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ABSTRACT 

The volume-regulated anion channel (VRAC) is a key player in regulatory volume 

decrease (RVD) and has been proposed to play pivotal roles in many physiological 

processes. Although VRAC’s potential physiological functions and activation 

mechanism were studied extensively, conflicting results were obtained regarding 

the role of VRAC in cell proliferation and migration, as well as its activation 

mechanism. The lack of specific pharmacological VRAC inhibitors and the unknown 

molecular entity of VRAC hampered further progress aiming to elucidate its 

activation mechanism and proposed physiological roles. The discovery of LRRC8 

heteromers as an essential component of VRAC enabled the investigation of its 

physiological roles and activation mechanism of VRAC using molecular biological 

tools.  

Here, I systematically examined the role of VRAC during cell growth and motility for 

various cell types, including C2C12 myoblasts, HCT116 cells, HEK-293 cells and 

U251 and U87 glioblastoma cells. Surprisingly, neither pharmacological inhibition of 

VRAC by carbenoxolone, 4-[(2-Butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-

1H-inden-5-yl)oxy]butanoic acid (DCPIB) or 5-nitro-2-(3-phenylpropyl-

amino)benzoic acid (NPPB), nor siRNA-mediated knockdown or disruption of the 

essential VRAC subunit LRRC8A affected cell proliferation and migration in any of 

the investigated cell lines. I also found that inhibition of VRAC with DCPIB or siRNA 

against LRRC8A has no effect on PI3K/Akt signaling in glioblastoma cells. These 

results indicate that, contrasting the prevailing assumption in the literature, VRAC is 

dispensable for cell proliferation and migration. 

Furthermore, by using a Förster-resonance energy transfer (FRET)-based approach, 

I investigated the potential activation mechanism of VRAC involving protein kinase 

D (PKD). This revealed that both pharmacological inhibition and siRNA-mediated 

knockdown of PKDs impaired hypotonicity-induced VRAC activation. Hypotonicity 

treatment induced the formation of phosphatidic acid (PA) at the plasma membrane. 

These results corroborate the notion that hypotonicity-induced VRAC activation 

involves diacylglycerol (DAG) and PA signaling. 

 



 

 XXI 

ZUSAMMENFASSUNG 

Der volumenregulierte Anionenkanal (VRAC) spielt eine Schlüsselrolle bei der des 

regulatorischen Verringerung des Zellvolumens (RVD) und soll dadurch eine Rolle 

bei vielen physiologischen Prozessen spielen. Obwohl die potenziellen 

physiologischen Funktionen und der Aktivierungsmechanismus von VRAC 

ausführlich untersucht wurden, wurden widersprüchliche Ergebnisse hinsichtlich der 

Rolle von VRAC bei der Zellproliferation und -migration sowie seines 

Aktivierungsmechanismus erzielt. Das Fehlen spezifischer pharmakologischer 

VRAC-Inhibitoren und die unbekannte molekulare Identität von VRAC behinderten 

weitere Fortschritte, um den Aktivierungsmechanismus und die vorgeschlagenen 

physiologischen Rollen aufzuklären. Die Entdeckung von LRRC8-Heteromeren als 

wesentlicher Bestandteil von VRAC ermöglichten, die physiologischen Rollen und 

den Aktivierungsmechanismus von VRAC zu untersuchen. 

Hier untersuchte ich systematisch die Rolle von VRAC während der Zellproliferation 

und der Motilität für verschiedene Zelltypen, einschließlich C2C12-Myoblasten, 

HCT116-Zellen, HEK-293-Zellen und U251- und U87-Glioblastomzellen. 

Überraschenderweise beeinflusste weder die pharmakologische Hemmung von 

VRAC durch Carbenoxolon, 4-[(2-Butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-

oxo-1H-inden-5-yl)oxy]butanoic acid (DCPIB) oder 5-nitro-2-(3-phenylpropyl-

amino)benzoic acid (NPPB), noch der siRNA-vermittelte Abbau oder die 

Gendeletion der essentiellen VRAC-Untereinheit LRRC8A die Zellproliferation und 

-migration in einer der untersuchten Zelllinien. Ich fand auch, dass die Hemmung 

von VRAC mit DCPIB oder siRNA gegen LRRC8A keinen Einfluss auf die PI3K/Akt-

Signalübertragung in Glioblastomzellen hat. Diese Ergebnisse zeigen, dass VRAC 

entgegen der vorherrschenden Annahme in der Literatur für die Zellproliferation und 

-migration entbehrlich ist.  

Des Weiteren habe ich unter Verwendung eines FRET-Ansatzes den 

Aktivierungsmechanismus des VRAC untersucht. Sowohl die pharmakologische 

Hemmung als auch der siRNA-vermittelte Abbau von Proteinkinasen des Typs D 

beeinträchtigten die durch Hypotonie induzierte VRAC-Aktivierung. Extrazelluläre 

Hypotonie induzierte die Bildung von Phosphatidsäure an der Plasmamembran. 
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Diese Ergebnisse legen nahe, dass Hypotonie-induzierte VRAC-Aktivierung 

Diacylglycerin und Phosphatidsäure involviert. 
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1 INTRODUCTION 

1.1 The volume-regulated anion channel VRAC 

The volume-regulated anion channel (VRAC), alternatively named the volume-

sensitive outwardly rectifying (VSOR) anion channel (Okada, 1997) or the volume-

sensitive osmolyte/anion (VSOAC) channel (Strange et al., 1996), is a key 

constituent of the cellular response to osmotic swelling (Jentsch, 2016) and 

ubiquitously expressed in almost all vertebrate cells (Chen et al., 2019b; Jentsch, 

2016; Pedersen et al., 2016). 

Regulatory volume decrease (RVD) is a tightly regulated process depends on a 

swelling activated Cl- conductance of the plasma membrane. This conductance was 

first described in the late 1970s and early 1980s using microelectrodes and 

radioactive flux measurements (Grinstein et al., 1982; Hoffmann, 1978). More than 

three decades ago, large VRAC currents were first identified in T lymphocytes 

(Cahalan and Lewis, 1988) and human intestinal epithelial cells (Hazama and 

Okada, 1988) using whole-cell patch clamp electrophysiology. Subsequently, they 

have been observed in almost all vertebrate cell types investigated (Nilius et al., 

1997; Okada, 1997; Strange et al., 1996). As determined from shifts in the reversal 

potential of volume-activated chloride current (ICl, vol) upon anion substitution, the 

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

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

prefers larger halides over smaller ones. Additionally, VRAC conducts large 

osmolytes such as myoinositol and taurine (Jackson and Strange, 1993; Kirk et al., 

1992; Qiu et al., 2014; Voss et al., 2014). 

Although the functional properties of VRAC have been extensively studied over the 

last 30 years, the molecular identity of the underlying protein entity was discovered 

much later. In 2014, two groups independently identified leucine-rich repeat 

containing 8A (LRRC8A) as an indispensable component in constituting VRAC by 

using high-throughput fluorescence assays (YFP quenching) and genome-wide 

RNA silencing methods (Qiu et al., 2014; Voss et al., 2014). Both groups revealed 

that siRNA-mediated LRRC8A knockdown diminished the YFP quenching caused 

by swelling-induced iodide influx through VRAC. Swelling-induced chloride 
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conductance (ICl,swell) was reduced by knockdown of LRRC8A (Qiu et al., 2014; Voss 

et al., 2014) or completely abolished by genomic disruption (Voss et al., 2014) in 

patch-clamp recordings, but could be rescued by LRRC8A transfection (Voss et al., 

2014).  

LRRC8 is a protein family comprising of five members, LRRC8A-LRRC8E, which 

was first described in a girl with agammaglobulinemia (Sawada et al., 2003). VRAC 

is heteromeric complex consisting of the essential subunit LRRC8A and at least one 

of the other LRRC8 protein (LRRC8B to LRRC8E) (Qiu et al., 2014; Syeda et al., 

2016; Voss et al., 2014). 

1.1.1 The structure of LRRC8/VRAC channel 

LRRC8 proteins share a common ancestor with pannexins, and were proposed to 

form hexameric channels (Abascal and Zardoya, 2012), a notion supported by 

experimental data (Gaitan-Penas et al., 2016; Lutter et al., 2017; Syeda et al., 2016). 

Recently, an important breakthrough in the field of VRAC is that the structures of 

LRRC8/VRAC channels was revealed by cryo-EM (Deneka et al., 2018; Kasuya et 

al., 2018; Kefauver et al., 2018; Kern et al., 2019; Nakamura et al., 2020). High-

resolution cryo-EM confirmed that LRRC8A homomers (Deneka et al., 2018; 

Kasuya et al., 2018; Kefauver et al., 2018; Kern et al., 2019) and LRRC8D 

homomers (Nakamura et al., 2020) VRAC channels are hexamers. Further down, a 

low-resolution cryo-EM structure of LRRC8A/C channels suggests a similar 

hexameric structure for LRRC8 heteromers (Deneka et al., 2018). 

The secondary structural elements verified in the cryo-EM structures of mouse and 

human LRRC8A are shown in Figure 1A and 1B. LRRC8A comprises four regions 

defined as intracellular domain (ICD), transmembrane domain (TMD), extracellular 

domain (ECD), and leucine-rich repeat domain (LRRD). When functioning as a 

VRAC subunit, the N and C termini of LRRC8A are located in the cytoplasmic side 

of the plasma membrane. The N terminus is 23 amino acids long and is largely 

unresolved in all structures (Deneka et al., 2018; Kasuya et al., 2018; Kefauver et 

al., 2018) except for a short N-terminal coil (NTC) that projects into the pore domain 

of the channel (Kefauver et al., 2018). 
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The membrane domain comprises four transmembrane helices (TMH1-4). TMH1-2 

and TMH3-4, which are connected by two extracellular loops, EL1 and EL2, and 

one intracellular loop (IL1) (Figure 1A). EL1 consists of one α helix (EL1H) and one 

β strand (EL1β). The region between EL1H and EL1β is disordered and comprises 

a proline-rich domain. EL2 possesses two β strands, EL2β1 and EL2β2. The 

intracellular loop (IL1), which connects TMH2 and TMH3, contains three α-helices 

with an undetermined stretch between the second and third helices that harbors 

several putative phosphorylation sites (Abascal and Zardoya, 2012). A second 

intracellular loop (IL2) is links TMH4 and the LRR region and contains four α-helices 

(ILH1-4) (Figure 1A). A threonine (T44) of LRRC8A located on the extracellular side 

of TMH1 (Figure 1D) was reported to play an important role in ion permeation (Qiu 

et al., 2014; Syeda et al., 2016). Replacement of T44 to cysteine markedly increases 

I− permeability. In contrast, arginine substitution at T44 diminishes permeability to I−. 

Syeda and colleagues reported that mutating T44 to cysteine in LRRC8C, LRRC8D, 

or LRRC8E subunits increased I− permeability identically as the T44C mutation of 

LRRC8A (Syeda et al., 2016). Cryo-EM structures confirmed that TM1 constitutes 

part of the VRAC pore and that T44 projects into the pore on the extracellular side 

of the cell membrane (Deneka et al., 2018; Kasuya et al., 2018; Kefauver et al., 

2018).  
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Figure 1. Structure of LRRC8/VRAC channel  
(A) Schematic representation of a single LRRC8A protein topology. LRRC8A is composed of 

four regions, extracellular, transmembrane, intracellular, and LRR regions. EL, extracellular loop; 
H, α-helix; IL, intracellular loop; β, β strand; LRRCT, LRR region C terminus; LRRNT, LRR 

region N terminus; TMH, transmembrane helix. Dashed lines represent protein regions that were 
not resolved in cryo-EM structures. (B) Schematic representation of single LRRC8A subunit 

within a hexamer. The channel pore mainly consists of ELH1, TMH1, N terminus, ILH1 and ILH3. 
Figure modified from (Kasuya et al., 2018). (C) Overall structure of the Human LRRC8A 
hexamer viewed from within membrane (left) and from the extracellular (right, upper) and 

intracellular (right, lower) sides. TM, transmembrane. LRR, leucine-rich repeat. Adapted from 
(Kasuya et al., 2018). (D) Ribbon representation of an LRRC8A subunit. EL, extracellular loop; 

H, α-helix; IL, intracellular loop; LRRD leucine-rich repeat domain; TMH, transmembrane helix. 
Adapted from (König and Stauber, 2019). 
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The LRR region contains a N-terminal helix (LRRNT), C-terminal helices (LRRCT) 

and 15 leucine-rich repeats (LRR1-15), each repeat containing a β-strand and an α-

helix. The 15 LRRs in each LRRC8 subunit form a typical horseshoe-shaped 

structure (Figure 1A, B). LRRC8 are homologous to pannexins and connexins 

(Abascal and Zardoya, 2012). The big structural difference between pannexins or 

connexins and the LRRC8 proteins depends on the C-terminus, which is extremely 

long in the LRRC8 proteins. Both constricted and expanded conformations of the C-

terminus were found in the LRRC8A hexamer (Kasuya et al., 2018; Kern et al., 2019). 

Moreover, all cryo-EM structures revealed that the LRRDs are highly flexible and 

display various orientations (Deneka et al., 2018; Kasuya et al., 2018; Kefauver et 

al., 2018; Kern et al., 2019; Nakamura et al., 2020), suggesting a possible 

conformational rearrangement of LRRDs during channel gating. Since the LRRDs 

are unique to VRAC channels compared to gap junction proteins (Maeda et al., 2009; 

Oshima et al., 2016), LRRDs are of particular interest for the structure-function 

relationship of LRRC8/VRAC. A number of studies associated several types of 

protein kinases with activation or regulation of VRAC (Bryan-Sisneros et al., 2000; 

Eggermont et al., 2001; Hermoso et al., 2004; König et al., 2019; Sadoshima et al., 

1996; Senju et al., 2015; Sorota, 1995; Tilly et al., 1993; Voets et al., 1998). In the 

LRRDs, there are several predicted phosphorylation sites such as protein kinase C 

(PKC), and cAMP-/cGMP-dependent kinases (PKA/PKG) (Mongin, 2016). Perhaps 

phosphorylation changes the charge of LRRDs and subsequent lead to the 

conformation rearrangements, resulting in VRAC channel gating. 

The VRAC pore is primarily composed of the EL1H helix in the extracellular region, 

the TMH1 helix in the transmembrane region, IL1H1 and IL1H3 helices in the 

intracellular region, as well as the N terminus (Figure 1B). The channel pore is lined 

with hydrophilic and positively charged amino acids. EL1H constitutes part of the 

extracellular constriction of the channel pore, the constriction is formed by a ring of 

arginines, R103. This arginine ring was reported to determine the inactivation 

kinetics (Ullrich et al., 2016; Yamada and Strange, 2018) and cation permeability 

(Deneka et al., 2018; Kefauver et al., 2018). In addition, R103 was found to be 

crucial for voltage-dependent block by extracellular ATP (Kefauver et al., 2018). 

Kern and colleagues revealed the structure of LRRC8A, in conjunction with its 

inhibitor, DCPIB, and found that R103 arginine lines are involved here as well (Kern 
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et al., 2019). The negatively charged butanoic acid group of DCPIB plugs the 

channel like a cork in a bottle-binding in the extracellular selectivity filter, preventing 

ion conduction (Kern et al., 2019).  

LRRC8A structure shows a hexameric protein that is 165-180 Å long and 110-130 

Å wide (Figure 1C). The six subunits are arranged around an axis of symmetry that 

determine the ion conduction path, with both the N- and C termini residing on the 

cytoplasmic side and facing the pore lumen. Most structures concluded a six-fold 

rotational (C6 symmetry) arrangement of the transmembrane domain, including the 

intracellular, transmembrane, and extracellular regions (Deneka et al., 2018; 

Kefauver et al., 2018; Kern et al., 2019). Whereas the LRR region displayed three-

fold rotational (C3) symmetry and formed a trimer of dimers structure. In contrast, 

Kasuya and colleagues reported the entire channel exhibited C3 symmetry (Kasuya 

et al., 2018). More recently, Nakamura et al. reported the overall HsLRRC8D 

structure exhibited a two-fold symmetric (C2 symmetry) “dimer of trimers” 

arrangement (Nakamura et al., 2020). 

1.2 Physiological and pathophysiological roles of VRAC 

The most extensively studied physiological function of VRAC is its role in regulatory 

volume decrease (RVD). Besides its role in regulation of cell volume, VRAC was 

linked to a wide range of physiological and pathophysiological processes. However, 

a note of caution is warranted because the studies that assigned these physiological 

and pathological roles to VRAC predominantly relied on rather unspecific 

pharmacological blockers (Bowens et al., 2013; Fujii et al., 2015; Jentsch et al., 

2016). The breakthrough discovery of LRRC8 heteromers as VRAC provides 

enormous opportunities to assess previously proposed physiological and 

pathophysiological roles and to explore novel function of VRAC.  

1.2.1 VRAC in regulatory volume decrease (RVD) 

Cell volume regulation is an extremely important homeostatic function since it is not 

only involved in cell shape, but also a variety of physiological and pathological 

processes, such as cell growth, cell migration and cell death (Hoffmann et al., 2009; 

Jentsch, 2016; Lang et al., 1998). In vertebrates, the osmolarity of intracellular fluid 
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may alter during physiological processes, for instance, accumulation of metabolic 

products and transepithelial transport (Miley et al., 1997). The osmolarity of the 

extracellular fluid is tightly controlled on a systemic level and usually kept constant 

(Pedersen et al., 2011), however, some animal cells are regularly exposed to 

changes in extracellular osmolarity under normal physiological conditions, such as 

the gastrointestinal tract cells and distal kidney tubule cells. Moreover, a variety of 

pathophysiological conditions such as ischemia, hypoxia, hyponatremia and 

systemic disturbances in ion and pH homeostasis may trigger cell swelling or 

shrinking (Hoffmann et al., 2009).  

Since plasma membranes are permeable to water, reduction in extracellular 

osmolality or increase in intracellular osmolality induces a rapid net influx of water 

across the cell membrane, resulting in cell swelling. To counteract osmotic 

alterations, cells regulate their volume decrease by releasing K+ and Cl- and organic 

osmolytes followed by water. After the initial swelling, cells gradually restore their 

original volume, even in the continued presence of low osmolarity (Figure 2).  

 

Several volume-sensitive K+ channels have been characterized in regulatory 

volume decrease (RVD) for a variety of cell types (Wehner, 2006). Whereas, due to 

almost all cell types exhibit much larger basal conductance for K+ than for Cl-, RVD 

mainly depends on a swelling-induced increase in Cl- conductance (Hoffmann et al., 

2009; Nilius et al., 1997; Okada et al., 2009). Such an increase in anion permeability 

mediates by a major key player of the RVD response termed volume-regulated 

VRAC 
H 2 O 

Cl - 

Regulatory volume decrease (RVD) 

Hypotonic 
challenge 

Osmolytes 

K +  channel 

K + 

Figure 2. Mechanism of regulatory 
volume decrease 
Hypotonic challenge osmotically leads 
to swelling by driving water into the 

cell and subsequent activation of 
VRAC and K+ channels, which 
mediate efflux of K+, Cl- and organic 

osmolytes, followed by H2O, to 
facilitate the regulatory volume 

decrease (RVD). Modified from 

(Stauber, 2015). 

 



Introduction 

  8 

anion channel (VRAC), a ubiquitously expressed Cl- channel which is activated by 

hypotonicity-induced cell swelling (Pedersen et al., 2016).  

Extensive studies showed that knockout and knockdown of VRAC-forming LRRC8 

proteins led to severely impaired RVD in many cell types from various organisms 

(Formaggio et al., 2019; Kang et al., 2018; Lück et al., 2018; Qiu et al., 2014; Voss 

et al., 2014; Yamada et al., 2016), demonstrating that VRAC is major player in RVD. 

Besides Cl-, VRAC mediates the release of various organic osmolytes such as 

taurine and glutamate during RVD in vertebrate cells (Jentsch, 2016; Pedersen et 

al., 2016; Stauber, 2015; Strange et al., 2019).  

1.2.2 VRAC in cell proliferation and migration  

Proliferation and migration are fundamental cell physiological processes that involve 

cell volume regulation (Hoffmann et al., 2009; Lang et al., 1998). Due to its critical 

role in regulatory volume decrease (RVD), VRAC has been implicated in cell volume 

changes during cell proliferation and migration (Hoffmann et al., 2009; Schwab et 

al., 2012). Maximal VRAC currents were reported to alter during cell cycle 

progression in human cervical cancer cells (Shen et al., 2000). During cell cycle 

progression, the transient activation of Cl- channels led to a decrease in cell volume 

after an initial volume increase (Habela and Sontheimer, 2007; Klausen et al., 2010; 

Lang et al., 2006).  

Over the past years, several (rather unspecific) VRAC inhibitors were reported to 

impair proliferation of various cell types (He et al., 2012; Klausen et al., 2007; Liang 

et al., 2014; Maertens et al., 2001; Rouzaire-Dubois et al., 2000; Wondergem et al., 

2001; Wong et al., 2018). Nonetheless, so far, no proliferation defect has been 

reported for diverse LRRC8A deletion cell lines published during the last six years. 

Consistently, siRNA-mediated knockdown of LRRC8A has no impact on HeLa cell 

cycle progression (Sirianant et al., 2016). Recently, a novel VRAC blocker, the 

flavonoid Dh-morin, was found to effectively suppress endogenous VRAC currents 

in endothelial cells, without impairing the proliferation of human umbilical vein 

endothelial (HUVEC) cells (Xue et al., 2018), excluding a prominent role for VRAC 

in the cell cycle progression of this cell line. In addition, the anti-proliferative effect 

of cardiac glycosides was also linked, albeit not necessarily directly, to an increase 
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in VRAC activity in HT-29 cells and could be inhibited by the VRAC blocker DCPIB 

(Fujii et al., 2018). 

Cell migration is primarily regulated by cytoskeletal rearrangements and directed 

membrane transport. Osmotic water flux by the differential activity of ion channels 

and transporters mediating local changes in cell volume was reported to contribute 

to cell motility (Jaeger et al., 1999; Schwab et al., 1995). Cell migration can be 

described as a repetitive cycle of protrusion at the leading edge that is followed by 

retraction at the trailing end (Schwab et al., 2012). The uptake of inorganic ions and 

H2O (a regulatory volume increase, RVI) at the cell front by locally active Na+-K+-

2Cl- cotransport, Na+/H+ exchange or nonselective cation channels, and a volume 

decrease at the rear part by releasing K+ and Cl- through activated K+ and Cl- 

channels followed by water efflux (RVD) will cause a net translocation of the cell 

(Figure 3). 

 

Figure 3. Schematic presentation of cell volume regulation during cell migration  
The uptake of inorganic ions and H2O contributes to volume increase at the leading edge, 
whereas net KCl efflux followed by H2O leads to volume loss at the trailing end, including that 

of chloride by VRAC, may contribute to cell movement. Figure adabted from (Chen et al., 2019b). 

Several ion channels and transporters involving in cell volume regulation have been 

reported to be components of the cellular migration machinery. For instance, the 

Na+-K+-2Cl- cotransporter NKCC1 (Haas and Sontheimer, 2010; Reid et al., 2005), 

Ca2+-activated K+ channel KCa 3.1 (Cruse et al., 2006; Schilling et al., 2004; 

Sciaccaluga et al., 2010), as well as VRAC (Mao et al., 2007; Schneider et al., 2008). 

Glycine-induced cell swelling was associated with the motility of murine microglial 

cells (Kittl et al., 2018); and indeed, cell displacement was shown to be solely driven 

by directed cellular osmotic water transport in an artificial confined environment 

VRAC 

Cl - 

Na + 

Cl - 
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(Volume decrease) 
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K + 
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when actin polymerization was suppressed (Stroka et al., 2014). The VRAC blocker 

DCPIB was found to reduce the motility of glioblastoma cell lines (Wong et al., 2018) 

and siRNA-mediated knockdown of LRRC8A was found to impair the migration of 

human colon cancer HCT116 cells (Zhang et al., 2018).  

In summary, there are controversial data in respect of the involvement of VRAC in 

cell cycle progression and migration. Accordingly, systematic studies combining 

pharmacological and molecular biological tools and comparison of different cell 

types are required to draw a comprehensive picture of a potential role of VRAC in 

these processes. 

1.2.3 Specific roles of the different LRRC8 subunits 

The Lrrc8 gene family comprises five members termed LRRC8A, LRRC8B, 

LRRC8C, LRRC8D, and LRRC8E (Abascal and Zardoya, 2012; Voss et al., 2014). 

LRRC8A is an essential subunit of VRAC (Qiu et al., 2014; Voss et al., 2014), which 

traffics to the cell membrane when expressed alone in cells (Syeda et al., 2016), 

whereas LRRC8B, LRRC8C, LRRC8D, and LRRC8E are retained in the 

endoplasmic reticulum when expressed alone (Voss et al., 2014). For physiological 

function and normal volume sensitivity, LRRC8A must be coexpressed with at least 

one other LRRC8 family member (B-E) (Gaitan-Penas et al., 2016; Syeda et al., 

2016; Voss et al., 2014; Yamada and Strange, 2018). VRAC was proposed to be 

formed by heteromers of LRRC8 proteins, which has recently been confirmed by 

cryo-EM structures of LRRC8A homomers, LRRC8D homomers and LRRC8A/C 

heteromers (see section 1.1.1). Most cryo-EM structures revealed that VRAC 

exhibits a hexameric assembly with a trimer of dimers. Several fundamental 

biophysical properties like single channel conductance, inactivation kinetics, 

substrate specificity and the extent of rectification are determined by the variable 

LRRC8 subunit combination (Syeda et al., 2016; Ullrich et al., 2016; Voss et al., 

2014; Yamada and Strange, 2018). 

LRRC8A is ubiquitously expressed in vertebrate cells and has been detected in all 

tissues analyzed so far. Lrrc8a-/- mice displayed high postnatal lethality (Kumar et 

al., 2014), and several studies confirmed the physiological importance of LRRC8A 

by utilizing gene disruption or knockdown in a cell type-specific manner or in cell 
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culture (Chen et al., 2019a; Kang et al., 2018; Lück et al., 2018; Stuhlmann et al., 

2018; Yang et al., 2019; Zhang et al., 2017). Interestingly, LRRC8A expressed alone 

gave no detectable whole-cell currents (Qiu et al., 2014; Voss et al., 2014), whereas 

its overexpression suppressed endogenous VRAC activity (Qiu et al., 2014; Syeda 

et al., 2016; Voss et al., 2014). Recently, the Stauber lab found that the essential 

LRRC8A subunit was relatively low abundant in C2C12 myoblasts, 3T3 fibroblasts 

and various organs, which suggested the presence of only one or two LRRC8A per 

hexameric VRAC (Pervaiz et al., 2019). This may explain the larger currents when 

LRRC8A was diluted in LRRC8A/C co-expression (Yamada et al., 2016) and the 

suppression of endogenous VRAC currents by LRRC8A overexpression (Qiu et al., 

2014; Syeda et al., 2016; Voss et al., 2014). 

Only low VRAC currents were observed in LRRC8(C,D,E)-/- HCT116 cells (Voss et 

al., 2014) and VRAC currents were abolished in HEK cells when the same subunits 

were knocked out (Lutter et al., 2017). Hence, LRRC8A/B heteromers give rise to 

VRAC activity that may be cell type-specific. Ghosh et al. found that both 

overexpression and knockdown of human LRRC8B in HEK293 cells altered the Ca2+ 

level in the endoplasmic reticulum (ER), they deduced that LRRC8B participated in 

intracellular Ca2+ homeostasis by acting as a leak channel in the ER (Ghosh et al., 

2018). However, this proposal should be viewed cautiously. Overexpression and 

knockdown of LRRC8B perhaps affect ER functions in an indirect way. More 

detailed studies are needed before additional channel functions are ascribed to 

LRRC8 proteins.  

LRRC8C was identified as an accelerating factor for adipogenesis, fad158, prior to 

it was recognized as a VRAC subunit (Tominaga et al., 2004). Knockdown of 

LRRC8C expression prevented adipocyte differentiation of 3T3-L1 cells. In addition, 

Overexpression of LRRC8C facilitated adipogenesis of NIH-3T3 cells (Tominaga et 

al., 2004). Consistent with the involvement in adipogenesis, LRRC8C-deficient mice 

exhibited reduced body weight and fat mass when fed a high-fat diet (Hayashi et al., 

2011). In adipocyte-specific LRRC8A depletion mice, lower weight was also 

observed, this was assigned to an impact on insulin signaling (Zhang et al., 2017). 

LRRC8D-mediated VRAC increases the permeability of VRAC to cellular osmolyte 

taurine, lysine and platinum-based anticancer drugs (Lutter et al., 2017; Planells-
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Cases et al., 2015; Qiu et al., 2014; Voss et al., 2014). Furthermore, LRRC8D is a 

mammalian protein required for the import of the protein synthesis inhibitor 

blasticidin S (Lee et al., 2014). Compared to LRRC8C and LRRC8E, LRRC8D-

containing VRAC exhibited larger outward rectification and lesser permeability 

preference of I− over Cl− (Syeda et al., 2016), although this anion-conducting 

selectivity was comparatively small and was not detected in another study (Voss et 

al., 2014). Moreover, LRRC8C, LRRC8D and LRRC8E coexpression with LRRC8A 

conduct aspartate and glutamate (Lutter et al., 2017; Schober et al., 2017). However, 

coexpression of LRRC8D and LRRC8A was recently shown to inhibit 2′3′cGMP-

AMP (cGAMP) transport (Lahey et al., 2020).  

LRRC8E, which shows the largest difference in expression levels between tissues, 

increases the permeability to negatively charged osmolytes such as ATP glutamate 

and aspartate and which can function as signaling molecules (Gaitán-Peñas et al., 

2016; Lutter et al., 2017; Schober et al., 2017). In 2020, two groups found that 

LRRC8A/LRRC8E-containing VRAC channels could transport cGAMP (Lahey et al., 

2020; Zhou et al., 2020a). So like LRRC8D, LRRC8E may play a role in cell-cell 

communication by VRAC.  

1.2.4 VRAC roles in other (patho-)physiological processes 

In addition to the roles described above, VRAC has been found to play a role in 

other physiological and pathological processes (Figure 4). For example, the 

spontaneous house mouse mutant ébouriffé (ebo) (Lalouette et al., 1996), which 

expresses a truncated LRRC8A mutant that markedly lacks VRAC channel activity 

(Platt et al., 2017), having intact T-cell development and function while retaining 

some of the phenotypic features of Lrrc8a-/- mice, including abnormal hair, infertility, 

kidney abnormalities and reduced survival (Kumar et al., 2014; Platt et al., 2017). 

Furthermore, germ cell-specific Lrrc8a-/- was reported to result in abnormal sperm 

and male infertility (Bao et al., 2018; Lück et al., 2018). Developing sperm lacking 

LRRC8A displayed a swollen cytoplasm and later exhibited severe disorganization 

of mitochondrial sheaths in the midpiece region, as well as angulation or flagellar 

coiling. The severe malformation of spermatids can be explained by impaired cell 

volume regulation that leads to swelling of the cytoplasm that hampers the 

elimination of excess cytoplasm during further development (Lück et al., 2018).  
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Bao and colleagues reported a heterozygous R545H missense mutation in LRRC8A 

in a patient with a male sterility disorder termed Sertoli cell-only syndrome (Bao et 

al., 2018). They proposed that the R545H mutation may lead to sterility (Bao et al., 

2018). However, such a conclusion should be viewed with caution because the 

R545H mutant only mildly reduced VRAC currents by 25~30% when LRRC8A was 

coexpressed with LRRC8C or LRRC8D subunit in Xenopus oocytes (Bao et al., 

2018). In addition, the patient investigated is heterozygous R545H mutant. However, 

heterozygous mice display normal fertility (Kumar et al., 2014). 

 

Figure 4. Schematic presentation of mechanisms underlying VRAC physiological 
functions 
(A) The release of Cl- and organic osmolytes leads to osmotic efflux of water resulting in a 
volume decrease. (B) Cisplatin enters the cell through LRRC8D-containing VRAC. Activation of 

VRAC leads to apoptotic volume decrease (AVD), which facilitate apoptosis. (C) VRAC opening 
alters the membrane potential towards the equilibrium potential of Cl-, influencing the transport 

of other ions. (D) VRAC-conducting organic osmolytes act as signaling molecules. Figure 
modified from (Chen et al., 2019b). 

Pharmacological studies suggested a role for VRAC in glucose sensing and insulin 

secretion of pancreatic β-cells. Glucose uptake and metabolism lead to cell swelling 

(Miley et al., 1997), and it was proposed that VRAC activation induced efflux of Cl- 

would contribute to the depolarization of plasma membrane (Best et al., 2010). In 

2018, two studies independently found that in pancreatic β-cells, glucose- or 
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hypotonicity-induced cell swelling evoked VRAC currents and this contributed to 

membrane depolarization, which caused electrical excitation to some extent (Kang 

et al., 2018; Stuhlmann et al., 2018). Besides, the Stauber lab has recently shown 

that VRAC facilitates C2C12 myoblast differentiation by promoting membrane 

hyperpolarization via a yet unknown mechanism (Chen et al., 2019a). 

Several laboratories have implicated that microglia and astrocytes release 

excitatory amino acids (EAAs) like glutamate via VRAC in response to bradykinin, 

hypotonicity or purinergic signaling through ATP (Akita et al., 2011; Benfenati et al., 

2009; Harrigan et al., 2008; Kimelberg et al., 1990; Liu et al., 2009; Liu et al., 2006; 

Mongin and Kimelberg, 2002; Roy, 1995). In astrocytes, EAA release is considered 

to contribute to physiological astrocyte-neuron communication (Akita and Okada, 

2014; Elorza-Vidal et al., 2019; Mongin, 2016). Increase in extracellular glutamate 

and subsequent overactivation of glutamate receptors, a process called 

excitotoxicity, has emerged as a crucial mechanism of neuronal cell damage in brain 

diseases (Lai et al., 2014). VRAC has also been proposed to mediate EAA release 

and excitotoxicity under conditions like stroke, trauma, hyponatremia, and epilepsy 

(Mongin, 2016). Several studies reported that pharmacological inhibition of VRAC 

diminished ischemic brain damage (Feustel et al., 2004; Inoue et al., 2007; Vakili et 

al., 2009). Downregulation of LRRC8A/VRAC was found to reduce swelling-

activated release of the EAAs in astrocytes (Hyzinski-García et al., 2014; Schober 

et al., 2017). Furthermore, Lrrc8a-/- mice displayed impaired glutamatergic 

transmission and provided neuroprotection from ischemic stroke (Yang et al., 2019; 

Zhou et al., 2020b).  

Extracellular 2′3′-cyclic-GMP-AMP (cGAMP) is characterized as a second 

messenger that is secreted by infected or malignant cells (Sun et al., 2013) and 

imported into host cells to activate the innate immune stimulator of interferon genes 

(STING) pathway (Ishikawa and Barber, 2008; Sun et al., 2009; Zhong et al., 2008). 

Recently, two groups independently identified that LRRC8/VRAC functions as a 

conduit for the transport of cGAMP (Lahey et al., 2020; Zhou et al., 2020a). 

Expression of LRRC8A and LRRCE (Lahey et al., 2020; Zhou et al., 2020a) or 

LRRC8C (Lahey et al., 2020) was shown to promote cGAMP transport. In contrast, 

LRRC8D hindered the transmission of cGAMP (Lahey et al., 2020). Zhou and 
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colleagues reported that VRAC inhibition led to increased viral propagation in 

response to herpes simplex virus 1 (HSV-1) infection (Zhou et al., 2020a). In 

addition, Lrrc8e−/− mice displayed impaired interferon (IFN) responses and 

compromised immunity to HSV-1 (Zhou et al., 2020a). 

Apoptosis, a form of programmed cell death, is mostly accompanied by a decrease 

in cellular volume, which denominated apoptotic volume decrease (AVD) (Bortner 

and Cidlowski, 1998; Lang and Hoffmann, 2012; Orlov et al., 2013). In analogy to 

RVD, VRAC was proposed to play a role in AVD (Kunzelmann, 2016; Lang and 

Hoffmann, 2012). Such an implication was found for VRAC in butyrate-triggered 

apoptosis of colonic epithelial cells (Shimizu et al., 2015), during chondrocyte loss 

(Kumagai et al., 2016) and during myocardial ischemia/reperfusion injury (Xia et al., 

2016). Apoptosis inducers such as cisplatin, Fas ligand and staurosporine were 

reported to activate VRAC independent of cell swelling under isotonic conditions 

(Gradogna et al., 2017; Okada et al., 2006; Planells-Cases et al., 2015; Shimizu et 

al., 2004). Pharmacological inhibition of VRAC reduced apoptosis induced by 

several compounds, including the anti-cancer drug cisplatin (Cai et al., 2015; 

Hasegawa et al., 2012; Ise et al., 2005; Poulsen et al., 2010; Shimizu et al., 2015). 

Induction of apoptosis with staurosporine and cisplatin was blocked by LRRC8A 

knockout in HCT116 cells (Planells-Cases et al., 2015), although knockdown of 

LRRC8A in HeLa cells reportedly did not eliminate AVD upon application of 

staurosporine (Sirianant et al., 2016). 

1.3 Mechanisms of VRAC activation and regulation  

The mechanism responsible for VRAC activation upon hypotonic swelling is largely 

unclear. Many studies suggested that the activation of VRAC could be affected or 

induced by a variety of stimuli, intracellular molecules, second messengers and 

signaling pathways, the most prominent of which I will discuss below. However, 

none of them has proved critical enough to obtain a general stand of different cell 

types. Moreover, most of the work regarding VRAC’s activation was performed 

without knowing the molecular identity of VRAC. Collectively, a clear comprehensive 

illustration of VRAC activation is still lacking. The identification of VRAC’s molecular 

nature and especially the general structure of VRAC (see section 1.1), provide 
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strong support to investigate the underlying activation and regulation mechanisms 

of VRAC activity. 

1.3.1 Ionic strength 

VRAC is not sensitive to cell volume per se, as cell volume is an extensive 

thermodynamic parameter, which cannot be sensed by the cell directly. However, 

cell swelling is associated with changes of diverse parameters that can be sensed 

by the cell, such as mechanical and chemical changes in the lipid bilayer of the 

plasma membrane, interaction of the plasma membrane with the cytoskeleton, or 

changes of intracellular ionic strength and macromolecule concentration (Jentsch, 

2016). One of the most important questions is whether VRAC depends on an 

extrinsic sensor that could be coupled to the channel either directly or via a signal 

transduction pathway. 

Major changes in extracellular osmolarity are rare under normal physiological 

conditions in vertebrates. Isovolumetric stimuli, such as reduction of intracellular 

ionic strength or during metabolic changes, may be more physiologically relevant 

for VRAC activation (Pedersen et al., 2015). Several studies suggested that VRAC 

activation is triggered directly by reduced ionic strength in endothelial cells (Sabirov 

et al., 2000; Voets et al., 1999). Notably, lowering ionic strength was shown to 

activate VRAC both after in vitro reconstitution and in whole-cell recording (Syeda 

et al., 2016). However, it should be noted that VRAC could also be activated in an 

isosmotic swelling with constant ionic strength or isovolumic conditions (Best and 

Brown, 2009; Cannon et al., 1998; Nilius and Droogmans, 2003; Zhang and 

Lieberman, 1996). Recently, by using a newly developed optical sensor for VRAC 

activity, our lab could show that VRAC cannot be directly activate by reduced ionic 

strength in living cells (König et al., 2019). On the one hand, reduced ionic strength 

did not activate ER- and Golgi-localized VRAC channels, they were only activated 

when they reach the plasma membrane. On the other hand, lowering ionic strength 

was dispensable to maintain plasma membrane-localized VRAC active. VRAC 

persisted active in isotonic solution after activation by hypotonic swelling when 

applying the diacylglycerol kinase (DGK) inhibitor dioctanoylglycol (DOG), even 

though ionic strength restored to normal levels (König et al., 2019).  
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1.3.2 Protein phosphorylation 

Several reports stated that tyrosine phosphorylation might be essential in 

modulation of VRAC activity, either directly or in a permissive fashion (Bryan-

Sisneros et al., 2000; Eggermont et al., 2001; Sadoshima et al., 1996; Sorota, 1995; 

Tilly et al., 1993; Voets et al., 1998). Pharmacological inhibitors of protein tyrosine 

kinase (PTK) including genistein, tyrphostin B46 and tyrphostin A25 restrained 

VRAC activation (Bryan-Sisneros et al., 2000; Sorota, 1995; Tilly et al., 1993; Voets 

et al., 1998). In addition, hypoosmotic swelling triggered protein tyrosine 

phosphorylation in cardiac myocytes, which was only prevented by tyrosine kinase 

inhibitors (Sadoshima et al., 1996). While it is not yet clear which tyrosine kinase is 

specifically responsible for the swelling-induced phosphorylation, evidence has 

pointed to the importance of Src family (Lepple-Wienhues et al., 1998). It is also 

worthwhile to note that inhibition of protein tyrosine phosphatases (PTP) suppressed 

VRAC activation in bovine chromaffin cells and mouse fibroblasts (Doroshenko, 

1998; Thoroed et al., 1999). 

Phospholipase C (PLC) activity has been implicated to play a role in ICl,swell activation 

(Catacuzzeno et al., 2014; Zholos et al., 2005). Pharmacological Inhibition of PLC 

by a specific inhibitor led to reduced current upon hypotonic swelling (Catacuzzeno 

et al., 2014; Zholos et al., 2005). In addition, several studies suggested that cell 

swelling led to the activation of PLC via an undetermined mechanism (Fujii et al., 

1999; Moore et al., 2002; Ruwhof et al., 2001). The literature on the role of protein 

kinase C (PKC) family, which is activated through PLC signaling pathway, in 

activating and regulating VRAC is confusing. Conventional PKC isoform α and βI 

were found to contribute to ATP-induced activation of VRAC (Rudkouskaya et al., 

2008). Moreover, PKCα was reported to play a regulatory role in cell volume in 

response to hypotonicity (Hermoso et al., 2004; Senju et al., 2015). Recently, PKCμ, 

also known as protein kinase D (PKD), was shown to be of importance in the 

activation of VRAC (König et al., 2019). However, PKC activity did not affect the 

activation of VRAC by hypotonic swelling in human glioblastoma (GBM) cells 

(Catacuzzeno et al., 2014). Chelerythrine chloride (CC), a specific inhibitor of PKC, 

activated a current similar to the hypotonic-induced current of VRAC under isotonic 

conditions (Dick et al., 1998). In rat brain endothelial cells, application of PKC 
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activator phorbol 12,13-dibutyrate (PDBu) inhibited the increase in current normally 

observed following hypotonic swelling (von Weikersthal et al., 1999). Additionally, a 

study pointed out that PKC is unessential in ICl, swell generation or regulation in 

HaCaT cells (Zholos et al., 2005).  

1.3.3 G-proteins and G-protein-coupled receptors 

There are two general classes of G-proteins: heterotrimeric and monomeric G-

proteins. GTP-binding proteins appear to be modulators of VRAC activity. Activation 

of G-proteins leads to an increase in the sensitivity to cell swelling (Voets et al., 

1998). This is consistent with the finding that Rho GTPases regulate VRAC currents 

in bovine endothelial cells (Nilius et al., 1999) and NIH3T3 mouse fibroblasts 

(Pedersen et al., 2002). 

G-protein-coupled receptors (GPCRs) comprise one of the largest families of cell 

surface receptors with over 900 members, which transduce extracellular signals into 

intracellular effector pathways through the activation of heterotrimeric G-proteins 

(Lappano and Maggiolini, 2011). GPCRs have been shown to regulate calcium, 

potassium, and sodium voltage-gated ion channel activity in neurons and other 

excitable cells (Abbracchio et al., 2006). Some studies reported that stimulation of 

purinergic G-protein-coupled receptors (P2YRs) 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; Fisher et al., 2010; Franco et al., 2008). VRAC has also been 

found to be activated isovolumically by S1P, which can activate sphingosine-1-

phosphate receptors (S1PR), known as a family of plasma membrane GPCRs 

(Burow et al., 2015). Although they have been extensively studied, the activation 

mechanism(s) of VRAC seem complex and are far from being understood. 
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2 AIM OF THE WORK 

The volume-regulated anion channel (VRAC) has been implicated in many 

physiological processes, such as cellular osmolyte release, differentiation, insulin 

secretion, apoptosis and anti-cancer drug uptake. Likely due to its crucial role in 

regulatory volume decrease (RVD), VRAC was shown to be involved in cell volume 

changes during cell proliferation and migration as well. Besides aiming to clarify its 

physiological roles, many studies have focused on revealing the activation 

mechanism of VRAC. However, most of the studies were heavily relying on 

unspecific pharmacological manipulations and performed without known molecular 

identity of VRAC. The discovery of LRRC8 proteins as the pore-forming VRAC 

components and the cryo-EM structure of VRAC encouraged me to investigate 

putative physiological roles and the mechanism underling VRAC gating.  

In this thesis, I initially aim to systematically assess the potential role of VRAC in 

cell growth and motility for several cell lines, including cancer and non-cancer cell 

lines, by using not only pharmacological manipulations, but also siRNA against 

LRRC8A and genomic VRAC subunit knockout. Secondly, I aimed at characterizing 

the ambiguous activation and regulatory mechanisms of VRAC in response to 

hypotonic swelling in living cells using much less invasive optical approaches, 

including a new FRET-based sensor established by the Stauber group and high-

efficiency DAG and PA optical biosensors. The new FRET optical tool cannot only 

detect the real-time activity of VRAC channels, but also explore the functional roles 

of different LRRC8 subunit compositions. DAG and PA optical biosensors can follow 

signaling in real time, and may offer insights of a kinetic optical signal. With these 

optical tools, I attempt to reveal the signaling pathway underlying VRAC activation. 
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3 RESULTS 

3.1 Roles of VRAC in cell proliferation and migration 

3.1.1 Knockout of LRRC8A does not impinge on C2C12 proliferation or 

migration 

LRRC8A has been identified as an essential component of the VRAC (Qiu et al., 

2014; Voss et al., 2014). To identify the functional significance of VRAC in the 

proliferation and migration, I first examined the effect of VRAC subunit LRRC8A 

depletion on proliferation and migration of C2C12 mouse myoblast cells. A variety 

of clonal genome-edited cell lines (generated by Anja Kopp in the Stauber lab) 

deficient for the essential VRAC subunit LRRC8A (clones 27, 13 and 14) and a line 

(clone 4) with only heterozygous LRRC8A deletion that had experienced the same 

transfection and selection process as the knockout clones were used. I initially 

tested the expression levels of LRRC8A in C2C12 cells, loss of LRRC8A in the 

knockout clones and decreased levels in clone 4 in comparison to wild-type C2C12 

cells was confirmed by Western blotting (Figure 5A).  

Next, I assessed the effects of LRRC8A depletion on C2C12 growth by monitoring 

the confluence of the cells on long-term live-cell experiments. I found no significant 

differences in the proliferative properties among the knockout clones (clone 27, 13 

and 14), wild-type cells and the heterozygous clone (clone 4) (Figure 5B), indicating 

that VRAC is non-essential for C2C12 cell proliferation.  
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Figure 5. LRRC8A depletion has no effect on C2C12 cell proliferation 
(A) Expression Levels of LRRC8A in wild-type (WT), LRRC8A-knockout (KO) and heterozygous 
(Het) C2C12 cells were determined by western blotting. GAPDH on the same blot was used as 

an internal control. A representative blot of three independent experiments is shown. (B) Growth 
curve of WT, KO and Het C2C12 cells. Results are expressed as mean ± SD from four 

experiments.  

Next, I determined the effects of LRRC8A subunit depletion on C2C12 cell migration 

using an in vitro wound healing migration assay with time-lapse live-cell imaging. 

After 24 hours culture, I observed that the migration speed of LRRC8A knockout 

(clone 27, 26.22 ± 2.15 μm/h; clone 13, 23.91 ± 2.36 μm/h; clone 14, 27.79 ± 4.77 

μm/h) was similar to that of wild-type C2C12 cells (26.49 ± 2.70 μm/h) and 

heterozygous cells (clone 4, 26.98 ± 3.33 μm/h) (Figure 6B). These results indicate 

that VRAC plays no crucial role in C2C12 migration in the wound healing assay. 

Taken together, LRRC8A, and hence VRAC activity, is dispensable for C2C12 

proliferation and migration. 
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Figure 6. LRRC8A depletion does not impair C2C12 cell migration 
(A) Representative images from a time-lapse measurement of a wound healing assay with 
C2C12 cells (either wild-type (WT) or monoclonal lines of LRRC8A KO and one heterozygous, 

as indicated) at 0, 12 and 24 h. The initial wound mark illustrated in blue, cells in orange on blue 
overlay represents migrated cells. Scale bar, 400 μm. (B) Quantification of migration speed of 
C2C12 cells in time-lapse measurements as shown in (A) determined 14 h after wounding. 

Results are expressed as mean ± SD from n = 14 experiments.  

3.1.2 LRRC8/VRAC is not required for the proliferation of HEK-293 cells 

Although the cell proliferation assay performed as above reflects relative cell 

numbers, I tried another approach to assess the cell proliferation and cell viability. 

To investigate the functional significance of VRAC in HEK-293 cell proliferation, I 

examined the effect of LRRC8 subunit depletion on the proliferative ability of HEK-

293 using Cell Counting Kit-8 (CCK8) proliferation assays. I observed that the 

combined knockout of all five LRRC8 subunits did not significantly suppress HEK-

293 cell proliferation. Surprisingly, depletion of LRRC8A alone inhibited the 

proliferative ability of HEK-293 cells (Figure 7). It is well known that LRRC8A is an 

essential component of VRAC, compared with the knockout of all five subunits, 

knocking out only LRRC8A subunit impaired the proliferation of HEK-293 cells, 

which is more likely to affect cell viability during the knockout process. 
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Figure 7. LRRC8 subunit depletion does not affect HEK-293 proliferative ability 
Effects of LRRC8A-knockout and all five LRRC8 subunits knockout (LRRC8A~E KO) on HEK-
293 cell proliferation were determined by CCK8 cell proliferation assay at indicated time points. 

Results are expressed as mean ± SD from four experiments. Statistics: n.s., not significant, 
Student's t-test. 

3.1.3 VRAC blockers and disruption of LRRC8s do not suppress HCT116 

proliferation and migration 

Ion channels are increasingly being associated with cancer progression through the 

regulation of cell growth and migration (Arcangeli and Becchetti, 2015; Fraser and 

Pardo, 2008; Prevarskaya et al., 2018; Sirianant et al., 2016). As the data suggest 

a role for VRAC in regulation of cancer cell volume, I aimed at testing its implications 

for fundamental physiological processes of cell proliferation and migration that 

require cell volume regulation. To this end, I first examined the effects of genomic 

VRAC knockout on HCT116 proliferation. Although the proliferation of genomic 

VRAC knockout clones seemed slightly decreased when compared with wild-type 

cells during the first 48 h, the proliferation of a clonal cell line lacking the essential 

LRRC8A subunit of VRAC was virtually equal to that of wild-type cells over the whole 

time course. Another clonal cell line, lacking all five LRRC8 members, even 

displayed an increase in proliferation (Figure 8A). These results demonstrate that 

VRAC is not critically involved in HCT116 proliferation. Next, I examined the effect 

of the genomic VRAC deletion and of the VRAC inhibitor carbenoxolone (CBX) on 

HCT116 cell motility in the wound healing assay. Neither pharmacological inhibition 
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of VRAC with up to 50 µM CBX, nor gene knockout of VRAC affected motility of 

HCT116 cells (Figure 8B). In a word, these data pointing to the likely unimportance 

of VRAC for human colon cancer proliferation and migration. 

 

Figure 8. Effect of LRRC8 subunit knockout or carbenoxolone (CBX) treatment on cell 
proliferation and migration of HCT116 cells 
(A) Proliferation curve of wild-type (WT), LRRC8A-knockout (KO), and LRRC8A~E-knockout 

(KO) HCT116 cells. The results shown are representative of 6-9 experiments. (B) Effects of 
LRRC8 subunits knockout or treatment with CBX on HCT116 cell migration. Cell migration 

speed was determined 24 h after wounding. The results shown are representative of seven 
experiments. (C) Knockout of the LRRC8A subunit was confirmed by Western blotting. GAPDH 
on the same blot was used as an internal control. A representative blot of three independent 

experiments is shown. The weak band of LRRC8A-KO, and LRRC8A~E-KO HCT116 cells has 
previously been shown to be unspecific (Voss et al., 2014). 
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3.1.4 LRRC8A/VRAC is dispensable for proliferation and migration of 

glioblastoma cells 

While VRAC plays an unessential role in HCT116 cell proliferation and migration, 

the contribution of VRAC to cell proliferation and migration may vary between cell 

types. Glioblastoma multiforme (GBM), a common and rapidly growing malignant 

brain tumor, robustly relies on the characteristics of intensive cell invasion and death 

evasion, which make surgery and concomitant therapies greatly limited (Louis et al., 

2007; Preusser et al., 2011). Various ion channels that regulate GBM cell membrane 

potential and cell volume play an important role in maintaining these processes. The 

swelling-induced chloride current (ICl,swell) was reported to be highly expressed in 

GBM cells (Catacuzzeno et al., 2014). The volume-regulated anion channel (VRAC), 

which mediates ICl,swell and can be activated by hypoxia and thus contribute cell 

volume regulation, arguably plays a role (Caramia et al., 2019; Sforna et al., 2017). 

Furthermore, VRAC was reported to be involved in the proliferation and migration 

of GBM cells (Wong et al., 2018). 

To evaluate the potential contribution of VRAC to GBM cell proliferation and 

migration, I initially assessed the effects of pharmacological inhibitors CBX and 

DCPIB on the established glioblastoma cell lines U251 and U87 (Figure 9). U251 or 

87 cell proliferation rates of CBX treatment at the concentration of 20, 50 or 100 µM 

were not significantly different compared with the control group (Figure 9A, B). 

Consistently, proliferation was neither affected by VRAC inhibition with up to 100 µM 

DCPIB (Figure 9C, D). 
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Figure 9. Volume-regulated anion channel (VRAC) blockers do not impair proliferation of 
GBM cells 
Growth curve of U251 (A, C) and U87 (B, D) after treatment with indicated concentrations of 

CBX (A, B) or DCPIB (C, D). Data are presentative as mean ± SD of 3-7 independent 
experiments.  

Next, I evaluated the effect of the VRAC inhibitors on GBM cell migration in the 

wound healing assay. Although the migration speed of U251 cells decrease with the 

increase of inhibitor concentration, the cell migration speed of the inhibitor-treated 

was not significantly different from that of the control groups (Figure 10A). Likewise, 

I observed no significant differences in migration speed between inhibitor-treated 

and control U87 cells (Figure 10B). Collectively, these results demonstrate that 

VRAC activity is not required for GBM cell proliferation and 2D migration.  
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Figure 10. VRAC blockers have no effect on GBM cell movement 
Analysis of the cell migration rate of U251 (A) and U87 (B) after treatment with indicated 

concentrations of CBX, NPPB or DCPIB. Cells were allowed to migrate into the scrape area for 
24 h. The diagonal lines represent controls. Results are expressed as mean ± SD of n = 4-10 

experiments. 

Since these data apparently conflict with a previously reported effect of DCPIB on 

GBM migration (Wong et al., 2018), I additionally approached the role of VRAC by 

silencing the expression of the essential VRAC subunit LRRC8A with siRNA. I 

tested two individual siRNAs for their ability to knockdown LRRC8A expression in 

C2C12 cells. Western blotting confirmed a robust knockdown of LRRC8A protein, 

siRNA2 being more efficient than siRNA1 after two days of transfection (data not 

shown). The more efficient siRNA2 was used in all subsequent assays. Western 

blotting confirmed a robust reduction of LRRC8A protein amount after transfection 

with siRNA2 against LRRC8A for 48 h or 72 h in U251 and U87 cells at two days 

(by roughly 40% and 30%, respectively) and three days (by roughly 70%) after 

transfection with siRNA2 against LRRC8A (Figure 11). 
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Figure 11. Gene-specific siRNA reduces LRRC8A expression in GBM cells 

Representative images of three independent experiments for U251 (A) and U87 (B) were shown. 
GAPDH used as loading control. Expression of LRRC8A protein significantly reduced after U251 

(C) and U87 (D) cells transfected with siRNA against LRRC8A for two days and three days. 
Quantification of western blotting was determined by densitometry analysis and normalized to 

GAPDH. Data are graphically represents as mean ± SD. Statistics: ** P < 0.01, *** P < 0.001 vs. 
scrambled. Student's t-test. 

Next, I examined whether gene-specific knockdown of the essential LRRC8A affect 

GBM cell proliferation and migration. I observed that proliferation of both cell lines, 

assessed from 48 h after siRNA or control transfection onwards, was not affected 

by the LRRC8A knockdown (Figure 12A, B). In the wound healing assay, also 

started 48 h after transfection, I observed no significant differences in the migration 

speed between non-transfected cell, cells transfected with control siRNA and cells 

transfected with siRNA against LRRC8A at various time points after transfection 

(Figure 12C, D). 
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Figure 12. Downregulation of LRRC8A protein is dispensable for GBM proliferation and 
migration 
Proliferation of U251 (A) and U87 (B) started 48 h after transfection with gene-specific LRRC8A 
siRNA. The data are the mean ± SD of n = 8 experiments. (C) U251 cell migration started after 

48 h transfection with siRNA against LRRC8A. Cell migration speed were determined 24 h post-
wounding. The reported values are the mean ± SD of n = 5 experiments. (D) U87 cell migration 

started after 48 h transfection with siRNA against LRRC8A. Note the high values due to absence 
of Mitomycin in the wound healing assay in this case. The data were calculated after cell 

migrated for 14 h. The reported values are the mean ± SD of n = 7 experiments. 

Together, these results from pharmacological inhibition of VRAC and 

downregulation of LRRC8A indicate that VRAC is dispensable for glioblastoma cell 

proliferation and migration in the wound healing assay. 
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3.1.5 VRAC inhibition by DCPIB or LRRC8A downregulation has no effect on 

PI3K/Akt signaling in GBM cells 

Since the activation of mTOR signaling by the phosphatidyl-inositol 3-kinase/protein 

kinase B (PI3K/Akt) pathway has been reported to be involved in the regulation of 

GBM cell proliferation and migration (Djuzenova et al., 2019; Mecca et al., 2018; 

Memmel et al., 2017), I examined whether VRAC is involved in PI3K/Akt/mTOR 

signaling. To this end, I assessed the phosphorylation status of Akt and the mTOR 

substrate ULK by Western blotting (Figure 13). DCPIB (100 µM) treatment of U251 

or U87 GBM cells for one or two days did not alter the ratio of phosphorylated Akt 

of all Akt (p-Akt/t-AKt), as well as ratio of p-ULK/t-ULK (Figure 13B-E). 



Results 

 31 

 

Figure 13. Treatment with DCPIB has no effect on PI3K/Akt signaling 
(A) Western blotting of GBM cells treatment with DCPIB (100 μM) at day one or day two for total 
amount and phosphorylated forms of Akt and ULK. GAPDH was used as loading control. A 

representative blot of three independent experiments is shown. (B-E) Analysis of the p-Akt/t-Akt 
(B, D) and p-ULK/t-ULK (C, E) ratio for U251 (B, C) and U87 (D, E) cells. All results are 

expressed as mean ± SD of n = 3 experiments. 
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Although DCPIB is the best-in-class VRAC blocker, few reports have been shown 

that DCPIB suffers from off-target activity toward various channels and transporters. 

DCPIB were found to inhibit inward rectifying K+ (Kir) channels (Deng et al., 2016), 

H/K-ATPase (Fujii et al., 2015), two pore-domain potassium (K2P) channels (Lv et 

al., 2019) and connexin hemichannels (Cx43) (Bowens et al., 2013). For these 

reasons, I investigated the potential involvement of VRAC in PI3K/Akt signaling 

pathway using a gene-specific siRNA knockdown. Similar to DCPIB, the 

phosphorylation of AKt and ULK was not changed three days after LRRC8A siRNA 

transfection in U251 and U87 cells, when LRRC8A protein levels were significantly 

decreased (Figure 14). Taken together, the results demonstrate that neither 

pharmacological VRAC inhibition nor siRNA-mediated downregulation of LRRC8A 

affected PI3K/Akt signaling. 
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Figure 14. siRNA-mediated knockdown of LRRC8A has no effect on PI3K/Akt signaling 
(A) Western blotting of GBM cells for total amount and phosphorylated forms of Akt and ULK 72 

h after siRNA transfection. For LRRC8A, the same samples were used as in Figure 11A and 
11B. GAPDH used as loading control. A representative blot of three independent experiments 

is shown. (B-E) Analysis of the p-Akt/t-Akt (B, D) and p-ULK/t-ULK (C, E) ratio for U251 (B, C) 
and U87 (D, E) cells. All data are presented as mean ± SD of n = 3 independent experiments. 
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3.2 Mechanisms of activation and regulation of VRAC 

The volume-regulated anion channel (VRAC) plays a pivotal role in regulatory 

volume decrease (RVD). A variety of stimuli, signaling pathways and modulators 

have been reported to be involved in the activation and modulation of VRAC to some 

extent. Although VRAC’s activation was extensively studied, most of the work in 

regard to the activation of VRAC was largely based on unspecific pharmacological 

inhibitors and performed by electrophysiological techniques without knowing the 

molecular nature of VRAC (Pedersen et al., 2016; Stauber, 2015; Strange et al., 

2019). So far, the activation mechanism of VRAC in response to hypotonic swelling 

remained largely elusive. The recent discovery of VRAC’s molecular identity and 

structures provides strong support to investigate the underlying activation and 

regulation mechanisms of VRAC activity.  

3.2.1 FRET changes reflect C terminus movement during VRAC gating 

Förster resonance energy transfer (FRET) describes a physical effect where energy 

can be transferred in a non-radiative way from a donor to an acceptor fluorophore 

with overlapping absorption and emission spectra respectively. As FRET is robustly 

dependent on the interfluorophore distance and the efficiency of energy transfer falls 

off with the 6th power of distance (Stryer and Haugland, 1967), it occurs only on the 

nanometer scale (typically in the range of 1-10 nm). For this reason, FRET between 

two fluorophores is usually used as a quantitative spectroscopic measure of protein-

protein proximity (Duncan et al., 2004; Selvin, 2000). The application of FRET 

techniques was already previously used to explore ion channels in an attractive way 

(Bykova et al., 2006; König et al., 2019; Miranda et al., 2013; Zachariassen et al., 

2016; Zheng and Zagotta, 2003).  

Our lab introduced either CFP (cyan fluorescent protein) or YFP (yellow fluorescent 

protein) tags to the C-termini of LRRC8A or LEEC8E. The donor used in this thesis 

was Cerulean (equivalent to CFP) and the acceptor was Venus (equivalent to YFP) 

(Figure 15A). Cerulean and Venus are also referred to as CFP and YFP throughout. 

FRET occurs between the CFP donor and the YFP acceptor fused to LRRC8 (König 

et al., 2019). With this FRET optical sensor at hand, I first confirmed whether FRET 

changes could monitor the activation of VRAC in living cells. I utilized sensitized-
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emission FRET (seFRET) and measured the corrected FRET (cFRET) in HeLa cells 

co-expressing LRRC8A-CFP and LRRC8E-YFP (A-CFP/E-YFP). As illustrated in 

Figure 15B, switching from isotonic (340 mOsm) to hypotonic (250 mOsm) bath 

solution caused a strong reduction in cFRET by roughly 16% within 70 seconds in 

HeLa cells. This reduction of cFRET was not due to changing the buffer, since no 

significant change was observed when the buffer was switched with isotonic (340 

mOsm) or hypertonic solution (500 mOsm) (data not shown). In addition, cFRET 

decrease was reversible and repeatable. In all, cFRET changes indicate movement 

of C-termini of LRRC8 proteins in VRAC complex. Application of this FRET 

approach allowed us to track the movement of the C terminus in real-time during 

VRAC gating. 

 

Figure 15. cFRET changes reflect activation of VRAC in response to hypotonic swelling  
(A) CFP, YFP and sensitized emission (FRET) images were collected from HeLa cells 

expressing LRRC8A-CFP/LRRC8E-YFP. Scale bar, 20 μm. (B) Top panel: cFRET maps of 
HeLa cells expressing A-CFP/E-YFP during buffer switching from isotonic to hypotonic, then 

back to isotonic. Calibration bar right of cFRET map exhibits cFRET values and their respective 
color code in the look-up table (LUT). Bottom graph: cFRET normalized to isotonic conditions 

of the cell shown in top panel during buffer exchange experiments. Data represent the mean ± 
SD of 8 cells. 
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3.2.2 Effect of PKD pharmacological inhibition on swelling-induced VRAC 

activation 

The protein kinase C (PKC) family has been linked to VRAC activation by 

pharmacological inhibition, mutation and siRNA depletion methods (Hermoso et al., 

2004; Rudkouskaya et al., 2008). However, some inhibitor-based studies argued 

against the involvement of PKCs for VRAC activation in a variety of cell types (see 

section 1.3.2). PKCs have four conserved domains C1, C2, C3, and C4. C1 is the 

cysteine-rich motif that regulates binding to phorbol esters and diacylglycerol (DAG), 

which has been found in both the protein kinase C (PKC) family and protein kinase 

C mu (PKCμ, better known as PKD) family members. Recently, a study by the 

Stauber lab suggested that PKD rather than PKC is pertinent to the activation of 

VRAC (König et al., 2019). However, from all studies combined, the involvement of 

PKC or PKD in activating and regulating VRAC remains vague.  

Therefore, in the next series of experiments, I aimed at to dissect whether PKDs or 

PKCs is indeed involved in the signaling underlying VRAC activation. To obtain 

further insights into this, I initially assessed whether pharmacological inhibition of 

PKDs affects VRAC activation using FRET measurements. Since PKD blocker 

CRT0066101 was applied and shown to inhibit hypotonicity-induced VRAC current 

and activation in a previous study (König et al., 2019), then I first tried to confirm the 

findings with PKD blocker CRT0066101. I observed that hypotonicity-induced 

decrease of cFRET was strongly diminished in HeLa cells expressing A-CFP/E-YFP 

after a 15 minutes pre-incubation with 5 μM CRT0066101 (Figure 16A), which is 

consistent with previous study (König et al., 2019).  

To further determine the role of PKD in VRAC activation, I next evaluated the effect 

of CID2011756, an ATP competitive PKD inhibitor, on the activation of VRAC. Very 

similar to the impact of CRT0066101, I observed that the presence of 100 μM 

CID2011756 significantly inhibited the reduction of cFRET in response to osmotic 

swelling (Figure 16B). In addition, no increase was observed in cFRET value when 

the cells continuously exposed to 100 μM CID2011756-containing isotonic solution 

(data not shown), ruling out that the inhibitor itself can lead to an increase in cFRET 

value. Taken together, these results demonstrate that PKD probably plays a role in 

the swelling-induced VRAC activation. 
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Figure 16. Effect of PKD inhibitors on hypotonicity-induced VRAC activation 
(A) Quantification of normalized cFRET of HeLa cells expressing A-CFP/E-YFP in hypotonic 

buffer without (blue diamonds, n = 3, 8 cells) or with 5 μM CRT0066101 (red diamonds, n = 4, 
8 cells). Cells were pre-incubated with 5 μM CRT0066101 in culture medium for 15 minutes. 

Data represent average cFRET of the last five time points per condition of individual cells, and 
mean of all cells ± SD. Statistics: ***p < 0.001 by Student's t-test. (B) Quantification of 
normalized cFRET of HeLa cells expressing A-CFP/E-YFP in hypotonic buffer without (blue 

diamonds, n = 3, 8 cells) or with 100 μM CID2011756 (red diamonds, n = 7, 19 cells). Cells were 
pre-incubated with 100 μM CID2011756 in culture medium for 20 minutes. Data represent 

average cFRET of the last five time points per condition of individual cells, and mean of all cells 
± SD. ***p < 0.001 by Student's t-test. 

Next, I tested whether PKC is involved in the activation of VRAC as well. I first tested 

the effect of the PKC inhibitor Chelerythrine Chloride (CC) on the swelling-induced 

activation of VRAC. Surprisingly, the presence of 10 μM CC led to a remarkable 

increase in cFRET value even under isotonic conditions (data not shown). Such an 

unexplained increase was also observed in my colleague study for PKC inhibitor 

Gö6983 (König et al., 2019). I noticed that even when applying 10 μM CC in isotonic 

solution, a dramatic raising of cFRET was obtained immediately not only in cells that 

expressed fluorescently tagged A-CFP/E-YFP, but apparently also in non-

transfected HeLa cells that did not express A-CFP/E-YFP tagged VRAC. A possible 

explanation may be that the increase in cFRET value was induced by PKC inhibitor 

CC (and previously Gö6983) itself (or rather photophysical artifacts), instead of by 

its impairment VRAC’s activation. Inspired by this finding, I asked whether the 

increase in cFRET caused by PKD inhibitor CRT0066101 (Figure 16A) was indeed 

due to the impaired activation of VRAC or the fluorescence of the inhibitor itself.  

BA
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First of all, I monitored the cFRET changes in response to 5 μM CRT0066101-

containing isotonic buffer. After pre-incubation with 5 μM CRT0066101 for 15 

minutes, cFRET value was increased by 3% consecutively in isotonic buffer with 5 

μM CRT0066101 (Figure 17A). When cells exposed to 5 μM CRT0066101-

containing hypotonic solution led to a slightly decrease firstly and then an increase 

in cFRET in comparison to isotonic condition. Surprisingly, switching from hypotonic 

to isotonic solution resulted in a robust increase by roughly 20% in cFRET value 

(Figure 17B). I supposed that maybe the autofluorescence of CRT0066101 at a high 

concentration of 5 μM (beyond 1,000-fold of IC50 for all PKD isoforms) crosstalk 

between CFP, YFP or FRET channels during measurements resulting in a dramatic 

increase of cFRET value. As this was strikingly more pronounced after incubation 

in hypotonic buffer, these results indicated that CRT0066101 might enter the cells 

through VRAC and hypotonic swelling facilitates CRT0066101 influx.  

 

Figure 17. Activation of VRAC facilitates PKD inhibitor uptake 
(A) Normalized cFRET values (blue diamonds) during buffer exchange experiment with A-

CFP/E-YFP-expressing HeLa cells (all buffers with 5 μM CRT0066101). Data represent average 
cFRET of 8 cells ± SD. (B) cFRET values (red solid circles) normalized to isotonic conditions 

over time in different buffers (5 μM CRT0066101 in the presence of all buffers). Data represent 
mean ± SD cFRET of 8 individual cells. 

Next, I explored whether the VRAC subunit composition determines the permeability 

to CRT0066101. I observed that the hypotonicity-induced uptake of CRT0066101 in 

cells expressing A-CFP/A-YFP homo-hexamer VRAC exhibited no significant 

difference compared with cells expressing A-CFP/E-YFP hetero-hexameric VRAC 

in HeLa cells (data not shown). Since LRRC8A homomers have been shown to 
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rather suppress VRAC channel activity, this finding questions an involvement of 

VRAC in the cellular uptake of these drugs. 

CRT0066101 inhibits all PKD isoforms and IC50 values are 1, 2 and 2.5 nM for PKD1, 

PKD3 and PKD2, respectively (Harikumar et al., 2010). Following the hypothesis 

that the increase in cFRET value which induced by CRT0066101 is due to its own 

autofluorescence, I asked whether a lower concentration of CRT0066101 can 

prevent swelling-induced VRAC activation. Here, I examined the effect of 250 nM 

CRT0066101 (100-fold of IC50 for PKD2) on the hypotonicity-induced activation of 

VRAC. I observed that 250 nM CRT0066101 in hypotonic buffer did not significantly 

block swelling-induced cFRET decrease (Figure 18). 

 

Figure 18. A lower concentration of PKD inhibitor CRT0066101 does not impair swelling-
induced VRAC activation 
cFRET was estimated for HeLa cells expressing VRAC containing A-CFP/E-YFP challenged 

with hypotonic buffer (blue diamonds, n = 3, 8 cells) or hypotonic buffer in the presence of 250 
nM CRT0066101 (red diamonds, n = 4, 10 cells). Cells were pre-incubated with 250 nM 

CRT0066101 in cultured medium for 15 minutes. Data represent average cFRET of the last five 
time points per condition of individual cells and mean ± SD. Statistics: n.s., not significant, 

Student's t-test. 
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3.2.3 Downregulation of PKD1 or PKD2 inhibits VRAC activity 

Pharmacological inhibitors are crucial tools for implicating signal transduction in 

specific cellular processes. However, CID2011756 and CRT0066101 have 

additional, usually unknown, intracellular targets. In order to further clarify the effect 

of PKD on the activation of VRAC, I carried out specific siRNA knockdown of PKD 

in HeLa cells expressing A-CFP/E-YFP heteromeric VRAC, decreased expression 

levels of PKD1 and PKD2 after 48h siRNA transfection were confirmed by Western 

blotting (Figure 19A). I observed that siRNA-mediated knockdown of PKD1 for 48 h 

significantly inhibited swelling-induced cFRET reduction (Figure 19B), pointing to 

the likely importance of PKD1 in the activation of VRAC. Very similar results were 

observed in siRNA-mediated knockdown of PKD2 (Figure 19B). These results 

demonstrate that PKD is required for hypotonic stress-induced activation of VRAC.  

 

Figure 19. siRNA-mediated knockdown of PKD1/2 suppresses hypotonic-induced cFRET 
drop 
(A) Expression levels of PKD1 and PKD2 significantly reduced after siRNA transfection for 48 

h. Representative images of three independent experiments were shown. GAPDH used as 
loading control. Quantification of western blotting was determined by densitometry analysis and 
normalized to GAPDH. Data represent mean ± SD. Statistics: * P < 0.05, *** P < 0.001 vs. 

scrambled. Student's t-test. (B) cFRET was measured for HeLa cells expressing A-CFP/E-YFP 
challenged with hypotonic buffer in scrambled (blue diamonds, n = 5, 11 cells), siPKD1 (red 

diamonds, n = 3, 10 cells) and siPKD2 (red solid circles, n = 4, 9 cells). Data represent average 
cFRET of the last five time points per condition of individual cells and mean ± SD. Statistics:  *p 

< 0.05, Student's t-test.  
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3.2.4 PMA induces VRAC activation and recruits C1 domain-containing 

proteins to the plasma membrane 

Phospholipase C (PLC) activity has been proposed to play a role in ICl,swell activation 

(see section 1.3.2). In erythrocytes, the intracellular level of diacylglycerol (DAG) is 

increased by hypotonic cell swelling (Musch and Goldstein, 1990). DAG is a product 

of PLC and able to activate the C1 domain-containing protein kinases PKC and PKD. 

Considering that the above results indicate that PKD may have an impact on the 

activation of VRAC and PKD is activated downstream of DAG, I next examined 

whether DAG is associated with the signaling events activating VRAC. Application 

of phorbol-12-myristate-13-acetate (PMA), an analog of DAG, led to a robust 

decrease (roughly 20%) of cFRET in HeLa cells expressing A-CFP/E-YFP under 

isotonic conditions (Figure 20), reconfirming that DAG might be participated in 

VRAC gating (König et al., 2019).  

 

A recent study showed that VRAC can be activated only when it is incorporated in 

the plasma membrane (König et al., 2019). Next, I tested whether PMA can recruit 

intracellular PKD to the cell membrane, where it could participate in the activation 

of VRAC. I monitored DAG dynamics using an effective genetically encoded 

biosensor PKCδ(C1)-GFP, which consists of the C1 domain of PKCδ fused to GFP 

(Schlam et al., 2013). Indeed, treatment with PMA for 15 minutes under isotonic 

condition led to a clear translocation of the DAG biosensor from the cytosol to the 

plasma membrane in HeLa cells expressing PKCδ(C1)-GFP (Figure 21). These 

Figure 20. The DAG analog PMA 
induces VRAC activation 

Time traces of HeLa cells 
expressing VRAC containing A-
CFP/E-YFP treated with 1 μM PMA 

in isotonic solution. Data are mean 
± SD of 8 individual cells. 
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results demonstrate that PMA recruits PKDs onto the plasma membrane where it 

can activate PKD, which may via its phosphorylation consequently activate VRAC. 

 

Figure 21. Application of PMA induces recruitment of DAG biosensors to the plasma 
membrane 
Expression of the DAG biosensor PKCδ(C1)-GFP in HeLa cells. (A) Confocal images of HeLa 

cells after treatment with isotonic or isotonic buffer containing 1 μM PMA at indicated time points. 
(B) Intensity plot profiles of GFP fluorescence along with the red line as indicated in (A, Iso; plot 

of the pattern in the same position for PMA treatment) to reveal accumulation of DAG biosensor 
at the plasma membrane after PMA treatment for 10 and 15 min compared with the control Iso. 
Scale bar, 20 μm.  

3.2.5 Hypotonic stress does not recruit DAG biosensors to the plasma 

membrane, possibly DAG is rapidly converted to PA 

Next, I tested whether DAG generation and transport intracellular protein kinase C 

and D to the cell membrane can be induced by hypoosmotic stress. I observed that 

the DAG biosensors were not obviously recruited to the cell plasma membrane upon 

50% hypotonicity solution for 10 or 15 minutes (Figure 22A). DAG acts as a second 

messenger signaling lipid, and is a product of the hydrolysis of the phospholipid 

phosphatidylinositol 4,5-bisphosphate (PIP2) by phospholipase C (PLC). In some 

cells, DAG is rapidly phosphorylated to phosphatidic acid (PA) by diacylglycerol 
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kinase (DGK) (Florin-Christensen et al., 1992). This consumption could cover the 

transient production of DAG upon hypotonicity. Therefore, I next explored whether 

DAG production which induced by hypotonicity is rapidly converted to PA. To do so, 

I used an optimized PA probe (thereafter referred to as 2XPABD-GFP) (Schlam et 

al., 2013) to monitor PA generation and distribution in response to hypotonicity in 

HeLa cells. The results show that partially PA biosensors were translocated from 

cytosolic to the plasma membrane after treatment with hypotonic solution for 10 

minutes (Figure 22B), pointing at PA generation at the cell plasma membrane. 

 

Figure 22. Effect of hypotonic cell swelling on DAG and PA translocation 
(A) Hypotonicity did not apparently induce the translocation of DAG biosensors to the plasma 

membrane. Left panel: Confocal images of HeLa cells expressing DAG biosensor PKCδ(C1)-
GFP after treatment with isotonic or 50% hypotonic solution at indicated time points. Right panel: 

Intensity plot profiles of GFP fluorescence along with the red line as indicated in (Left panel, Iso), 
plot of the pattern in the same position for hypotonicity treatment. Scale bar, 20 μm. (B) 

Hypotonic cell swelling induced PA formation at the plasma membrane. Left panel: Confocal 
images of HeLa cells expressed PA biosensor (2XPABD-GFP) after treatment with isotonic or 
50% hypotonic solution at indicated time points. Right panel: Intensity plot profiles of GFP 

fluorescence along with the red line as indicated in (Left panel, Iso), plot of the pattern in the 
same position for hypotonicity treatment. Scale bar, 20 μm. 
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3.2.6 Phosphorylation of PKCs or PKDs in response to hypotonicity 

In the above experiment, we observed that both pharmacological inhibition and 

siRNA-mediated knockdown of PKDs impaired hypotonicity-induced VRAC 

activation. Furthermore, hypotonic swelling induced the formation of PA at the 

plasma membrane, suggesting that DAG may activate PKD and is rapidly 

phosphorylated to PA. These results motivated me to examine whether PKDs 

phosphorylation is involved in swelling-induced VRAC activation, because 

phosphorylation is tightly associated with protein activity and is a pivotal point of 

protein function regulation. To determine the time-course of PKDs phosphorylation, 

HeLa and 3T3-L1 cells were harvested at several time points between 0-30 min after 

exposure to hypotonic buffer (170 mOsm, 50% osmolarity) and analyzed by 

Western blot. As a positive control, PMA treatment for 30 min led to dramatic 

phosphorylation of PKDs in HeLa and 3T3-L1 cells. However, hypotonicity did not 

induce phosphorylation of PKDs, or to some extent, it was only slightly increased in 

HeLa cells (after 10 and 20 minutes) (Figure 23). 

 

Figure 23. Effect of PMA and hypotonic on PKD phosphorylation  
Representative western blot of whole cell lysates from HeLa (A) and 3T3-L1 (B) to analyze 

phosphorylated PKD levels. HeLa and 3T3-L1 cells were treated with PMA (200 nM in isotonic 
buffer for 30 min), DMSO (0.02% in isotonic buffer for 30 min) and hypotonic buffer (170 mOsm) 

for indicated time points. 
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Since PMA does not only induce the phosphorylation of PKDs (Stafford et al., 2003), 

but also PKCs (Robinson, 1992; Tahara et al., 2009), I cannot exclude the 

involvement of PKC in the activation of VRAC induced by hypotonicity. Therefore, I 

next aimed at manipulating PKCs to check for an effect on VRAC activation. I 

observed that 50% osmolarity or even lower 25% osmolarity (85 mOsm) hypotonic 

buffers did not lead to an increase in phosphorylation of PKCs in HeLa cells (Figure 

24A) and very similar results were observed for 50% osmolarity solution in 3T3-L1 

cells (Figure 24B). So I was not able to detect an activation of PKCs induced by 

hypotonic stress, which suggests their activation is dispensable for hypotonicity-

induced VRAC activation.  

 

Figure 24. Hypotonic stress does not induce phosphorylation of PKCs 
Representative western blot of whole cell lysates from HeLa and 3T3-L1 cells to analyze 

phosphorylated PKCs levels. (A) HeLa cells were treated with hypotonic buffer (170 mOsm, 50% 
osmolarity) for indicated time points or hypotonic buffer (85 mOsm, 25% osmolarity) for 5 min. 
(B) 3T3-L1 cells were treated with hypotonic buffer (170 mOsm, 50% osmolarity) for indicated 

time points. 

Taken together, PKC and PKD phosphorylation seem to be non-essential for 

swelling-induced activation of VRAC in 3T3-L1 cells. However, the role of PKD for 

swelling-induced VRAC activation still needs further research. 
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4 DISCUSSION 

4.1 LRRC8A/VRAC is dispensable for cell proliferation and migration 

The volume-regulated anion channel (VRAC) is important constituent of the cellular 

to regulatory volume decrease (RVD) upon osmotic swelling (Jentsch, 2016), and 

ubiquitously expressed in vertebrate cells (Chen et al., 2019a; Jentsch, 2016; 

Pedersen et al., 2016). Since the osmolality of extracellular fluid is generally well 

controlled, most mammalian cell types hardly experience extracellular 

hypoosmolarity under normal conditions. VRAC activity is closely connected with 

the ability of cells to regulate their volume decrease. Cell proliferation is known to 

be correlated with cell volume change and largely inhibited by cell shrinkage (Dubois 

and Rouzaire-Dubois, 2004; Hoffmann et al., 2009). Cell migration mediates by 

many factors, such as the cytoskeleton, cell-matrix adhesion and cell volume 

regulation (Morishita et al., 2019). Due to its crucial role in RVD, VRAC is supposed 

to be involved in cell proliferation and migration (Hoffmann et al., 2009; Lang et al., 

1998; Pedersen et al., 2016). Furthermore, Ion channels are frequently discussed 

as potential targets for cancer treatment owing to their roles concerning cell 

proliferation, malignant angiogenesis and migration (Bortner and Cidlowski, 2014). 

VRAC has been considered as a potential therapeutic target in the context of cancer 

as well.  

Many studies have reported that an impairment of proliferation and/or migration of 

various cell lines in the presence of VRAC inhibitors (He et al., 2012; Klausen et al., 

2007; Liang et al., 2014; Maertens et al., 2001; Mao et al., 2007; Nilius et al., 1997; 

Rouzaire-Dubois et al., 2000; Schlichter et al., 1996; Schumacher et al., 1995; 

Soroceanu et al., 1999; Voets et al., 1995; Wondergem et al., 2001; Wong et al., 

2018). Nonetheless, the available VRAC blockers exhibit poor selectivity and often 

inhibit other anion channels as well (Decher et al., 2001; Friard et al., 2017; Okada 

et al., 2019). Even the most potent and best-in-class VRAC blocker, DCPIB, suffers 

from off-target activity toward several different channels and transporters such as 

potassium channels (Deng et al., 2016; Lv et al., 2019), and GLT-1 glutamate 

transporters (Bowens et al., 2013). In addition, the cumulative evidence for roles of 

VRAC in proliferation and migration was rather weak as a result of the unknown 
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molecular identity (Liu and Stauber, 2019). The identification of LRRC8 heteromers 

as an essential component of VRAC (Qiu et al., 2014; Voss et al., 2014) enabled 

exploring physiological functions of VRAC using molecular biological tools. 

Application by this approach, siRNA-mediated knockdown of the obligate VRAC 

subunit LRRC8A exhibited anti-proliferative effect of primary glioblastoma and of 

U251 GBM cells (Rubino et al., 2018), and in the colorectal cancer HCT116 cell line 

downregulation of LRRC8A was reported to limit cell motility in a wound healing 

assay (Zhang et al., 2018). 

In my present thesis, using both pharmacological and molecular biological 

approaches, I could show that VRAC is dispensable for proliferation or migration in 

diverse cell lines including non-differentiated C2C12 myoblasts, colorectal cancer 

HCT116 cells, human embryonic kidney HEK293 cells and GBM cell lines U251 and 

U87. To obtain further insights into the impact of VRAC in cell proliferation and 

migration, several VRAC blockers were tested in order to eliminate the defect of 

each blocker. The application of VRAC blocker DCPIB (at higher concentrations 

than required to inhibit VRAC currents) in U251 and U87 GBM cell lines (Wong et 

al., 2018), and siRNA-mediated downregulation of LRRC8A in U251 cells (Rubino 

et al., 2018) was reported to impair cell viability and proliferation. In contrast, I did 

not observe such effect by either treatment in these cell lines. One possible 

explanation for the inconsistency of these data might be that I measured the 

increasing confluency of the proliferating cells while in the previous studies the cells’ 

metabolic activity was measured in a 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. Measuring the viable cells directly with a 

Coulter counter, the most efficient siRNA against LRRC8A showed much less 

reduction in cell proliferation compared to the MTT assay (Rubino et al., 2018). 

Unlike a study reported the reduction of migration of GBM cells with the presence 

of DCPIB (Wong et al., 2018), which I did not observe in my study, may be explained 

by their impaired proliferation also during the wound healing assay (Wong et al., 

2018). The discrepancy between my results, on the one hand, disruption of LRRC8A 

or all LRRC8 members did not reduce HCT116 cell migration, on the one hand, and 

the previous report of reduced HCT116 movement upon LRRC8A knockdown 

(Zhang et al., 2018), is unlikely due to upregulation of compensatory mechanisms 
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in my case, because the migration speed was also unaltered upon acute 

pharmacological VRAC inactivation. 

Other studies corroborate the notion that VRAC is non-essential for cell proliferation. 

The proliferation of HeLa cells was reported to be unaffected by siRNA-mediated 

knockdown of LRRC8A (Sirianant et al., 2016) and knockout of LRRC8A did not 

alter the cell morphology and proliferation rate in HAP-1 cells (Afzal et al., 2019).In 

HUVEC cells, the flavonoid Dh-morin inhibited VRAC currents but did not impair 

proliferation (Xue et al., 2018). Surprisingly, application of DCPIB even inhibited the 

anti-proliferative effect of cardiac glycosides that correlated with an increase in 

VRAC activity in HT-29 cells (Fujii et al., 2018). More recently, VRAC inhibitor 

DCPIB has been reported to suppress mitochondrial respiration and ATP production, 

and the same effects are observed in cells lacking the expression of the essential 

VRAC subunit, LRRC8A, they are likely independent of the function of VRAC (Afzal 

et al., 2019). Furthermore, my colleague Lingye Chen in the Stauber lab also found 

that siRNA-mediated LRRC8A knockdown did not affect the viability and 

proliferation of C2C12 myoblast cells in Cell Counting Kit-8 (CCK8) assay (Chen et 

al., 2019a). 

The reduced proliferation and migration of U251 GBM cells were associated with a 

decreased PI3K/Akt/mTor signaling in the presence of 100 µM DCPIB for one or 

two days (Wong et al., 2018). In this thesis, I found that no differences in the basal 

phosphorylation state of Akt in U251 or U87 GBM cells upon application of  100 µM 

DCPIB for 24 or 48 hours. Neither did I observe diminished phosphorylation of the 

mTOR substrate ULK. Furthermore, siRNA-mediated knockdown of LRRC8A did 

not alter Akt signaling. This agree with the previously reported normal anti-CD3-

mediated activation of Akt in thymocytes from LRRC8A-deficient mice (Kumar et al., 

2014). LRRC8A deletion was reported to dampen insulin-stimulated 

phosphorylation of Akt2 in adipocytes, whereas no effect on Akt1 signaling was 

detected in response to LRRC8A knockout (Zhang et al., 2017), which is consistent 

with my findings for U251 and U87 glioblastoma cell lines. 

To sum up, I could show that LRRC8/VRAC is not crucially involved in cell 

proliferation. Its inessentiality for cell migration in the wound healing assay does not 

exclude a role for VRAC in migration under particular conditions. In constricted 
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environments, directed osmotic water flux has been shown to drive cellular 

locomotion when actin polymerization was blocked (Stroka et al., 2014). The VRAC 

inhibitor NPPB was shown to impinge on this process of cell invasion (Ransom et 

al., 2001). Except for VRAC, other chloride channels may contribute, such as the 

calcium-activated chloride channel TMEM16A (Sauter et al., 2015). Further 

experiments are of necessity to elucidate the potentially cell type-specific roles of 

the different types of ion channels under more physiological conditions in cell 

migration and invasion.  

4.2 Mechanisms of VRAC activation and regulation 

While a lot of effort has been put into the investigation of cell volume regulation, the 

mechanisms underlying cell volume sensing and in the complex the signal 

transduction to plasma membrane effectors still largely uncharacterized (Hoffmann 

et al., 2009; Jentsch, 2016; Lang et al., 2006). Meanwhile, many studies attempted 

to reveal the regulation of VRAC, especially the mechanism underlying VRAC 

activation. However, it is of great importance that until the molecular identification of 

VRAC six years ago (Qiu et al., 2014; Voss et al., 2014), most previous studies 

illustrated the activation and regulation mechanisms of VRAC largely based on 

pharmacological and biophysical characteristics. 

4.2.1 FRET approach in study the activity of VRAC channel 

Patch-clamp electrophysiology has been considered as the “gold standard” for 

monitoring activity of ion channel and pharmacology. Still, there are some 

drawbacks in studying ion channels activity, such as its low throughput. VRAC has 

been extensively studied in the past few years, and most of the previous 

understanding of VRAC channels came from the frequently used whole cell 

configuration patch-clamp. This cell-attached configuration is obtained by breaking 

the plasma membrane patch within the pipette, which can affect the cellular 

signaling underlying the modulation of VRAC. As described in section 1.2.1, apart 

from Cl-, VRAC conducts uncharged osmolytes, such as myo-inositol and taurine as 

well (Schober et al., 2017). In patch clamp experiments, these uncharged osmolytes 

cannot be recorded as currents.  
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Conformational dynamics displays a crucial role in the activation, deactivation, and 

open-close activities of ion channels in viable cells (Sasmal and Lu, 2014). Such 

conformational dynamics is usually inhomogeneous and hard to be profiled by 

patch-clamp directly. Compared with conventional analytical techniques, optical 

approaches offer great advantages. Förster resonance energy transfer (FRET) is a 

powerful phenomenon for monitoring interactions whereby a donor fluorophore 

transfers energy to a close acceptor. FRET measurements provide a higher 

throughput, spatio-temporal information, non-invasive and can fulfill longtime 

recording. FRET techniques have been used to study the conformational changes 

of chloride channels. For example, ClC-0 is the best-studied CLC chloride channel, 

which operates in two timescales: fast and slow gating (Chen, 2005; Miller, 2006). 

The molecular mechanism of slow gating was elusive until spectra FRET approach 

revealed large backbone movement in the C terminus (Bykova et al., 2006).  

For dynamic live-cell FRET measurements, the sensitized-emission FRET (seFRET) 

technique is the most widely used approach (Zal and Gascoigne, 2004). Recently, 

the structures of LRRC8 were solved by cryo-EM (Deneka et al., 2018; Kasuya et 

al., 2018; Kefauver et al., 2018; Kern et al., 2019; Nakamura et al., 2020), providing 

the framework for understanding the activation and regulation mechanisms of VRAC 

channels. In these revealed structures, cytoplasmic leucine-rich domains (LRRDs) 

display a certain degree of flexibility, pointing a potential structural rearrangement 

of these regions during VRAC activation. In this thesis, by using seFRET technique 

I could show that cFRET changes reflect the C-termini movement of LRRC8 proteins 

in VRAC complexes during activation upon hypotonicity swelling. This is consistent 

with previous study clearly showing that the FRET changes indeed mirror the 

activation of VRAC (König et al., 2019). 

4.2.2 PKD regulates the activation of VRAC 

Ion channel activation and regulation that has been extensively studied, and protein 

phosphorylation appears to be a widespread mechanism (Levitan, 1994). Several 

chloride channels can be activated through directly phosphorylation. For instance, 

in order to activate cystic fibrosis transmembrane conductance regulator (CFTR) 

anion pore, the cytosolic regulatory (R) domain has to be phosphorylated by cAMP-

dependent protein kinase (PKA) (Cohn et al., 1992; Tabcharani et al., 1991). 
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Additionally, both Na-K-Cl cotransporters (NKCCs) and K-Cl cotransporters (KCCs) 

are phosphorylated by SPAK (SPS1-related proline/alanine-rich kinase) and SPAK 

homolog OSR1 (oxidative stress-responsive 1 protein), which phosphorylate and 

activate Cl--importing, Na+-driven cation-Cl transporters (CCCs) or inhibit the Cl--

extruding, K+-driven CCCs, resulting in cell volume regulation (de Los Heros et al., 

2014; Rinehart et al., 2009; Thastrup et al., 2012).  

As described in section 1.3.2, several studies reported that PKC or PKD were 

involved in VRAC activation and modulation (Hermoso et al., 2004; König et al., 

2019; Rudkouskaya et al., 2008; Senju et al., 2015). By using the FRET-based 

approach, I found that not only pharmacological inhibition of PKD, but also gene-

specific knockdown of PKD1 or PKD2 impaired hypotonicity-induced VRAC 

activation. The role of PKD for VRAC activation is further strengthened by the 

observation that VRAC can be activated by the DAG analog PMA under isotonic 

conditions in HeLa cells expressing VRAC containing A-CFP/E-YFP. These results 

suggest that PKD is implicated in swelling-induced activation of VRAC. A previous 

study reported that the application of hypo-osmotic solutions did not activate VRAC 

on endomembranes like ER and Golgi, and VRAC can be activated only when they 

traffic to the plasma membrane (König et al., 2019). PKD is a cytosolic serine-

threonine kinase that binds DAG, which recruits PKD to the plasma membrane and 

activates PKDs and the phosphorylation of its substrates. Thus, I speculated that 

the application of PMA or hypotonicity solution may recruit PKDs to the cell surface 

and activated PKDs potentially directly phosphorylate plasma membrane localized-

VRAC. 

In addition to FRET measurements, further optical biosensors are powerful 

techniques to investigate cellular signaling, for their particularly high sensitivity, 

specification and small size (Dey and Goswami, 2011). In this present work, I used 

highly effective DAG and PA biosensors to monitor the signaling pathway underlying 

VRAC activation. My results showed that PMA strongly induced recruitment of PKDs 

to the plasma membrane. However, the effect of hypotonic solution on PKD 

translocation to the cell surface is difficult to monitor. A potential possibility for this 

phenomenon is that probably DAG was rapidly converted to PA by DAG-kinase 

(DGK), hence DAG biosensors did not detectably translocate to the cell membrane. 
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I subsequently evaluated the PA formation at the plasma membrane with hypotonic 

swelling treatment. In HeLa cells, I found that PA formation at the plasma membrane 

after treated with hypo-osmotic solution for 10 minutes. These results hinted that 

hypotonic swelling-induced VRAC activation possibly through DAG-PA signaling 

pathway. For further investigation, it will be valuable to examine whether 

hypotonicity induces recruitment of DAG biosensors to the plasma membrane when 

DGK is inhibited. 

Since both PMA and hypotonic solution could induce the activation of VRAC, and 

PMA not only binds and activates PKDs but also PKCs. Although the cFRET 

increase induced by PKC inhibitor Chelerythrine Chloride (CC) is more likely 

attributed to the fluorescence of the inhibitor itself, I cannot exclude that PKC plays 

a role in VRAC activation. Thus, I investigated whether hypotonicity can trigger the 

phosphorylation of PKCs or PKDs and thereby activating VRAC. The present work 

demonstrated that hypotonicity slightly induced PKDs phosphorylation in HeLa cells 

after 10 minutes, but no increase was observed in 3T3-L1 cells. It is therefore 

possibly that hypotonicity induces PKD phosphorylation is cell-type specific. 

Although PKDs can be activated by hypotonic swelling, I should note that only a 

small amount of PKDs was activated. These results indicate that PKD may be 

partially involved in the activation of VRAC. In addition, PKD is not the only factor 

that activates VRAC current.  

Recently, it has been reported that VRAC currents were completely absent by gene 

silencing of tweety homologue 1 and 2 (TTYH1 and TTYH2) in several cancer cells, 

leading to the unusual proposal that TTYH1 and TTYH2 may act as LRRC8A-

independent VRAC (Bae et al., 2019). Furthermore, VRAC is unessential for 

swelling-activated anion currents in some cell types (Sirianant et al., 2016). Still, it 

is unknown if the phosphorylation of PKD is another upstream regulator or VRAC 

itself. It seems likely that the activation and regulation of VRAC are modulated by 

several different pathways.  

PKCs were not activated upon hypotonic buffers in both HeLa and 3T3-L1 cells, as 

judged by their phosphorylation status checked in Western blot. Moreover, I could 

show that PMA stimulation resulted in membrane-translocation of PKCs in HeLa 

cells, but hypotonic stress did not. This is consistently with a previous study reported 
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that PMA induced membrane-translocation of PKCα, β and γ isoforms in rat cardiac 

myocytes, whereas hypotonicity did not (Sadoshima et al., 1996). In a word, DAG-

dependent isoforms of PKC do not activate by hypotonic stress in cardiac myocytes 

(Sadoshima et al., 1996) and HeLa cells. 

G-proteins can be brought into accordance with DAG mediated VRAC activation. 

Several studies implicated the involvement of G-proteins for VRAC activation 

(Estevez et al., 2001; Nilius et al., 1999; Voets et al., 1998). G-proteins were shown 

to be involved in organic osmolyte efflux upon hypotonic shock as well (Ruhfus et 

al., 1996). Some studies provided evidence that stimulation of purinergic G-protein-

coupled receptors (P2YRs) leads to a limited isovolumic activation of VRAC in 

astrocytes (Akita et al., 2011; Darby et al., 2003; Mongin and Kimelberg, 2005; 

Takano et al., 2005). VRAC was also found to be activated by S1P, which can 

activate sphingosine-1-phosphate receptors (S1PRs), a family of plasma membrane 

GPCRs (Burow et al., 2015). Among the S1PR family members, S1PR2, 3 and 4 

have been found to activate PLC (known as an upstream effector of DAG). S1PR1 

was reported to be coupled to the subunit Gi that activates the tyrosine kinase Src, 

which can activate PLC (Zachos et al., 2013). 

Taken together, I hypothesize that hypotonicity swelling leads to the stimulation of 

PLC by putative cell surface receptors like GPCRs and the subsequent generation 

of DAG. This would recruit and activate PKD before it is rapidly phosphorylated to 

PA by the DAG kinase. Activation of PKD would then alter the charge of LRRDs by 

phosphorylation on VRAC hexamers either directly or indirectly, which will lead to 

conformation rearrangements, and ultimately activates VRAC. I should stress that 

this hypothesis is just one possible signaling pathways underling VRAC activation, 

and this topic clearly requires further investigation.  

4.2.3 Hypotonicity induces influx of PKD inhibitor via LRRC8/VRAC 

LRRC8A, the only essential VRAC subunit, needs at least one of the other proteins 

(LRRC8B-E) encoded by the LRRC8 gene family to form functional VRAC channels 

(Qiu et al., 2014; Voss et al., 2014). Over the past many years, several organic 

compounds have been proposed to be transported by VRAC (see section 1.2.3 and 

1.2.4). Indeed, in this study I could show that a small fraction of PKD inhibitor 
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CRT0066101 (about 3% increase in cFRET value) entered the cells through passive 

diffusion across the plasma membrane under isotonic conditions. HeLa cells 

exposed to hypotonic solution in the presence of 5 μM CRT0066101 led to slightly 

decreasing firstly and then increasing in cFRET value compared with isotonic 

conditions. However, switching from hypotonic to isotonic solution resulted in a 

robust increase by ~20% in cFRET value.  

One possible explanation is that hypotonicity induced VRAC activation (led to an 

initial decrease in cFRET value) thereby promoting the uptake of CRT0066101, 

resulting in an increasing in cFRET value. As for the drastic increase in cFRET after 

switching back to isotonic buffer, this can be understood as the swollen cells 

adjusted their volume decrease to counteract osmolarity change, which resulted in 

an increase in the concentration of CRT0066101 in the cells, and finally induced a 

strong increase in cFRET value. In short, it is therefore likely that heteromeric 

LRRC8/VRAC channels can transport CRT0066101 and hypotonic swelling strongly 

facilitates the uptake of CRT0066101 in the cells. Like taurine efflux (Voss et al., 

2014), CRT0066101 uptake was vigorously stimulated by hypotonic swelling in 

HeLa cells expressing A-CFP/E-YFP. Interestingly, in this thesis I could show that 

LRRC8A homo-hexamers did not alter the uptake of CRT0066101, although 

LRRC8A expressed alone is not sufficient to form functional VRAC but rather 

suppresses endogenous VRAC currents (Qiu et al., 2014; Voss et al., 2014). 

VRAC not only conducts halide ions, but also organic compounds like taurine, and 

glutamate (Hyzinski-García et al., 2014; Qiu et al., 2014; Ruhfus and Kinne, 1996; 

Schober et al., 2017; Voss et al., 2014; Yang et al., 2019; Zhou et al., 2020b). 

Recently, the platinum-containing drugs such as cisplatin and carboplatin have been 

revealed to accumulate in cancer cells via LRRC8A/D-containing heteromers 

(Planells-Cases et al., 2015; Sørensen et al., 2016). Together with blasticidin S (Lee 

et al., 2014) and CRT0066101, there is now a wide range of chemically diverse 

confirmed being value of VRAC substrates, implying a potential clinical value for 

targeting VRAC in a therapeutic context when the selectivity and specificity of VRAC 

pore for a specific pathological condition has been solved in the near future. 
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4.2.4 Conclusion & Outlook 

With this work, I could show, by utilizing a FRET-based sensor, that both 

pharmacological inhibition and siRNA-mediated knockdown of PKDs impaired 

VRAC activation upon hypotonic swelling. The role of PKD for VRAC activation is 

further strengthened by the observation that the DAG analog PMA activates VRAC 

under isotonic conditions. I could also show an increase in PA amount at the plasma 

membrane in response to hypotonicity. These results corroborate the notion that 

VRAC activation upon hypotonic swelling involves DAG and PA signaling. Thus, 

further investigation should aim at the identification of plasma membrane-specific 

co-factors, such as GPCRs, that lead to VRAC activation. As the FRET approach 

applied in this study is subunit-specific, it will be interesting to label and test other 

LRRC8 members together with LRRC8A, such as in a LRRC8A-CFP/LRRC8D-YFP 

combination. Hence, I expect that other molecules will be identified as VRAC 

substrates through FRET approach. Investigating different subunit combinations 

with the FRET method will also allow for the study of cell type-specific regulatory 

mechanisms. 
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5 MATERIALS AND METHODS 

5.1 Materials 

5.1.1 Chemicals  

All chemicals used in this thesis were purchased from Sigma-Aldrich, Roth or Merck, 

if not stated otherwise. 

5.1.2 Drugs 

Table 1 | Drugs 

Chemical Description Supplier 

CBX VRAC inhibitor Sigma-Aldrich 

Chelerythrine Chloride PKC inhibitor Tocris 

CID2011756 PKD inhibitor Tocris 

CRT0066101 PKD inhibitor Tocris 

DCPIB Blocker of VRAC/ICl, swell Tocris 

Mitomycin C DNA cross-linking antitumor agent Taufkirchen 

NPPB calcium-sensitive chloride currents inhibitor Tocris 

PMA analog of DAG Tocris 
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5.1.3 Cell lines 

Table 2 | Cell lines 

Name Description RRID/Reference Medium Additional 
information 

3T3-L1 mouse fibroblast CVCL_0123 DMEM, 

10%FBS, 1% 

P/S 

Kindly provided 

P. Knaus, Freie 

Universität Berlin 

C2C12 mouse skeletal 
muscle myoblast 

CVCL_0188 DMEM, 
10%FBS, 1% 

P/S 

Kindly provided 
P. Knaus, Freie 

Universität Berlin 

HCT116 Human colon 
cancer 

CVCL_0291 McCoy’s 5A, 
10%FBS, 1% 

P/S 

Obtained from Leibniz 
Forschungsinstitut 

DSMZ 

LRRC8A KO 
(HCT116) 

HCT116 cells with 
LRRC8A protein 

depleted 

(Voss et al., 2014) McCoy’s 5A, 
10%FBS, 1% 

P/S 

kindly provided by T. J. 
Jentsch (FMP and 

MDC, Berlin, Germany) 

LRRC8A~E KO 
(HCT116) 

HCT116 cells with 
quintuple LRRC8 

proteins depleted 

(Voss et al., 2014) McCoy’s 5A, 
10%FBS, 1% 

P/S 

kindly provided by T. J. 
Jentsch (FMP and 

MDC, Berlin, Germany) 

HEK293 human embryonic 
kidney 

CVCL_0045 DMEM, 
10%FBS, 1% 

P/S 

Obtained from Leibniz 
Forschungsinstitut 

DSMZ 

LRRC8A KO 
(HEK293) 

HEK293 ells with 
LRRC8A protein 

depleted 

(Lutter et al., 2017) DMEM, 
10%FBS, 1% 

P/S 

kindly provided by T. J. 
Jentsch (FMP and 

MDC, Berlin, Germany) 

LRRC8A~E KO 
(HEK293) 

HEK293 cells with 
quintuple LRRC8 

proteins depleted 

(Lutter et al., 2017) DMEM, 
10%FBS, 1% 

P/S 

kindly provided by T. J. 
Jentsch (FMP and 

MDC, Berlin, Germany) 

HeLa mammalian cervix 

carcinoma 

CVCL_0030 DMEM, 

10%FBS, 1% 
P/S 

Obtained from Leibniz 

Forschungsinstitut 
DSMZ 

U251 human glioblastoma CVCL_0021 DMEM, 

10%FBS, 1% 
P/S 

Kindly provided 

U. Stein, MDC, Berlin, 
Germany 

U87 human glioblastoma CVCL_0022 DMEM, 

10%FBS, 1% 
P/S 

Kindly provided 

H. Kettenmann, MDC, 
Berlin, Germany 

 



Materials and methods 

  58 

5.1.4 Antibodies 

Table 3 | Primary antibodies 

Antibody Name No.* Supplier Dilution 

Rabbit anti-Akt pan 4685 Cell Signaling 1:1000 

Rabbit anti-phospho-Akt  4060 Cell Signaling 1:1000 

Rabbit anti-ULK 8054 Cell Signaling 1:1000 

Rabbit anti-phospho-ULK 14202 Cell Signaling 1:1000 

Rabbit anti-phospho-PKC Pan PA5-97368 Invitrogen 1:1000 

Rabbit anti-PKD/PKCµ ab131460 Abcam 1:1000 

Rabbit anti-phospho-PKD/PKCµ 2054 Cell Signaling 1:1000 

Rabbit anti-LRRC8A (1 μg/ml) lab-generated kindly provided by 

T. J. Jentsch (FMP and 

MDC, Berlin, Germany) 

(Voss et al., 2014) 

1:1000 

Rabbit anti-GAPDH 2118 Cell Signaling 1:1000 

 
Table 4 | Secondary antibodies 

Antibody name Supplier dilution 

HRP goat-anti-rabbit Jackson ImmunoResearch, Ely, UK 1:5000-1:10000 

 

5.1.5 siRNAs 

All siRNAs used were purchased from Thermo Fisher Scientific, Darmstadt, 

Germany. Their sequence is shown in table 5.  

Table 5 | Used siRNAs and their sequence 

siRNA No.* Sequence Product Type 

Scrambled 

siRNA 
4390844 a non-targeting negative control siRNA Silencer 

Select 

siLRRC8A s109501 sense: CCUUGUAAGUGGGUCACCATT Silencer 

Select 

siPKD1 s11119 sense: CGAAGUUUUUAAUUACUCATT  Silencer 

Select 

siPKD2 103357 sense: GGUCAUUGACAAACUGCGCTT Silencer  
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5.1.6 Plasmids 

Table 6 | Plasmids 

Plasmid Name Number in 
internal 
database 

Vector 
backbone 

Description Reference 

2xPABD-GFP 107 pCDNA3.1 PA  

biosensor 

(Bohdanowicz et al., 

2013) 

LRRC8A-Cerulean 105 pECFP-N1 CFP-tagged 

LRRC8A 

(König et al., 2019) 

LRRC8A-Venus 108 pEYFP-N1 YFP-tagged 

LRRC8A 

(König et al., 2019) 

LRRC8E-Venus 106 pEYFP-N1 YFP-tagged 

LRRC8E 

(König et al., 2019) 

PKCδ(C1)-GFP 109 pEGFP(C1) DAG 

biosensor 

(Schlam et al., 2013) 

 

5.1.7 Cell culture medium components 

Table 7 | Cell culture medium components 

Name Supplier Product number 

DMEM (supplemented with glucose, L-glutamine 

and NaHCO3) 

PAN-Biotech 

 

P04-03550 

 

McCoy’s 5A medium PAN-Biotech P04-05500 

Penicillin-Streptomycin, 10,000 U/ml Penicillin, 

10 mg/ml Streptomycin 

PAN-Biotech 

 

P06-07100 

 

FBS Premium PAN-Biotech P30-1506 

Trypsin 0.25 % in PBS, w/o: Ca and Mg PAN-Biotech P10-021100 

DPBS w/o: Ca and Mg PAN-Biotech P04-36500 

Opti-MEM Gibco 31985070 

Fibronectin Sigma-Aldrich F1141 

FuGENE 6 Promega E2691 
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5.1.8 Imaging buffers  

All imaging buffers were prepared with sterile filtered stock solutions. Isotonic 

imaging buffer (340 mOsm) contained (in mM): 150 NaCl, 6 KCl, 1 MgCl2, 1.5 CaCl2, 

10 glucose,10 HEPES, pH 7.4 (adjusted with NaOH). For FRET experiments, 

hypotonic imaging buffer (250 mOsm) the concentration of NaCl was adjusted to 

105 mM. Hypertonic imaging buffers (500 mOsm) were as isotonic buffer 

supplemented with 160 mM mannitol. For western blot assays, 50% hypotonic buffer 

(170 mOsm) and 25% hypotonic buffer (85 mOsm) contained 65 mM or 22.5 mM 

NaCl, respectively. For DAG and PA biosensors imaging experiments, an equal 

volume of ddH2O was added to isotonic buffer (340 mOsm), resulting in a ~50% 

decrease in osmolarity. 
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5.2 Methods 

5.2.1 Cell culture 

Wild-type and LRRC8 knockout HCT116 cell lines (Voss et al., 2014), were 

maintained in McCoy’s 5A Medium  with 10% FBS at 37°C in the presence of 

antibiotics in a humidified atmosphere with 5% CO2. Wild-type and LRRC8 knockout 

HEK293, HeLa, 3T3-L1, C2C12, U251 and U87 cell lines were maintained in 

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin in a 37°C, 5% CO2 

humidified chamber. U251 and U87 cells were authenticated using highly-

polymorphic short tandem repeat loci (Microsynth, Balgach, Switzerland). 

5.2.2 Bacterial transformation 

For transformation, 1-5 µl of plasmids were transformed in chemically competent 

E.coli DH5α cells. Prior to application, E.coli aliquots were thawed on ice for 10 

minutes. The plasmids were added to the bacteria and mixed gently by filcking the 

bottom of the tube. Competent cells and DNA mixtures were incubated for 30 

minutes on ice and then incubation of the mixtures at 42 °C for 45 seconds. 

Following a two minutes incubation on ice. Then 600 µl of pre-warmed SOC media 

(no antibiotics) was added immediately, and the cells were allowed to recover at 

37°C for 1 h before selected by either ampicillin or kanamycin containing LB-agar 

plates. Followling 200 µl of the transformation was plated onto a 10 cm LB agar 

plate containing the appropriate antibiotic and incubated at 37°C. The next day, an 

isolated colony was picked and incubated in LB medium overnight. DNA purication 

was performed using the NucleoSpin Plasmid QuickPure (Macherey-Nagel). 

Sequences were verified via Sanger sequencing (Microsynth- SeqLab,Göttingen, 

Germany). 

5.2.3 Generation of C2C12 LRRC8A knockout cell lines 

The C2C12 LRRC8A knockout cell lines were generated by Anja Kopp in the 

Stauber lab. For the disruption of LRRC8A in C2C12 cells using the CRISPR/Cas9 

technology, the targeting sgRNA sequences (5’-
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GCCCCGGAAGGAGTCGTTGCAGG-3’) was cloned into the px459-V.2 vector and 

transfected into the wild-type C2C12 cells in a 6-well format. Two days post-

transfecton, successfully transfected cells were selected by application of 10 µg/ml 

puromycin for 48 h prior to single clone expansion by dilution to statistically 0.5 cells 

per well in 96-well format. Monoclonal cell lines were tested for sequence alterations 

using target-site-specific PCR (primers: 5’-

CATGTATGTCTCACTACACCTAACTTGTAG-3’ and 5’-

CCAGGAAGATGAGGGTGTGCA-3’) on genomic DNA followed by Sanger-

sequencing (Microsynth- SeqLab,Göttingen, Germany). 

5.2.4 Transfection of mammalian cells 

For transfection of siRNA, U251 and U87 cells were seeded in 6-well cell culture 

plates (1.5 × 105 cells per well) and HeLa cells were seeded at a density of 5 x 103 

cells in 35mm glass-bottom dishes (MatTek). After 24 h, the cell culture medium 

was removed and cells were washed with the serum-free Opti-MEM, then 

transfected with siRNA against LRRC8A (Lrrc8a siRNA, ThermoFisher Scientific, 

Darmstadt, Germany, #s109501), PKD1(PRKD1 siRNA, ThermoFisher Scientific, 

Darmstadt, Germany, #s11119) or PKD2 (PRKD2 siRNA, ThermoFisher Scientific, 

Darmstadt, Germany, #103357) at a concentration of 15 nM using Lipofectamine 

RNAiMAX transfecting agent (Invitrogen). A non-targeting, scrambled siRNA 

(Thermo Fisher Scientific, Darmstadt, Germany, 4390844) was used as negative 

control. For the proliferation assay, cells were further grown for 48 h before seeding 

into a 96-well plate. For the migration assay, cells were further grown for 30-42 h 

post-transfection (wounds were created 48 h post-transfection), then plated in a 96-

well ImageLock™ tissue culture plate (Essen Bioscience). For FRET experiments, 

plasmids (LRRC8A-CFP, LRRC8E-YFP) were transfected 24 h after transfection of 

siRNA against PKD1 or PKD2. 

Transfection with plasmids (listed in table 6) was performed using FuGENE 6 

according to the manufacturer’s instructions. 3 µl FuGENE was added to 145 µl pre-

warmed Opti-MEM and incubated for 5 minutes at room temperature. Subsequently, 

1 µg DNA was added, for two plasmids (e.g. LRRC8A-CFP/LRRC8E-YFP) 500 ng 

of each were added. After addition of DNA, the mixture of DNA-FuGENE were 

vortexed for 10 seconds, following a 20 minutes incubation at room temperature. 
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Then, the transfection mixture were added to the cells. Cells were measured 24-48 

hours after transfection with plasmids.  

5.2.5 Drug treatment 

All here described drugs are listed in table 1. For migration assay, cells were 

pretreated with 5 µg/ml Mitomycin C for 2 h prior to creating wounds using 

WoundMaker™ (Essen BioScience). The following drugs were applied at the 

respective concentration at time points indicated in Results: CBX (20, 25, 50, 100 

µM; dissloved in H2O at a conentration of 50 mM), DCPIB (20, 50, 100 µM; dissolved 

in DMSO at a concentration of 100 mM), NPPB (50 µM; dissolved in DMSO at a 

concentration of 100 mM), CID2011756 (50, 100 µM; dissolved in DMSO at a 

conentration of 50 mM), CRT0066101 (0.25, 5 µM; dissloved in H2O at a 

concentration of 100 mM), Chelerythrine Chloride (10 µM; dissloved in H2O at a 

concentration of 10 mM), PMA (0.5, 1 µM; dissloved in DMSO at a concentration of 

100 mM). For the drugs dissloved in DMSO,  equivalent DMSO was used as vehicle 

control. 

5.2.6 Cell proliferation assays 

For proliferation assays, 5,000 cells (1.0 x 104 cells in the case of HCT116) per well 

were seeded into a 96-well plate and placed the plate into the IncuCyte live-cell 

analysis system. Prior to scanning, allowed the plate to warm to 37°C for 30 minutes. 

Cell growth was monitored by using the IncuCyte system to capture phase contrast 

images every 2 hours during constant incubation at 37°C in a humidified atmosphere 

with 5% CO2. Cell confluence was analyzed using the integrated confluence 

algorithm.  

5.2.7 Cell migration assays 

To assess cell migration, 2-8 × 104 cells (depending on cell type) per well were 

seeded into a 96-well ImageLock™ plate (Essen BioScience 4379) and incubated 

for 4-16 h at 37°C in a humidified atmosphere with 5% CO2. Removed the medium 

and added 100 μl Mitomycin C-containing culture medium to each well. Mitomycin 

C was applied during the following steps, if not specified otherwise, to inhibit cell 
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proliferation so that this process would not distort my results on cell migration. After 

2 h, precise and reproducible wounds were created in all wells of the 96-well 

ImageLock™ plate by using WoundMaker™ (Essen BioScience). Aspirated the 

medium and gently washed each well twice with culture medium to avoid dislodged 

cells settling and reattaching, then 100 μl of medium containing additional drugs 

(CBX, DCPIB, NPPB, or vehicle DMSO when appropriate) were added to each well. 

Migration was monitored by phase contrast imaging with an IncuCyte Zoom 

microscope, image acquisition every 2 h during constant incubation at 37°C in a 

humidified atmosphere with 5% CO2. The IncuCyte Zoom image analysis software 

was used to detect cell edges automatically and generated an overlay mask, which 

was used to calculate the wound width. For the migration assay with HCT116, the 

96-well ImageLock™ plates were coated with fibronectin prior to cell seeding 

according to the manufacturer’s instructions.  

5.2.8 Cell counting kit-8 (CCK8) cell proliferation assay 

The cell viability was measured by using CCK-8 cell proliferation assay (Sigma-

Aldrich). 100 μl of HEK293 cell suspension (5000 cells/well) were dispensed into a 

96-well plate, with four duplicate wells in each group. Then placed the plate in a 

humidified incubator (at 37°C, 5% CO2). Next, CCK-8 solution (10 μl) at a 1:10 

dilution with FBS-free DMEM/F12 (100 μl) was added to each well and avoided to 

introduce bubbles to the wells, followed by a further 4 h incubation under 5% CO2 

at 37 °C. [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-

tetrazolium, monosodium salt] (WST-8) was reduced by dehydrogenases in 

HEK293 cells to give an orange colored product (formazan), which was soluble in 

the culture medium. The amount of the formazan dye produced by dehydrogenases 

in HEK293 cells was directly proportional to the number of living cells and the 

absorbance was automatically measured at 450 nm with a microplate reader 

(Biochrom, Germany). 

5.2.9 Western blotting  

For western blotting, protein concentration were tested with a regular BCA assay 

(Pierce). Equivalent amounts of sample protein separated in 10% SDS-PAGE gel 

and transferred to nitrocellulose membrane (Macherey Nagel). After blocking with 
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5% BSA in TBS-T (20 mM Tris pH 7.6, 150 mM NaCl and 0.02% Tween-20), the 

membrane was immunoblotted with primary antibodies overnight at 4°C. On the next 

day, the membrane was washed three times for 5 min with TBS-T on a shaker and 

then incubated with goat-anti-rabbit secondary antibodies coupled to horseradish 

peroxidase. After 45-60 min, membrane was washed again three times for 5 min 

with TBS-T. Signals were detected by using an enhanced chemiluminescence 

reagent (HRP juice; PJK GmbH, Kleinblittersdorf, Germany) and a 

ChemiSmart5000 digital imaging system (Vilber-Lourmat, Collégien, France). 

Densitometrical quantification was performed with the Fiji software (Schindelin et al., 

2012). 

5.2.10 Expression constructs 

Expression plasmids for human LRRC8A-CFP, LRRC8A-YFP, and LRRC8E-YFP 

were described previously (König et al., 2019). The DAG and PA biosensors were 

kindly provided by S. Grinstein , University of Toronto. The DAG biosensor consisted 

of an N-terminal GFP fused to the C1 domain of PKC in the pEGFP(C1) vector 

(Schlam et al., 2013). The plasmid encoding GFP-2PABD consisted of GFP fused 

to two PA-binding domains of the yeast protein Spo20p reported previously 

(Bohdanowicz et al., 2013; Du and Frohman, 2009). Cells were transfected with 

FuGENE 6 according to the manufacturer’s instructions. For co-expression, 

equimolar ratios of constructs were co-transfected.  

5.2.11 FRET measurements 

For FRET experiments, images were collected on a high-speed setup of Leica 

Microsystems (Dmi6000B stage, 63x/1.4 oil objective, high-speed external Leica 

filter wheels with Leica FRET set filters (11522073), EL6000 light source, DFC360 

FX camera, controlled by Las AF software platform). All experiments were 

conducted at room temperature.  

Before imaging, all the cells were washed with isotionic buffer for three times. 

seFRET images were recoreded in donor, acceptor and FRET channels. Acquisition 

parameters were the same for all three channels (8x8 binning, gain 1, 100 ms 

exposure time, illumination intensity 2). Images were proccessed with Fiji 
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(Schindelin et al., 2012). cFRET maps processing were carried out with PixFRET 

plugin (Feige et al., 2005) (threshold to 1, Gaussian blur to 2) in accordance with 

the following equation (Jiang and Sorkin, 2002).  

𝑐𝐹𝑅𝐸𝑇 = 	
𝐼*+ − 𝐼** ∗ 𝛽 − 𝐼++ ∗ 𝛾

𝐼++  

Where IDA, IDD and IAA are the intensities of FRET, donor and acceptor channels, 

respectively. Caculation of correction factors (β = donor emission bleed, γ = cross 

excitation of acceptor by donor excitation) was described previously (König et al., 

2019). cFRET maps were determined by hand-drawn regions of interest (ROIs). 

cFRET values of individual cells were normalized to their mean cFRET in isotonic 

solution. 

5.2.12 Qualitative and quantitative microscopy 

For monitoring the distribution of DAG and PA biosensors in the cells, images were 

recorded using a spinning disk confocal microscopy (CSU-W, Andor/Nikon). We 

used a 40x oil objective, and the images were recorded every 1 minute. The raw 

image files were stored as 16-bit in “.nd2” format at 337x337 μm (1024x1024 pixel) 

at an interval of 1 minute and a total of 21 images per series (total time per series: 

20 minutes). The image processing was carried out with Fiji (Schindelin et al., 2012). 

All experiments were performed at room temperature. 

5.2.13 Statistical analysis 

Proliferation and migration was quantified with the IncuCyte Zoom image analysis 

software by measuring cell confluence and wound width over time, respectively. 

OriginPro 2017 software (OriginLab, Northampton, MA, USA) was used for 

statistical analyses. All data are presented as the mean values ± SD. For 

comparisons between two groups, p-values were determined using Student’s t-test 

and are indicated according to convention: *p < 0.05, **p < 0.01 and ***p < 0.001. 
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