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Abstract

The volume-regulated anion channel (VRAC) plays a key role in the regulation of osmotic cell
volume as well as in various physiological processes such as apoptosis, insulin secretion, cell
differentiation, and purinergic signaling. It is formed by hetero-hexamers of members of the
leucine-rich repeat-containing protein family 8 (LRRC8), which consists of five members,
LRRCB8A-E. LRRCS8A is the obligatory subunit, and its heteromerization with at least one other
LRRCS8 paralogue, LRRC8B-E, determines VRAC's biophysical properties. Subunit stoichiometry
of VRAC is of physiological importance and largely influences its activation mechanism, as well
as its response to regulatory inputs. However, the endogenous tissue-specific subunit
composition of VRAC remains unknown. Furthermore, despite extensive research on VRAC's

possible physiological functions, there is little consensus on its activation mechanism.

In this thesis, | developed and applied a quantitative immunoblot method to quantify the five VRAC
LRRCS8 subunits in various mouse cell lines and tissues, using glutathione-S-transferase (GST)-
tagged recombinant fusion proteins for signal calibration. The subunits showed tissue-specific
expression patterns, with relatively low expression of the obligatory LRRC8A subunit. Based on
the co-immunoprecipitation of LRRC8B-E in excess with LRRC8A, | concluded that non-LRRC8A
subunits predominate in native hetero-hexamers. In light of this information, | estimated ~10,000
VRACs per cell in the tested cell lines, which is consistent with an earlier calculation from the

comparison of single-channel and whole-cell currents.

Furthermore, | assessed VRAC activity by a Forster-resonance energy transfer (FRET)-based
approach upon induction of apoptosis, sphingosine-1-phosphate (S1P)-induced signaling, and
glucose feeding in pancreatic 3-cells. | found that the pharmacological inhibition of protein kinase
D (PKD) impaired the apoptotic-induced VRAC activation. Interestingly, signaling via S1P
appeared to be mediated by an alliance between S1P receptors, specifically the Gg-coupled S1P
receptors. | proposed that the Gq family of heterotrimeric G-proteins served as central mediators
of the diacylglycerol (DAG)-PKD mediated VRAC activation induced by S1P in HelLa cells. PKD
may phosphorylate VRAC, thereby activating it. This notion is supported by the observation that
hypotonic activation of phospho-ablative LRRC8A mutant 8A-T169A is diminished due to the loss
of the putative phosphorylation site. Lastly, | showed that an orphan G protein-coupled receptor
(GPCR), GPCR5B, adversely modulated the VRAC activity in rat pancreatic (3-cells, which may
affect B-cell survival and insulin secretion. All in all, these results indicate a possible signaling
pathway of VRAC activation, highlighting the importance of membrane-localized GPCRs and G-

proteins in signal transduction.
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Zusammenfassung

Die volumenregulierten Anionenkanale (VRAC) spielen eine Schlisselrolle bei der osmotischen
Regulation des Zellvolumens sowie bei verschiedenen physiologischen Prozessen wie Apoptose,
Insulinsekretion, Zelldifferenzierung und purinerger Signalibertragung. Es wird von Hetero-
Hexameren der Leucine-Rich Repeat-Containing Protein Family 8 (LRRC8) gebildet, die aus finf
Mitgliedern, LRRC8A-E, besteht. LRRC8A ist die obligatorische Untereinheit, und ihre
Heteromerisierung mit mindestens einem anderen LRRCB8-Paralog, LRRC8B-E, bestimmt
biophysikalische Eigenschaften von VRAC. Die Untereinheiten-Stochiometrie von VRAC ist von
physiologischer Bedeutung und beeinflusst weitgehend seinen Aktivierungsmechanismus sowie
seine  Reaktion auf regulatorische Signale. Die endogene gewebespezifische
Untereinheitenzusammensetzung von VRAC ist jedoch weitestgehend unbekannt. Darlber
hinaus gibt es trotz umfangreicher Forschung Uber die mdglichen physiologischen Funktionen

von VRAC wenig Konsens daruber, wie er aktiviert wird.

In dieser Arbeit habe ich eine quantitative Immunoblot-Methode entwickelt und angewandt, um
die funf VRAC LRRCS8-Untereinheiten in verschiedenen Maus-Zelllinien und -Geweben zu
quantifizieren, wobei rekombinante Fusionsproteine mit Glutathion-S-Transferase (GST)-
Markierung zur Signalkalibrierung verwendet wurden. Die Untereinheiten zeigten
gewebespezifische Expressionsmuster, mit relativ geringer Expression der obligatorischen
Untereinheit LRRC8A. Basierend auf der Co-Immunprézipitation von LRRC8B-E im Uberschuss
mit LRRC8A schloss ich, dass Nicht-LRRC8A-Untereinheiten in nativen Hetero-Hexameren
Uberwiegen. In Anbetracht dieser Informationen berechnete ich das Vorkommen auf ~10.000
VRACs pro Zelle in den getesteten Zelllinien, was mit einer friiheren Berechnung aus dem

Vergleich von Einzelkanal- und Ganzzellstrbmen Ubereinstimmt.

Daruber hinaus habe ich die VRAC-AKktivitat mittels Forster-Resonanz-Energie-Transfer (FRET)-
basiertem Ansatz bei der Induktion von Apoptose, Sphingosin-1-Phosphat (S1P)-induzierter
Signalgebung und Glukose-Stimulation in pankreatischen -Zellen untersucht. Ich fand heraus,
dass die pharmakologische Hemmung der Proteinkinase D (PKD) die apoptose-induzierte VRAC-
Aktivierung beeintrachtigte. Interessanterweise wird die Signalisierung durch S1P Uber eine
Allianz zwischen S1P-Rezeptoren, speziell den Gg-gekoppelten S1P-Rezeptoren, vermittelt. Dies
deutet darauf hin, dass die Gg-Familie der heterotrimeren G Proteine als zentrale Vermittler der
durch S1P induzierten Diacylglycerol (DAG)-PKD-vermittelten VRAC-Aktivierung in HeLa-Zellen
dienen. PKD kann VRAC phosphorylieren und ihn dadurch aktivieren. Diese Vorstellung wird

durch die Beobachtung unterstitzt, dass die hypotone Aktivierung der phospho-ablativen

XV



LRRC8A-Mutante 8A-T169A aufgrund des Verlustes der moglichen Phosphorylierungsstelle
vermindert ist. Schliel3lich habe ich gezeigt, dass einn orphan G Protein-gekoppelten Rezeptor
(GPCR), GPCR5B, die VRAC-Aktivitat in pankreatischen B-Zellen der Ratte negativ moduliert
und damit das Uberleben der B-Zellen und die Insulinsekretion beeinflusst. Alles in allem weisen
diese Ergebnisse auf einen mdglichen Signalweg der VRAC-Aktivierung hin und unterstreichen

die Bedeutung von membranstandigen GPCRs und G Proteinen in der Signaltransduktion.
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1. INTRODUCTION

1.1. Cell volume regulation and the regulatory mechanisms

With only a few exceptions, animal cell membranes are highly permeable to water. Water
permeability is several orders of magnitude higher as compared to the cell’s main inorganic
osmolytes, Na*, K and CI. Hence, the cellular water content and the cell volume depends on the
concentration of intracellular osmolytes and extracellular tonicity (Hoffmann et al, 2009). Cells are
constantly challenged by osmotic perturbations leading to cell volume fluctuations even under
steady state physiological conditions. However, most of the cells can counteract these alterations
through restoration processes. Cells facing swelling due to extracellular hypotonicity undergo
regulatory volume decrease (RVD) by loss of K*, CI, non-essential osmolytes and water; and
under hypertonic shrinkage they restore their original volume by regulatory volume increase (RVI)
by a net gain of K*, CI, organic osmolytes and osmotically obliged water (Hoffmann et al, 2009;
Hoffmann & Simonsen, 1989; Okada et al, 2001). During regulatory volume decrease, most cells
extrude K* ions through K* channels (Chen & Simard, 2001; Farrugia & Rae, 1993; Okada et al,
2001; Sandford et al, 1992). In order to maintain electroneutrality, following K* efflux there should
be a concomitant anion efflux. This anion efflux can be carried out by volume-sensitive chloride
channels that have been reported in various cell types (Doroshenko & Neher, 1992; Jentsch,
1996; Nilius et al, 1994; Strange et al, 1996). One such ubiquitously expressed (Chen et al, 2019b;
Nilius et al, 1997a; Nilius et al, 1994; Pedersen et al, 2016; Strange et al, 1996; Strange et al,
2019) and volume-stimulated channel is called volume-regulated anion channel (VRAC)
alternatively named as volume-sensitive outward rectifying anion channel (VSOR) (Okada, 1997)

or volume-sensitive osmolyte/anion channel (VSOAC) (Strange et al, 1996).

1.2. The volume-regulated anion channel (VRAC)

The first electrophysiological measurements of VRAC-mediated anion currents date back to the
late 1980s (Cahalan & Lewis, 1988; Hazama & Okada, 1988). Soon after, these VRAC currents
were reported to have several common functional characteristics such as mild outward
rectification, variable inactivation at inside positive potentials (Jackson & Strange, 1995; Voets et
al, 1997), and high selectivity of anions over cations (Kubo & Okada, 1992; Lewis et al, 1993)
wherein the anionic permeability sequence is according to Eisenman’s sequence | with I" > NO3’
> Br > ClI > F (Akita & Okada, 2014; Nilius & Droogmans, 2003; Strange et al, 2019). In addition

to these anions, VRAC also conducts large structurally diverse organic osmolytes such as taurine
1



and myo-inositol (Hand et al, 1997; Jackson & Strange, 1993; Kirk et al, 1992; Qiu et al, 2014;
Voss et al, 2014). Though VRAC's biophysical properties had been extensively studied for nearly
three decades, its molecular identity remained enigmatic until 2014, when two groups
simultaneously identified LRRC8A, a member of leucine-rich repeat-containing (LRRC8) proteins,
as being crucial for channel formation. Both groups conducted genome-wide siRNA screens and
found that siRNA targeting LRRC8A reduced the yellow fluorescent protein (YFP) quenching
caused by hypotonicity-induced I"influx through VRAC (Qiu et al, 2014; Voss et al, 2014). Knock-
down of LRRCB8A also markedly suppressed the swelling induced chloride current mediated by
VRAC, IClsweny (Qiu et al, 2014; Voss et al, 2014), suggesting it is indispensable for volume-
sensitive channel formation. The LRRC8 protein family comprises five members, LRRC8A-
LRRCS8E. Interestingly, overexpression of LRRC8A in HEK cells decreased the IClswen) indicating
VRAC contains LRRCB8A as a part of a heteromer and its overexpression leads to incompatible
subunit stoichiometry with respect to channel activity (Qiu et al, 2014; Voss et al, 2014). Without
LRRC8A, LRRC8B-LRRCS8E are stuck in the endoplasmic reticulum (ER) when expressed alone,
but reach the plasma membrane when co-transfected with LRRC8A (Voss et al, 2014). For
functional and conducting VRAC channels, LRRC8A must heteromerize with at least one other
LRRCS8 subunit (Gaitan-Penas et al, 2016; Syeda et al, 2016; Yamada & Strange, 2018).

1.3. The structure of VRAC channel

Abascal and Zordaya suggested that LRRC8 proteins form hexameric channels because of their
sequence similarities with connexins, pannexins, and innexins (Abascal & Zardoya, 2012). A few
years later, this notion was supported by the high-resolution cryo-EM structure of LRRC8A
(Deneka et al, 2018; Kasuya et al, 2018; Kefauver et al, 2018; Kern et al, 2019) and LRRC8D
homomers (Nakamura et al, 2020) and a low-resolution cryo-EM structure of LRRC8A/C
heteromers (Deneka et al, 2018). The homo-hexamer and every subunit in the channel consist of
four regions, the extracellular region, membrane-spanning transmembrane region (TM), an
intracellular region in the N-terminal part, and a leucine-rich repeat (LRR) region in the C-terminal
part with both N and C-terminus facing the cytoplasmic side of the cell (Figure 1 A, B). The
transmembrane region (TM) consists of four TM helices (TMH1-TMH4). In the extracellular region,
these helices are connected by two extracellular loops (ELs): EL1 connecting TMH1 and TMH2,
and EL2 connecting TMH3 and TMH4. In the intracellular region, TMH2 and TMHS3 are connected
by an intracellular loop (IL1). IL2 connects the TMH4 with the N-terminus of the LRR region
(Figure 1A). Recently, Nakamura and colleagues have discovered an additional N-terminal helix

(NTH) formed by the N-terminal residues proceeding the TMH1 in LRRC8D homomers that
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protrudes into the channel pore (which will be discussed shortly hereafter), which was not

previously discovered in the LRRC8A homomers (Nakamura et al, 2020).

The EL1 has one a-helix (EL1H) and one B strand (EL1B), part of a glycosylated amino acid
stretch (Voss et al, 2014) between EL1H and EL1B is still unresolved in all the reported structures.
EL2 has two B-strands EL2B1 and EL2B forming an antiparallel B-sheet with EL1B3. On the
intracellular side, the intracellular loop IL1 has three a helices (IL1H1-ILH3) with an unresolved
stretch between second and third helices that has several putative phosphorylation sites (Abascal
& Zardoya, 2012) while IL2 consists of four a helices (ILH1-ILH4) (Figure 1A).

1.3.1. Channel pore and LRR domains

Along the central axis of the membrane, the homomers form a channel pore that is perpendicular
to the membrane and is divided into three domains. The long central domain consisting of the
transmembrane part (TM) and two flanking subdomains: one on the extracellular side called the
extracellular subdomain (ESD) and the other towards the cytoplasm termed as the cytoplasmic
sub domain (CSD) (Figure 1C). The extracellular loops EL1 and EL2 form the extracellular domain
(ESD) of the channel pore and are stabilized by three disulfide bonds representing the constricted
region of the pore domain with a diameter of 2.9 A at its constriction (Deneka et al, 2018). This
narrowing, located at the N-terminus of the a-helix E1H, has an arginine (R103), whose side chain
points in the direction of the pore axis and forms a highly electropositive selectivity filter for the
size and charge of anions during permeation in anion-selective channels. Mutation of this arginine
to phenylalanine, in LRRC8A-R103F+LRRC8C heteromeric channels, resulted in altered
selectivity for Cl- and insensitivity to external ATP block (Kefauver et al, 2018). Furthermore, three
residues, K98, Y99, and D100 located in the loop preceding the EL1H, face the extracellular side
of the channel pore. Electrophysiological analysis involving the single and combination mutants
reported that these residues are crucial in voltage-dependent channel inactivation and anion
selectivity (Ullrich et al, 2016).

According to sequence alignment, an aromatic ring of phenylalanine Phe143 forms the most
constricted site of the pore domain in LRRC8D homomers, with a diameter of 11.5 A (Nakamura
et al, 2020). This value is close to the pore diameter of native VRACs i.e., 11.4-14.2 A
(Droogmans et al, 1999; Ternovsky et al, 2004). The pore diameter ranges from 7.6-9.6 A in the
LRRC8A homomers (Deneka et al, 2018; Kasuya et al, 2018; Kefauver et al, 2018; Kern et al,
2019), meaning that the pore diameter at the most constricted extracellular side is narrower in

LRRC8A than in LRRC8D homomers (Nakamura et al, 2020). Assuming the possibility of different
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LRRCS8 protein-containing heteromers under physiological conditions, this can be a plausible
structural explanation of the increased permeability of LRRC8D heteromers toward larger
osmolytes (Lee et al, 2014; Lutter et al, 2017; Planells-Cases et al, 2015). In the membrane, this
pore widens and consists of residues from TM1 and TM2 on its intracellular side (Deneka et al,
2018). Additionally, within this region, the interface between subunits is less tightly packed and
contains gaps that are probably glued together by lipids (Deneka et al, 2018). The presence of
these lipids might be useful for channel assembly or/and in stabilizing the upper transmembrane
domains against the movements in the LRR domains (Kern et al, 2019). For instance, in the case
of Innexin-6, lipid molecules in the inter-subunit space are thought to stabilize the conformation
of the helix bundles (Oshima et al, 2016). Two threonines of the TMH1 constitute the channel
pore at positions 44 and 48 (T44 and T48). In one study, mutating the T44 to cysteine altered the
I vs CI" anion selectivity (Qiu et al, 2014). A similar alteration in I permeability was found for the
equivalent threonines in LRRC8C, LRRC8D, and LRRCS8E (Syeda et al, 2016). Following this,
another threonine at position 48 (T48) contributes to the selectivity filter. TMH3 and TMH4 face
the lipid environment of the membrane. Moving down toward the boundary of the TM region and
the intracellular region, the first 14-17 amino-terminal residues are not resolved in any of the
reported structures, but as with the structurally closely related connexins and innexins, an N-
terminal coil (NTC) projects into the channel pore (Maeda et al, 2009; Oshima et al, 2016). It is
therefore likely that in the VRAC channel, these undefined disordered amino acid stretches may
form the NTC.

Below the TM domain, is the cytoplasmic subdomain (CSD) which is formed by a meshwork of IL
a-helices and constitutes the channel exit leading to the cytoplasmic LRRD. The LRRD consists
of a leucine-rich repeat N-terminal helix (LRRNT), 15 leucine-rich repeats (LRR1-LRR15), and a
leucine-rich repeat C-terminal helix (LRRCT). Each LRR repeat consists of a B-strand followed
by an a-helix on the N-terminal side, which contributes to the interaction with LRRDs of

neighboring subunits at the C-terminus (Figure 1 A, C).
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Figure 1. Structure of VRAC. (A) Schematic diagram of a single LRRC8 protein (left) and of the
structure of a single LRRC8 subunit within a hexamer (right). (B) Ribbon representation of the
hexameric LRRC8A channel structure (PDB 5ZSU (Kasuya et al, 2018)) viewed parallel to the
membrane (two subunits in the back not shown for clarity, left) and from the intracellular side
(right). Dashed lines represent loop regions of unsolved structure. Figure adapted from (Chen et
al, 2019b). (C) LRRCB8A pore domain as seen from the side of two opposite subunits, with selected
resides shown (Deneka et al, 2018).

1.3.2. Channel symmetry

The hexameric LRRCB8A structure was reported to be 170-180 A long and 110-130 A wide with

all the subunits arranged around an axis of symmetry. Three of the reported structures showed a

six-fold rotational (C6) symmetry for all the regions, including the extracellular, TM, and the

intracellular region, except the LRR domain (Deneka et al, 2018; Kefauver et al, 2018; Kern et al,
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2019), however, one study reported a C3 “trimer of dimer” symmetry in which the subunits have
tight interactions with adjacent and a loose interaction with the neighboring subunit (Kasuya et al,
2018). One possible explanation of this difference in symmetry is due to the differences in the
reconstitution of the channels. In nanodisc reconstituted structures, the hexamer adopts a
conformation in which all the subunits are evenly spaced and the subunit gaps are filled by lipid
moieties; however, in the structures solved in the lipid bilayer, the channel is forced to adopt a
more compact conformation with smaller gaps that are incapable of lipid binding (Kern et al, 2019).
Recently, the structure of human LRRC8D (HsLLRC8D) homomers was solved, showing a
twofold symmetry “dimer of trimers” for LRRC8D, which is in contrast to the C3 or C6 symmetrical

arrangement of previously reported LRRC8A homomers (Nakamura et al, 2020).

The symmetry of LRRDs is ambiguous as compared to the other regions in the solved structures.
Three studies suggested a C3 symmetry, in which the interacting pairs of LRRDs are tightly
packed with each other and more loosely with the LRRDs of the neighboring subunit. As a result,
these pairs are oriented by 42 A relative to each other, and all of them are tilted towards the
membrane by approximately 30-40 A. In simpler words, the LRR domains of each subunit in a
hexamer can be visualized as having a horseshoe shape facing the pore axis. Although
interacting, these LRR domains are quite flexible as indicated from the heterogenous LRRD
arrangement in a subset of particles (Deneka et al, 2018; Kasuya et al, 2018; Kefauver et al,
2018). Due to the heterogeneous and disordered arrangement of LRRDs (Kasuya et al, 2018;
Kern et al, 2019), it is plausible to assume different conformational rearrangements of LRRDs
within a VRAC channel during gating. However, there is still ambiguity about the potential ligands
for LRRDs, (Bryan-Sisneros et al, 2000), the role of phosphorylation events (Bryan-Sisneros et

al, 2000; Okumura et al, 2009; Voets et al, 1998) and their impact on the channel activation.

1.4. Physiological and pathophysiological implications of VRAC

VRAC was initially analyzed using unspecific pharmacological inhibitors in order to determine its
involvement in cellular processes. Therefore, defining the physiological significance of VRAC
based on these preliminary findings is too vague. Nonetheless, with the molecular architecture of
VRAC discovered recently, it should now be possible to assign specific functions to VRAC under

cellular physiological and pathological states.



1.4.1. Electrogenesis

Cells have a basal K* and CI- conductance contributing to the resting membrane potential, with
K* conductance higher than the CI- conductance. Small changes in the CI- conductance can
induce drastic shifts in the membrane potential shifting it from a value close to K* equilibrium
potential to the CI equilibrium potential. Such changes in membrane potential due to the
modulation of volume-sensitive CI- conductance influence the electrochemical gradient of ions
across the cell membrane and the activity of various electrogenic transporters (Nilius et al, 1997a).
One such effect can be seen in cardiac myocytes. Indeed, the swelling induced CI- conductance
mediated by VRAC is important in the repolarization of cardiac myocytes, after a depolarizing
action potential, during normal heart functioning (Vandenberg et al, 1994). Moreover, VRAC has
also been involved in membrane depolarization contributing to insulin release from pancreatic 3-
cells (Stuhlmann et al, 2018). Pancreatic p-cells secrete insulin in response to a rise in serum
glucose levels. Cellular uptake and metabolism of glucose resulted in high intracellular ATP
levels, which inhibits the ATP-sensitive K* channels causing membrane depolarization and
activation of voltage-dependent Ca* channels. Ca* then enters the cell transiently and triggers the
exocytosis of insulin granules (Ashcroft & Rorsman, 2013; Rorsman & Braun, 2013). Consistent
with a long-standing hypothesis, (Best et al, 2010) two independent studies simultaneously
showed that in pancreatic B-cells, hypotonicity-induced or glucose-induced swelling activates
LRRC8A-dependent VRAC currents, which causes membrane depolarization and subsequent
electrical excitation. Notably, mice with B-cell specific LRRC8A genomic disruption had normal

serum glucose levels, but reduced glucose tolerance (Kang et al, 2018; Stuhlmann et al, 2018).

1.4.2. Epithelial cell volume regulation

Animal cells are subjected to transmembrane osmotic gradients under a range of physiological
conditions, including metabolic activities generating or requiring osmotically active substances,
transport of ions/nutrients followed by osmotically obliged water, or during altered extracellular
osmolarity (Hoffmann et al, 2009). In this respect, epithelial cells are of particular interest. Due to
the frequent secretion and absorption of osmolytes, these cells face a constant need for volume
regulation. Notably, in the case of absorptive epithelia, there is a Na*-coupled uptake of glucose
and amino acids leading to differential osmolyte concentration and eventually to cell swelling. This
must be contracted by extrusion of K* and CI, mainly over the basolateral membrane. These
anionic extrusions are thought to be mediated by VRAC in epithelial cells, which helps to maintain

their integrity (Pedersen et al, 2013).



1.4.3. VRAC in cell proliferation and migration

VRAC has also been involved in fundamental cellular processes such as proliferation and
migration. During cell proliferation, there is a temporary cell swelling as a parent cell divides into
cells of smaller size. The swelling is caused by the disinhibition of a NHE Na*/H* exchanger and/or
a NKCC Na*, K*, 2CI' transporter, followed by transient activation of Cl- channels, which lead to a
decrease in the cell volume. VRAC is one of the key mediators of this decrease in cell volume
after an initial increase (Lang et al, 2006). Furthermore, differences in VRAC currents were noted
during different phases of the cell cycle in a variety of cell types (Doroshenko et al, 2001; Klausen
et al, 2007; Shen et al, 2000). For example, in Ehrlich Lettre ascites, ICl swery Was high in the GO,
less in the G1 phase, and increased again in the early S1 phase to a higher level as compared to
the GO phase (Klausen et al, 2007). Some of the studies using (rather non-specific)
pharmacological inhibitors of VRAC showed inhibition of proliferation in many different cell types
including human carcinogenic glioblastoma cells (U251 and U87) (He et al, 2012; Klausen et al,
2007; Liang et al, 2014; Maertens et al, 2001; Voets et al, 1995; Wong et al, 2018). In particular,
siRNA-mediated knock-down of LRRCB8A in glioblastoma cells inhibited their proliferation (Rubino
et al, 2018). This pointed out the pathophysiological significance of VRAC in regulating tumor
growth; on the other hand, some studies showed that VRAC might not be essential for cell
proliferation (Chen et al, 2019a; Sirianant et al, 2016; Xue et al, 2018), including one study from

our lab on various cancer cell lines (Liu & Stauber, 2019).

Cell migration is crucial to tissue homeostasis in health and disease. Cell motility is driven by
directed membrane transport and cytoskeletal rearrangements. Notably, a repetitive cycle of
protrusion at the leading edge of the cell followed by retraction at the trailing end causes a cell to
migrate with local volume changes (Schwab et al, 2012). These volume fluctuations are caused
by the differential activity of several ion channels and transporters, e.g., the locally active Na*-K*-
2CI cotransporter (Haas & Sontheimer, 2010) and the Na*/H* exchanger at the cell front causing
uptake of inorganic ions and water leading to (RVI), and K* and CI" channels that cause a
regulatory volume decrease (RVD) at the rear side via extrusion of K* and CI followed by
osmotically obliged water (Schwab et al, 2012). Since VRAC is a key player in RVD so we cannot
exclude the possibility of its involvement in counteracting volume fluctuations during cell
migration. Experimental findings confirmed this as well (Mao et al, 2007). For example, in
microglial cells, glycine-induced cell swelling causes cell migration (Kittl et al, 2018). Consistently,
4-(2-butyl-6,7-dichloro-2-cyclopentyl-indan-1-on-5-yl) oxybutyric acid (DCPIB) that inhibited

IClisweny also significantly reduced the migration of glioblastoma cell lines (Wong et al, 2018) and
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siRNA knock-down of LRRCB8A resulted in impaired migration in human colon cancer HCT116
cells (Zhang et al, 2018). Moreover, in an artificially confined microenvironment, cell migration
was driven by osmotic water permeation and osmolyte flux even when actin polymerization was
inhibited (Stroka et al, 2014). Despite these findings, a recent study conducted by our group
showed that VRAC is not only dispensable for cell proliferation, but also migration (Liu & Stauber,
2019).

1.4.4. Apoptosis and apoptotic volume decrease (AVD)

Another cell process that contributes to the physiological significance of VRAC is the apoptotic
volume decrease (AVD) during programmed cell death. Cell shrinkage is an early prerequisite of
apoptosis (Ernest et al, 2008; Maeno et al, 2000) not strictly though, but often associated with
progression of apoptosis (Bortner & Cidlowski, 1998; Lang & Hoffmann, 2012; Orlov et al, 2013).
VRAC can indeed be activated under isotonic conditions by inducers of mitochondrion-mediated
apoptosis such as staurosporine, death receptor-mediated apoptosis-inducers such as Fas-ligand
(Okada et al, 2006; Shimizu et al, 2004), and platinum-based anticancer drugs such as cisplatin
(Gradogna et al, 2017a; Ise et al, 2005; Planells-Cases et al, 2015). Further studies showed that
pharmacological inhibition of VRAC impaired the apoptosis induced by the bacterial alkaloid
staurosporine (STS) in HeLa cells (Hasegawa et al, 2012) or sodium butyrate-triggered apoptosis
in murine colonic epithelial cells (Shimizu et al, 2015). Various cancer lines that were resistant to
anti-cancer drug cisplatin also displayed an impaired VRAC activity (Lee et al, 2007; Min et al,
2011; Poulsen et al, 2009). In addition, in cisplatin-mediated apoptosis, VRAC not only contributes
to the progression of apoptosis through its role in AVD but also mediates approximately half of
the cellular uptake of cisplatin under isotonic conditions. The cisplatin uptake is mediated by
LRRCB8A/D heteromers. Notably, both LRRC8A and LRRC8D were identified in a genome-wide
screen for carboplatin resistance. Genomic disruption of LRRC8A or LRRC8D strongly reduced
cellular uptake of cisplatin and carboplatin under isotonic conditions, and low expression levels of
LRRC8D correlated with a significantly reduced survival rate of ovarian cancer patients treated

with platinum-based drugs (Planells-Cases et al, 2015).

1.4.5. Regulatory volume decrease (RVD) and signaling in the brain

Ischemic events in the heart and brain often lead to pathological cell swelling. VRAC is reported
to have both physiological and pathological roles in the brain (Akita & Okada, 2014; Chen et al,
2019b; Elorza-Vidal et al, 2019; Mongin, 2016). Several studies demonstrated that astrocytes and
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microglia release excitatory amino acids (EAAs) like glutamate via VRAC in response to hypotonic
stimulation, or bradykinin which is released after brain injury, or in response to purinergic signaling
(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 & Kimelberg, 2002; Roy, 1995). The EAA release from astrocytes
is important for astrocyte-neuron communication, neuronal excitability, and synaptic transmission.
However, excessive release from swollen astrocytes during ischemic brain injury leads to
excitotoxicity causing neuronal cell death (Lai et al, 2014). In fact, numerous studies described
that pharmacological inhibition of VRAC reduces ischemic damage to the brain (Feustel et al,
2004; Inoue et al, 2007; Vakili et al, 2009; Zhang et al, 2008). Importantly, Lrrc8a” mice exhibited
impaired glutamatergic transmission resulting in learning and memory deficits and provided

neuroprotection from ischemic stroke (Yang et al, 2019).

1.4.6. VRAC and sperm development

lon channels seem to play an important role in physiological sperm RVD, as during
spermatogenesis, male germ cells encounter an osmotic shock from 350 mOsm in the
seminiferous tubule to 290 mOsm in the rete testis (Yeung et al, 2006). Notably, a spontaneous
mouse mutant ébouriffé (ebo), that displayed infertility with a reduced number of spermatids
having highly disorganized flagella and abnormal acrosomes (Lalouette et al, 1996), was recently
found to have a mutation that truncated the cytoplasmic carboxyl terminus of LRRC8A (Platt et
al, 2017) with virtually diminished VRAC activity. This mouse shared several phenotypic features
with Lrre8a” mice including abnormal wavy hair and curled vibrissae, infertility, tissue
abnormalities, reduced postnatal survival but retained normal T-cell development and function not
otherwise present in Lrrc8a” mice. Recently germ cell-specific, but not Sertoli-cell-specific
disruption of Lrrc8a resulted in male infertility with malformed sperms having reduced motility. The
cytoplasm of late spermatids was swollen and developed spermatozoa showed disorganized
mitochondrial sheaths in the midpiece regions and flagellar coiling. The cytoplasmic swelling and
the resulting phenotypes hint towards impaired volume regulation (Llck et al, 2018). Another
study reported the same phenotypic features for germline-specific Lrrc8a” KO mice, constitutive
Lrre8a™ and ebo/ebo mice (Bao et al, 2018). Importantly, this study also reported a human patient
with a rare missense mutation in LRRC8A at R545H and possibly linked to Sertoli cell-only
syndrome (SCOS), a male sterility disorder characterized by germ cell loss. However, it is doubtful
that this mutation causes infertility, as R454H mutant reduced VRAC currents only by 25~30%
when LRRC8A was expressed with LRRC8C or LRRC8D in Xenopus oocytes. Furthermore, the
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mutation identified was heterozygous in patients of SCOS (Bao et al, 2018), while the

heterozygous mouse model exhibited normal fertility (Kumar et al, 2014).
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Figure 2. An illustration of VRAC's physiological functions. (A) Release of CI and organic
osmolytes leads to osmotic efflux of water and cell volume decrease. (B) VRAC opening shifts
the plasma membrane potential towards the equilibrium potential of chloride, affecting the
transport of other ions and the activity of ion channels. (C) VRAC conducted osmolytes act as
signaling molecules. (D) Drug uptake (e.g., cisplatin) through LRRC8A/D heteromers causes
VRAC activation, which leads to apoptotic volume decrease (AVD), and facilitates apoptosis.
Figure modified from (Chen et al, 2019b).

1.5. VRAC’s subunit composition and associated functions

As stated above, VRAC is formed by heteromers of LRRC8 proteins, with LRRC8A being
indispensable (Qiu et al, 2014; Voss et al, 2014). Indeed, heteromerization of LRRC8A with the
other family members has been shown by co-immunoprecipitation (Lee et al, 2014; Syeda et al,
2016; Voss et al, 2014) and by subcellular co-trafficking (Voss et al, 2014). The subunit
stoichiometry is variable and depends on the relative expression levels of the LRRC8 paralogues
(Gaitan-Penas et al, 2016). Moreover, sequential co-immunoprecipitation showed that LRRC8A
can combine with more than one other LRRC8 subunit in an individual VRAC complex (Lutter et
al, 2017). Therefore, one can assume a large number of different VRACs having varying subunit
compositions. Importantly, the differences in the subunit composition confer variability in the
functional properties of the VRAC (Chen et al, 2019b; Syeda et al, 2016; Voss et al, 2014). For

example, the single-channel conductance, depolarization-dependent inactivation, and extent of
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rectification alter with the subunit that combines with the obligatory subunit LRRC8A in a
functional channel (Syeda et al, 2016; Ullrich et al, 2016; Voss et al, 2014; Yamada & Strange,
2018). More important is the influence of the subunit composition in mediating the responses to
regulatory mechanisms. Indeed, it was shown that VRAC channels are directly modulated by
oxidation, with LRRC8A/E channels being activated and LRRC8A/C and LRRCB8A/D channels
being inhibited by oxidation of intracellular cysteines (Gradogna et al, 2017b). Subunit
composition also affects substrate specificity. All subunit combinations of LRRC8A with LRRC8B-
E mediate chloride currents, whereas the presence of LRRC8D in a heteromer makes it more
specific and permeable towards larger organic osmolytes, such as taurine, myoinositol, lysine,
anti-cancer drug cisplatin, and the antibiotic blasticidin (Lee et al, 2014; Lutter et al, 2017; Planells-
Cases et al, 2015; Qiu et al, 2014; Voss et al, 2014). The negatively charged substrates like
aspartate and glutamate are conducted by LRRC8A/C and LRRCB8A/E other than LRRC8A/D
heteromer (Lutter et al, 2017; Schober et al, 2017). Moreover, ATP is conducted far better by
LRRCB8A/E than LRRC8A/C (Gaitan-Penas et al, 2016). Recently, LRRC8A/E containing VRACs
were found to be important for the transport of cGAMP across the plasma membrane (Zhou et al,

2020). No substrate specificity has been assigned to LRRC8A/B heteromers so far.

The physiological importance of LRRC8A has been shown by the severe phenotype of the
Lrrc8a™ mice (Kumar et al, 2014) having increased prenatal and postnatal mortality, abnormal
hair, growth retardation, sterility, tissue abnormalities, and defects in T-cell development and
function (Kumar et al, 2014). Afterward, several studies using genomic disruptions or siRNA-
mediated downregulation in a cell type-specific manner or in cell culture reported the physiological
importance of LRRC8A (Chen et al, 2019a; Kang et al, 2017; Kumar et al, 2014; Luck et al, 2018;
Yang et al, 2019; Zhang et al, 2017). LRRCB8A is ubiquitously expressed in all vertebrates and
was the first to be discovered among LRRC8 family, from a patient with congenital
agammaglobulinemia who lacked circulating B cells and had minor facial anomalies (Sawada et
al, 2003) So far, this is the only causative mutation identified in Lrrc8a and is associated with a

human disease.

LRRCB8B was reported to function as a Ca?* leak channel in the endoplasmic reticulum (ER), as
its overexpression and siRNA-mediated knock-down affected the ER Ca?* dynamics in HEK cells
(Ghosh et al, 2017). Nevertheless, this finding must be viewed cautiously in light of a previous
finding by Voss and colleagues, who showed that LRRC8B localized to the ER when expressed
alone and trafficked to the plasma membrane when co-transfected with LRRC8A (Voss et al,

2014). Furthermore, a recent proteomic study confirmed the plasma membrane localization of
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LRRCB8B (Orre et al, 2019). Conclusively, further studies need to validate the function of LRRC8B
in ER.

LRRC8C was termed as the factor of adipocyte differentiation, fad758 until the molecular identity
of VRAC was identified in 2014, after which it was asserted to be a VRAC subunit (Tominaga et
al, 2004). Surprisingly it was found that mice lacking LRRC8C gained less weight even when fed
on a high-fat diet and knock-down of LRRC8C inhibited 3T3 adipocyte differentiation, while its
overexpression promoted differentiation of NH-3T3 cells (Tominaga et al, 2004). Similar weight
reduction in mice lacking adipocyte-specific LRRC8A was also observed, wherein it was
associated with the affected insulin signaling (Zhang et al, 2017). Nonetheless, these findings

point towards the involvement of VRAC in regulating adipocyte differentiation.

LRRC8D containing VRAC heteromers are well reported to have a diverse range of substrates,
ranging from large organic osmolytes, amino acids, antibiotics, and neurotransmitters such as
glutamate (Lee et al, 2014; Lutter et al, 2017; Schober et al, 2017). Thus, LRRC8A/D heteromers
are likely to be involved in cell-to-cell communication and autocrine signaling. The involvement of
LRRCS8D in the uptake of the anti-cancer drug cisplatin in cancerous cells, followed by its reduced
expression levels leading to a significant low survival rate of cancer patients makes it an

interesting prognostic biomarker (Planells-Cases et al, 2015; Wang et al, 2018).

LRRC8E makes VRAC permeable for negatively charged substrates, such as glutamate,
aspartate, and ATP (Gaitan-Pefas et al, 2016; Lutter et al, 2017; Schober et al, 2017). As these
substrates can function as signaling molecules within cellular context, one can again speculate
about LRRCS8E being involved in cell-to-cell communication via VRAC. Recently two groups
pointed an effective role of LRRC8A/E mediated bidirectional cGMP transport in innate immune

response against viral infection (Lahey et al, 2020; Zhou et al, 2020).

1.6. VRAC activation and regulation

Many studies have been conducted to gain insight into the VRAC's regulatory mechanisms and
the underlying players involved. However, most of them were compromised due to a lack of
specific pharmacological tools and VRAC’s molecular nature. Many contradictions and
misconceptions make it difficult to assign a generalized regulatory mechanism of VRAC in
different cell types. All of the regulatory mechanisms being reported previously can be revised
based on the recent structural models and molecular tools. The following section discusses the

most important of these signaling cascades.
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1.6.1. Mechanical activation

Cell volume itself, cannot be directly detected by the channel, there must be an intrinsic parameter
that is altered upon volume change which eventually leads to channel activation. The idea of
mechanical stretch in activating VRAC has been discarded, as several studies indicated that cell
swelling is achieved without giving rise to a significant increase in membrane tension, at the
expense of loss of multiple membrane infoldings or invaginations (Okada, 1997). Moreover,
mechanosensitive CI- currents differed in their characteristics from VRAC currents, which could

only be observed upon osmotic stimulus (Christensen & Hoffmann, 1992).

1.6.2. Actin cytoskeleton

Another hypothesis was the involvement of F-actin based cytoskeleton beneath the plasma
membrane that maintains the integrity of membrane folds under isotonic conditions. The unfolding
of these cytoskeletal elements under swelling conditions would result in a disruption of protein-
protein interactions that could cause channel activation (Okada, 1997; Okada et al, 2019).
Besides, disruption of the F-actin cytoskeleton has been reported to potentiate VRAC currents in

some cell types (Morishima et al, 2000; Schwiebert et al, 1994).

1.6.3. Cholesterol content

The lipid bilayer of the plasma membrane is not homogeneous and consists of special membrane
microdomains, e.g. caveolae that are enriched in particular lipids and proteins. Many membrane
receptors are clustered in such domains of specific lipid composition. Changes in the membrane
cholesterol content within these domains seem to modulate the functions of several transporters
and channels (Simons & Toomre, 2000). For instance, changes in membrane cholesterol content
change the fluidity of the membrane, the bilayer thickness, the stiffness, and the deformation
energy. This influences the energy cost of channel opening/closing (Hoffmann et al, 2009).
Additionally, cell volume perturbations have been shown to affect caveolae and lipid rafts (Kang
et al, 2000; Volonté et al, 2001). The depletion of cholesterol potentiated VRAC in Ehrlich ascites
tumor cells (EAT) (Klausen et al, 2006) and bovine aortic endothelial cells (BAE) cells (Levitan et
al, 2000).
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1.6.4. lonic strength

Another well-studied mechanism of VRAC activation is the effect of ionic strength of the cell. Upon
cell swelling, water influx dilutes the cytosolic ion content, thus reducing the intracellular ionic
strength. Several studies reported direct activation of VRAC upon reduction in intracellular ionic
strength (Sabirov et al, 2000; Voets et al, 1999). Notably, Syeda and colleagues reported
activation of lipid droplet bilayer reconstituted LRRC8 complexes upon reducing the intracellular
ionic strength but not by lowered osmolality (Syeda et al, 2016). On the contrary, VRAC was also
reported to be activated isosmotically with constant ionic strength in some cell types (Best &
Brown, 2009; Cannon et al, 1998; Zhang & Lieberman, 1996). Thus, the precise role of ionic
strength in activating the VRAC should be reviewed critically. Recently, our lab was able to track
VRAC activation, non-invasively in live cells using a FRET sensor fused to C-termini of LRRC8
subunits and showed that reduced intracellular ionic strength is neither sufficient to activate VRAC
on intracellular compartments (ER- and Golgi localized VRAC) nor is it indispensable to maintain
the plasma membrane-localized VRAC active (Koénig et al, 2019). Moreover, using
pharmacological inhibition of diacylglycerol (DAG), VRAC remained active in the isotonic buffer
after activation by hypotonicity even though ionic strength was restored to normal levels (Kdnig
et al, 2019). Also, the extents of ionic strength used to activate VRACs (Cannon et al, 1998;
Deneka et al, 2018; Syeda et al, 2016) are not consistent with the physiologically relevant range
of stimulus or during whole-cell current measurements normally used to study hypotonicity-
induced VRAC currents (Strange et al, 2019).

1.6.5. Role of ATP

Numerous studies demonstrated the requirement of intracellular ATP in swelling induced VRAC
activation (Jackson et al, 1994; Miley et al, 1999; Oiki et al, 1994; Patel et al, 1998). Replacement
of intracellular ATP with non-hydrolysable analogues, while having no effect on channel
activation, suggests that direct non-hydrolytic ATP binding to the channel is a prerequisite for
channel activation (Akita & Okada, 2014). This further implicates that phosphorylation events are
not important in the underlying cascade of signaling events causing VRAC activation (Bond et al,
1999; Jackson et al, 1996; Jackson et al, 1994; Oiki et al, 1994). However, Bryan and colleagues
reported that even though substitution of ATP with its non-hydrolysable analogues does not impair
VARC activation in mouse fibroblasts but pharmacological inhibition of protein tyrosine kinases
does lead to a time-dependent inhibition of chloride current. One can conclude that ATP

substitution was not complete i.e., some residual ATP remained in the dialyzed cells at levels
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sufficient enough to support the protein tyrosine kinase (PTK) activity (Bryan-Sisneros et al,
2000).

1.6.6. Role of phosphorylation events

1.6.6.1. Protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs)

The effect of tyrosine protein kinases on swelling-induced chloride current has been reported in
many cell types. Using pharmacological inhibitors of PTK e.g. tyrphostin B46, tyrphostin A25, and
genistein, prior to a hypotonic stimulus there was a time and concentration-dependent inhibition
of VRAC current (Bryan-Sisneros et al, 2000; Okumura et al, 2009; Sorota, 1995; Tilly et al, 1993;
Voets et al, 1998). While still, it is not clear which tyrosine kinase is responsible for swelling-
induced phosphorylation events, nonetheless Lepple-Wienhues and colleagues reported a role
of an Src family of tyrosine kinase p56'*in T-lymphocytes and showed that transfection of p56'*
can restore the osmotic activation of IClswen) in p56'* deficient lymphocytes, which was otherwise
defective (Lepple-Wienhues et al, 1998). In line with the activating effect of PTKs pharmacological
inhibition of protein tyrosine phosphatases (PTPs) potentiated the IClsweny that was activated by
mild hypotonicity (Tilly et al, 1993; Voets et al, 1998). On one hand, all this data suggests a
reversible role of tyrosine phosphorylation that is a critical step in mediating VRAC activity; on the
other hand, some studies reported no effect of PTK inhibitors on [Clsweny (Gosling et al, 1995;
Szics et al, 1996). Furthermore, surprisingly PTP inhibitors prevented the activation of volume-
sensitive chloride current in bovine chromaffin cells and mouse fibroblasts (Doroshenko, 1998;
Thoroed et al, 1999). As a matter of fact, there is no conclusive statement that could sum up the

role of tyrosine phosphorylation in activating VRAC (Bertelli et al, 2021).

There is a similarly confusing data set available for the regulation of VRACs by the protein kinase
C (PKC) family (Bertelli et al, 2021). Several studies investigated the role of different isoforms of
the PKC family, for example, Rudkouskaya and colleagues showed that conventional PKC
isoforms a and 1 are involved in the ATP-dependent VRAC activation (Rudkouskaya et al, 2008).
Additionally, PKCa was reported to be required for efficient regulatory volume decreases in HeLa
cells (Hermoso et al, 2004). In a recent study, our lab reported that PKCp, also known as protein
kinase D (PKD), is responsible for hypotonicity-induced activation of VRAC (Koénig et al, 2019).
Others have, however, either observed that PKCs were deactivating (Ben Soussia et al, 2012) or
that PKCs did not contribute to the regulation of ICI sweny (Catacuzzeno et al, 2014; Zholos et al,
2005).
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1.6.7. GPCR and G-proteins

G protein-coupled receptors (GPCRs) belong to the largest class of cell surface receptors. They
are ligand-activated and are capable of initiating a plethora of cellular responses. However,
despite the size and diversity of the GPCR superfamily, these proteins interact with a relatively
small number of guanine nucleotide-binding proteins, the heterotrimeric G-proteins. The
heterotrimeric G-proteins consist of an a subunit ( with an intrinsic GTPase activity) and By subunit
(Oldham & Hamm, 2008). Activation of the receptor catalyzes the exchange of GTP for GDP
bound to the inactive Ga subunit, resulting in a conformational change and dissociation of the Gao-
GBy complex. The G-protein a and By subunit are then able to regulate various cellular effectors
such as phospholipases, adenylyl cyclase, and ion channels (Hurowitz et al, 2000). The Ga
subunit is encoded by a multigene family and grouped into four classes, Gs, Gio, Gg11, and Gizis
based on the sequence homology, gene structure, and regulation of specific effectors (Hurowitz
et al, 2000).

Many studies using toxins aimed to investigate the role of heterotrimeric and monomeric G-
proteins such as Ras and Rho, and suggested the involvement of the Rho signaling pathway in
activating VRAC. For example, Esteves and colleagues reported that the Rho GTPase inhibitor
Clostridium diffiicile toxin B inhibited swelling induced activation of |Clsweny in neuroblastoma cells
(Estevez et al, 2001). Moreover, a Ras-related GTPase p21™ signaling cascade followed by actin
reorganization was found to be involved in VRAC activation in human intestine 407 cells (Tilly et
al, 1996). Also, Rho GTPases regulated VRAC currents in bovine endothelial cells (Nilius et al,
1999) and NIH3T3 mouse fibroblast (Pedersen et al, 2002). Notably, in various cell lines,
intracellular application of GTPyS, a non-hydrolysable GTP analogue, induced isosmotic VRAC
currents (Doroshenko, 1998; Estevez et al, 2001; Voets et al, 1998) while application of GDPS,
a GDP analogue known to inhibit G-proteins, inhibited the IClsweny in @ time-dependent manner
(Voets et al, 1998). Although extensively studied, a clear role of GPCR and G-protein signaling in

VRAC activation remains elusive.

1.6.8. Sphingolipid signaling

The sphingosine-1-phosphate (S1P)-induced VRAC activation with concomitant ATP release in
raw macrophages establishes a functional link between sphingolipid and purinergic singling in
various pathological processes such as inflammation, phagocytosis, migration of white blood

cells, and killing of intracellular bacteria (Burow et al, 2015). Indeed, it was shown in RAW 264.7
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macrophages that application of a bioactive S1P resulted in isosmotic activation of outwardly
rectifying anion currents similar to VRAC currents. S1P is known to bind to a family of G protein-
coupled receptors, S1PR1-S1PR5 (Watters et al, 2011b) and the S1P receptors signal via
heterotrimeric G-proteins (Hisano et al, 2012). Consistent with that the S1P-induced currents were
significantly reduced by the intracellular application of GDPBS which blocks G-protein signaling.
Furthermore, both S1P and hypotonicity-induced ATP secretion in RAW 264.7 were found to be

sensitive to conventional VRAC blockers (Burow et al, 2015).

In addition to the above-mentioned regulatory mechanisms, VRAC has also been reported to be
activated iso-volumetrically during apoptosis by pro-apoptotic drugs in cancer cells (Gradogna et
al, 2017b; Planells-Cases et al, 2015; Shimizu et al, 2004), and by the reactive oxygen species
in rat Hepatoma tissue culture (HTC) cells, (Varela et al, 2004), HelLa cells (Shimizu et al, 2004),
and nodose ganglia (Wang et al, 2017). Furthermore, there is a multitude of studies that report
the modulation of VRAC activity by confusingly diverse regulators such as tumor necrosis factor-
alpha (TNF-a) (Choi et al, 2016), Ca?* signaling (Akita et al, 2011; Netti et al, 2018; Trothe et al,
2018; Zholos et al, 2005), phosphatidylinositol-3,4,5-trisphosphate (PIP3) (Yamamoto et al, 2008)
and phosphatidyl-inositol 3-kinase (PI3K)-Akt signaling (Bach et al, 2018). Overall, despite being
extensively studied, the activating mechanism(s) of VRAC remain complex and poorly

understood.
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2. Aim of the work

VRAC is central to the osmotic regulation of vertebrate cell volume by mediating the extrusion of
chloride and organic osmolytes during regulatory volume decrease. Aside from osmotic volume
regulation, it plays additional roles in various physiological processes. It is formed by heteromers
of the LRRCS8 protein family. VRAC is made up of LRRC8A and another member of the LRRC8
family, and its biophysical characteristics are determined by the composition of its subunits. The
variability in subunit composition within an individual complex depends on the relative expression
levels of the subunits. As of yet, it is unclear what endogenous tissue-specific subunits make up
VRAC. Additionally, many of the studies exploring the mechanisms of VRAC activation have to
be viewed with caution since they were conducted before knowing VRAC's molecular identity,

and used non-specific pharmacological inhibitors.

Therefore, in this thesis, | primarily sought to investigate the different cell-line and tissue-
specific expression patterns of VRAC subunits using recombinant GST-tagged LRRCS8 protein
fragments and calibrated the immunoblot signals from murine cells and organs. Then, | evaluated
the relative abundance of other LRRC8 paralogues, LRRC8B-E, in complex with LRRC8A, in
mouse 3T3 and C2C12 cell lines using co-immunoprecipitation. Finally, | explored the ambiguous
VRAC regulatory and activation mechanisms, particularly the G protein-associated GPCR
signaling in S1P-treated Hela cells and glucose-induced pancreatic 3-cells. For this, | used an
optical FRET sensor which is less invasive than electrophysiology. The FRET sensor not only
allows real-time tracking of VRAC channel activity but also permits insights into the functional
roles of different subunit combinations. Using FRET, | investigated hypotonicity-, S1P-, and
apoptosis-induced VRAC activity in different cell types, including a genome-edited S1PR1
knockout cell line, and systematically assessed the involvement of GPCR and G protein-

mediated signal transduction in channel activation.
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3. Results

3.1. Determination of VRAC subunit abundance by quantitative
immunoblotting

3.1.1. Expression of recombinant GST-tagged LRRC8 fragments

The modular architecture of VRAC with varying biophysical properties has been discussed in
section 1.5 (recently in (Kénig & Stauber, 2019). Importantly, in Xenopus oocytes, it was shown
that the variable subunit stoichiometry corelates with the relative expression levels of the subunits
(Gaitan-Pefas et al, 2016). Given the lack of understanding of the subunit stoichiometries of
native, endogenous VRACSs, | first determined the absolute abundance of LRRC8A-E in mouse
embryonic fibroblast (3T3-L1) and myoblast (C2C12) cell lines and various tissues using
quantitative immunoblotting. Such an approach would require explicit calibration with proper
absolute standards on the same immunoblot. For the appropriate standards, recombinant GST-
tagged LRRC8 fragments (generated by Anja Kopp in the Stauber group) were used. These
recombinant proteins contain the respective peptide sequence, against which the antibody (used
for immunostaining) was produced (Table 1). The epitope peptide of LRRC8A and LRRCS8B is
from an intracellular loop between transmembrane helices TM1 and TM2, while the peptides of
LRRC8C-E represent the intracellularly localized carboxy-terminal ends of the proteins. To
confirm the purity of the recombinant fusion proteins and to determine the specificity of the
antibodies, all five GST-tagged LRRC8 fragments were probed against antibodies raised against
LRRCB8A-E, respectively. | used a GST fusion construct of the amino-terminal domain of CIC-6
protein (Stauber & Jentsch, 2010) as a control alongside the recombinant proteins in all blots and
probed with an anti-GST antibody. As shown in Figure 3, the blots confirmed the purity of the
GST-tagged fragments and the specificity of the antibodies used, since there were no unspecific

bands.

Table 1. LRRC8 fragments containing the peptide sequence

Target Epitope peptide (reference) LRRCS8 protein fragment fused to GST

LRRC8A | QRTKSRIEQGIVDRSE (Voss et | EESDPKPAFSKMNGSMDKKSSTVSEDVEATVPML
al, 2014) QRTKSRIEQGIVDRSETGVLDKKEGEQAK

LRRC8B | QSLPYPQPGLESPGIESPT LSKSKTLLSTSGGSADIDASKQSLPYPQPGLESPGI
(Planells-Cases et al, 2015) ESPTSSVLDKKEGEQAK

LRRC8C | EDALFETLPSDVREQMKAD FEVLPPELGDCRALKRAGLVVEDALFETLPSDVRE
(Planells-Cases et al, 2015) QMKAD

LRRC8D | LEVKEALNQDVNVPFANGI QCRMLKKSGLVVEDQLFDTLPLEVKEALNQDVNV
(Planells-Cases et al, 2015) PFANGI
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LRRCS8E LYEGLPAEVREKMEEE (Voss et | TLPEELGDCKGLKKSGLLVEDTLYEGLPAEVREKM
al, 2014) EEE
The peptide sequence is marked in bold letters within the protein fragment sequence, against which the antibodies

were raised in rabbit. The peptides for the generation of anti-LRRC8C, -D and -E antibodies localize at the carboxy-

termini of the proteins.
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Figure 3. Characterization of anti LRRC8A-E antibodies and purity of GST-tagged LRRC8
fragments. Equal amounts (10 ng/lane) of purified recombinant GST fusion proteins LRRC8A-
LRRCS8E and an amino terminal domain of CIC-6 (C6N) were probed with anti LRRC8A-E and
anti-GST antibody. The presented blots are illustrative for three independent experiments.

3.1.2. Knock-out-controlled immunoblotting of five LRRC8 proteins in various cell lines

| first carried out the probing of endogenous LRRCS8 proteins against the anti-LRRC8A-E
antibodies, in a variety of cell lines, including human cell lines such as HCT116, HEK293, and
mouse myoblast C2C12 and fibroblast 3T3 cell line. As a control, | used CRISPR/Cas-9 genome-
edited knock-out of LRRC8A ((Voss et al, 2014), and generated by Anja Kopp in the Stauber
group, respectively). The sizes of all LRRCS8 proteins can be estimated by comparison of the wild-
type (WT) and LRRC8A-KO control in C2C12 and 3T3 cells and from the comparison of wild-type
and quintuple LRRC8A-LRRCS8E knock-out in HCT116 and HEK293 cells (Figure 4).
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Figure 4. Western blot detection of five LRRC8 paralogues in human and mouse cell lines.
60 pg/lane of the whole cell lysates from different cell lines were separated by SDS-PAGE. The
blots included human HCT116 and HEK293; each wild-type and quintuple knock-out of LRRC8A-
LRRC8E (5x KO), murine C2C12 and 3T3; each wild-type and LRRCB8A knock-out (KO), and are
representative of three independent preparations. (<) indicates the size of the LRRC8 proteins.

3.1.3. Absolute quantification of LRRC8 proteins in murine cell lines

To determine the absolute amounts of LRRC8A-LRRC8E in murine C2C12 myoblast and 3T3
fibroblast cell lines, | established calibration curves from immunoblots in which serial dilutions of
the recombinant LRRC8 fragments were loaded alongside 60 ug of the whole-cell protein and
then probed with the respective antibodies. For calibration, the unknown samples must fall
between the calibration samples that are well fit by linear regression analysis. Indeed, dilutions of
the recombinant proteins ranging from 3 pg — 3 ng allowed for a calibration with a linear fit in the
range of signal from the endogenous protein per blot, and hence the calculation of the absolute
protein amounts for the five LRRC8 paralogues. Two independently prepared cell lysates for wild-
22



type cells (labelled as WT-1 and WT-2) were tested per immunoblot (with three independent blots
per protein and cell type). Whole-cell lysate from LRRC8A knock-out (KO) cells were used as a
control to identify the specific band for LRRC8A. Since, LRRC8A is required for other LRRC8B-
LRRCB8E paralogues to exit ER, (Voss et al, 2014) and hence for their normal glycosylation, so in
its absence, there is an alteration in the apparent sizes of the other LRRC8 subunits (Planells-
Cases et al, 2015), here for example seen for LRRC8C (Figure 5A, B). Interestingly in C2C12 the
amount of LRRC8A was approximately five-fold lower than the levels of LRRC8B, LRRC8C, and
LRRCB8D; but similar to that of LRRCS8E. In 3T3 cells, LRRC8A-LRRC8D were expressed at

similar levels, and LRRC8E was not detectable.
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Figure 5. Quantification of LRRC8 protein amounts in mouse cell lines. Western blot analysis
(A, B) and quantification (C, D) of LRRCB8A-E protein levels in C2C12 and 3T3 cell lines. (A, B)
60 ug/lane of two whole-cell protein preparations from wild-type C2C12 (A) and 3T3 (B) (WT-1
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and WT-2) cells alongside LRRC8A-deficient C2C12 and 3T3 (KO) cell line were separated by
SDS-PAGE. Each blot was loaded with a dilution of recombinant GST fusion protein to calibrate
for the respective antibody signal. (<) indicates the size of the LRRC8 proteins as determined
from Figure 4. The blots are representative of three independent experiments. (C, D)
Quantification of LRRC8A-E in C2C12 (C) and 3T3 (D) cells from three independent blots, with
two lysates each. Data represent the mean from six lysates + SD, ***p < 0.001, n.s.= not
significant, compared with LRRC8A using one-way ANOVA with Bonferroni’s post hoc test.

3.1.4. Expression patterns in mouse tissues

Next, | assessed the levels of LRRCS8 protein expression in a subset of mouse tissues. To this
end, lysate from different mouse tissues i.e., brain, kidney, lung, heart, and spleen containing
60 pg of protein from two 8-weeks old male mice was separated by SDS-PAGE. The tissue
lysates were then loaded alongside dilution of recombinant fusion proteins, and the antibody

signal from the lysates was calibrated.

VRAC subunit expression has been reported to vary between mouse tissues in some studies
(Luck et al, 2018; Stuhlmann et al, 2018; Wang et al, 2017). Accordingly, | observed variable
expression of LRRC8 proteins in the tested mouse tissues. It was, however, quite surprising to
observe that the essential subunit LRRC8A was not the most abundant in any of the tested
organs, as was the case in the C2C12 cell line. LRRCB8B displayed the highest expression in the
brain, while it was undetectable in the heart and spleen. LRRC8C displayed the strongest
expression in the heart, where it was the most abundant LRRC8 paralogue. LRRC8D had
approximately the same levels in all the tested organs, while LRRC8E had limited expression
being only detectable in the spleen and lung, where it was present in similar amounts as LRRC8A
(Figure 6,7). Equal loading of all the samples was ensured by Ponceau staining after SDS-PAGE
and also by probing for GM130 and GAPDH as loading controls for each immunoblot as shown

in Figure 8.

Indeed, the immunoblots with the tested cell lines and organs provided a direct comparison and

confirmed the variable relative expression of LRRCS8 proteins between tissues.
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Figure 6. Quantification of LRRC8 protein amounts in mouse tissues. (A, B, C) western blot
detection of LRRCB8A-E proteins in mouse brain (A), kidney (B), and lung (C). 60 pg/lane of each
tissue lysate from two 8-weeks old mice were separated by SDS-PAGE. Each blot was loaded
with a dilution of recombinant GST fusion protein to calibrate for the respective antibody signal.
(<) indicates the size of the LRRCS8 proteins as determined from Figure 4. The blots are
representative of three independent experiments. (D, E, F) Quantification of the protein amounts
of LRRC8A-E in the brain (D), kidney (E), and lung (F). Data represent mean from three
independent experiments (six measurements) £ SD. *p<0.05, **p<0.01, ***p<0.001, n.s=not
significant, as compared to LRRCB8A using one-way ANOVA with Bonferroni’s post hoc test.
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Figure 7. Quantification of LRRC8 protein amounts in heart and spleen. (A, B) Western blot
detection and quantification (C, D) of LRRCS proteins in the heart (A, C) and spleen (B, D). (A, B)
60 pg/lane of each tissue lysate from two 8-weeks old mice were separated by SDS-PAGE. Each
blot was loaded with a dilution of recombinant GST fusion protein to calibrate for the respective
antibody signal. (<) indicates the size of the LRRCS8 proteins as determined from Figure 4. The
blots are representative of three independent experiments. (C, D) Quantification of the protein
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amounts of LRRC8A-E in the heart (C) and spleen (D). Data represent mean from three
independent experiments (six measurements) + SD. ***p<0.001, n.s=not significant, as compared
to LRRCB8A using one-way ANOVA with Bonferroni’s post hoc test.

A . B

. ) o
F o @ © &S
kDa kDa
130 130 o
— | 100 =
= ’ =
55w 559

LRRC8A

B actin W eadndd Rl L) 35w
25"

kDa
130
LRRC8B 40
70

55 -

B actin ———— —
35

130== ==
LRRC8C  {pp= ry <
70™ bt

55w

B actin . - - " L
35m-

kDa
e
LRRC8D 70™= W - - [<

==

GM130 130 -

55w
B actin ] =

kDa

130m
LRRC8BE  100= <

70 s
55

B actin — —
35

Figure 8. Imnmunoblotting of the LRRC8 proteins in different cell lines (including LRRC8A-
KO of C2C12 and 3T3) and organs. (A) Equal amounts (60 ug protein/lane) of the whole-cell
lysates and tissue lysates were separated by SDS-PAGE and probed for the LRRC8 proteins, 3-
actin served as a loading control (not expressed in the heart (Lin & Redies, 2012). The size of the
LRRCS8 proteins, as determined from Figure 4 is indicated (<). (B) Ponceau staining after SDS-
PAGE, as well as probing for GM130 and GAPDH as loading controls, were used to ensure equal
loading of all samples.

3.1.5. Co-Immunoprecipitation of the LRRC8 paralogues

Next, | determined if the ratios in protein levels in the tested cell lysates represent the subunit

stoichiometries in LRRC8 complexes, containing LRRC8A, rather than the mere presence of
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proteins that may not be incorporated in functional VRACs. To this end, | immuno-precipitated
LRRC8A from C2C12 and 3T3 lysates and probed for co-immunoprecipitation of the other
subunits. Indeed, | could show that LRRC8B-E efficiently precipitated with LRRC8A, but not from
the LRRC8A-deficient cells used as negative controls. The Na*, K*-ATPase, tested as a negative
control, did not co-precipitate with LRRC8A (Figure 9 A, B). Dilution of the recombinant fusion
proteins was also loaded alongside the immunoprecipitated lysates to calibrate for LRRC8A-E in
each immunoblot. | found that the relative abundance of LRRC8 paralogues in the immuno-
precipitates from C2C12 cells (Figure 9C) was very similar to that of proteins in C2C12 lysate
(Figure 5C). In the case of 3T3 cells, LRRC8A was not enriched relative to the other subunits and
even reduced comparing to the protein levels in 3T3 lysate (Figure 5D). These findings suggested

a relatively low abundance of LRRC8A in native VRAC complexes.
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Figure 9. Quantification of the immunoprecipitated LRRC8 proteins in mouse cell lines. (A,
B) LRRCB8A co-precipitated LRRC8B-E in immunoprecipitations with an LRRC8A antibody from
C2C12 (A) and LRRCS8B-D in 3T3 cell lysates (B), but not from the respective LRRC8A-deficient
cells. Notice, that Na+, K+-ATPase, being used as a negative control, did not co-precipitate.
Lysate equivalent to 25% of input was loaded as a reference (input). Each blot was loaded with a
dilution of recombinant GST fusion protein to calibrate for the respective antibody signal. (C, D)



Quantification of the immunoprecipitated LRRC8A-E in C2C12(C) and 3T3 (D) cells. Data
represent mean * SD from three independent experiments. *p<0.05, n.s.=not significant,
compared with LRRC8A using one-way ANOVA with Bonferroni’s post hoc test.

3.2. Mechanism of VRAC activation and regulation

Next, | investigated the mechanisms underlying VRAC activation and regulation. There are
several techniques to study the activation mechanisms of VRAC. So far, electrophysiology has
been considered the gold standard for evaluating the channel activity, either at the single-channel
level or the whole-cell level (Akita & Okada, 2014; Nilius et al, 1997a; Strange et al, 2019).
However, it suffers certain drawbacks, for example, investigating VRAC in excised membrane
patches allows biophysical characterization of VRAC but in the absence of signaling context.
Moreover, the effects of manipulating signaling pathways cannot be observed directly and
precisely probably due to the dialysis of the critical signaling molecules in the whole-cell patch-
clamp configuration. Using optical tools (fluorescence microscopy) can circumvent these
problems. For example, the molecular events behind the slow-gating of CI- channels remained
elusive until a spectroscopic microscopy FRET (Foérster-resonance energy transfer) showed the
movement of the C-terminus to be functionally linked to slow gating of the channel (Bykova et al,
2006).

3.2.1. FRET-based assessment of VRAC activity by osmotic swelling

FRET is a distance-dependent physical process in which energy is transferred non-radiatively
from an excited molecule (donor) to another molecule (acceptor) having overlapping absorption
and emission spectra respectively. It is a powerful tool to measure the molecular proximity at
angstrom levels (10-100 A) and is highly efficient when donor and acceptor are positioned within
the Forster radius - the distance at which half of the excitation energy of the donor is transferred
to the acceptor (Sekar & Periasamy, 2003). As the efficiency of FRET is dependent on the inverse
sixth power of intermolecular separation (Stryer & Haugland, 1967), it has been used as a
sensitive technique to investigate a variety of biological phenomena that produce changes in
molecular proximity and conformational changes of proteins (Bykova et al, 2006; dos Remedios
et al, 1987; Konig et al, 2019; Sekar & Periasamy, 2003; Zachariassen et al, 2016).

Our lab has developed a FRET sensor for monitoring VRAC activity. Fluorescent proteins (CFP
(cyan fluorescent protein) or YFP (yellow fluorescent protein) were fused to the cytosolic C-
terminus of LRRC8 proteins (either LRRC8A or LRRCS8E), and VRAC activation with the
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movement of the C-terminal domains was reflected by a drop in FRET efficiency (Konig et al,
2019). The donor used in this thesis was Cerulean and the acceptor was Venus. Cerulean and
Venus are equivalent to CFP and YFP and will be referred to as LRRC8A-CFP and LRRC8E-YFP
when fused to LRRC8A and LRRCS8E subunits, throughout this thesis.

Utilizing the FRET sensor, | first monitored the hypotonicity-induced VRAC activation in living cells
(Figure 10). HelLa cells were co-expressed with CFP tagged LRRC8A and YFP tagged LRRCS8E,
and bathed from isotonic (340 mOsm) to hypotonic (250 mOsm) solution, and the corrected FRET
(cFRET) was measured. As illustrated in Figure 10B, switching the extracellular solution from
340 mOsm to 250 mOsm resulted in a significant decrease of the cFRET value by roughly 13%
within 70 seconds. Moreover, the cFRET decrease was reversible and repeatable. This cFRET
decrease is due to the movement of C-termini of the LRRC8 proteins in VRAC complexes and

enabled me to track the VRAC activation in real-time experiments during VRAC gating.
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Figure 10. cFRET changes reflect VRAC activation by osmotic swelling. (A) Images of HelLa
cells transfected with A-CFP/E-YFP. Shown are the three channels needed for cFRET calculation:
CFP (donor), YFP (acceptor), and FRET channel. (B) Top panel: cFRET map of the transfected
cells calculated from the three channels using pixFRET plugin of Image J, during buffer exchange
experiments. Calibration bar left of cFRET map represents the cFRET values and their respective
color codes in look-up-table (LUT). Bottom graph: cFRET normalized to the isotonic conditions of
the cells shown in the top panel during switching from isotonic to hypotonic solution. Data
represents mean + SD of 7 cells.

Recently, the Stauber lab reported a putative role of PKD signaling in hypotonicity-induced
activation of VRAC. Pharmacological inhibition of PKD using the inhibitor CRT0066101 resulted
in no FRET decrease upon hypotonicity (Konig et al, 2019). |, therefore, evaluated whether PKD

signaling contributed to VRAC activation in isosmotic conditions in the next set of experiments.
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3.2.2. Isosmotic channel activation by death receptor-mediated apoptosis

VRAC activation without cell swelling was discovered initially in an effort to identify the chloride
channels that caused cells to shrink during apoptosis (Maeno et al, 2000; Okada et al, 2001;
Okada et al, 2006). Apoptosis is a physiological and pathophysiological form of cell death that is
important in organ development, tissue homeostasis, somatic cell turnover, and pathogenesis of
degenerative diseases (Okada et al, 2006). It is induced by two main apoptotic pathways, the
extrinsic or death receptor pathway and the intrinsic or mitochondrial pathway (Elmore, 2007).
Both types of stimulus can activate VRAC currents under isotonic conditions (Okada et al, 2006;
Shimizu et al, 2004). The activation mechanism of VRAC elicited by mitochondrial-mediated
apoptosis induced by staurosporine (STS) involves reactive oxygen species (ROS) generation by
NADPH oxidase (NOX) (Shimizu et al, 2004). On the other hand, the mechanism triggered by
stimulation of death receptors (for example by tumor necrosis factor receptors and Fas receptors)
is suggested to involve tyrosine kinase-mediated signaling and Rho proteins in some cell types
(Klausen et al, 2006; Nilius et al, 1999; Pedersen et al, 2002; Szabd et al, 1998b; Tilly et al, 1996).
To this end, | investigated the isosmotic VRAC activation caused by death receptor-mediated

apoptosis and the possible underlying mechanisms.

3.2.3. Pharmacological inhibition of PKD impaired the isosmotic death receptor-
mediated VRAC activation

Some members of the TNF receptor family, initiate cell death in response to extracellular death
signals and are characterized by an intracellular death domain that recruits some adaptor proteins
(for example, TRADD and FADD) and cysteine proteases. Tumor necrosis factor receptor 1
(TNFR1) is one of the best-characterized death receptors (Okada et al, 2001; Smith et al, 1994;
Wallach et al, 1999). An inflammatory polypeptide cytokine, TNF-a induces ligand-induced
trimerization of the TNFR1 receptor and activates two opposing signaling pathways. The apoptotic
pathway stimulating caspases and a cell-death protecting pathway that activates downstream
nuclear factor-kB (NF-kB) and MAP kinases (Xia et al, 1999). Moreover, it was reported that in
the presence of protein or RNA synthesis inhibitors such as cycloheximide or actinomycin D,
TNFR stimulation resulted in apoptosis (Pohlman & Harlan, 1989). Therefore, to investigate the
VRAC activity induced by death receptor-mediated apoptosis, | utilized the FRET optical sensor
and tracked the VRAC activation in HelLa cells co-transfected with LRRC8A-CFP and LRRC8E-
YFP. | monitored the cFRET changes in response to 2 ng/ml TNF-a +1 pg/ml CHX-containing

isotonic buffer. Indeed, | could observe a cFRET drop indicating the isosmotic channel activation.
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As isosmotically activated VRACs were previously shown to be closing when the bath solution is
switched to hypertonic buffer (Mao et al, 2007; Shimizu et al, 2004), | could also notice cFRET
values recovering to the initial baseline value in the isotonic buffer when bath solution is switched
from TNF-a+CHX-containing isotonic to TNF-a+CHX-containing hypertonic solution (Figure 11A).
So, the cFRET drop is likely due to the real conformational change of subunits leading to channel
activation induced by inflammatory cytokine TNF-a. Importantly, the vehicle control of CHX,
dimethyl sulfoxide (DMSO) did not affect cFRET under the same set of conditions. Moreover, the
apoptotic inducers had no effect on cFRET of a cytosolic fusion construct (CFP-18A-YFP), used
as a positive control for FRET (Elder et al, 2009; Kdnig et al, 2019) (Figure11B).

| then investigated how PKD signaling affects death receptor-mediated VRAC activation. As
shown in Figure 11B, 15 minutes pre-incubation of HelLa cells with 5 yM of PKD inhibitor
CRT006610, inhibited the cFRET drop caused by TNF-a+CHX, but rather surprisingly increased
the cFRET. Since a decrease of cFRET reflects channel opening, an increase in cFRET might be
due to the deactivation of already open VRAC. Conclusively, the pharmacological inhibition of
PKD impaired the death receptor-mediated VRAC activation.
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Figure 11. Isosmotic VRAC activation by death receptor-mediated apoptosis is affected by
PKD signaling. (A) Normalized cFRET of HelLa cells expressing A-CFP /E-YFP (n=8 dishes,23
cells) during buffer exchange from isotonic to isotonic containing 2 ng/ml TNF-a+1 pg/ml CHX
and finally to hypertonic containing 2 ng/ml TNF-a+1 ug/ml CHX. (B) Quantification of normalized
cFRET values of HelLa cells expressing A-CFP/E-YFP challenged with different buffers; isotonic
solution containing DMSO (as vehicle control for CHX) (n=5 dishes,12 cells); isotonic containing
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apoptotic inducers (2 ng/ml TNFa+1 pg/ml CHX) (n=8 dishes,23 cells); isotonic containing
apoptotic inducers and the PKD inhibitor CRT0066101(5 uM) (n=7 dishes,24 cells); hypotonic
and 5 yM CRT (n=5 dishes,17 cells), and of the HelLa cells expressing the construct CFP-18aa-
challenged with isotonic containing 2 ng/ml TNF-a+1 pyg/ml CHX (n=3 dishes,9 cells). Note that
the PKD inhibitor CRT0066101 diminished the hypotonicity-induced VRAC activation as reported
in a previous study (Konig et al, 2019). Data represent mean of last ten time points in the
respective challenging buffer of individual cells (blue diamonds) and mean of all cells +
s.e.m.**p<0.0005 by Students’ t-test compared to vehicle DMSO.

3.2.4. Activation by sphingosine-1-phosphate (S1P)

Sphingolipids are the ubiquitous membrane lipids in eukaryotes that carry out numerous cellular
critical functions. In most cells, different metabolites of sphingolipids act as intracellular mediators
of enzyme functions and important signaling molecules (Hannun & Obeid, 2008; 2018; Pulli et al,
2018). One of the key mediators is the sphingosine-1-phosphate (S1P), which is identified as a
critical regulator of many physiological and pathophysiological processes such as cancer,
diabetes, and osteoporosis (Maceyka et al, 2012). It not only influences the complex reactions of
the innate immune system during defense against infectious organisms but is also of significant
importance during aberrant production of inflammatory cytokines in autoinflammatory disorders
and sepsis (Burow et al, 2015; Chi, 2011). S1P is produced in cells by two sphingosine kinase
isoenzymes, SphK1 and SphK2. Many cells secrete S1P which can then act in an autocrine or
paracrine manner (Maceyka et al, 2012). Most of the known actions of S1P are mediated by a
family of five specific GPCRs, termed S1PR1-S1PRS5, and a majority of cells express one or more
subtypes of S1P receptors. S1P binds to all of these receptors with high affinity and induces
cellular responses. Recently, Markwardt lab (Burow et al, 2015; Zahiri et al, 2021) reported the
activation of anion currents similar to VRAC currents by S1P in murine macrophage and microglial
cells. Furthermore, using pharmacological VRAC inhibition and siRNA-mediated knock-down of
LRRCB8A, the S1P-induced currents were significantly abolished. Intrigued by this, | next assessed
whether | can track the S1P-induced isosmotic VRAC activation using the non-invasive FRET
optical sensor. To this end, | used murine macrophage cell-line RAW 264.7 and transfected it with
LRRC8A-CFP and LRRC8A-YFP. Homomers formed by LRRCB8A alone might be interesting to
discover the mechanism of cell’'s native VRACs, as LRRCB8A is the obligatory subunit needed,
however, physiological relevance has not been reported yet for this homomer. Moreover, | choose
to co-transfect the RAW 264.7 cells with this FRET pair, based on the observation that LRRC8A-
CFP/LRRCB8A-YFP is easily expressed in a difficult-to-transfect cell line. As shown in Figure 12B,
| could indeed observe a FRET drop indicating channel activation in Raw 264.7 cells in the

presence of 10 nM S1P in the bath solution. This cFRET drop is reversible, as | could observe
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the cFRET values returning to initial baseline values in the isotonic buffer when the extracellular
solution is switched to 10 nM S1P containing hypertonic solution (500 mOsm). Importantly, when
the perfusion was switched from isotonic to hypotonic solution, the percentual reduction of cFRET
was slightly more as compared to that induced by S1P.
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Figure 12. Hypotonicity and S1P-induced VRAC activation in RAW 264.7 cells. (A)
Normalized cFRET of RAW 264.7 cells expressing LRRC8A-CFP and LRRC8A-YFP during buffer
exchange from isotonic to hypotonic (n=3 dishes,11 cells) and (B) to 10 nM S1P containing
isotonic buffer (n=4 dishes,15 cells). Data were acquired in 5 s intervals. cFRET values
normalized to the respective cFRET values in the isotonic buffer for all the cells. All data are
presented as mean xSD.

3.2.5. Potential Mechanism of S1P-induced VARC activation

Next, | investigated the mechanisms by which S1P activates VRAC. Since S1P signals through
five GPCRs, S1PR1-S1PR5, | sought to identify which receptor subtype is responsible for S1P-
induced VRAC activation. S1PR1 (S1P receptor 1 or S1P1) signaling is important in RAW 264.7,
as these cells only express the receptor subtypes S1PR1 and S1PR2 (Burow et al, 2015). In
addition, S1PR1 antagonist abolished the S1P-induced VRAC currents, but the antagonist had
no effect on the hypotonicity-induced VRAC current. Using the HeLa cell line, | investigated which
receptor subtypes are responsible for mediating the stimulation effect of S1P, as well as the
signaling pathway downstream of these receptor subtypes. The S1PR1-3 receptor subtypes are
widely expressed in most organs, whereas S1PR4 is restricted to lymphatic and hematopoietic
tissues and S1PR5 is expressed in the central nervous system (Takuwa et al, 2012; Wang et al,
2019a). In Hela cells, all of the S1P receptors are expressed (Blom et al, 2010; Gandy et al,
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2013). As shown in Figure 13A, when HelLa cells expressing LRRC8A-CFP and LRRC8E-YFP
were bathed in 10 nM S1P isosmolar solution for 5 min, cFRET dropped by ~5-8%. Interestingly,
pre-incubation of cells with the S1PR1 antagonist W123 reduced the S1P effect (Figure 13B)
suggesting that S1P might activate VRAC in HelLa cells through the S1PR1 receptor. Importantly,
the S1PR2 selective blocker JTE-013 had no effect on the S1P-induced cFRET reduction
(Figure13C). The findings provide further support for the idea that S1P may activate VRAC via
S1PR1 in HelLa cells. The cFRET was unaffected by S1P solubilizer methanol (Figure 13D).
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Figure 13. S1PR1 antagonist impaired the S1P-induced VRAC activation. (A) Typical cFRET
drop in HelLa cells expressing LRRC8A-CFP and LRRC8E-YFP during buffer exchange from
isotonic to 10 nM S1P isosmolar solution (n=5 dishes, 27 cells) (B, C) Effect of S1P receptor
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(S1PR) blockers on the S1P-induced channel activation. Normalized cFRET of the HelLa cells
during buffer exchange from isotonic to 10 nM S1P containing isotonic buffer and S1PR1
antagonist W123 (B) (n=4 dishes, 14 cell) and isotonic+S1P+S1PR2 blocker JTE-013 (C) (n=3
dishes,29 cells). Cells were preincubated for 20 minutes with 10 uM W123 and 0.1 uM JTE-013
prior to the FRET measurements. (D) Quantification of the normalized cFRET of HelLa cells
challenged with different buffers; isotonic containing S1P solubilizer methanol; isotonic with 10 nM
S1P; isotonic+S1P+S1PR1 blocker W123 and isotonic+S1P+S1PR2 blocker JTE-013. Data
represents mean of last ten points per condition of individual cells and mean + s.e.m. ***p<0.0005,
**p<0.005 by Students’ t-test.

When | next tested whether W123 had an effect on the non-isosmotic VRAC activation, | found
that surprisingly prior incubation of cells with 10 uM W123 and W123 in hypotonic buffer abolished
the cFRET reduction when cells were bathed from isotonic to the hypotonic solution. Neither the
S1PR2 antagonist JTE-013 nor the solubilizer (ethanol) of W123 and JTE-013 affected the cFRET
drop (Figure 14 A, B). Consequently, the hypotonicity-induced activation of VRAC was
significantly diminished by S1PR1 receptor antagonist W123.
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Figure 14. Hypotonicity induced VRAC activation is impaired by S1PR1 antagonist. (A)
Normalized cFRET of HelLa cells expressing A-CFP/E-YFP during buffer exchange experiments
from isotonic to hypotonic medium containing ethanol (—=—) (n=3 dishes,10 cells), hypotonic and
10 UM W123 (—e—) (n=4 dishes, 21 cells), and hypotonic containing 0.1 uM JTE-013 ( )(n=3
dishes, 35 cells). (B) Quantification of normalized cFRET of the HeLa cells expressing A-CFP/E-
YFP, in different hypotonic buffers. Data represents average cFRET of the last seven time points
per condition of individual cells, and mean of all cells £s.e.m. ***p<0.0005, n.s., not significant, by
Student’s t-test.
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3.2.5.1. S1P1 receptor selective agonist cause isosmotic VRAC activation

To further confirm that S1PR1 mediates the S1P-signal and causes VRAC activation, | evaluated
the effect of a selective S1PR1 agonist, SEW 2871 (Sanna et al, 2004). This agonistin nanomolar
concentrations was capable of activating multiple downstream signals triggered by S1P including
calcium flux, GTPyS binding, and Akt and ERK1/2 phosphorylation (Jo et al, 2005; Sanna et al,
2004). As shown in Figure 15 A, 500 nM SEW2871 was able to cause a cFRET decrease in HelLa
cells expressing the FRET pair A-CFP/E-YFP when the extracellular isotonic solution was
replaced by a SEW 2871 containing isotonic solution. The magnitude of channel activation was
similar to that caused by 10 nM S1P. Moreover, the isosmotic channel activation could be
reversed by the application of an extracellular hypertonic solution. In conclusion, the antagonist
and agonist-based results showed that S1PR1 mediates S1P signaling and causes VRAC
activation in HelLa cells. This led me to explore the downstream signaling pathway of S1PR1,

which could potentially unlock a more general mechanism for VRAC activation.
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Figure 15. S1PR1 receptor selective agonist mimics the S1P-induced VRAC activation. (A)
Time traces of HelLa cells expressing A-CFP/E-YFP during buffer exchange experiments from
isotonic to isotonic containing 500 nM SEW-2871. Data represents average cFRET of 22 cells +
SD. (B) Quantification of normalized cFRET of HelLa cells challenged with different isotonic
buffers; isotonic with 10 nM S1P (n=5 dishes,27cells) and isotonic with S1PR1 receptor agonist
SEW-2871 (n=5 dishes, 22 cells). Data represents mean of last ten time points per condition of
individual cells and mean of all cells + s.e.m.
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3.2.6. The role of heterotrimeric G-proteins in S1P and hypotonicity-induced VRAC
activation

After ligand-induced activation, all GPCRs (including S1P receptors) employ heterotrimeric GTP-
binding regulatory proteins (G-proteins) to regulate the activity of enzymes and effector molecules
and initiate intracellular signaling cascades (Neves et al, 2002). As mentioned earlier in section
1.6.7, the G-proteins consist of three subunits a, B, and y. The signal-transducing properties of
various By combinations do not differ significantly, however, the G protein a subunit is divided into
four distinct groups (Gs, Gio, Ggi11, and Gi2/13) based on the sequence similarity and downstream
effector regulation (Siehler & Manning, 2002). The first class Gs (Gs and Gor) is the stimulatory G
protein that activates the downstream target adenylyl cyclase by catalyzing cAMP formation and
induces activation of PKA. Gi is the inhibitory G protein (Gi1, Giz, Gis, Go1, Goz2, Gz, Gt, and Ggus),
which is structurally similar to Gs but inhibits adenylyl cyclase and lowers the cAMP production.
The third class is the is Gq family (Gq, G11, G14, G1s116) Which activates the membrane-bound PLC,
which leads to the cleavage of plasma membrane lipid phosphatidylinositol 4,5-bisphosphate to
form inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). The fourth class is the G12 (G2,
G13) family of G-proteins, which is a family of Rho GTPases and targets the Rho-specific guanine

nucleotide exchange factors (Neves et al, 2002; Siehler & Manning, 2002; Watters et al, 2011a).

Out of the five receptor subtypes of S1P, the signaling mechanisms of S1IPR1-S1PR3 are better
characterized as compared to S1PR4 and S1PR5. All of these receptors have unique as well as
overlying signaling mechanisms. For example, S1PR2 and S1PR3 have overlapping yet
distinctive intracellular signaling pathways in a variety of cell types, while S1PR1 couples
exclusively to heterotrimeric Gi proteins to activate the downstream signaling molecules such as
PI13K), PLC, Ras guanosine triphosphatase and deactivate adenylyl cyclase (AC) (Cuvillier, 2012;
Xiao et al, 2019). The activation of these signaling molecules leads to subsequent stimulation of
downstream signaling pathways including Rac GTPase, mitogen-activated protein kinase
(MAPK), Akt, and mammalian target of rapamycin (mTOR). Moderate activation of PLC also
induces Ca?* mobilization (Lee et al, 1998; Okamoto et al, 1998; Wang et al, 2019b; Xiao et al,
2019). Due to the inhibitory effect of Ga; (with “i” referring to the inhibitory role) on adenylyl
cyclase, there is a decreased production of cAMP from ATP, which in turn results in decreased
activity of cAMP-dependent protein kinase (de Oliveira et al, 2019; Okamoto et al, 1998). The By
subunit of Gi heterotrimer might also activate PLCB isoforms and is responsible for GPCR
dependent PIP2 hydrolysis (Smrcka, 2008).
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3.2.6.1. The role of pertussis toxin (PTX)-sensitive and insensitive mechanisms in
activating VRAC

To evaluate the role of heterotrimeric Gi proteins downstream of S1PR1 in mediating VRAC
activation, | next monitored the cFRET of HelLa cells treated with pertussis toxin. PTX ADP
ribosylates the a subunit of Gi protein, thus inactivating it by preventing or slowing down the
dissociation of Ga; from GBy subunit. Thus, Ga; is unable to inhibit adenylyl cyclase (AC) which
results in enhanced accumulation of cAMP (Mangmool & Kurose, 2011). HelLa cells co-
transfected with A-CFP and YFP were incubated overnight with 500 ng/ml of the PTX. As shown
in Figure 16A PTX had no significant effect on channel activation, induced by extracellular
hypotonic solution, compared to untreated HelLa cells. Furthermore, the S1P-induced activation
of VRAC does not differ between PTX-treated and untreated cells (Figure 16B). These results
indicate that S1PR1 signaling had no influence on VRAC activation via the Gay, protein-

dependent pathway.
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Figure 16. Hypotonicity and S1P-induced VRAC activation is not modulated by Gai
proteins. (A) Normalized cFRET of HeLa cells expressing A-CFP/E-YFP during buffer exchange
experiments from isotonic to hypotonic medium (A) and isotonic to isotonic+10 nM S1P. (B) The
untreated cells are represented by blue squares (—=—) (control), and the cells treated with
500 ng/ml PTX overnight are represented by magenta circles (—e—). (C) Quantification of
normalized cFRET of the treated and untreated HelLa cells challenged with hypotonic and
isotonic+10 nM S1P buffer i.e., from (A) and (B). The number in bars indicates the total number
of cells for each treatment. Data represents the average cFRET of the last seven time points of
individual cells in hypotonic media and the last ten time points in S1P containing isotonic media,
and mean of all cells £s.e.m. n.s., not significant, by Student’s t-test compared to control cells.

Several studies have reported that many of the GPCR dependent physiological processes
inhibited by PTX are mediated by the GBy subunits rather than the Ga subunit (lkeda, 1996;
Logothetis et al, 1987; Stephens et al, 1994). As well as the PTX-insensitive processes are also
mediated by the By subunits (Stehno-Bittel et al, 1995) hence GBy can directly modulate
downstream effector molecules either in a stimulatory or inhibitory manner. Due to the relatively
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higher amounts of Gi families of G-proteins in cells, most of the GBy-dependent signaling arises
from Gi proteins (Syrovatkina et al, 2016). Thus, to evaluate G-protein By signaling in VRAC
activation, | next assessed the FRET measurements of HelLa cells treated with Gallein, a GBy
subunit signaling inhibitor (Clapham & Neer, 1997; Lehmann et al, 2008). Gallein binds to the
effector binding hot spots in GB (Davis et al, 2005) and effectively blocks the GBy subunit effector
interactions (Siripurapu et al, 2017). As shown in Figure 17 (A, B) 30 minutes incubation of HelLa
cells with 10 uM Gallein prior to FRET measurements did not significantly affect the cFRET
reduction in comparison to untreated cells. Taken together, these results suggest that the Gi

(Ga/By) family of G-proteins are not participating in VRAC activation.

Apart from the Gi family, adenylyl cyclase is also regulated by another heterotrimeric G protein
family, called the Gs family. Gs is the stimulatory protein for AC enzyme, activated adenylyl
cyclase converts ATP to cAMP. cAMP can modulate the swelling-induced currents in a stimulatory
and inhibitory manner (Shimizu et al, 2000). So, | tested whether adenylate cyclase and cAMP
are involved in mediating the S1P signal and hypotonicity-induced channel activation. Cholera
toxin ADP ribosylates the alpha subunit of the Gs family of G protein, stabilizing the GTP bound
conformation of as and decreases its intrinsic GTPase activity, as a result, there is increased
stimulation of adenylyl cyclase and elevated intracellular cAMP levels (Chang & Bourne, 1989).
HeLa cells were incubated overnight with 100 ng/ml of the cholera toxin and analyzed for cFRET
reduction during buffer exchange experiments to hypotonic and S1P containing isotonic media
(Figure 18 A, B). However, in both sets of experiments, | observed no significant difference in the
cFRET decrease between treated and untreated cells. Even when the cells were pre-incubated
24 hours before the FRET measurement, the cFRET remained unaffected. Therefore, the Gs-
mediated protein signaling does not mediate the hypotonicity and S1P-induced activation of
VRAC.
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Figure 17. GBy signaling inhibitor Gallein had no effect on Hypotonicity and S1P-induced
channel activation. Normalized cFRET of HelLa cells expressing A-CFP/E-YFP during buffer
exchange experiments from isotonic to hypotonic medium (A) and isotonic to isotonic+10 nM S1P
(B). Blue squares (—=—) (control) indicate the untreated cells whereas the cells incubated with 10
MM Gallein prior to FRET measurements are represented by magenta circles (—e—) (C)
Quantification of normalized cFRET of the treated and untreated HelLa cells challenged with
hypotonic and isotonic+10 nM S1P buffer i.e., from (A) and (B). The number in bars indicates the
total number of cells for each treatment. Data represents average cFRET of the last seven time
points of individual cells in hypotonic media and last ten time points in S1P containing isotonic

media, and mean of all cells £s.e.m. n.s., not significant, by Student’s t-test compared to control
cells.
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Figure 18. Gas family do not regulate the S1P and hypotonicity induced VRAC activation.
Normalized cFRET of HelLa cells expressing A-CFP/E-YFP during buffer exchange experiments
from isotonic to hypotonic medium (A) and isotonic to isotonic+10 nM S1P (B). Blue squares (
—=—) (control) indicate the untreated cells; cells incubated with 100 ng/ml of cholera toxin (CT)
overnight are represented by magenta circles (—e—); (—a-) indicate the cells incubated 24 hours
with CT toxin prior to FRET measurements. (C) Quantification of normalized cFRET of the treated
and untreated Hela cells challenged with hypotonic and isotonic+10 nM S1P buffer i.e., from (A)
and (B). The number in bars indicates the total number of cells for each treatment. Data
represents the average cFRET of the last seven time points of individual cells in hypotonic media
and the last ten time points in S1P containing isotonic media, and mean of all cells £s.e.m. n.s.,
not significant, by Student’s t-test compared to control cells.

Toxin-induced modulation of adenylyl cyclase activity revealed that the enzyme was not involved
in S1P and hypotonicity-induced VRAC activation, so | wondered whether inhibiting its activity
would be effective. To achieve this goal, one way is to use adenylyl cyclase inhibitors, such as
2'3'-Dideoxyadenosine (DDA)(Estevez et al, 2001). The other way is to differentially modulate

the heterotrimeric G-proteins (Gs and Gi) rendering them ineffective in stimulating the adenylyl
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cyclase. Melittin, a natural peptide from bee venom, with a broad spectrum of biological activities
has been reported to be a potent inhibitor of PKC activity (Raynor et al, 1991). Furthermore, it is
considered to be the first metabostatic peptide that inhibits intrinsic Gs activity while stimulates Gi
activity (Fukushima et al, 1998). Both of these mechanisms i.e., through the Gi stimulation and
Gs inhibition, are involved in the melittin inhibition of adenyl cyclase (Fukushima et al, 1998). To
investigate the effect of melittin-based adenylyl cyclase inhibition, | co-transfected HelLa cells with
the FRET pair A-CFP/E-YFP and incubated overnight with 1 pyg/ml of melittin at 37°C. The next
day cells were analyzed in buffer exchange experiments from isotonic to hypotonic, as shown in
Figure 19 A, melittin did not affect channel activation compared to control cells. However, in the
absence of cell swelling, S1P-induced VRAC activation is significantly reduced in treated cells in

comparison to untreated cells (Figure 19 B).
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Figure 19. S1P-induced isosmotic VRAC activation is impaired by melittin. Normalized
cFRET of HelLa cells expressing A-CFP/E-YFP during buffer exchange experiments from isotonic
to hypotonic medium (A) and isotonic to isotonic+10 nM S1P (B). Blue squares (—=—) (control)
indicate the untreated cells whereas the cells incubated with 1 ug/ml of melittin overnight prior to
FRET measurements are represented by magenta circles (—e—). (C) Quantification of normalized
cFRET of the treated and untreated Hela cells challenged with hypotonic and isotonic+10 nM
S1P buffer i.e., from (A) and (B). The number in bars indicates the total number of cells for each
treatment. Data represents the average cFRET of the last seven time points of individual cells in
hypotonic media and the last ten time points in S1P containing isotonic media, and mean of all
cells £s.e.m. n.s., not significant, **p<0.005 by Student’s t-test compared to control cells.
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3.2.6.2. VRAC activation is mediated by PTX-insensitive signaling

Since the PTX-sensitive Gi signaling modulated neither hypotonicity nor S1P-induced activation
of the VRAC, | next investigated the PTX-insensitive signaling mechanisms. The PTX-insensitive
pathways are mainly mediated by Gag-dependent activation of PLC or by pathways involving
the Rho monomeric proteins and PLCe (Citro et al, 2007; Kelley et al, 2006; Singer et al, 1997).
YM-254890 is a suitable inhibitor for studying Gq signaling. It is a cyclic depsipeptide produced
by Chromobacterium sp. QS3666 and can modulate Gq pathway by inhibiting the guanine
nucleotide exchange on Gay, thus rendering it in its inactive Gaq-GDP form and inhibiting further
effector molecule signaling (Mizuno & Itoh, 2009). Incubation of HeLa cells with 1 yM YM-254890
for 5 minutes at 37°C blocks the Gq heterotrimer dissociation by preventing GDP/GTP exchange
(Takasaki et al, 2004) and Gg-mediated PIP2 hydrolysis. As shown in Figure 20 A incubation of
HelLa cells with the selective Gq inhibitor YM-254890 before FRET measurements did not affect
the cFRET drop between treated and untreated control cells, upon buffer exchange to the
extracellular hypotonic solution. In contrast to the S1P-induced cFRET reduction in untreated
Hela cells, no significant cFRET decrease was observed in YM-254890 treated cells (Figure 20
B). It is important to note that S1PR2 and S1PR3 signal through different G-proteins, depending
on the cell type and the stimulus, one of which is the Gq family of heterotrimeric G-proteins (Adada
et al, 2013). Having observed that impaired Gq signaling modulates VRAC activation, the
involvement of S1PR2 and S1PR3 cannot be totally ruled out.
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Figure 20. Gag-mediated protein signaling regulate S1P-induced VRAC activation.
Normalized cFRET of HelLa cells expressing A-CFP/E-YFP during buffer exchange experiments
from isotonic to hypotonic medium (A) and isotonic to isotonic+10 nM S1P (B). Blue squares (
—=—) (control) indicate the untreated cells whereas the cells incubated with 1 yM YM-245890
prior to FRET measurements are represented by magenta circles (—e—). (C) Quantification of
normalized cFRET of the treated and untreated HelLa cells challenged with hypotonic and
isotonic+10 nMS1P buffer i.e., from (A) and (B). The number in bars indicates the total number of
cells for each treatment. Data represents the average cFRET of the last seven time points of
individual cells in hypotonic media and the last ten time points in S1P containing isotonic media,

and mean of all cells £s.e.m. n.s., not significant, **p<0.005., by Student’s t-test compared to
control cells.
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3.2.7. The role of monomeric G-proteins

After assessing no involvement of PTX-sensitive signaling pathway in mediating VRAC activation,
I next investigated the role of small monomeric G-proteins called the Rho family of GTPases which
are downstream effectors of Gay11 family, Ga; and Gai213. To test for the involvement of Rho G-
proteins, HelLa cells were co-transfected with A-CFP and E-YFP and incubated with 1ng/ml of C.
difficile toxin B overnight and next day analyzed during FRET measurements in buffer exchange
experiments. Toxin B catalyzes the UDP-glucosylation of the Rho family of G-proteins including
Rho, Rac, and Cdc42. The glucosylation inactivates the Rho proteins, therefore, inhibiting the
Rho signaling pathway (Aktories et al, 2000). As shown in Figure 21, the cFRET decrease caused
by hypotonicity or S1P did not differ between control (untreated) and treated cells, thus indicating
that Rho GTPase signaling pathways do not regulate the S1P and hypotonicity induced channel
activation. Importantly, S1PR4 and S1PR5 are coupled to the Ga; and Gai213, which signal
through the Rho GTPases. Hence, activation of VRAC by S1P signal is unlikely to involve this

subset of receptors.
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Figure 21. Rho GTPases do not regulate the hypotonicity and S1P-induced VRAC
activation. Normalized cFRET of HelLa cells expressing A-CFP/E-YFP during buffer exchange
experiments from isotonic to hypotonic medium (A) and isotonic to isotonic+10 nM S1P (B). The
blue squares (—=—) (control) depict untreated cells, while the magenta circles (—e—) indicate
cells incubated with 1 ng/ml of Clostridium difficile toxin B before FRET measurement. (C)
Quantification of normalized cFRET of the treated and untreated HelLa cells challenged with
hypotonic and isotonic+10 nM S1P buffer i.e., from (A) and (B). The number in bars indicates the
total number of cells for each treatment. Data represents the average cFRET of the last seven
time points of individual cells in hypotonic media and the last ten time points in S1P containing

isotonic media, and mean of all cells £s.e.m. n.s., not significant, by Student’s t-test compared to
control cells.
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After analyzing the downstream G-proteins that mediate the S1P signal through S1P receptors, |
then examined how S1P receptors contribute to VRAC activation by siRNA-mediated knock-down

of receptor expression and a receptor knock-out cell line.

3.2.8. Downregulation of S1PR1 does not affect hypotonic and S1P-induced VRAC
activation

Studies on cell surface receptors using antagonists or agonists are critical in understanding the
biological responses they mediate; however, they might have additional non-specific targets that
lead to ambiguous interpretations of receptor-mediated intracellular signal transduction.
Therefore, to further clarify the role of S1P receptors in VRAC activation, | carried out specific
siRNA knock-down of S1PR1 in HelLa cells expressing A-CFP/E-YFP heteromeric VRAC.
Reduced expression levels of S1PR1 after 24 and 48 hours of siRNA transfection were confirmed
by western blotting (Figure 22 A, B). However, | did not observe any significant differences in
cFRET reduction caused by S1P or hypotonic extracellular solution due to siRNA-mediated
knock-down of S1PR1 (Figure 22 C, D), pointing to the notion that S1PR1 receptor alone does
not mediate channel activation. Moreover, the cFRET reduction of an S1PR1 KO HelLa cell line

also did not differ significantly from that of wild-type HeLa cells (Figure 23 A, B).

53



>
vy)

Il scrambled
2.01 [ siRNA1
Scrambled siRNA 1 siRNA 2 — [ siRNA2
€<
2 o
0 12 0 1 2 0 1 2 @ O 151
8
TE - &3
- - > =
S1P1/EDG1 -I -~ = t3 . . : I 42kDa XS 4.
: %
Ta
& é 0.5
LRRCSA—I'------——-—.-AI“OOKDE! . N
0.0-
Day 0 Day1 Day2
C D Jy M— ]
1.24 Isotonicl Iso+10nmS1P || Hypertonic
14 o1
4 4
S 10 : ¢ 3 s Hy
or-—-—-—-=--- F- -~~~ - - 1.0mi A — L — = = L e _
o b (‘ p § '*.""":-J:- Ok -'i. -
N —=— > N LIt el o &
5 0.94 4 o ‘% © ol oo Tww ?
£ € 0o
5 . 5 "
Z 0.8 4 4
= Scrambled
0.74 0.8 » siRNA
Scrambled SIRNA1  SiRNA2 0 100 200 300 400 500 600 700

Time(s)

Figure 22. siRNA-mediated knock-down of S1PR1 does not affect S1P and hypotonicity
induced VRAC activation. (A) Expression levels of S1PR1 detected by western blot post 24 and
48-hour siRNA transfection. Representative blots are from three independent experiments.
LRRCB8A was used as a loading control. (B) Quantification of the western blots. Fold changes of
S1PR1 expression are normalized to the loading control LRRC8A. Data represents mean + SD.
Statistics: **p<0.005., *p<0.05 by Student’s t-test compared to scrambled. (C) Quantification of
the cFRET values of HelLa cells transfected with scrambled RNA (blue diamonds) (n=1 dish,19
cells) siRNA1 (magenta diamonds) (n=3 dishes, 20 cells) and siRNA2 (green diamonds) (n=3
dishes,47 cells) in hypotonic buffer. Data represent mean of last ten time points in the hypotonic
buffer of individual cells and mean of all cells + s.e.m. (D). Normalized cFRET of HelLa cells, post
siRNA-mediated S1PR1 knock-down, during buffer exchange experiments from isotonic to 10 nM
S1P containing isotonic buffer. The blue squares (—=—) represents cells treated with scrambled
RNA (n=1 dish,10 cells) and magenta circle represents siRNA transfected cells (—e—) (n=3
dishes, 29 cells).
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Figure 23. VRAC activation in S1PR1 knock-out and wild-type HeLa cells. Normalized cFRET
of Hela cells expressing A-CFP/E-YFP during buffer exchange experiments from isotonic to
hypotonic medium (A) and isotonic to isotonic+10 nM S1P (B). Blue squares (—=—) indicate the

wild-type HelLa cells whereas magenta circles (—e—)

represent S1PR1 knock-out cells. (C)

Quantification of normalized cFRET of the wild-type and S1PR1 KO HelLa cells challenged with

hypotonic and isotonic+10 nM S1P buffer i.e., from (A) a

nd (B). The number in bars indicates the

total number of cells for each treatment. Data represents the average cFRET of the last seven

time points of individual cells in hypotonic media and th

e last ten time points in S1P containing

isotonic media, and mean of all cells £s.e.m. n.s., not significant, by Student’s t-test compared to
wild-type cells. (D) Knock-out of S1PR1 was confirmed by western blotting. LRRC8A on the same

blot was used as a loading control.
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Having observed that, the reduced S1PR1 receptor expression and its genomic knock-out did not
affect VRAC activation, | next evaluated the effect of S1PR1 receptor antagonist W123 in the
HeLa S1PR1 KO cell line. W123 impaired hypotonicity and S1P-induced VRAC activation as
illustrated in section 3.2.5. As long as W123 is only specific for S1PR1, it shouldn't affect the
typical cFRET drop observed in S1PR1 KO cells upon channel activation. Following hypotonic
buffer application, | could notice the cFRET decrease in both the W123 treated (control) and
untreated S1PKO cells (Figure 24 A), however, the magnitude of channel activation was slightly
altered in the W123 treated S1PR1-KO cells. Notably, the S1P-induced channel activation was
not affected by W123 treatment in the S1PRKO cell line (Figure 24 B).
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Figure 24. Effect of S1PR1 antagonist in S1PR1 KO cell line. Normalized cFRET of S1PR1
KO Hela cells expressing A-CFP/E-YFP during buffer exchange experiments from isotonic to
hypotonic medium (A) and isotonic to isotonic+10 nM S1P (B). Blue squares (—=—) indicate the
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S1PR1 KO Hela cells without prior incubation with W123; S1PR1 knock-out cells preincubated
with 0.1 uM W123 (W123 also in challenging buffers) are represented by magenta circles (—e—
)- (C) Quantification of normalized cFRET of the S1PR1 KO Hela cells in the presence and
absence of W123 and challenged with different buffers i.e., from (A) and (B). Number in bars
indicate the total number of cells for each treatment. Data represents average cFRET of the last
seven time points of individual cells in hypotonic media and last ten time points in S1P containing
isotonic media, and mean of all cells £s.e.m. *p<0.05., n.s., not significant, by Student’s t-test
compared to wild-type cells.

Because the toxin-based results in section 3.2.6.2 indicated that Gg-mediated signaling is critical
for S1P-induced channel activation, | tested how knocking down S1PR2/3 receptors would affect

S1PR1 KO cells during channel activation.

In the absence of S1PR1, S1P can bind and signal through any of the other receptor subtypes
and mediate the S1P signal. siRNA-mediated knock-down of S1PR2 and S1PR3 in S1PR1 KO
cells did not affect hypotonicity-induced channel activity (data not shown). Since S1PR2 and
S1PR3 signal through Gq, it would be interesting to examine if not the expressed receptor, but
the inhibition of its downstream signaling had any biological implications. As shown in Figure 25
A, S1PR1 KO Hela cells incubated with 1 uM YM-254890 for 5 minutes at 37°C, displayed the
usual cFRET reduction with no significant difference as compared to untreated S1PR1 KO cells.
Moreover, the cFRET reduction induced by S1P was similar in the S1PR1 KO cells in the
presence or absence of the Gq inhibitor (Figure 25 B). This indicates that Gg-coupled S1PR2 and
S1PR3 are not sufficient to transduce S1P signal without S1PR1. In addition, the S1PR2 and
S1PR3 receptors do not only signal through Gq, but also through Gi and G12/13. Thus, one might
expect that these G-proteins could help restore the S1P effect, especially in the absence of
S1PR1-coupled signaling. Moreover, there is significant biochemical diversity among the Gq
protein family. The cell signaling diversity of the Gaq family of G-proteins is well-reviewed
elsewhere (Hubbard & Hepler, 2006).
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Figure 25. VRAC signaling is not mediated by S1PR2 and S1PR3 in S1PR1 KO cells.
Normalized cFRET of HelLa cells expressing A-CFP/E-YFP during buffer exchange experiments
from isotonic to hypotonic medium (A) and isotonic to isotonic+10 nM S1P (B). Blue squares (
—=—) (control) indicate the untreated S1PR1 KO cells whereas the cells incubated with 1 uM YM-
245890 prior to FRET measurements are represented by magenta circles (—e—). (C)
Quantification of normalized cFRET of the treated and untreated HelLa cells challenged with
hypotonic and isotonic+10 nM S1P buffer i.e., from (A) and (B). The number in bars indicates the
total number of cells for each treatment. Data represents the average cFRET of the last seven
time points of individual cells in hypotonic media and the last ten time points in S1P containing

isotonic media, and mean of all cells £s.e.m. n.s., not significant, by Student’s t-test compared to
control cells.



3.3. Effect of phospho-ablative and phospho-mimetic LRRC8A
mutations on hypotonicity induced VRAC activation

Many studies have reported phosphorylation events as one of the first responses to swelling
(Nilius et al, 1997b; Sadoshima et al, 1996; Tilly et al, 1993). Additionally, protein phosphorylation
has been widely implicated in modulating VRAC activity (Bryan-Sisneros et al, 2000; Eggermont
et al, 2001; Sadoshima et al, 1996). However, it remains to be investigated whether the
phosphorylation target is VRAC itself or another regulatory protein. Therefore, | tested the effect
of some potential phosphorylation sites in VRAC. CFP-tagged LRRC8A mutants were kindly
provided by Dr. Michael Pusch (CNR, Genova, Italy). These mutants had amino acid substitutions
at threonine residues to alanine, serine, and glutamate - T169A, T169S, and T169E, respectively.
| next evaluated the effect of these LRRC8-A mutations that act as phospho-mimetic; T169E or
phospho-ablative; T169A mutations. HelLa cells were co-transfected with CFP-8A mutants and E-
YFP and next day analyzed during FRET measurements in buffer exchange experiments. As
shown in Figure 26 A and B, | found that mutation of 8A-T169A failed to activate the channel
when cells were bathed with hypotonic extracellular solution, while 8A-T169E was still able to be

activated. These results suggest that phosphorylation events may play a role in channel activity.
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Figure 26. Hypotonic VRAC activation in LRRC8A mutants. Normalized cFRET of HelLa cells
expressing 8A-CFP/E-YFP during buffer exchange experiments from isotonic to hypotonic
medium. Blue squares (—=—(control) indicate the Hela cells transfected with WT 8A-CFP/E-YFP
(n=1 dish,10 cells); magenta circles (—e—) represents the 8A169ACFP/E-YFP (n=2 dishes, 14
cells); (-a-) indicate 8AT169S/E-YFP (n=2 dishes, 24 cells) and (—w—) represents cells with
8A169ECFP/E-YFP (n=2 dishes, 15 cells). (B) Quantification of normalized cFRET of the WT-8A
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and 8A mutants HelLa cells challenged with hypotonic buffer i.e., from (A). Data represents the
average cFRET of the last seven time points of individual cells in hypotonic media, and mean of
all cells s.e.m. n.s., not significant, **p<0.005, *p<0.05, by Student’s t-test compared to 8A wild-
type cells.

3.4. G protein-coupled receptors (GPCR) in glucose-mediated VRAC
activation in pancreatic B-cells

GPCRs, being the largest family of transmembrane receptors in the human genome, are
important regulators of pancreatic islet function (Amisten et al, 2013). In this context, orphan
GPCRs, whose endogenous ligands have not been identified represent an appealing source of
undiscovered therapeutic potential. One of the ubiquitously expressed orphan receptors in human
islets is the GPCR5B, which belongs to the conserved subgroup of the C family of GPCRs
including GPCR5A, GPCR5B, GPCR5C, and GPCR5D. These GPCRs are also called retinoic
acid-induced genes (RAIG1-4), as their expression is induced by retinoic acid (Brauner-Osborne
et al, 2001; Robbins et al, 2000; Soni et al, 2013). Several studies indicated that GPCR5B (also
known as Raig2) is upregulated in islets of type 2 diabetic patients (Soni et al, 2013). There is
also some evidence that its deletion in mice causes glucose intolerance, so it is speculated that
it is involved in the pathogenies of diabetes, however, the underlying molecular mechanism is still
unclear. It has been long proposed that VRAC contributes to insulin secretion, by depolarizing the
B-cells in response to glucose-induced cell swelling (Best et al, 2010; Miley et al, 1999). Recently,
Stuhlmann and colleagues confirmed this notion and stated the involvement of VRAC channels
in increasing glucose sensitivity and insulin secretion of B-cells. By using a Lrrc8a KO mouse,
they also suggested an important modulatory role of VRAC in insulin secretion in vivo (Stuhlmann
et al, 2018). With these observations, | became curious to investigate the role of GPCR5B and
VRAC channel activation in response to the glucose induction of pancreatic B-cells. Firstly, |
confirmed the swelling induced channel activation in pancreatic p-cells. For this, | used a rat
insulinoma cell line INS-1, which is a well-established model for studying the pancreatic islet (3-
cell function (Asfari et al, 1992). Indeed, co-transfecting the INS-1E cells with CFP tagged
LRRC8A and YFP tagged LRRCS8E, during buffer exchange experiment from isotonic (340
mOsm) to hypotonic (250 mOsm) solution, enabled cFRET measurements that indicated the
activation of A/E containing VRAC heteromers (Figure 27 A). Furthermore, exposure of INS-1E
cells to high extracellular glucose (20 mM) also caused the cFRET reduction (compared to the
cells buffered with 1 mM glucose) (Figure 27 B), however, the extent of channel activation was
smaller than with the large changes of extracellular osmolarity. Notably, the channel activation

was irreversible, as the cFRET values did not return to the baseline values, upon hypertonic buffer
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application. This is because of the osmotic effects of the intracellular glucose metabolites, which
also cause cell swelling (McGlasson et al, 2011; Miley et al, 1997).
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Figure 27. Hypotonicity and high extracellular glucose elicit VRAC activation. (A) Time
traces of INS-1E cells expressing A-CFP/E-YFP during buffer exchange experiments from
isotonic to hypotonic extracellular buffer. Data represents average cFRET of 9 cells £ SD. (B)
Normalized cFRET of INS-1E expressing A-CFP/E-YFP during buffer exchange experiments from
1mM isotonic to 20 mM isotonic buffer Blue squares (—=—)(n= 5 cells) (control) correspond to
bath changes without variations in glucose concentration; magenta circles (—e—)(n=13 cells)
represents the cells bathed with high extracellular glucose (20 mM glucose). (C) Quantification of
normalized cFRET of the INS-1E cells challenged with different glucose-containing isotonic
solutions i.e., from (B). Data represents the average cFRET of the last seven time points of

individual cells per condition, and mean of all cells £s.e.m. *p<0.05., by Student’s t-test compared
to control cells.
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3.4.1. Activation of VRAC channels is negatively regulated by GPCR5B

In order to examine, the role of GPCRS5B in mediating channel activation in pancreatic B cells, |
co-transfected the INS-1E cells with FLAG-tagged GPCR5B mammalian expression vector and
the A-CFP and E-YFP FRET vectors, in a ratio of 2:1. This ensures that the FRET-positive cells
are also positive for the GPCR5B receptor expression. GPCR5B receptor expression was further
confirmed by immunofluorescence staining for the FLAG tag using an anti-FLAG antibody. As
shown in Figure 28, the cells expressing the FRET vectors were also found to be positive for the
GPCR5B. GPCRS5A; which is also a member of the C family of GPCR was used as a control.

The GPCR5B and GPCR5A expressing INS-1E cells were then induced by high extracellular
glucose-containing isotonic solution (20 mM glucose) during FRET measurements. Interestingly,
| found that the expression of GPCR5B in INS-1E cells caused lower cFRET reduction as
compared to the GPCR5A expressing cells (Figure 29 A, B). This indicates that the GPCR5B

adversely modulates the VRAC channel activity in pancreatic 8 cells upon glucose stimulation.

FLAG DAPI Merge

o .....

GPCR5B

Figure 28. Inmunofluorescence of permeabilized HeLa cells transfected with FLAG-tagged
GPCRS5A/5B. Cells transfected with LRRC8A-CFP (green), LRRC8E-YFP (cyan) and GPCR5A/B
plasmid DNA were stained with an anti-FLAG antibody (red) and DAPI (nuclei, blue) after 24h of
transfection. Scale bar, 20 ym.
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Figure 29. GPCR5B negatively modulates the VRAC channel activation. Time traces of INS-
1E cells expressing GPCR5A/B and the FRET pair A-CFP/E-YFP stimulated with high
extracellular glucose-containing isotonic solution (Iso+20 mM glucose). Blue squares (—=—)
(control) (n=2 dishes, 32 cells) correspond to cells expressing GPCR5A and FRET pair; magenta
circles (—e—) represents the GPCRS5B positive cells (n=7 dishes, 61 cells). Data represents the
average cFRET of all the cells + SD. (B) Quantification of normalized cFRET of the GPCR5A/B
expressing INS-1E cells challenged with 20 mM glucose-containing isotonic solution i.e., from (A).
Data represents average cFRET of the last seven time points of individual cells per condition, and
mean of all cells £s.e.m. **p<0.005., by Student’s t-test compared to GPCR5A expressing cells.
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4. Discussion

With the discovery of the LRRC8 family of proteins, LRRC8A-LRRCBS8E, constituting the volume-
regulated anion channel, several speculations about VRAC’s molecular identity were put to rest
(Qiu et al, 2014; Voss et al, 2014). Notably, Voss and colleagues showed that the multi-span
transmembrane protein LRRC8A requires heteromerization with at least one other family member
of the LRRC8 family i.e. LRRC8B-E, which was later on confirmed in various independent studies
(Gaitan-Pefas et al, 2016; Syeda et al, 2016). Furthermore, siRNA-mediated knock-down of
LRRCS8A in patch-clamp experiments reduced IClsweny in multiple cell lines (Qiu et al, 2014; Voss
et al, 2014). On the one hand, IClsweny could be restored by heterologous expression of LRRC8A
in genome-edited LRRC8A- deficient HEK293 and HCT116 cell lines (but not in quintuple KO
cells), indicating that LRRCB8A is indispensable for VRAC activity (Voss et al, 2014) while on the
other hand, its overexpression did not increase, but rather decreased IClswen, indicating that
LRRC8A is part of a heteromeric complex (Qiu et al, 2014; Voss et al, 2014). Heteromerization of
LRRC8A with other LRRC8 family members (LRRC8B-E) has been confirmed by co-
immunoprecipitation (Lee et al, 2014; Syeda et al, 2016; Voss et al, 2014). Additionally, LRRC8A
localizes to the plasma membrane in native cells (Voss et al, 2014) and when exogenously
expressed (Qiu et al, 2014; Voss et al, 2014) while other LRRC8 proteins (LRRC8B-E) require
co-expression with LRRCB8A for plasma membrane delivery. High-resolution cryo-EM structures
of LRRC8A and LRRC8D homomers (Nakamura et al, 2020) and LRRCB8A/C heteromers further
validated the hexameric nature of the native VRAC complexes (Deneka et al, 2018; Kasuya et al,
2018; Kefauver et al, 2018; Kern et al, 2019).

Interestingly, VRACs display a variable subunit stoichiometry that is dependent on the relative
expression levels of the subunits (Gaitan-Penas et al, 2016). Moreover, it has been reported that
LRRC8A can combine with more than one other subunit within one complex (Lutter et al, 2017).
So, it is tempting to speculate that an enormous and unknown amount of VRACs with different
functional hexameric configurations can exist. What would be the impact of such variable
stoichiometry? Indeed, it has been reported that the subunit compositions can affect
physiologically relevant properties of VRAC, e.g., depolarization dependent inactivation, single-
channel conductance, the extent of rectification, response to the regulatory factors, and substrate
specificity (Kénig & Stauber, 2019).
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4.1. Native VRAC complexes contain low levels of LRRCS8A subunit

In view of the fact that subunit stoichiometry is dependent on relative expression levels, it is
important to know the expression profiles of the VRAC subunits in native complexes. In this thesis,
| developed a method to quantify the protein levels of the five different LRRC8 VRAC subunits in
cells and tissues by using recombinantly expressed and purified LRRC8 fragments to calibrate
the signal in immunoblots. Based on the appropriate dilution of the recombinant proteins (tested
by trial and error in preliminary experiments), the protein amounts in the tested lysate (obtained
from cells and organs) lied within the dilution range, which could be linearly fitted. With this
method, | could both compare the expression of LRRC8 protein between tissues and also
compare the expression of all LRRC8 paralogues within one organ or cell line. Despite LRRC8A
being the essential subunit for VRAC activity, | discovered that, except for 3T3, it accounts for
only about one-sixth of all LRRC8 proteins in any of the tissues tested, or often even less.
Moreover, except for 3T3 and spleen, | found at least one other subunit that is present in
significantly higher amounts than LRRC8A. A previous study also reported reduced expression
of LRRCB8A, at least at the mRNA levels, e.g., in Jurkat cells, LRRC8A was expressed at less
than one-sixth of all the LRRC8 RNA molecules (Gradogna et al, 2017b). In rat astrocytes,
LRRC8A mRNA was shown to be expressed at equally low levels (Hyzinski-Garcia et al, 2014)
or similar levels to each of LRRC8B-D (Schober et al, 2017). It remained uncertain whether the
abundance of mMRNA would indeed mirror protein levels, nonetheless these results align well with
the protein levels found here. | also found relatively low levels of LRRC8A compared to other
LRRCS8 proteins in co-immunoprecipitation experiments. All of these data hint towards a very low
number of LRRCB8A subunits in a VRAC hexamer. A requirement of only a few LRRC8A subunits
per hexamer may explain the larger currents upon dilution of the LRRC8A subunits in LRRC8A/C
co-expression (Yamada et al, 2016) and the strong suppression of endogenous VRAC currents
upon overexpression of LRRC8A (Voss et al, 2014) that would interfere with the low ratio of
LRRC8A per VRAC complex. Recently, two studies highlighted the biological consequences of
high levels of LRRC8A expression in cancer. Elevated expression of LRRC8A may promote
cancer cell growth, metastasis in colon and osteosarcoma cells, and poor survival of colon cancer
patients (Zhang et al, 2018; Zhang et al, 2021). The results should be viewed with caution as
LRRC8A expression was not quantified at the protein level in osteosarcoma, and sample sizes

were not sufficient to support the notion in both of the studies.

| found a variable expression profile of the non-LRRC8A subunits (LRRC8B-E) in the tested cell

lines and tissues. It remains to be investigated whether they have preferences for certain
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interactions or whether they mix randomly depending on abundance. It is beyond the scope of
this thesis to evaluate how the expression pattern relates to the physiological responses of VRAC.
Nonetheless, Lipple-Wienhues and colleagues reported non-inactivating current characteristics
of VRAC in T-cells, which is a typical feature of the LRRC8C subunit (Gaitan-Penas et al, 2016;
Voss et al, 2014), furthermore, VRAC currents in Jurkat cells were inhibited by oxidation, and the
LRRCS8E subunit, which would be expected to confer an activating effect of oxidation is the least

expressed (Gradogna et al, 2017b).

Future studies would reveal whether the non-LRRC8A subunits mix randomly or if they prefer
certain combinations. | cannot exclude the presence of non-LRRC8A containing complexes,
which would mean that, despite relatively low levels of LRRC8A, it could be the major subunit of
LRRC8 heteromers. Since all of the LRRC8B-E require co-expression of LRRC8A to localize to
the plasma membrane, the complexes without LRRC8A would be more likely to stuck in ER and

may be subjected to ER- associated degradation.

Since | knew the number of cells used in the protein lysate preparations, | could estimate the
number of VRAC complexes per cell if one LRRC8A is present in each hexameric VRAC.
Therefore, | roughly calculated the presence of ~6,000 for 3T3 cells and ~60,000 VRAC
complexes for C2C12 cells. An earlier study, which measured the single-channel conductance of
VRAC, estimated the expression of 10,000 functional VRACs per cell in T-lymphocytes (Lewis et

al, 1993) and is in good agreement with my finding.

To summarize, the method | used enabled the measurements of absolute protein levels of the
five LRRC8 VRAC subunits in any cell line and tissue type. With this method in hand, | observed
a relatively low abundance of essential LRRC8A subunit, which hints towards the presence of
only one LRRCB8A per hexameric VRAC. Although this method has several uncertainties, it should
provide a good lead for the true protein amount, provided it is viewed with caution. Nonetheless,
the present method helps identify the tissue-specific roles of VRAC and determining the specific
roles of the non-LRRC8A subunits.

4.2. VRAC activation mechanisms: a revisited perspective

The activation mechanisms for VRAC are still unclear. Over the last decades, a plethora of studies
indicated different signaling pathways and molecules — reviewed in (Chen et al, 2019b; Okada,
1997; Strange et al, 2019). However, the essential molecular mechanism underlying the activation

by hypotonicity and other triggers remains obscure. It would be worthwhile to review the methods
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used to analyze the signal transduction to the plasma membrane when the channel is activated.
Monitoring channel activity using electrophysiology has been widely practiced in this context.
Indeed, it is the most used and powerful technique to study VRAC, however, it suffers from some
drawbacks. The whole-cell configuration patch-clamp which is the most used configuration to
study VRACs challenges the native composition of the cytosol against the pipette solution.
Furthermore, it creates an artificial environment, with unpredictable influences on cellular
signaling events underlying the regulation of VRAC. Additionally, VRAC apart from conducting CI
also conducts (net) uncharged osmolytes such as taurine and myo-inositol, however,
electrophysiological measurements can only detect the flow of charged species, so these
uncharged osmolytes conducted by VRAC cannot be recorded as currents. Compared to classical
approaches, optical methods have several advantages in studying the conformational dynamics
of ion channels in viable cells. Subunit-specific labeling will enable us to track their relevant
physiological functions. Furthermore, the optical methods would offer spatio-temporal information
about the channels and a less invasive approach compared to electrophysiological
measurements. In this regard, FRET represents a powerful tool for monitoring the interactions
whereby a donor fluorophore transfers energy to a close acceptor. The FRET measurements not
only provide high throughput but also a non-invasive and longtime recording of live cells. In the
past, FRET microscopy has been used to study conformational changes of chloride channels.
Slow gating of CIC-0 has been an enigma until spectra FRET resolved the molecular mechanism

and revealed large backbone movements in the C-terminus of the channel (Bykova et al, 2006).

The sensitized-emission FRET (seFRET) technique is the most widely used approach for non-
destructive, live-cell FRET imaging. The sensitized fluorescence of the acceptor is detected
through an optical FRET filter set selecting the acceptor emission during the donor excitation. The
recent cryo-EM resolution of LRRCS8 structures has suggested that the cytoplasmic LRRDs have
a certain degree of flexibility, leading to the assumption that they may undergo structural
reorganization during channel activation. This is the same as what | and the lab’s previous study
(Kénig et al, 2019) found using the cFRET method, in which the cFRET modifications reflect C-

termini movement in VRAC complexes during osmotic swelling as well as other activating signals.

4.2.1. Isosmotic VRAC activation is regulated by PKD signaling

AVD is an early-phase event leading to apoptotic cell death, and is driven by osmolyte efflux
resulting from the activation of K* and CI conductances (Gomez-Angelats & Cidlowski, 2002;

Okada et al, 2001). CI" currents were even reported to be activated following apoptosis in some
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studies (Schumann et al, 1993; Szabo et al, 1998a). A decade later, this CI conductance was
reported to occur via the VRAC, whereby death receptor-mediated apoptosis inducers, Fas-ligand
and TNF-a in combination with cycloheximide are able to stimulate VRAC CI channels (Shimizu
et al, 2004). Consistent with this, using the FRET-based approach | found rapid (within minutes)
activation of LRRC8A/E containing VRAC heteromers following stimulation of death receptor-
mediated apoptotic pathway. It is also tempting to speculate that activation of VRAC is an early

prerequisite for apoptosis in HelLa cells treated with death-receptor ligands (TNF-a+CHX).

Reactive oxygen species act as upstream signals in the activation of VRAC channels by
mitochondrion-mediated apoptosis inducers, but most of the details remain unknown concerning
death receptor-mediated apoptosis. One of the studies reported the involvement of Src-like
tyrosine kinase, p56Lck, in lymphocytes stimulated with Fas-ligand. In the past, several studies
suggested that the protein kinase C family and its paralogs are involved in modulating and
activating the VRAC (Hermoso et al, 2004; Konig et al, 2019; Rudkouskaya et al, 2008; Senju et
al, 2015) - not to mention that there is an equal amount of data set indicating an inhibiting effect
(von Weikersthal et al, 1999). The protein kinase C family consists of several paralogs with a
variety of cellular functions that they accomplish by phosphorylating their substrates at serine or
threonine resides. They are activated and recruited to the plasma membrane by DAG. DAG is
produced by the cleavage of PIP2 to DAG and IP3. The protein kinase family called protein kinase
D (PKD), consists of PKD1 (formerly called PKCu (Johannes et al, 1994) PKD2 and PKD3, that
could be recruited by DAG to the plasma membrane. Many agents activate PKD1 in vivo through
the activation of PKC for example, DAG analogs (Van Lint et al, 1995), neuropeptides, platelet-
derived growth factors, and oxidative stress (Waldron & Rozengurt, 2000). Additionally, PKD1
can also be activated by TNF-a (Endo et al, 2000). Consistently, | observed that TNF-a+CHX-
induced early VRAC channel activation was modulated by the PKD inhibitor CRT0066101. In an
earlier study, pharmacological inhibition of PKD, but not PKC, impaired hypotonicity-induced
VRAC activation (Konig et al, 2019). This inhibition by the PKD but not by PKC can be explained
by the fact that PKD1 can be activated by different upstream mechanisms, mainly
transphosphorylation of Ser744 and autophosphorylation of Ser748 in its activation loop (Jacamo
et al, 2008; Sinnett-Smith et al, 2009b). The translocation, multi-site phosphorylation, and
regulation of the catalytic activity of PKD have been excellently reviewed elsewhere (Rozengurt
et al, 2005). Conclusively, PKD is a point of convergence and integration of multiple stimuli that
is rapidly activated through PKCs, and persistently through PKC-dependent or PKC-independent
pathways. Since DAG recruits and activates novel and conventional PKCs and PKDs at the
plasma membrane (Kolczynska et al, 2020). So, it is intriguing to speculate that the application of
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TNF-a or hypotonicity might recruit PKDs to the cell surface and activated PKDs potentially
directly phosphorylate plasma membrane-localized VRAC. In the case of death receptor-
mediated apoptosis, PKD might be the upstream signal in the channel activation. Further studies
are needed to clarify the components upstream of PKD recruitment for VRAC activation triggered

by apoptotic stimuli.

4.2.2. GPCR and Gaq, G-proteins in DAG-mediated VRAC activation

Apart from PLCs, G-proteins are also implicated in DAG-mediated VRAC activation. Some of the
isoforms of PKD can be activated by multiple growth-promoting GPCR agonists (that act through
the Gq, G12, and Gi), indicating that PKD functions in mediating mitogenic signaling (Yuan et al,
2000; Yuan et al, 2003; Yuan et al, 2001; Zugaza et al, 1997). For example, in Swiss3T3
fibroblasts, GPCR agonist-induced overexpression of either PKD1 or PKD2, through an early
PKC-dependent and late PKC-independent mechanisms causes ERK activation, DNA synthesis,
and cell proliferation (Sinnett-Smith et al, 2009b; Sinnett-Smith et al, 2007; Zhukova et al, 2001).
The lipid lysophosphatidic acid (LPA) potentiates a rapid and striking activation of PKD2 in human
colonic epithelial NCM460 cells (Chiu et al, 2007). S1P represents an important signaling
bioactive lipid, which signals through the five S1P receptors that are members of the
lysophospholipid receptor family. Activation of VRAC has been reported by S1P (Burow et al,
2015). In the present study, | could also monitor the S1P-induced VRAC activation using the
FRET optical sensor. All of the five S1P receptors signal through small heterotrimeric G-proteins,
additionally there is a handful amount of data showing the involvement of heterotrimeric and
monomeric G protein families in VRAC activation (Doroshenko & Neher, 1992; Estevez et al,
2001; Nilius et al, 1999; Voets et al, 1998). | investigated the involved S1P-induced signaling
cascade in mediating VRAC activation using S1PR antagonist, S1PR knock-down and knock-out,
and toxin-based inhibition of the receptor-coupled small heterotrimeric and monomeric G-
proteins. | discovered that the S1PR1 receptor antagonist W123 prevented channel activation
upon hypotonicity or S1P ligand binding. However, | found a slight antagonistic effect of W123 in
the S1PR1 knock-out HelLa cell after hypotonic VRAC activation. This may be due to an offsite
antagonizing effect of W123 on other S1P receptors that could mediate the hypotonicity-induced
activation signal. S1P-induced VRAC activation did not differ significantly in the S1PR1 knock-out
cell line in the presence or absence of W123, meaning that the S1P effect is mediated by other
S1P receptors, and so W123 cannot suppress channel activation without S1PR1. This notion is
further supported by the results obtained from receptor antagonist inhibition of the S1PR2. By
using JTE-013 that is reported to be specific for S1PR2 (Arikawa et al, 2003; Osada et al, 2002),
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| found no effect on channel activation induced by hypotonic extracellular solution or by S1P. This
suggests a cooperative role of S1P receptors in mediating channel activity. Such an example of
coordinated S1PR signaling has been reported for murine tumor growth, metastasis, and
regulation of tumor vascular phenotype. Endothelial cells express S1PR2 and S1PR3 in addition
to S1PR1 (Lee et al, 1999). While S1PR1 and S1PR2 stimulate opposing cellular functions,
S1PR2 can activate redundant signaling pathways in the absence of S1PR1 (Adada et al, 2013;
Sanchez et al, 2007). Moreover, both S1PR2 and S1PR3 were capable of signaling redundantly
as S1PR1, for example via the Gi-pathway (Cartier et al, 2020). The hypotonic and S1P-induced
VRAC activation in S1PR1 KO Hela cells also indicates that STPR1 alone is not sufficient to
media the activation of VRAC. It is important to mention that Burrow and colleagues did not notice
an inhibitory effect of W123 on hypotonicity-induced VRAC currents in RAW macrophages.
However, in consistence with my finding, they also noted that S1P-induced VRAC currents were
abolished by S1PR1 antagonist W123 but not by S1PR2 blocker JTE-013 (Burow et al, 2015).

Using toxin-mediated inhibition of different heterotrimeric G-proteins, | could show that S1P-
induced VRAC activation was modulated by PTX-insensitive signaling involving the Gq family of
G-proteins. A significant amount of studies suggested a possible role of the Gq family of
heterotrimeric G-proteins for VRAC. For example, Gg/11-coupled receptors are thought to be
sensors of mechanical membrane stretch and would therefore logically appeal to be the upstream
activators of VRAC (Mederos y Schnitzler et al, 2008; Waldo et al, 2010), also because B-isoforms
of PLC are the canonical effector molecules of activated, GTP-bound Ga subunits of Gg family
(Harden et al, 2011). Importantly, nearly 40% of all the GPCRs rely upon the Gq alpha family
members to stimulate the inositol lipid signaling (Watson & Girdlestone, 1994) and maximal PKD
activation by cellular stimuli requires phosphorylation of the two activation loop resides of PKD
Ser744 and Ser748. Multiple lines of evidence indicate the Gqg family as central mediators of the
rapid induction of PKC-mediated PKD phosphorylation. Interestingly, more recent studies indicate
many agonists of Gg-coupled receptors induce a biphasic PKD activation in a variety of cell types,
characterized by rapid PKC dependent followed by PKC independent PKD activation involving
Ser748 autophosphorylation (Sinnett-Smith et al, 2009a; Sinnett-Smith et al, 2011; Waldron et al,
2012). This PKC-independent PKD activation further strengthens the notion that PKCs are
dispensable for (hypotonic) VRAC activation (Konig et al, 2019) and favors the DAG-PKD
mediated VRAC activation, in which the Gq family might serve as central upstream mediators of
the signaling. Lastly, S1PR2 and S1PR3 receptors are coupled to the Gq family, and of the S1PR
family, the S1PR2,3 and 4 were shown to activate PLC, again supporting the notion that the Gq
family is involved in S1P-mediated VRAC activation.
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Another interesting finding of the present study was the melittin-based inhibition of S1P-induced
VRAC activation. Melittin has remarkably diverse effects on cells, and its functional effects are
essentially unpredictable. It inhibits intrinsic Gs and stimulates Gi activity. Interestingly, melittin
inhibited the S1P-induced channel activation, suggesting that the Gi family of G-proteins stimulate
the channel under basal conditions. In addition to differentially regulating the activity of Gs and Gi
proteins, melittin also inhibits PKC activity (Raynor et al, 1991) One of the studies reported the
melittin-based inhibition of PDGF receptor beta-tyrosine phosphorylation and its downstream
PLCy1 phosphorylation (Son et al, 2007). PLCy1 is involved in the hydrolysis of membrane PIP2
resulting in the production of intracellular second messengers DAG and IP3. This again points
towards the involvement of DAG-PKD mediated VRAC activation, through melittin-based
inhibition of PLC y1.

Signaling downstream of the S1P receptors is intricate, with numerous synergistic and
antagonistic cross-talks that play a critical role in signal transmission, integration, and distribution.
Nonetheless, the Gqg family of G-proteins coupled to S1PR2 and S1PR3, suggest possible
candidates for DAG-PKD mediated VRAC activation. To sum up, | substantiated that S1P
recruited and activated PTX-insensitive Gq protein-coupled S1P receptors and then stimulated
PKC-independent activation of PKD which leads to VRAC activation. Additionally, | speculated
that PKD might activate VRAC by phosphorylating it, in the scenario described above.
Phosphorylation is still being debated as crucial for VRAC activation. In the past, several other
chloride channels have been reported to be modulated by phosphorylation events e.g., the
cytosolic regulatory domain (R) of the cystic fibrosis transmembrane conductance regulator
(CFTR) is phosphorylated by the cAMP-dependent protein kinase (PKA) and results in channel
activation (Cohn et al, 1992; Tabcharani et al, 1991). Importantly, except for LRRC8E, LRRC8A,
B, C, and D were detected in phospho-proteome screen (Dephoure et al, 2008; Olsen et al, 2006;
Zhou et al, 2013), and interestingly, all these phosphorylation sites were located in the intracellular
loop (IL-1). Additionally, a PKD motif can also be found in each of the five LRRC8 proteins, mostly
in the LRRD. As this thesis was being compiled, we received some CFP-tagged LRRC8A mutants
in which threonine was replaced by serine, alanine, and glutamate, at positions T169S, T169A,
and T169E. Mutation of threonine to alanine might result in a loss of function if this residue is
important for activation while mutating threonine to glutamic acid or aspartic acid can mimic
phosphorylation of the protein at these sites. Since LRRC8E was found to have no conserved
PKD motif, nor was it ever detected in a phospho-proteome screen, co-expressing CFP-tagged
8A mutants with E-YFP and testing the VRAC activation by hypotonic or other activation triggers
would reveal the potential role of phosphorylation. Indeed, | found that mutation of 8A-T169A
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failed to activate the channel upon cell swelling, while 8A-T169E was still able to be activated
upon hypotonic swelling. Mutating threonine residue to glutamic acid could render the channel
constitutively open, in this case, it is difficult to detect the channel activity as cFRET is measured
as a relative change from a before measured baseline cFRET value. So, the constitutively open
channels cannot be distinguished from the closed ones, and one might expect very low FRET or
no change in cFRET. Nevertheless, the 8A-T169E exhibited a lower cFRET drop as compared to
WT 8A/8E and the 8A-T169A mutant during FRET measurements. This difference between
phospho-mimetic (8A-T169E) and phospho-ablative (8A-T169A) mutation suggested that the
protein is phosphorylated at these sites during channel activation. However, locking the protein in
its phosphorylated state neglects to contribute much to the physiological environment of the cell,
in which dynamic phosphorylation/dephosphorylation may occur (Gelens & Saurin, 2018). In
short, the hypothesis outlined here is only one possible signaling pathway underlying the

activation of VRAC, and will undoubtedly grow through further research.
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Figure 30. Theoretical model of VRAC activation. Shown is the proposed signaling pathway
for activation of the VRAC by S1P/S1PR. The molecules are sphingosine-1 phosphate (S1P);
sphingosine-1 phosphate receptor (S1PR); Gaq protein family and its By subunit; phospholipase
C (PLC), phoshphatidyl inositol 4,5-bisphosphate (PIP2); Inositol triphosphate (IP3);
diacylglycerol (DAG); protein kinase C (PKC); protein kinase D (PKD). Ligand-induced stimulation
of S1PR leads to the activation of the Gq family of G-proteins, activated Gq proteins dissociate
from the By subunit and activates PLC. PLC hydrolyzes PIP2 to DAG and IP3. DAG recruits and
activates PKD. Activated PKD might directly phosphorylate VRAC thus activating it. Due to their
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unclear roles in VRAC regulation, some of the effector molecules are omitted from the diagram
for clarity.

4.3. VRAC modulation by orphan GPCRs

The classical GPCR signaling mechanisms have been long studied and established for many
years. However, it has been increasingly clear that GPCR signaling biology is remarkably more
complex than originally thought. Traditionally the G protein-coupled receptors are categorized into
five classes based on homology, though recent studies suggested the classification based on
ligand type (Pawson et al, 2014). Regardless, of the classification method, all groups of GPCRs
include a subgroup referred to as “orphans”, which are GPCRs that have been identified using
molecular cloning or bioinformatics, but yet do not have a known endogenous ligand (Kolar et al,
2017). GPCR5B, alternatively called RAIG2, represents an important orphan GPCR belonging to
GPCR family C, group 5. There are almost 300 GPCRs expressed in pancreatic islets, that offer
multiple opportunities to modulate insulin, glucagon, and somatostatin secretion (Amisten et al,
2013; Regard et al, 2008), though most of the receptors are still considered orphans. It is well
established that many GPCRs do not retain a wide expression pattern, but rather are restricted
to a specific cell/tissue, thus exerting the activity only in that given cell/tissue (Hakak et al, 2003).
These restricted expression profiles of GPCRs enabled the identification of their functions in
several physiological mechanisms (Insel et al, 2015) and in the regulation of glucose homeostasis
(Sebastiani et al, 2018). The orphan receptor GPCR5B is highly expressed in mouse and human
islets (Soni et al, 2013), brain (Robbins et al, 2002), and white adipose tissue (Kim et al, 2012).
There is also evidence that it is highly up-regulated in islets from donors with type 2 diabetes
(Soni et al, 2013) and its deletion in mice causes glucose intolerance (Kim et al, 2012), which
hints towards its involvement in the pathogenies of diabetes. So far, in one study the authors
(Soni et al, 2013) suggested GPCR5B to be a negative modulator of insulin secretion. Considering
that GPCR5B negatively modulates insulin secretion and islet cell survival, and VRAC increases
the sensitivity of B-cells to glucose (Stuhlmann et al, 2018), it is tempting to speculate that
GPCRS5B negatively modulates VRAC as well. This is exactly what | have observed in the present
study. Using the FRET-based approach, | observed that GPCR5B negatively modulates the
LRRCB8A/LRRCS8E heteromeric channel, therefore overexpressing GPCR5B prevented glucose-
induced channel activation. A recent study has identified several ion/transport channels as well
as GPCRs particularly GPCR5B in the GlialCAM interactome from the mouse brain and analyzed
its interaction with GlialCAM and MLC1 (Alonso-Gardén et al, 2021). Mutations in MLC1 or
GLIALCAM cause megalencephalic leukoencephalopathy with cysts (MLC) which is a rare type
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of leukodystrophy (van der Knaap et al, 2012). Moreover, these proteins have been linked to the
regulation of different chloride channels such as CIC-2 and VRAC. VRAC has been speculated
to be involved in cell volume alterations of astrocytes in MLC. Astrocytes depleted of GPCR5B
showed a dramatic reduction in VRAC currents under hypotonic conditions (Alonso-Gardon et al,
2021) contrary to what | observed in FRET measurements of pancreatic 3-cells upon glucose

stimulation.

It is obvious that future studies are needed to elucidate the precise mechanism and the second
messenger responses by which GPCR5B regulates VRAC activation and insulin secretion, also
because pancreatic islets consist of several cell types and GPCRs can couple to more than one
G protein family, so the results obtained in pancreatic cell lines do not always match the response
in primary cells or intact cells. Conclusively, antagonizing the activity of GPCR5B (by genetic or
pharmacological means) could be an intriguing way to modulate insulin secretion and VRAC

activation in type-2 diabetes.

4.4. Conclusion and outlook

In the present study, | uncovered a novel role of GPCRs and the associated heterotrimeric G-
proteins as upstream regulators in the DAG-PKD mediated activation of VRAC. Utilizing a FRET-
based sensor, | could show that isosmotic VRAC activation by S1P involves signaling through Gq
coupled S1PR receptors. | proposed that the signal is transduced via a PKC-independent PKD
activation. Stimulated PKD might phosphorylate VRAC, thus activating it. The notion is further
strengthened by the observation that the phospho-ablative mutation of LRRC8A at T169A,
resulted in the loss of channel activity during hypotonic swelling. Thus, phosphorylation might be
crucial for VRAC activation, and in the presented hypothesis might be carried out by PKDs.
Additionally, | discussed the role of an orphan GPCR, GPCR5B in regulating B-cell function and

insulin secretion via modulating VRAC activity.

Subsequent studies should examine the effect of S1P on channel activity by considering the S1P-
S1PR alliance and using peptidic, chemical inhibitors, siRNA-mediated or genomic knock-out of
different receptor combinations. The participation of specific G-proteins in in vivo signal
transduction can then be elucidated by using G protein-deficient mouse models or by knock-down
of Ga and G subunits through small interfering RNA. More sophisticated tools such as
bioluminescence resonance energy transform (BRET) and dynamic mass redistribution (DMR)

can be used to measure the cellular responses to GPCR activation. For a G protein-coupled
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receptor (e.g., S1PR) that couples to multiple G-proteins signaling pathways, inhibition of a
specific G protein will block some, but not all pathways. Although the present study evaluates
most of the S1PR coupled G protein pathways, the contribution from other classes of G-proteins
can be addressed in the future. The Gag-mediated activation of downstream signaling molecules
can be assessed by specifically inhibiting its well-known effector molecules the phospholipase C,
(PLC-B), and the Rho guanine nucleotide exchange factors (RhoGEFs). It would be also
interesting to monitor the effect of PMA, pharmacological inhibition of PKD or PKC during the
S1P, and hypotonicity-induced activation of the phospho-mimetic and phospho-ablative mutants.
The negative modulation of VRAC activity by GPCR5B in pancreatic $-cells needs to be clarified,
and the underlying second messenger pathways should be identified. Importantly, the FRET
approach used in this study is subunit-specific, mostly with CFP tagged LRRC8A and YFP tagged
LRRCS8E. On the one hand, key results should be corroborated by classical electrophysiological
means. On the other hand, it will be interesting to label and test other LRRC8 members together
with LRRC8A by FRET. This will not only allow the validation of the proposed signaling pathway
for VRAC activation using different subunit combinations, but will also enlighten the cell type-

specific regulatory mechanisms.
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5. Material and Methods

5.1. Materials

5.1.1. Cell lines

Table 2. Cell lines

Name Source/Reference Description/ Additional
Information
C2C12 CVCL_0188 Mouse myoblast/ Kindly provided

by P. Knaus (Freie Universitat
Berlin, Germany)

3T3-L1 CVCL_0123 Mouse fibroblast/ Kindly
provided by P. Knaus (Freie
Universitat Berlin, Germany)

HCT116 CVCL_0291 Human colon cancer/ Obtained
from Leibniz Forschungsinstitut
DSMZ

LRRC8A-E KO (Voss et al, 2014) HCT116 cells with quintuple

(HCT116) LRRC8 protein depleted/ Kindly

provided by T.J. Jentsch (FMP
and MDC, Berlin, Germany)

HEK293 CVCL_0045 Human  embryonic  kidney/
obtained from Leibniz
Forschungsinstitut DSMZ

LRRC8A-E KO (Lutter et al, 2017) HEK293 cells with quintuple
(HEK293) LRRC8 protein depleted/ Kindly
provided by T.J. Jentsch (FMP
and MDC, Berlin, Germany)

HelLa CVCL_0030 Mammalian cervix carcinoma/
Obtained from Leibniz
Forschungsinstitut DSMZ

S1PR1 KO ab265936 Human S1PR1 (S1P1/EDG1)
(HelLa) knock-out HelLa cell line/abcam
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INS-1E CVCL_0351 Rat insulinoma cancerous cell
line/ Kindly provided by T.J.
Jentsch (FMP and MDC, Berlin,
Germany)

RAW 2647.1 CVCL_0493 Murine macrophage cell line/

Kindly provided by P. Knaus
(Freie Universitat Berlin,
Germany)

5.1.2. Cell culture media and transfection reagents

Table 3. Cell culture medium components

Name Company Product/Catalog Number
Dulbecco’'s  modified eagle | PAN-Biotech P04-03550
medium (DMEM)

McCoy’s 5A medium PAN-Biotech P04-05500
RPMI 1640 medium PAN-Biotech P04-16515
Fetal bovine serum (FBS) PAN-Biotech P30-3302
Penicillin-Streptomycin PAN-Biotech P06-07100
Trypsin/EDTA PAN-Biotech P10-029500
Trypsin 0.25% in PBS PAN-Biotech P10-021100
Dulbecco’s phosphate-buffered | PAN-Biotech P04-36500
saline (DPBS)

2-mercaptoethanol ThermoFisher 31350010
HEPES ThermoFisher 15630080
Sodium Pyruvate ThermoFisher 11360070
Opti-MEM Gibco 31985070
Fugene 6 Promega E2691
Lipofectamine™ RNAIMAX ThermoFisher 13778075
Lipofectamine 2000 ThermoFisher 11668030

5.1.3. Chemicals and drugs

Unless otherwise stated, all chemicals used in this thesis were purchased from Sigma-Aldrich or

Carl Roth.

Table 4. Chemicals and drugs

Name

Company

Product/Catalog Number
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Table 5. Used siRNAs and their sequence

Dimethyl sulfoxide (DMSO) PAN-Biotech P60-36720100

CRT 0066101 Tocris, Bio-Techne 0484

Sphingosine 1-phosphate Sigma-Aldrich 73914

Tumor necrosis factor-alpha | Sigma-Aldrich 94948-59-1

(TNF-a)

Cycloheximide (CHX) Sigma-Aldrich 66-81-9

W123 Cayman chemical 10010992

SEW 2871 Tocris, Bio-Techne 2284

JTE 013 Tocris, Bio-Techne 2392

Pertussis toxin Tocris, Bio-Techne 3097

Cholera toxin Sigma-Aldrich C8052-1MG

Clostridium difficile toxin B Sigma-Aldrich SML1153-2UG

Gallein Tocris, Bio-Techne 3090

Mellitin Tocris, Bio-Techne 1193

YM-254890 Biomol GmbH AG-CN2-0509
5.1.4. siRNAs

Name Sequence Company/Product
number

Scrambled siRNA A non-targeting negative control siRNA | ThermoFisher/4390844

S1PR1 siRNA 1 sense: GCACCACGGUCUUCACUCULtt | ThermoFisher/s4447

S1PR1 siRNA 2 sense: AGACCGUAAUUAUCGUCCULtt | ThermoFisher/s4449

5.1.5. Plasmids

Table 6. Plasmids

Name Vector backbone Number in internal | Description/Reference
database
LRRC8A-Cerulean pECFP-N1 105 (Konig et al, 2019)
LRRC8E-Venus PEYFP-N1 106 (Konig et al, 2019)
LRRC8A-Venus PEYFP-N1 108 (Konig et al, 2019)
GPCR5A-Tango empty Tango 100 GPRC5A-Tango was a
gift from Bryan Roth

78



(Addgene
66382)(Kroeze et al,
2015)

plasmid #

GPCR5B-Tango empty Tango 101 GPRC5B-Tango was a
gift from Bryan Roth
(Addgene plasmid #
66383)(Kroeze et al,
2015)

5.1.6. Antibodies

Table 7. Antibodies

Name Company/Supplier | Product Dilution

number/Reference

Rabbit anti-LRRC8A (5a) | Kindly provided by | (Planells-Cases et al, 2015; | 1:1000

Rabbit anti-LRRC8B (5b) | T.J. Jentsch (FMP | Voss et al, 2014)

Rabbit anti-LRRC8C (ct) | and MDC, Berlin,

Rabbit anti-LRRC8D (ct) | Germany)

Rabbit anti-LRRC8E

(ct)

Rabbit anti-GAPDH Cell Signaling clone 14C10/2118 1:2500

Technology

Mouse anti- Na*, K* | Merck clone C464.6/05-369 1:1000

ATPase a1

Mouse anti-GM-130 BD Biosciences clone 35/610822 1:300

Rabbit anti-GST Cell Signaling 5475 1:1000

Mouse-anti-beta-actin abcam ab49900 1:10,000

HRP

Horseradish  peroxidase | Jackson aB_2307391 1:5000

(HRP)-conjugated  goat | InmmunoResearch

anti-rabbit

Horseradish  peroxidase | Jackson aB_10015289 1:5000

(HRP)-conjugated  goat | InmmunoResearch

anti-mouse

Recombinant Anti- | Abcam ab233386 1:1000

S1P1/EDG1 antibody
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Alexa Fluor 633-goat anti- | Molecular probes A-21052 1:1000
mouse Ig

5.1.7. Primers

Table 8. Primers
Name Species Sequence
LRRCB8A fw Mouse 5-GGAATTCGAGGAGAGTGACCCCAA-3'
LRRC8A rev Mouse 5-CCGCTCGAGTTACTTCGCCTGCTCCCCT-3'
LRRC8B fw Mouse 5-GGAATTCCTCTCCAAGTCCAAAAC-3'
LRRCS8B rev Mouse 5-CCGCTCGAGTTACTTGGCTTGTTCGCC-3'
LRRC8C fw Mouse 5-GGAATTCTTTGAAGTCCTCCCTCC-3'
LRRCS8C rev Mouse 5-CCGCTCGAGTTAGTCTGCTTTCAT-3'
LRRC8D fw Mouse 5-GGAATTCCAGTGTCGGATGCT-3'
LRRC8D rev Mouse 5-CCGCTCGAGTCAAATCCCGTTTGC-3'
LRRCS8E fw Mouse 5-GGAATTCCTCAGCCGTCTGGAGCT-3'
LRRCSE rev Mouse 5-CTCGAGCGGTCATTCCTCCTCCAT-3'

5.2. Methods

5.2.1. Cell culture

All the cell lines used, unless stated otherwise, were maintained in growth medium (DMEM
supplemented with 10% FBS, 100 units/ml penicillin and 100 pug/ml streptomycin) at 37°C under
a humidified atmosphere with 5% CO.. Wild-type and LRRC8A-E KO HCT116 cell lines were
maintained in McCoy’s 5A medium with 10% FBS, 100 units/ml penicillin, and 100 pg/ml
streptomycin, at 37°C in a humidified atmosphere with 5% CO.. INS-1E cells were cultured in
RPMI 1640 medium supplemented with 10% FBS, 10 mM HEPES, 1mM sodium pyruvate, 50 uM

2-merceptoethanol, and 100 units/ml penicillin and 100 pg/ml streptomycin.

5.2.2. Cloning, expression and purification of recombinant GST fusion proteins

All the LRRC8 fragments were PCR amplified using the primers listed in Table 8 on genomic DNA

which was purified from mouse tissue with an Invisorb kit (Invitek Molecular, Berlin, Germany)
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and cloned into pGEX-5X-1 with EcoRI/Xhol. The fusion construct of GST with the amino-terminal
80 amino acids of CLC-6 (C6N) has been reported previously (Stauber & Jentsch, 2010).

The GST-tagged fusion proteins were expressed in BL21 for 3 h at 37°C after induction with 0.5
mM IPTG at an OD600 of 0.8-1.0. The bacteria were then harvested by centrifugation,
resuspended in lysis buffer (50 mM Tris pH 7.5, 300 mM NaCl, 5% glycerol (v/v), supplemented
with complete and AEBSF (0.5 mg/ml)) and lysed by sonication. Afterward, Triton X-100 was
added to a final concentration of 1% and cell debris was removed by centrifugation (40 min,
19,500 x g, 4 °C). For purifying the GST fusion proteins, glutathione sepharose in binding buffer
(50 mM Tris pH 7.5, 300 mM NaCl, 5% glycerol (v/v), 0.1% Triton X-100 (v/v)) was added to the
cell lysate and incubated under agitation for 1 h at 4°C. Subsequently, the sepharose-lysate mix
was centrifuged for 5 min at 500 x g at 4°C to get the flow-through fraction. The slurry was then
washed five times with binding buffer supplemented with a complete protease inhibitor cocktail
and AEBSF (0.5 mg/ml), after which the bound protein was eluted from the sepharose using
elution buffer (50 mM Tris-HCI, 10 mM reduced glutathione, pH 8.0). A BCA-assay kit (Thermo
Fisher Scientific, Darmstadt, Germany) was used to measure the protein concentration. The

proteins were then flash-frozen in liquid nitrogen and kept at -80 °C for later use.

5.2.3. Generation of knock-out cell lines

The C2C12 and 3T3 LRRCB8A knock-out cell lines used in this thesis have been described
previously (Liu & Stauber, 2019; Pervaiz et al, 2019). Wild-type and LRRC8A-E KO HCT116 and
HEK293 cell lines, reported in (Lutter et al, 2017; Voss et al, 2014) were kindly provided by T.J
Jentsch, FMP and MDC Berlin, Germany.

5.2.4. Preparation of tissue and cell lysates

For preparing tissue lysates, 8 weeks old male C57BL/6 wild-type mice were sacrificed by
cerebral dislocation. The mouse organs (brain, kidney, lung, heart, and spleen) were then
homogenized with Triple-Pure High Impact Zirconium Beads with a 1.5mm diameter in RIPA
buffer using a BeadBug 6 Position Homogenizer (Benchmark Scientific, USA). The samples were
then centrifuged for 10 min at 1,000x g at 4°C (Heraeus Fresco 21, Thermo Fisher Scientific,
Darmstadt, Germany) and the cell debris was removed. The supernatant contained the whole-
organ lysate and its protein concentration was measured using the Pierce BCA protein Assay kit

(Thermo Fisher Scientific, Darmstadt, Germany).
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The cells were collected by scraping on ice, pelleted down at 2000x g for 5 min and resuspended
in pre-cooled RIPA buffer (150 mM NaCl, 50 mM Tris pH 8.0, 5 mM EDTA pH 8.0, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS) containing proteinase inhibitor cocktail (Roche, Basel,
Switzerland). The resuspension was then vortexed and incubated on ice for 30 min with being
vortexed every 10 min, centrifuged at 10,000 x g at 4°C for 10 min. The resulting supernatant was
then mixed with SDS sample buffer heated at 95°C for 5 min. Total protein amounts were
determined using the Pierce BCA protein Assay kit (Thermo Fisher Scientific, Darmstadt,

Germany).

5.2.5. SDS-PAGE and immunoblotting

GST-tagged recombinant proteins and cell and tissue lysates were separated by 10% SDS-PAGE
and transferred to nitrocellulose membranes (Macherey Nagel, Diren, Germany) at 200 mA for
80 min. After the transfer, the membranes were blocked with 5%-skim milk (in TBS-T) (20 mM
Tris pH 7.6, 150 mM NaCl and 0.02% Tween-20) for 1 h at room temperature and incubated with
the respective primary antibodies overnight at 4°C. The primary antibodies against LRRC8A-E
were kindly provided by T.J. Jentsch and have been described previously (Planells-Cases et al,
2015; Voss et al, 2014). For generating the antibodies, the epitope peptides (Table1) were
coupled through N-terminally added cysteines to keyhole limpet hemocyanin and then injected
into rabbits. The polyclonal antibodies were then affinity-purified from rabbit sera with the
respective peptides and their concentration was determined using the Pierce BCA protein Assay

kit (Thermo Fisher Scientific, Darmstadt, Germany).

After, overnight incubation with the primary antibodies and subsequent three washes with TBS-
T, for 30 min (10 min each wash) the membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody for 1 h at room temperature, washed with TBST-T and
finally developed by enhanced chemiluminescence reagent (HRP juice; PJK GmbH,
Kleinblittersdorf, Germany) and a ChemiSmart 5000 digital imaging system (Vilber-Lourmat,

Collégien, France). Proteins were quantified using Fiji software (Schindelin et al, 2012).

5.2.6. Co-immunoprecipitation

C2C12 and 3T3 cells were lysed in 300 pl of lysis buffer (150 mM NaCl, 50 mM Tris-HCI pH 7.5,
1% NP-40, 0.5% sodium deoxycholate) containing 4 mM Pefabloc (Carl Roth, Karlsruhe,

Germany) and proteinase inhibitor cocktail (Roche, Basel, Switzerland) for 10 min on ice. The
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lysate was then precleared by centrifugation at 14.000 rpm for 10 min at 4°C and then spun at
30.000 g for 30 min at 4°C. The protein concentration of the lysate was determined using the
Pierce BCA protein Assay kit (Thermo Fisher Scientific, Darmstadt, Germany). After then, 15 ug
of the LRRCB8A antibody was added to the cleared lysate containing 2.5 mg of the total protein
and rotated for 1-2 h at 4°C. The rotation was then continued overnight after the addition of 50 pl
of Protein A Dynabeads (Thermo Fisher Scientific, Darmstadt, Germany). The next day, after four
washes with 500 yl wash buffer (same as lysis buffer, but with 0.1% NP-40 and 0.05% sodium
deoxycholate), precipitates were eluted in 100 pl of LA&mmli sample buffer, separated by SDS-

PAGE and analyzed by immunoblot as indicated. Experiments were repeated 3 times.

5.2.7. Calculation of protein amounts

For each immunoblot, a calibration curve was generated with the recombinant proteins (Figure
31 B). Having the signal of the protein of interest in the cell or tissue lysate (quantified using Fiji
software) (Schindelin et al, 2012) within the linear range of the calibration curve, the amount of
protein in 60 pg of the protein ( the amount loaded in the gels) can be calculated by multiplying
the equivalent value of GST fusion protein with the ratio between the molecular weight of the
LRRC8 protein (LRRC8A, 100 kDa; LRRCS8B, 95 kDa; LRRC8C, 100 kDa; LRRC8D, 110 kDa;
LRRC8E, 100 kDa) and the GST fusion protein (34 kDa). With the molecular weight, the molar
amount per 1 g total protein was calculated. Two lysates were tested per calibration curve and
all experiments were performed three times, so there were six values per protein and cell

type/organ.
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Figure 31. Example for the calibration of protein amounts.

(A) Shown here are three representative blots for LRRC8B in C2C12 cells. The band intensities
of the LRRCS8B in the cell lysates appear to be in the range between 300 pg and 1 ng of the
recombinant protein. Measurement of the band intensities by software and calculation of the
protein amount reveals the signal equivalent to ~450 pg of recombinant protein. Multiplying this
with 2.79 (the ratio between the molecular weight of the LRRC8B protein (95 kDa) and the GST
fusion protein (34 kDa)) gives ~1.25 ng LRRC8B in 60 ug total protein; so, 0.02 ng/ug. With the
molar mass of 95 kDa, this is 0.21 fmol/ ug (as shown in Figure 5). (B) one out of the three
calibration curves for LRRC8B in C2C12 cells. The measured signal is plotted as a function of the
amount of recombinant protein loaded. The measured values of LRRC8B from the cell lysates lie
within this linear range and thus the protein amount can be calculated.

5.2.8. Transfection of cells

For siRNA transfection, HelLa cells were seeded at a density of 1 x 10° in 35 mm glass-bottom
dishes (MatTek) and the next day transfected with 15 nM siRNA using the Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s instructions. For FRET measurements,
the cells were transfected with plasmids (LRRC8A-CFP, LRRC8E-YFP post 24 h of siRNA

transfection.

For the FRET experiments, HeLa cells (1 x 10°) were co-transfected with LRRC8A-Cerulean and

LRRC8E-Venus (Table 6) using FUGENE 6 (Promega) according to the manufacturer's
84



instructions. 500 ng of each plasmid DNA were used, and cells were measured 24 h post-
transfection. INS-1E cells were seeded (3 x 10°) in 0.01% poly-L-lysine coated MatTek dishes.
Transient transfection of INS-1E cells was performed using the Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s instructions. The DNA/lipofectamine ratio was 1/3.
The transfection medium was replaced with regular growth medium after 5h, and cells were
measured 24 h post-transfection. RAW 264.7 cells were transfected using the Neon
electroporation transfection system (Invitrogen) according to the manufacturer’s instructions and
using the electroporation parameters; Pulse voltage (v): 1680, Pulse width (ms): 20, Pulse number

:1, and 10pl Neon tip.

For overexpression, 2 ug of GPCR5A/GPCR5B and 1 ug of the LRRC8A-Cerulean LRRCS8E-
venus (500 ng each) were co-transfected in INS-1E cells using Lipofectamine 2000 reagent as

stated above.

5.2.9. Immunofluorescence staining

For immunofluorescence staining of the INS-1E cells, the cells growing on MatTek dishes were
transfected with the GPCR5A/B and the FRET vectors, after 24 h transfection the dishes were
rinsed with PBS and fixed in 4% paraformaldehyde for 15 min at room temperature. Cells were
subsequently blocked in 30 mM Glycine for 15 min and permeabilized in 0.01% saponin in 3%
BSA for 15 min. After that cells were incubated with a mouse monoclonal anti-FLAG antibody in
blocking buffer for 90 min. After three times washing with PBS cells were incubated with Alexa
Fluor 633-labeled goat anti-mouse Ig (1:1000) for 1 h at room temperature, stained with DAPI
(1:5000 in PBS; Sigma-Aldrich) for 5 min. Images were acquired with a DMi8 fluorescence

microscope using a 20x or 40x objective (Leica Microsystems).

5.2.10. Imaging buffers

All the imaging buffers were prepared with sterile filtered stock solutions. Isotonic imaging buffer
(340 mOsm) contained (in mM): 150 NaCl, 6 KCI, 1 MgClI2, 1.5 CaCl2,10 glucose,10 HEPES, pH
7.4 (adjusted with NaOH). Hypotonic imaging buffer (250 mOsm) was the same as isotonic, but
with  105mM NaCl. Hypertonic imaging buffers (500 mOsm) were as isotonic buffers
supplemented with 160 mM mannitol. For FRET measurements of INS-1E cells, the isotonic
imaging buffer (320 mOsm) contained (in mM): 130 NaCl, 5 KCI, 1 MgCl2, 2.5 CaCl2,20 HEPES,
and 20 Mannitol, pH 7.4 (adjusted with NaOH). For the Hypotonic buffer (250 mOsm) the

concentration of NaCl was adjusted to 105 mM NacCl, further osmolarity is adjusted by omitting
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Mannitol. For glucose stimulation experiments, cells were bathed with 1 mM glucose-containing
isosmotic solution, that contained (in mM): 120 NaCl, 5 KCI, 1 MgClI2, 2.5 CaCl2,1 glucose,19
HEPES for 1.5 min and then exposed to 20 mM glucose isotonic solution, that contained (in mM):
120 NaCl, 5 KClI, 1 MgCl2, 2.5 CaCl2, 20 glucose.

5.2.11. FRET measurements

FRET experiments were performed as previously described (Koénig et al, 2019). All the images
were collected on a high-speed setup of Leica Microsystems (Dmi6000B stage, 63x/1.4 oil
objective, high-speed external Leica 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, the growth medium was removed and cells were
washed three times with isotonic imaging buffer. seFRET images were acquired in the donor,
acceptor, and FRET channels. Acquisition parameters remained the same for all the channels
(8x8 binning, gain1, 100ms exposure time, illumination intensity 2). cFRET values were calculated

according to the following equation (Jiang & Sorkin, 2002)

IDA _ IDD.,B _ IAA.]/

cFRET = A
(I°P) is the emission intensity of the donor channel; (**) is for the acceptor channel and (I**) for
the FRET channel. § and y are the correction factors for the donor bleed through and acceptor
cross excitation. The calculation of correction factors was described previously (Kénig et al, 2019).
cFRET maps were determined by hand-drawn regions of interest (ROIs) and were processed with
the PixFRET plugin (Feige et al, 2005) (threshold set to 1, Gaussian blur to 2) with a self-written
macro. The absolute FRET values varied between individual cells, so the cFRET values of

individual cells were normalized to their mean cFRET in the isotonic buffer.

5.2.12. Statistical analysis

The quantitative data for the protein amounts is represented as the mean of the six measurements
1+SD. p values were determined by a one-way analysis of variance (ANOVA) with Bonferroni’'s
post hoc test. For FRET measurements, normalized cFRET values are depicted as mean of n
(number of individual cells) £ SD. p values between two groups were determined by a two-tailed
Student’s t-test. In all the figures, p values are indicated according to convention: *P < 0.05, **P
< 0.01, *™*P < 0.001, n.s. = not significant.
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