys and  

 \\mdcstg4.mdc-berlin.net\AG_Jentsch\grpdata\shared data\VRAC-Ephys-Results-2016 
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Table 9 | Mutant constructs generated for experiments presented in section 3.2 

Construct* No.# Name Mut. primers§ Template(s)# 

Chimera 1, LRRC8E1–42/LRRC8C43–830 6492 CE-24-GFP 12828/29 5520, 5570 

Chimera 2, LRRC8C1–125/LRRC8E117–796 6486 CE-14-GFP 12395/96 5520, 5570 

Chimera 3, LRRC8E1–84,117–796/LRRC8C94–125 6500 CE-38-GFP 13047/48 5520, 5570 

Chimera 4, LRRC8C1–93,126–803/LRRC8E85–116 6499 CE-37-GFP 13051/52 5520, 5570 

LRRC8C(M96V)-GFP 5946 C-M96V-GFP 13197/98 5520 

LRRC8C(T101N)-GFP 5943 C-T101N-GFP 13191/92 5520 

LRRC8C(D102N)-GFP 5944 C-D102N-GFP 13193/94 5520 

LRRC8C(T101N,D102N)-GFP 5945 C-TDNN-GFP 13195/96 5520 

LRRC8C(M114L)-GFP 5947 C-M114L-GFP 13199/200 5520 

LRRC8C(R118T)-GFP 5948 C-R118T-GFP 13201/02 5520 

LRRC8E(N92T)-GFP 5937 E-N92T-GFP 13203/04 5570 

LRRC8E(N93D)-GFP 5938 E-N93D-GFP 13205/06 5570 

LRRC8E(N92T,N93D)-GFP 5939 E-NNTD-GFP 13207/08 5570 

LRRC8A(Y99N,D100N) 6186 A-YDNN 13520/21 5500 

LRRC8A(D100N) 6433 A-D100N 14347/48 5500 

LRRC8A(D100A) 6430 A-D100A 14341/42 5500 

LRRC8A(D100R) 6432 A-D100R 14345/46 5500 

LRRC8A(D100K) 6431 A-D100K 14343/44 5500 

LRRC8A(D100E) 6434 A-D100E 14349/50 5500 

LRRC8E(N93A)-GFP 6463 E-N93A-GFP 14211/12 5570 

LRRC8E(N93R)-GFP 6175 E-N93R-GFP 13510/11 5570 

LRRC8E(N93K)-GFP 6174 E-N93K-GFP 13508/09 5570 

LRRC8E(N93E)-GFP 6173 E-N93E-GFP 13506/07 5570 

LRRC8A(K98A) 6435 A-K98A 13772/73 5500 

LRRC8A(K98N) 6410 A-K98N 13882/83 5500 

LRRC8A(K98R) 6421 A-K98R 14094/94 5500 

LRRC8A(K98E) 6408 A-K98E 13878/79 5500 
 

* As used in the results section of this thesis 
§ Number of primer in internal oligo database of the Jentsch laboratory 
# Number of plasmid in internal plasmid database of the Jentsch laboratory 
 

 

5.1.6. Solutions for patch clamp experiments 

The isotonic extracellular bath solution contained (in mM) 150 NaCl, 6 KCl, 

1 MgCl2, 1.5 CaCl2, 10 glucose, and 10 HEPES, pH 7.4 with NaOH (320 mOsm). The 

hypotonic solution contained (in mM) 105 NaCl, 6 CsCl, 1 MgCl2, 1.5 CaCl2, 10 glucose, 

10 HEPES, pH 7.4 with NaOH (240 mOsm). For anion selectivity experiments, NaCl was 

replaced by an equimolar amount of NaI, NaNO3, NMDG-Cl or Na-D-gluconate.  

The standard pipette solution contained (in mM) 40 CsCl, 100 Cs-

methanesulfonate, 1 MgCl2, 1.9 CaCl2, 5 EGTA, 4 Na2ATP, and 10 HEPES, pH 7.2 with 

CsOH (290 mOsm). The free Ca2+ concentration in this solution was calculated to be 

approximately 80 nM. 
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Osmolarities of all solutions were assessed with an Osmomat 030 freezing point 

osmometer (Gonotec) and adjusted with mannitol if necessary. Water used for these 

solutions was deionized, filtered and deionized again by a Milli-Q purifier (Merck 

Millipore). All solutions were sterile filtered after preparation through 0.20–0.22 µm filters. 

Bath solutions were stored at 4 °C and used up within 2 months. Pipette solutions were 

stored in 1 ml aliquots at −20 °C and freshly thawed on every experimental day. They 

were kept on ice during experiments to prevent degradation of ATP. 

5.1.7. Antibodies 

The following commercially available primary antibodies were used for 

experiments shown in this thesis: rabbit anti-myc (A-14, Santa Cruz Biotechnology), 

rabbit anti-GFP (A-11122, Life Technologies) for IP and chicken anti-GFP (1020, Aves 

Lab) for Western blot, mouse anti-α-tubulin (DM1A, Sigma), mouse anti-HA (HA.11, 

Covance). Secondary antibodies conjugated to AlexaFluor 488 or 546 (Molecular 

Probes) or to horseradish peroxidase (Jackson ImmunoResearch) were used for 

detection. 

The lab-generated antibodies (Voss, 2015; Voss et al., 2014) used for the 

experiments shown in this thesis are listed in Table 10. 
 

Table 10 | Lab-generated antibodies against LRRC8 proteins 

Target 
protein 

Target 
species* 

No.# Designation 
Immunizing  
peptide 

Peptide  
position 

LRRC8A Human/mouse 1339 mLRRC-8A-5a rb1 QRTKSRIEQGIVDRSE intracellular loop 

LRRC8B Human/mouse 1345 mLRRC-8B-5b rb1 QSLPYPQPGLESPGIESPT intracellular loop 

LRRC8C Human/mouse 1347 mLRRC-8C-ct rb2 EDALFETLPSDVREQMKAD C-terminus 

LRRC8D Human/mouse 1348 mLRRC-8D-ct rb1 LEVKEALNQDVNVPFANGI C-terminus 

LRRC8E Human/mouse 1351 mLRRC-8E-ct rb2 LYEGLPAEVREKMEEE C-terminus 
 

* The target species of the immunizing peptide are indicated in bold 

# Number of antibody in the internal antibody database of the Jentsch laboratory 
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5.2. Methods 

5.2.1. Molecular biology techniques 

5.2.1.1. Molecular cloning 

All cloning followed adapted standard procedures described in detail elsewhere 

(Sambrook and Russell, 2001). DNA primers were designed by hand and ordered from 

Eurofins Genomics in 0.01 µmol amounts for cloning purposes. The entire ORF was 

sequenced for all cloned LRRC8 genes or mutants and chimeras thereof presented in 

this thesis. For this, the Eurofins Genomics sequencing service was used. Standard 

sequencing primers for the investigated LRRC8 genes and plasmid vectors are listed in 

Table 6. Sequence data was analyzed and cloning strategies were designed using the 

Lasergene software package (DNASTAR).  

cDNAs encoding the human LRRC8 proteins were cloned from HEK293 or HeLa 

cDNA libraries using specific primers, or ordered from SourceBioscience. For 

recombinant expression, cDNAs were cloned into the pcDNA3.1 (Invitrogen) or pEGFP-

N1/C1 plasmid vectors (Clontech, see Table 8) which were amplified in specialized E. 

coli strains (also see Table 2). Plasmid DNA was isolated from bacteria using the 

NucleoSpin Plasmid QuickPure Miniprep kit (Macherey-Nagel) or the PureLink HiPure 

Plasmid Filter Midiprep kit (Invitrogen) and dissolved in TE buffer (10 mM Tris-Cl, 1 mM 

EDTA, pH 7.5) for storage and further processing. The amount and purity of the isolated 

DNA were controlled with a Nanodrop ND-1000 spectro-photometer (PeqLab).  

Mutants and chimeras were generated using PCR-based protocols, generally 

variations of the primer-extension technique. The high-fidelity DNA polymerases Phusion 

(Finnzymes) or PfuUltra II Fusion HS (Agilent) were used to ensure high processivity and 

to avoid introduction of unwanted mutations. Extraction of DNA fragments from plasmid 

vectors was done using specific recombinant restriction endonucleases ordered from 

New England Biolabs or Fermentas. Generally, restriction enzymes generating 

overhangs (‘sticky ends’) were preferred for easier ligation. DNA fragments were size-

separated by electrophoresis in 1–3% agarose gels prepared with UltraPure agarose 

(Invitrogen) and TAE buffer (40 mM Tris, 40 mM acetic acid, 1 mM EDTA, pH 8.0). 

Purification of DNA from gels was done using the NucleoSpin Gel and PCR Clean-up kit 

(Macherey-Nagel). Ligation reactions were set up using recombinant T4 Ligase 

(Fermentas) and incubated over night at 4 °C. For transformation, bacteria were 

electroporated in a Gene Pulser electroporation device (BIO-RAD) in the presence of 

DNA. Bacteria were then allowed to recover in liquid LB medium (Sigma), before being 

plated on antibiotic-containing LB agar for selection of transformants. Clones were 

identified using specific restriction digests and subsequent sequencing. 
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5.2.1.2. Genome editing with CRISPR/Cas and zinc finger nucleases 

The CRISPR/Cas system and a custom-designed zinc finger nuclease (ZFN) were 

used to disrupt LRRC8 genes in cell lines. For CRISPR/Cas, targeting single guide RNAs 

(sgRNAs) were designed using the UCSC Genome Browser (Kent et al., 2002) and 

following instructions detailed in (Mali et al., 2013). Guide sequences are listed in Table 

4. sgRNAs were cloned into the px330 expression vector which also encodes a codon-

optimized SpCas9 enzyme (Cong et al., 2013). A LRRC8A-specific CompoZr Knockout 

ZFN kit was ordered from Sigma. The px330 plasmid or the ZFN plasmids were each 

transfected together with pEGFP-C1 into HEK293 or HCT116 cells. After 2–5 days, GFP-

positive cells were FACS-sorted and subsequently raised as single clones. Genomic 

DNA was isolated from the resulting monoclonal cell lines using the Invisorb Spin Tissue 

Minikit (Invitek). PCR with primers listed in Table 7 was used to amplify modification 

sites, which were then analyzed by sequencing for introduced mutations. The final 

LRRC8 knockout cell lines generated by genome editing are listed in Table 5, including 

the targeting constructs used, the genetic alterations identified by sequencing and the 

resulting mutations in the proteins. To check for the absence of protein, Western blots 

were performed in cases where specific antibodies were available (Voss, 2015). To 

generate cell lines in which several LRRC8 genes were disrupted in parallel, the 

respective targeting plasmids were either transfected together or additional targeting was 

performed on verified knockouts. Genetically modified cell lines were generated by 

Felizia Voss and Tobias Stauber. 
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5.2.1.3. Quantitative real-time PCR 

Quantitative real-time PCR (qRT-PCR) was performed by Felizia Voss as 

described elsewhere (Voss, 2015; Voss et al., 2014, see preface). Briefly, total RNA was 

isolated using the RNeasy Mini Kit (Quiagen) and digested with amplification grade 

DNase I (Invitrogen) before using Superscript II reverse transcriptase (Invitrogen) with 

random primers to generate cDNA. PCR reactions (20 µl) were set up with the Power 

SYBR Green PCR Master Mix (Applied Biosystems) and contained 0.2 µM of each 

primer and 0.4 µl cDNA. Table 11 lists the primers used for qRT-PCR experiments. 

 
Table 11 | Primers used for qRT-PCR 

Gene No.# Primer sequence (5’→3’) 
PCR 
product  

Remarks 

GAPDH 
8076 
8077 

ACAGTCAGCCGCATCTTCT 
GTTAAAAGCAGCCCTGGTGA

127 internal standard 

LRRC8A 
11012 
11013 

GGGTTGAACCATGATTCCGGTGAC 
GAAGACGGCAATCATCAGCATGAC 

133 - 

LRRC8B 
11284 
11285 

ACCTGGATGGCCCACAGGTAATAG 
ATGCTGGTCAACTGGAACCTCTGC 

126 - 

LRRC8C 
11288 
11289 

ACAAGCCATGAGCAGCGAC 
GGAATCATGTTTCTCCGGGC 

132 - 

LRRC8D 
11036 
11037 

ATGGAGGAGTGAAGTCTCCTGTCG 
CTTCCGCAAGGGTAAACATTCCTG 

126 - 

LRRC8E 
11038 
11039 

ACCGTGGCCATGCTCATGATTG 
ATCTTGTCCTGTGTCACCTGGAG 

62 - 
 

# Number of primer in internal oligo database of the Jentsch laboratory 
 

5.2.2. Biochemistry techniques and reagents 

For protein expression assays, cells were harvested from the substrate by 

scraping and incubated in lysis buffer for 10 min on ice. The lysis buffer contained 

150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 50 mM Tris-HCl, pH 7.5 with 

NaOH, 4 mM Pefabloc (Roth) and complete proteinase inhibitor (Roche). Lysates were 

pre-cleared by centrifugation at 14.000 rpm for 10 min at 4°C and again centrifuged at 

30.000 rpm for 30 min at 4°C. Protein concentrations were determined by the Lowry 

method (Lowry et al., 1951). Equal protein amounts were separated by SDS-PAGE and 

analyzed by Western blot. SDS-Page was usually performed on 8% SDS-polyarcylamide 

gels using the Mini-PROTEAN 3 gel chamber system (Bio-Rad). The PageRuler Plus 

Protein Ladder (Fermentas) was used as molecular weight marker. For Western blots, 

the tank blotting system Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad) was 

used. The transfer buffer contained 25 mM Tris-HCl, pH 8.2, 20% methanol and 200 mM 

glycine. Samples were blotted onto polyvinylidene difluoride (PVDF) membranes for 2–

3 h at 4°C at a voltage of 84 mV.  
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Membranes were stained with Ponceau S (0.2% Ponceau S, 3% acetic acid) to 

check for equal protein loading and transfer, and subsequently blocked for at least 30 

min using a blocking buffer containing TBS with 0.1% Tween 20 and 5% milk powder. 

Primary antibodies were then added and incubated overnight at 4°C in blocking buffer. 

Membranes were then washed 3 times with TBS supplemented with 0.1% Tween. 

Secondary antibodies coupled to horseradish peroxidase were applied in blocking buffer 

for 45 min. After three more washing steps, signals were visualized by 

chemiluminescence using SuperSignal West Pico or Femto (Pierce). Blots were 

photographed with a Chemi-Smart 5000 acquisition system controlled via the ChemiCapt 

5000 software (PeqLab). 

5.2.3. Immunocytochemistry 

For immunocytochemistry experiments, different fixation methods were applied 

depending on the antibodies used. For stainings with the LRRC8A antibody, cells were 

fixed in pre-cooled methanol at −20°C for 10 min. For other antibodies, cells were fixed in 

2% or 4% PFA in PBS for 15 min followed by a 5-min incubation with 30 mM glycine in 

PBS at room temperature. Cells were incubated for 1 h with each antibody in PBS 

containing 0.1% Triton X and 3% BSA. Images were acquired with a LSM510 inverted 

confocal microscope with a 63x oil-immersion objective (Zeiss) and processed using the 

ZEN software package (Zeiss). Immunocytochemistry experiments were conducted by 

Felizia Voss and Tobias Stauber. 

5.2.4. Cell culture techniques and reagents 

HEK293 and HeLa cells were cultured in Dulbecco's Modified Eagle Medium 

(DMEM, Pan Biotech). HCT116 cells were cultured in McCoy’s 5A medium (Pan 

Biotech). HL-60, KBM7 and HAP1 cells were cultured in Iscove's Modified Dulbecco's 

Medium (IMDM, Pan Biotech). Medium for all cell lines was supplemented with 10% (v/v 

%) fetal calf serum (FCS), 100 U/ml Penicillin and 0.1 mg/ml Streptomycin. Cells were 

grown on plastic tissue culture dishes (Greiner Bio-One) in tissue culture incubators 

maintaining 37 °C and 5% CO2. Cells were split every 3–6 days. For splitting, adherent 

cells were washed with PBS, trypsinized, separated through vigorous trituration and 

transferred into fresh medium. For patch clamp experiments, cells were plated at low 

density onto glass coverslips (ø15 mm) coated with poly-L-lysine (Pan Biotech) or 0.1% 

gelatine in water. Transfection was generally performed just after plating. The Fugene 

HD (Promega) or Lipofectamine 2000 (Life Technologies) transfection reagents were 

used for HEK293 or HCT116 cells, respectively.  

If two or more plasmids encoding LRRC8 proteins were transfected 

simultaneously, identical amounts were used. One of the transfected LRRC8 isoforms 
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was fused C-terminally to GFP. When LRRC8A was co-transfected with other LRRC8 

isoforms only the latter carried GFP because plasma membrane fluorescence indicated 

co-expression with LRRC8A (see Figure 9). 

5.2.5. Whole-cell patch clamp recording and data analysis 

All experiments were performed at constant temperature of 20–22°C. Currents 

were recorded with an EPC-10 USB patch clamp amplifier and PatchMaster software 

(HEKA Elektronik). Patch pipettes had a resistance of 2–5 MΩ. Series resistance was 

compensated by 60–90% to minimize voltage errors. Currents were sampled at 5 kHz 

and low-pass filtered at 10 kHz. The holding potential was −30 mV. Cells with a 

membrane resistance below 800 MΩ or series resistance above 10 MΩ were discarded. 

The standard protocol for measuring the time course of ICl,vol activation, applied every 

15 s after membrane rupture, consisted of a 0.6-s-step to −80 mV followed by a 2.6-s-

ramp from −100 to 100 mV. The read-out for ICl,vol was the steady state whole-cell current 

at −80 mV normalized to the cell capacitance (current density). The voltage protocol, 

applied after complete activation of ICl,vol, consisted of 1-s or 2-s steps starting from 

−120 mV to 120 mV in 20-mV, 10-mV or 5-mV intervals preceded and followed by a 0.5-

s-step to −80 mV every 5 s.  

Relative anion permeabilities (PX/PCl) were calculated from the shifts in reversal 

potential induced by perfusion with the anion substituted hypotonic salines using a 

modified Goldman-Hodgkin-Katz equation:   

 

	/	 	 	
	

∆
	
 

 

where ∆Erev is the shift in reversal potential, [Cl]hypo and [Cl]subst are the 

extracellular chloride concentrations in the normal and anion substituted hypotonic 

saline, and [X]subst is the concentration of the substituting anion. R is the gas constant, T 

is the absolute temperature, and F is the Faraday constant. Reversal potentials were 

only recorded in cells with appreciable ICl,vol activation. Liquid junction potentials were 

measured for all solutions and corrected for in ion selectivity experiments. 

The inactivation kinetics of ICl,vol in WT cells could not be fitted appropriately by 

single- or double-exponential functions. Therefore, the fraction of remaining current was 

calculated by dividing the current amplitude at the end of the 2-s voltage step by the 

current amplitude 1.5 ms after the beginning of the voltage step (avoiding contamination 

by capacitive transients). The half inactivation time t1/2 was determined as the time point 

where the inactivation reached half of the total inactivation after 2 s.  
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Time constants of inactivation (τi or τinactivation) in overexpression experiments or 

knockout cell lines were obtained by approximating the current decay over 2 s versus 

time with an exponential function, 

 

	 	 	  

 

where Iss is the steady state current after inactivation and Ii is the inactivating current. 

Time constants of recovery from inactivation (τslow or τfast) were obtained fitting the 

recovering current versus time with a double-exponential function, 

 

	 	 	 	 	  

 

where Imax is the fully recovered current, and Islow or Ifast are the currents recovered 

through the slow and fast components, respectively. 

Data analysis and generation of figures was done using IgorPro (WaveMetrics) 

and GraphPad Prism 5 (GraphPad Software). Example current traces were low-pass-

filtered at 2 kHz and reduced to a sampling rate of 1 kHz for clarity. Averaged data is 

presented as mean ± SEM if not stated otherwise. If significance levels are given, the 

test used for the calculation is mentioned in the corresponding figure legend. At least 5 

cells per condition were measured on at least three different days if not stated otherwise; 

exact n-values are given in the figures. 
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