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A 30-year journey from volume-regulated anion
currents to molecular structure of the LRRC8 channel

Kevin Strange?®, Toshiki Yamada'@®, and Jerod S. Denton!

The swelling-activated anion channel VRAC has fascinated and frustrated physiologists since it was first described in 1988.
Multiple laboratories have defined VRAC’s biophysical properties and have shown that it plays a central role in cell volume
regulation and possibly other fundamental physiological processes. However, confusion and intense controversy surrounding
the channel’s molecular identity greatly hindered progress in the field for >15 yr. A major breakthrough came in 2014 with
the demonstration that VRAC is a heteromeric channel encoded by five members of the Lrrc8 gene family, Lrrc8A-E. A mere 4
yr later, four laboratories described cryo-EM structures of LRRC8A homomeric channels. As the melee of structure/function
and physiology studies begins, it is critical that this work be framed by a clear understanding of VRAC biophysics, regulation,
and cellular physiology as well as by the field’s past confusion and controversies. That understanding is essential for the
design and interpretation of structure/function studies, studies of VRAC physiology, and studies aimed at addressing the
vexing problem of how the channel detects cell volume changes. In this review we discuss key aspects of VRAC biophysics,
regulation, and function and integrate these into our emerging understanding of LRRC8 protein structure/function.

Introduction

The volume-regulated anion channel (VRAC) is expressed ubig-
uitously in vertebrate cells where it mediates the swelling-acti-
vated efflux of Cl~ and organic solutes required for cell volume
regulation (Strange et al., 1996; Hoffmann et al., 2009; Jentsch,
2016). Whole-cell patch clamp electrophysiology studies first
identified VRAC currents in 1988 in T lymphocytes (Cahalan and
Lewis, 1988) and human intestinal epithelial cells (Hazama and
Okada, 1988). Several laboratories including our own performed
detailed biophysical and cell physiological studies of VRAC
throughout the 1990s. During this time, multiple laboratories
claimed to have identified the proteins underlying VRAC activity.
The most prominent VRAC protein candidates included P-glyco-
protein (Gill etal., 1992; Valverde et al., 1992), pICln (Paulmichl et
al., 1992; Krapivinsky et al., 1994), and CLC-3 (Duan et al., 1997).
Unfortunately, none of these candidates withstood the test of ex-
perimental verification by other laboratories (Wine and Luckie,
1996; Strange, 1998; Nilius and Droogmans, 2003).

The extensive confusion and controversy surrounding the
molecular identification of VRAC hindered progress in the field
for >15 yr. A major breakthrough came in 2014 when two lab-
oratories independently identified the genes encoding VRAC
using genome-wide RNA silencing methods and high-through-
put fluorescence assays of channel activity (Qiu et al., 2014;
Voss et al., 2014). These laboratories demonstrated that VRAC

is a heteromeric channel encoded by five members of the Lrrc8
gene family, Lrrc8A-E, a result which has now been confirmed
by multiple groups (Hyzinski-Garcia et al., 2014; Yamada et al.,
2016; Gradogna et al., 2017). In 2018, four laboratories described
cryo-EM structures of LRRC8 channels (Deneka et al., 2018;
Kasuya et al., 2018; Kefauver et al., 2018; Kern et al., 2018).

The VRAC field has experienced a stunning rebirth in the last
4 yr. As the melee of structure/function and physiology studies
begins, it is critical that this work be framed by a clear under-
standing of VRAC biophysics, regulation, and cellular physiology.
That understanding is essential for the design and interpretation
of molecular experiments. This is particularly true for studies
aimed at understanding the physiological roles of VRAC and the
longstanding and vexing question of how VRAC detects cell vol-
ume changes. This paper will review key aspects of VRAC bio-
physics, regulation, and function and integrate these into our
emerging understanding of LRRC8 protein structure/function.

Channel nomenclature

Itisimportant to stress that both vertebrate and invertebrate cells
express multiple anion and cation channel types that are acti-
vated by cell swelling (Griinder et al., 1992; Niemeyer et al., 2001;
Rutledge et al., 2001; Chien and Hartzell, 2007; Toft-Bertelsen et
al., 2017) as well as by cell shrinkage (Zhang et al., 2008a; Koch
and Korbmacher, 1999; Pan et al., 2011). In other words, there are
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many volume-regulated channel types. To avoid confusion with
other volume-regulated channels, we propose that the defining
characteristics of VRAC (VRAC has also been termed VSOAC,
Volume-Sensitive organic Osmolyte/Anion Channel; VSOR, Vol-
ume-Sensitive Outwardly Rectifying anion channel; and VAAC,
Volume-Activated Anion Channel) include activation and in-
activation by cell swelling and shrinkage, respectively; modest
outward rectification; high selectivity for anions over cations; ac-
tivation that is modulated by intracellular ionic strength and ATP
levels; and mediates volume regulatory organic osmolyte efflux.

The LRRC8A gene has also been termed SWELLI (Qiu et al.,
2014). For consistency and clarity, we use the official gene no-
menclature LRRC8A throughout this review.

Lrre8 genes have not been identified in invertebrates and ap-
pear to be vertebrate innovations (Abascal and Zardoya, 2012).
Consistent with this, VRAC has to date only been detected in ver-
tebrate cells. Given the abundance of evidence that Lrrc8 genes
encode VRAC, we use the terms VRAC and LRRC8 channels in-
terchangeably throughout this review. However, it should be
stressed that the five mammalian LRRC8 proteins, LRRC8A-E,
appear to assemble in multiple configurations that give rise to
VRACs with distinct functional properties. This is discussed
in detail below.

Functional characteristics of VRAC currents

Fig. 1 shows the relationship between VRAC whole-cell current
activation and cell swelling. Osmotic swelling was induced by
removal of sucrose from the external bath solution. Under these
conditions, current activation begins when the cell has swollen
10%, which is defined as the channel volume set point. Current
activation will continue until it reaches a stable level, presumably
reflecting full activation of all channels in the membrane. Inac-
tivation of the current can be induced by cell shrinkage brought
about by raising bath osmolality.

In the whole-cell patch clamp mode, cell swelling is continu-
ous due to intracellular dialysis from the patch pipette and the
presence of a constant transmembrane osmotic gradient. Most
of our whole-cell electrophysiology studies on VRAC are per-
formed while imaging cells by video-enhanced DIC microscopy
(Cannon et al., 1998; Bond et al., 1999). This allows simultaneous
quantification of cell volume changes and current activation,
which is essential for understanding how VRAC senses cell swell-
ing and shrinkage.

Cell volume can increase manyfold in the whole-cell patch
clamp configuration. With very large volume increases, the cell
membrane typically dissociates from the underlying cytoplasm.
In our studies, we have often seen membrane blebs form during
swelling. Blebs are membrane domains that have separated
from the cytoskeleton (Ikenouchi and Aoki, 2017). Rapid mem-
brane blebbing is usually associated with a dramatic increase in
the rate of VRAC activation (unpublished data) suggesting that
physical forces and/or interacting cytoskeletal and other pro-
teins underlying the cell membrane may play a role in regulat-
ing VRAC activity.

VRAC is also activated in the absence of cell swelling by large
reductions in intracellular ionic strength (Cannon et al., 1998;
Nilius et al., 1998; Voets et al., 1999; Sabirov et al., 2000; Best
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Figure 1. Relationship between VRAC current activation and cell swell-
ing in a N1E115 neuroblastoma cell. Relative cell volume is measured simul-
taneously with whole-cell current allowing a direct correlation between VRAC
activation and cell swelling, which is the signal that activates the channel.
Whole current begins to activate when cell volume has increased 10%, which
is defined as the channel volume set point under these physiological condi-
tions. Figure is modified from Bond et al. (1999).

and Brown, 2009), by reactive oxygen species (Shimizu et al.,
2004; Liu et al., 2009; Deng et al., 2010), and by intracellular
GTP-y-S (Nilius et al., 1999; Estevez et al., 2001). In endothelial
cells (Romanenko et al., 2002) and cardiomyocytes (Browe and
Baumgarten, 2003), a VRAC-like current can be activated by
shear stress and membrane stretch, respectively. A large body
of evidence has demonstrated that VRAC is activated by stimu-
lation of receptors that induce apoptosis and that the channel
mediates apoptosis-associated cell shrinkage termed apoptotic
volume decease (Okada et al., 2006; Akita and Okada, 2014;
Kunzelmann, 2016).

Fully activated VRAC current shows modest outward recti-
fication. Most studies have shown that VRAC has a high selec-
tivity for anions over cations with relative cation permeabilities
(Peation/Pc1) of 0.02-0.04 (Kubo and Okada, 1992; Jackson and
Strange, 1993; Lewis et al., 1993). However, in skate hepatocytes,
Cs*and Na* permeabilities relative to Cl~are ~0.2, and Ppjine/Pc
is 0.55. Relative cation permeability increases with decreasing
concentrations of CsCl in the patch pipette suggesting that the
channel pore contains saturable anion and cation binding sites
with different anion and cation affinities (Jackson et al., 1996).

The relative anion permeability of VRAC corresponds to
Eisenman’s sequence I (SCN‘ >I">NO; >Br >Cl->F; Strange
etal., 1996; Nilius and Droogmans, 2003; Akita and Okada, 2014).
VRAC pore diameter has been estimated from electrophysio-
logical measurements to be 1.1-1.3 nm (Nilius and Droogmans,
2003; Ternovsky et al., 2004). No selective inhibitor of VRAC
exists, but the channel is inhibited by typical anion transport
blockers such as DIDS, SITS, NPPB, carbenoxolone, and DCPIB
(Friard et al., 2017). VRAC is also inhibited by lipoxygenase/cy-
tochrome P-450 inhibitors, polyunsaturated fatty acids, phlore-
tin, tamoxifen, and La3* (Jackson and Strange, 1993; Hand et al.,
1997; Akita and Okada, 2014). Several studies have shown that the
channel is blocked by extracellular ATP and other nucleotides.
ATP block is voltage dependent (Jackson and Strange, 1995a;
Tsumura et al., 1996).

VRAC exhibits voltage sensitivity that varies between cell
types and physiological conditions. Voltage sensitivity can be
negligible, or the channel can show modest to strong inactiva-
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tion at membrane voltages more positive than +60 mV (Jackson
and Strange, 1995a; Voets et al., 1997; Herndndez-Carballo et al.,
2010). Voltage-dependent inactivation is modulated in part by
cytoplasmic and extracellular ions (Voets et al., 1997; Herndndez-
Carballo et al., 2010).

In addition to inorganic ions, cells also use small, largely un-
charged organic solutes termed organic osmolytes for volume
regulation (Khan et al., 2010). A number of studies from our lab-
oratory strongly suggested that VRAC is a major pathway for the
volume regulatory efflux of these solutes from cells (Jackson and
Strange, 1993; Emma et al., 1997; Hand et al., 1997). In the brain,
VRAC is thought to be a major pathway for the release of the ex-
citatory amino acids aspartate and glutamate, which may play a
role in normal signaling processes as well as excitotoxic injury
(Akita and Okada, 2014; Mongin, 2016).

Electrophysiological measurements have shown that VRAC is
highly permeable to structurally unrelated organic solutes such
as pyruvate, short-chain fatty acids, ketone bodies, amino acids,
isethionate, and gluconate (Px/P¢ = 0.1-0.4; Jackson and Strange,
1993; Jackson et al., 1996; Manolopoulos et al., 1997). The relative
permeability of VRAC to taurine (Piaurine/Pc1), which functions as
amajor volume regulatory organic osmolyte in diverse cell types
(Lambert et al., 2015), is 0.15-0.4 (Jackson and Strange, 1993;
Boese et al., 1996; Jackson et al., 1996; Manolopoulos et al., 1997).
The uncharged organic osmolytes myo-inositol and sorbitol ap-
pear to alter Cl- flux through VRAC, suggesting that they compete
with Cl- for binding sites within the channel pore (Jackson and
Strange, 1993).

VRAC's unique single-channel properties

During the early 1990s, several laboratories used stationary noise
or variance analysis of whole-cell VRAC current to estimate sin-
gle-channel conductance (Doroshenko and Neher, 1992; Lewis et
al., 1993; Stoddard et al., 1993; Ho et al., 1994; Nilius et al., 1994;
Jackson and Strange, 1995b). Noise analysis assumes that graded
changes in whole-cell current are due to graded changes in the
open probability (Po) of a constant number of independent chan-
nels with a fixed unitary conductance (Hille, 2001).

All stationary noises analysis studies, including our own, used
cell swelling to activate VRAC. For these studies, cells are swol-
len continuously while patch clamped in the whole-cell mode.
Current records are obtained at various times during the time
course of whole-cell current activation. The recording periods
are short, typically ~100 ms. During these brief recordings,
whole-cell current magnitude is largely unchanged, and hence,
the current is stationary. Noise analysis performed on these cur-
rent records yields a unitary conductance for VRAC of ~1 pS at 0
mV (Doroshenko and Neher, 1992; Lewis et al., 1993; Stoddard et
al., 1993; Nilius et al., 1994; Jackson and Strange, 1995b). Cahalan
and coworkers referred to VRAC as the “mini Cl- channel” and
calculated that T-lymphocytes needed to express ~10* channels
to account for the magnitude of whole-cell VRAC currents ob-
served following cell swelling (Lewis et al., 1993).

Corroborating unitary conductances of 1 pS or less with sin-
gle-channel measurements is not feasible because channels with
such small conductances are extremely difficult to identify and
characterize in isolated membrane patches. To further examine
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Figure 2. Examples of VRAC single-channel currents in a C6 glioma cell.
Top panel shows membrane voltage. Middle panel shows voltage-dependent
inactivation of whole-cell current induced by stepping membrane voltage
from -80 to 120 mV. Bottom panel shows voltage-dependent current inacti-
vation in an outside-out membrane patch stepped from a membrane voltage
of -80 to 120 mV. Arrows show closing of single VRAC channels. Figure is
modified from Jackson and Strange (1995b).

VRAC single-channel properties then, we exploited the channel’s
voltage sensitivity. In C6 glioma cells, VRAC whole-cell current
is strongly inactivated at positive membrane voltages (Jackson
and Strange, 1995a,b). After fully activating VRAC current by cell
swelling, whole-cell current was inactivated by stepping mem-
brane voltage to +120 mV. The inactivating current was analyzed
by nonstationary stationary noise analysis, which measures
current variance continuously during experimentally induced
changes in current amplitude (Sigworth, 1980). From these mea-
surements, we estimated a VRAC unitary conductance of 15-20
pS at 0 mV. Single-channel measurements confirmed these esti-
mates (Jackson and Strange, 1995b; Fig. 2).

Why is there such a striking discrepancy between stationary
and nonstationary noise analysis estimates of single-channel
conductance? Clearly, one or more of the assumptions underly-
ing noise analysis of VRAC current activation during cell swelling
are not valid. Further noise analysis studies in C6 glioma cells
indicated that in response to cell swelling, VRACs transition in a
stepwise fashion from a closed state where Po is effectively O to
an open state where Po is close to 1. Once in the open state, chan-
nels close very infrequently and remain closed for <1 ms (Jackson
and Strange, 1995b).

These studies indicate that during swelling-induced activa-
tion, VRAC Po is not a graded function of cell volume increase
as must be assumed for noise analysis (Hille, 2001). In effect,
the number of active channels in the cell membrane increases
during cell swelling. It must be stressed, however, that there is
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Figure 3. Effect of intracellular ionic strength on VRAC activation in CHO cells. (A) Reduction of intracellular ionic strength increases the rate of swell-
ing-induced current activation. At an ionic strength of 0.04, VRAC activates spontaneously without cell swelling. (B) Reduction of intracellular ionic strength
reduces the volume set point of VRAC activation. Set point is defined as the relative cell volume at which VRAC activation is triggered. As ionic strength is
lowered, less cell swelling is required to activate the channel. At very low intracellular ionic strength (e.g., 0.04), VRAC activates in shrunken cells. Triangle
indicates estimated volume set point obtained from shrunken CHO cells dialyzed with a 0.04 ionic strength pipette solution. Line is a linear regression through

the four points. Figure is modified from Cannon et al. (1998).

no compelling evidence to suggest that VRAC is inserted into
the cell membrane in response to volume increases. Instead,
VRACs appear to respond in a heterogeneous fashion to cell
volume increases.

These unique single-channel activation kinetics have import-
ant implications for understanding how VRAC is regulated by cell
volume changes. There are two mechanisms that can explain the
kinetics of VRAC activation. First, cells may possess multiple
types of VRACs with different volume set points. One population
of VRACs may require only a minute volume increase to activate,
while other populations require much greater degrees of swell-
ing. Given that LRRCS8 proteins may assemble in multiple config-
urations (Voss et al., 2014; Gaitdn-Pefias et al., 2016; Syeda et al.,
2016; Lutter et al., 2017), it is conceivable that multiple channel
types with different volume sensitivities exists. However, ho-
momeric LRRC8 chimeras expressed in Lrre8~/~ cells show nor-
mal VRAC activity arguing against this possibility (Yamada and
Strange, 2018).

The second, and we believe more likely, explanation is that the
primary swelling-induced signal that activates VRAC directly or
via other signaling pathways could vary from point to point in
the cell during swelling. It seems highly unlikely that a chemical
signal such as changes in cytoplasmic ionic strength would vary
substantially across the cell. However, changes in mechanical
force on the cell membrane induced by swelling are expected to
show considerable local variation.

Itis well known that the plasma membrane is highly heteroge-
neous. Membrane microdomains can have widely variable struc-
ture, chemical composition, and interactions with cytoplasmic
components such as the cytoskeleton (Beedle et al., 2015; Hu et
al., 2017; Shi et al., 2018). Local membrane structure and com-
position in turn impact how microdomains are deformed by
mechanical forces such as those associated with cell swelling.
If VRAC is activated directly or indirectly by swelling-induced

Strange et al.
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changes in membrane mechanical force, single-channel acti-
vation kinetics could be explained readily by channel location.
For example, assuming that all other factors such as membrane
chemical composition, cytoskeletal interactions, etc., are equal, a
greater degree of cell swelling would be required to place a given
mechanical force on a membrane invagination compared with a
smooth surface membrane microdomain. A channel located in
an invagination then would require more cell swelling for activa-
tion. We speculate further on the possible regulation of VRAC by
mechanical forces in the final section of this review.

Regulation of VRAC by cytoplasmic ionic strength

Our laboratory was the first to demonstrate that VRAC is reg-
ulated by intracellular ionic composition (Jackson et al., 1996;
Emma et al., 1997; Cannon et al., 1998). In early studies on skate
hepatocytes (Jackson et al., 1996) we suggested that VRAC is sen-
sitive to intracellular anion composition. However, in a subse-
quent study in C6 glioma cells, we concluded that VRAC activity
is modulated by cytoplasmic ionic strength (Cannon et al., 1998).
Intracellular ionic strength alters both the rate of currentactiva-
tion and sensitivity of the current to cell swelling. When intra-
cellular ionic strength is lowered, less cell swelling is required
to activate VRAC, and the rate of current activation is increased
(Fig. 3, A and B). At very low intracellular ionic strength, VRAC
activates spontaneously without swelling and will even activate
in shrunken cells (Fig. 3 B; Cannon et al., 1998). We proposed
that cytoplasmic ionic strength controls the volume set point of
VRAC. Best and Brown (2009) drew similar conclusions from
their studies of pancreatic 8 cells.

Shortly after our studies were published, Nilius and cowork-
ers concluded that ionic strength also modulated the volume set
point of VRAC in bovine endothelial cells (Nilius et al., 1998).
However, in two subsequent studies they concluded that VRAC
is not sensitive to cell swelling per se but that it is activated di-
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Figure 4. Effect of intracellular inorganic ion levels on swelling-induced 3H-taurine efflux in C6 glioma cells. Left panel shows that swelling-induced

taurine efflux is an inverse function of the combined intracellular levels of Na*

, K*, and Cl". Values are means + standard errors. Inset graph on the right shows

the relationship between taurine efflux and cell swelling in cells with low (red circles) versus high (blue squares) intracellular inorganic ion levels. Vs is defined
as the amount of cell swelling required for half-maximal taurine efflux. A greater amount of cell swelling is required to activate taurine efflux in cells with high

cytoplasmic ionic strength. Figure is based on data from Emma et al. (1997)).

rectly by reductions in ionic strength caused by cell swelling
(Voets et al., 1999; Sabirov et al., 2000). This conclusion is in-
consistent with two experimental observations. First, expand-
ing cell volume by forcing fluid into the cell through the patch
pipette robustly activates VRAC (Zhang and Lieberman, 1996;
Cannon et al., 1998; Bryan-Sisneros et al., 2000; Poletto Chaves
and Varanda, 2008; Best and Brown, 2009). In addition, at least
two studies have shown that VRAC can be inactivated by applica-
tion of negative pressure to the patch pipette after cells have been
swollen by exposure to a hypotonic bath solution (Zhang and
Lieberman, 1996; Poletto Chaves and Varanda, 2008). Altering
cell volume by pressure-induced fluid injection or withdrawal
has no effect on cytoplasmic ionic strength.

Second, and very importantly, the reductions in ionic strength
required to induce constitutive channel activation in the absence
of swelling are substantial. For example, in whole-cell patch
clamp recordings on CHO cells, CsCl (the predominant salt in
the pipette solution) concentration has to be lowered from 140
to 40 mM to induce VRAC activation in the absence of swelling
(Cannon et al., 1998). In bovine endothelial cells, VRAC is acti-
vated in the absence of swelling by reduction of intracellular
ionic strength from 155 to 95 mM (Nilius et al., 1998). In the
whole-cell patch mode, cells are dialyzed continuously by the
patch pipette solution. Hence, there should be little to no change
in cytoplasmic ionic strength when cells are osmotically swollen.
If such changes were occurring, the current reversal potential
(Erev) is expected to shift throughout the entire experiment as cy-
toplasmic Cl- levels are reduced. For example, if the same reduc-
tion in cytoplasmic ionic strength that spontaneously activates
VRAC in CHO cells (i.e., a reduction from 140 to 40 mM; Cannon
et al., 1998) is required to activate the channel during swelling,

Strange et al.
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E.ey would shift by more than -30 mV. Shifts in whole-cell cur-
rent E,., during swelling-induced activation of VRAC have not
been reported. Indeed, the reported E,., for VRAC is close to the
Nernst potential expected for an anion channel with high selec-
tivity for Cl- over cations (Kubo and Okada, 1992; Jackson and
Strange, 1993; Lewis et al., 1993).

Physiological implications of VRAC ionic strength sensitivity
The swelling-activated KClI cotransporter, which mediates vol-
ume regulatory efflux of K* and Cl- from cells, is also sensitive to
intracellularionic strength (Parker et al., 1995). Increases in ionic
strength increase the volume sensitivity of the cotransporter. In
other words, less swelling is required to activate KCl cotransport
when cytoplasmic salt concentration is elevated. Importantly,
this effect is opposite to that observed with VRAC where high
ionic strength renders the channel less sensitive to cell swelling.

At least two studies have shown in vivo that cytoplasmic in-
organic ion levels affect the type of regulatory volume decrease
(RVD) mechanism used by cells to restore their volume after
swelling. In trout red blood cells (Motais et al., 1991; Guizouarn
and Motais, 1999), RVD is mediated by amino acid and KCl efflux.
The efflux of amino acids is an inverse function of cytoplasmic
ionic strength. At high cytoplasmic ionic strength, little or no
amino acid efflux occurs in response to swelling, and volume
regulation is instead mediated primarily by coupled KCI efflux.
Similarly, swelling-induced efflux of taurine in C6 glioma cells
is an inverse function of cytoplasmic inorganic ion levels (Fig. 4,
A and B). However, cell volume regulation occurs normally irre-
spective of cytoplasmic ionic strength indicating that different
regulatory mechanisms are active under different physiological
conditions (Emma et al., 1997).
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The sensitivity of VRAC and the KCl cotransporter to ionic
strength has important physiological implications. Cells regulate
not only their volume but also their cytoplasmic ionic composi-
tion within a narrow range. Changes in cytoplasmic inorganic
ionlevels and ionic strength can have profound effects on protein
conformation, membrane potential and transport mechanisms,
and other critical physiological parameters. The differential sen-
sitivity of VRAC, which plays a critical role in volume regulatory
organic solute efflux (Jackson and Strange, 1993; Emma et al.,
1997; Hand et al., 1997; Lutter et al., 2017; Schober et al., 2017),
and the KCl cotransporter would allow cells to regulate their vol-
ume and cytoplasmic ionic strength in a coordinated manner. For
example, exposure to a hypotonic extracellular medium reduces
intracellular ionic strength. Under these conditions, it would
be advantageous for cells to regulate their volume primarily
by extrusion of organic solutes via VRAC and/or other organic
solute efflux mechanisms in order to maintain inorganic ions
at normal levels.

Cell volume increases also occur when there is increased
transmembrane influx of salt. This is termed “isotonic” or “isos-
motic” swelling because it occurs in the absence of extracellu-
lar hypotonicity. Isotonic/isosmotic swelling occurs under both
physiological and pathophysiological conditions (Hiussinger,
2008; Rungta et al., 2015). Volume regulation mediated primar-
ily by the efflux of organic solutes following isotonic/isosmotic
swelling would increase cytoplasmic ionic strength above normal
levels. Thus, it would be advantageous for cells to reduce their
volume in response to isotonic swelling by extruding inorganic
ions via the KClI cotransporter.

Exposure of cells to a hypertonic medium has two effects on
cytoplasmic inorganic ion levels. Within seconds to minutes after
shrinkage, cells activate regulatory volume increase (RVI) mech-
anisms that mediate the uptake of NaCl and KCl (Hoffmann et al.,
2009; Jentsch, 2016). This acute RVI restores cell volume but also
increases cytoplasmic ionic strength. Over a period of hours, the
NaCl and KCl are replaced by organic osmolytes, which maintain
cell volume while simultaneously restoring inorganic ion con-
centrations to normal levels.

Cells that have undergone RVIwill immediately swell when re-
turned to a normotonic medium and undergo what is referred to
as a post-RVIRVD. The use of different solutes for post-RVIRVD
again would have distinct advantages for the cell. Once os-
molytes have been accumulated, the efflux of these solutes for
RVD would maintain cytoplasmic inorganic ion levels. However,
if cell swelling occurs while intracellular inorganic ion levels are
still elevated, the volume regulatory extrusion of K* and Cl- via
the KCI cotransporter would serve to restore cytoplasmic ionic
strength (Fig. 5).

VRAC ATP dependence

Numerous studies demonstrate that swelling-induced activation
of VRAC requires the presence of intracellular ATP. In most cases,
investigators have shown that ATP can be replaced by nonhydro-
lyzable analogues indicating that ATP binding to VRAC and/or ac-
cessory proteins is required for channel regulation (reviewed by
Akita and Okada, 2014). However, some studies have concluded
that VRAC ATP dependence is due to regulatory phosphorylation
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Figure5. Regulation of RVD mechanisms by intracellular ionic strength.
Large fluctuations in cytoplasmic ionic strength can disrupt protein structure
and function and a host of diverse cellular processes. The differential sensiti
vity of VRAC and the KCl cotransporter to cytoplasmic ionic strength may
allow cells to reduce their volume via preferential efflux of organic osmolytes
or KCL. For example, under conditions where cell swelling occurs concomi-
tantly with elevated cytoplasmic ionic strength, efflux of KCl would serve to
reduce cell volume as well as intracellular inorganic ion levels.

(Meyer and Korbmacher, 1996; Carpenter and Peers, 1997) or that
both phosphorylation and ATP binding are required (Bryan-
Sisneros et al., 2000).

Our studies in N1E115 neuroblastoma (Bond et al., 1999), C6
glioma cells (Jackson et al., 1994), and skate hepatocytes (Jackson
etal.,1996) demonstrated that nonhydrolytic ATP binding rather
than phosphorylation is required for VRAC activation. We per-
formed detailed studies of VRAC ATP dependence in N1E115
neuroblastoma cells (Bond et al., 1999). The rate of VRAC cur-
rent activation is a saturable function of intracellular ATP con-
centration when cells are swollen with transmembrane osmotic
gradients of 50-120 mOsm (Fig. 6 A). Current activation is
ATP-independent when N1EI115 cells are swollen by a 150 mOsm
gradient (Fig. 6 B). Volk et al. (1996) made similar observations.
VRAC activation requires intracellular ATP when inner med-
ullary collecting duct (IMCD) cells are swollen by a 50 mOsm
gradient but not when swelling is induced by an osmotic gradi-
ent of 100 mOsm.

The rate of transmembrane water flow and hence cell swell-
ing is a direct function of the osmotic driving force. In N1E115
cells, the half-maximal effective concentration (ECs,) of ATP re-
quired for current activation is an inverse function of the rate
of cell swelling (Bond et al., 1999; Fig. 6 B). At very high rates of
swelling, ATP is no longer required. Thus, the rate of cell volume
increase modulates the ATP dependence of VRAC.
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Figure 6. Effect of intracellular ATP on VRAC activation in N1E115 neuroblastoma cells. (A) Rate of current activation is a saturable function of intracel-
lular ATP concentration. Cells were swollen by a 100-mOsm reduction in bath osmolality. Mean rate of cell swelling under these conditions is 38%/min. The
half-maximal effective concentration (ECso) of ATP required for current activation is 0.32 mM. (B) Relationship between ATP ECs; and rate of cell swelling.
Increased rates of swelling reduce ATP dependence of VRAC activation. Current activation no longer requires intracellular ATP when cells are swollen at rates
>65%/min. Values are means + standard errors. Figure is modified from Bond et al. (1999).

VRAC mediates the efflux of organic osmolytes (Jackson and
Strange, 1993; Emma et al., 1997; Hand et al., 1997), and swell-
ing-induced efflux is ATP dependent (Jackson and Strange, 1993;
Ballatori et al., 1995). VRAC is also permeable to important met-
abolic intermediates such as pyruvate, short-chain fatty acids,
ketone bodies, and amino acids (Jackson et al., 1994). These me-
tabolites are major inputs into the ATP generating tricarboxylic
acid cycle. Modulation of VRAC ATP dependence by the rate of
cell swelling may thus play an important physiological role. An-
oxia and ischemia disrupt cellular ATP production and can cause
severe cell swelling (Kalogeris et al., 2012). Efflux of metabolites
via VRAC in a swollen cell during anoxia/ischemia may further
suppress metabolism, which can increase cell swelling and in-
jury. Thus, if swelling is not too severe in a metabolically com-
promised cell, it may be beneficial to minimize VRAC activation
to protect cell metabolism at the expense of volume homeostasis.
On the other hand, if swelling is rapid and extreme, volume con-
trol may take precedence over energy metabolism as a last-ditch
effort to prevent imminent membrane lysis and cell death.

Functional roles of LRRC8 channel subunits
The Lrrc8 gene family comprises five members termed Lrrc8a,
Lrrc8b, Lrrc8c, Lrrc8d, and Lrrc8e (Abascal and Zardoya, 2012;
Voss et al., 2014). LRRC8A is an essential VRAC subunit and must
be coexpressed with at least one other family member to recon-
stitute normal VRAC activity (Voss etal., 2014; Syeda et al., 2016).
Coexpression of LRRC8A with other LRRC8 proteins gives
rise to VRACs with distinct functional properties. LRRC8D in-
creases the permeability of cells to blasticidin, taurine, and plat-
inum-based anticancer drugs (Lee et al., 2014; Planells-Cases et
al., 2015). Studies by Schober et al. (2017) and Lutter et al. (2017)
suggest that LRRC8A/D heteromers are the major pathway for
efflux of uncharged myo-inositol, taurine, and GABA from cells.
Gradogna et al. (2017) have shown that LRRC8A/E heteromers are
strongly activated by intracellular oxidizing agents, while oxida-
tion inhibits LRRC8A/C and LRRC8A/D heteromers. LRRCS8A/E
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heteromers show very strong inactivation at positive membrane
potentials compared with LRRC8A/C and LRRC8A/D (Voss et al.,
2014). VRAC subunit composition may also affect single-channel
properties (Syeda et al., 2016).

There is little to no VRAC activity in Lrre8~/~ cells heterolo-
gously expressing LRRC8A and LRRC8B (Voss et al., 2014). How-
ever, small VRAC currents are observed in Lrrc8(C,D,E)~~ HCT116
cells (Voss et al., 2014) but not in HEK293 cells in which the same
subunits are knocked out (Lutter et al., 2017). Thus, LRRC8A/B
heteromers give rise to VRAC activity that may be dependent on
cell type as well as physiological conditions.

Ghosh et al. (2017) recently demonstrated that overexpres-
sion or siRNA-induced knockdown of LRRC8B in HEK293 causes
modest changes in endoplasmic reticulum (ER) Ca?* dynamics.
The authors conclude that LRRC8B functions as an ER Ca?* leak
channel. However, this conclusion should be viewed cautiously.
Indirect effects of LRRC8B overexpression and knockdown on ER
functions are possible. More detailed studies are needed before
additional channel functions are ascribed to LRRC8 proteins.

The amount of LRRC8A cDNA transfected into cells can have
significant effects on VRAC activity. High levels of LRRC8A ex-
pression suppress endogenous VRAC activity (Qiu et al., 2014;
Voss et al., 2014; Syeda et al., 2016). In Lrrc8~- cells, decreasing
the amount of LRRC8A cDNA transfected relative to other sub-
units strikingly increases VRAC current amplitude (Yamada et
al., 2016; Yamada and Strange, 2018) and can induce VRAC cur-
rents that are otherwise undetectable (Yamada and Strange,
2018). This effect does not seem to be simply dependent on the
ratio of LRRC8A cDNA transfection relative to other subunits
but instead requires a reduction in the amount of transfected
LRRC8A cDNA (unpublished data). These findings indicate that
high levels of LRRC8A expression may disrupt the proper synthe-
sis and processing of VRAC channels.

LRRCB8A appears to traffic to the cell membrane when ex-
pressed alone in cells, whereas LRRC8B, LRRC8C, LRRC8D, and
LRRCSE expressed alone are retained in the cytoplasm (Voss et
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al., 2014; Yamada and Strange, 2018). Three studies have shown
that LRRC8A homomers may give rise to channel activity (Deneka
etal., 2018; Kefauver et al., 2018; Yamada and Strange, 2018). We
observed a small outwardly rectifying current that was insen-
sitive to cell swelling in LRRC8A-expressing cells (Yamada and
Strange, 2018). A very small (0.2-0.4 pA/pF) swelling-activated
current was observed by Kefauver et al. (2018). Deneka et al.
(2018) demonstrated that expression of LRRC8A alone induces
an outwardly rectifying current that is activated by reducing in-
tracellular ion concentration. Given that high-resolution LRRC8
structures are those of LRRC8A homomeric channels (Deneka et
al., 2018; Kasuya et al., 2018; Kefauver et al., 2018; Kern et al.,
2018), detailed characterization of currents induced by express-
ing LRRC8A alone are clearly warranted.

Structure of VRAC/LRRCS8 channels

The recently described high-resolution cryo-EM structures of an
LRRCS channel (Deneka et al., 2018; Kasuya et al., 2018; Kefauver
etal., 2018; Kern et al., 2018) represent a major breakthrough in
the VRAC field. However, a note of caution is warranted. These
structures are of LRRC8A homomeric channels. It is unclear
whether functional LRRC8A homomers exist in vivo. Further-
more, the channels do not exhibit normal VRAC properties. For
example, LRRC8A homomers show little (Kefauver etal., 2018) or
no (Yamada and Strange, 2018) sensitivity to cell swelling under
normal patch clamp conditions and relatively low sensitivity to
reduced intracellular ionic strength (Deneka et al., 2018; unpub-
lished data). Clearly, much additional work is required to fully
understand VRAC structure/function relationships. The LRRC8A
structures provide a powerful foundation for defining those rela-
tionships through hypothesis-driven studies.

Fig. 7 A shows secondary structural elements identified in
the cryo-EM structures of mouse and human LRRC8A (Deneka
etal., 2018; Kasuya et al., 2018; Kefauver et al., 2018). Structural
elements defined in the three cryo-EM studies are similar with
only minor differences that are noted. The terminology we use
here is that adopted by Kasuya et al. (2018).

LRRC8A comprises four regions defined as intracellular (I),
transmembrane (TM), extracellular (E), and leucine-rich re-
peat (LRR). When functioning as a VRAC subunit, LRRC8A N
and C termini are located in the cytoplasm. The N terminus is
23 amino acids long and appears to be largely unstructured
(Deneka et al., 2018; Kasuya et al., 2018; Kefauver et al., 2018)
except for a short N-terminal coil that projects into the channel
pore (Kefauver et al., 2018).

The membrane domain consists of four TM helices. Two rel-
atively large extracellular loops, EL1 and EL2, connect TM1 and
TM2 and TM3 and TM4, respectively. EL1 contains a [ strand
(EL1B) followed by an o helix (EL1H) located on the extracellular
side of TM2. The region between ELIP and EL1H is disordered
and contains a proline-rich domain. EL2 contains two 3 strands,
EL2B1and EL22, that interact with EL1 to form a 3 sheet.

An intracellular loop (IL1) connects TM2 and TM3. IL1 con-
tains three a-helices, ILIH1-3, and an unstructured region.
Kefauver et al. (2018) identified a possible fourth a-helix in IL1.
A second intracellularloop, IL2, connects TM4 to the LRR region.
IL2 comprises four a-helices (IL2H1-4).

Strange et al.
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The LRR region comprises an N terminus (LRRNT) containing
an a-helix; 15 LRRs, LRR1-15; and a C terminus (LRRCT) contain-
ing three a-helices. The 15 LRRs in each LRRC8A subunit form
a crescent-shaped structure typical of that observed in many
LRR-containing proteins (Bella et al., 2008; Abascal and Zardoya,
2012; Fig. 7, A and B).

LRRC8 proteins are homologous to pannexin and innexin
channels and appear to have diverged from this gene family at
the origin of the chordates (Abascal and Zardoya, 2012). Based
on this homology, Abascal and Zardoya (2012) postulated that
LRRCS8 proteins form hexameric membrane channels. High-res-
olution cryo-EM structures demonstrate that LRRC8A homomers
have a hexameric structure (Deneka et al., 2018; Kasuya et al.,
2018; Kefauver et al., 2018). A lower-resolution cryo-EM struc-
ture of LRRC8A/8C demonstrated a hexameric structure for
LRRCS8 heteromers as well (Deneka et al., 2018).

The structure of the LRRC8A hexamer can be likened to that
of an upside-down jellyfish where the transmembrane and ex-
tracellular regions form six tentacles, and the jellyfish’s umbrel-
la-shaped bell is formed by the intracellular and LRR regions
(Fig. 7 B). The channel length is ~170 A. The transmembrane
spanning region is 40 A long, and the extracellular region ex-
tends 35 A above the cell membrane. The intracellular and LRR
regions are 35 and 60 A long, respectively.

The VRAC pore is formed primarily by TM1, TM2, EL1H, IL1HI,
IL1H3, and the N terminus (Fig. 7 B). The maximum pore diame-
ter is ~35 A at the intracellular side of the TM region. A constric-
tion located at the beginning of the extracellular region narrows
the pore to a minimum diameter ~6-8 A (Fig. 7 B).

The precise arrangement of the six LRRC8A subunits is some-
what unclear at present. Deneka et al. (2018) and Kefauver et al.
(2018) concluded that the extracellular, TM, and intracellular
loop regions of the subunits are arranged in a sixfold symmetric
fashion (i.e., C6 symmetry). However, the LRR regions exhibit
C3 symmetry. The LRR regions dimerize and interact with the
neighboring LRR region dimer to form a trimer of dimers struc-
ture. This structure contrast with that described by Kasuya et al.
(2018) where the entire channel exhibited C3 symmetry.

More recently, Kern et al. (2018) reported a fourth cryo-EM
structure of the LRRC8A homomeric channel. They observed
C6 symmetry in the extracellular, TM, and intracellular loop
regions and an asymmetric and heterogeneous arrangement of
the LRR regions. In addition, they observed constricted and ex-
panded structures of the lower portions of the TM regions and
IL2. In the expanded state, the intracellular opening of the pore
is dilated ~4 A. These two structural states may reflect channel
gating conformations.

It should be noted that the structures described by Kern et al.
(2018) were generated from LRRC8A reconstituted in lipid nan-
odiscs, which may more closely approximate the cell membrane.
In contrast, earlier studies reconstituted LRRC8A in detergent
(Deneka et al., 2018; Kasuya et al., 2018; Kefauver et al., 2018).
Kern et al. (2018) propose that the arrangement of LRRC8A sub-
units is modified by the hydrophobic environment in which the
protein is embedded.

Kasuya et al. (2018) calculated conservation scores for other
LRRC8 family members and mapped the scores onto the LRRC8A
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structure. They noted that the pore constriction site, the LRR
region, and the lipid-facing side of the TM regions showed rel-
atively low conservation. These findings suggest that these re-
gions may confer distinct functional properties on heteromeric
VRAC/LRRC8 channels.

LRRC8 structure/function relationships

Identification of the molecular basis of VRAC has opened the door
tounderstanding critical channel properties including regulation
by cell swelling and ionic strength, selectivity and permeability,
voltage sensitivity, and physiological roles. Qiu et al. (2014) pro-
vided the first structure/function insights into VRAC. Using the
substituted cysteine accessibility method and electrophysiology,
they demonstrated that LRRC8A T44 plays an important role in
VRAC ion permeation. T44 is located on the extracellular side of

Strange et al.
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TM1. Mutation of T44 to cysteine strikingly increases inhibition
of VRAC by the membrane impermeable, negatively charged sulf-
hydryl reactive reagent MTSES and increases I~ permeability. In
contrast, arginine substitution at T44 reduces permeability toI".

Syedaetal. (2016) demonstrated that the subunit composition
of LRRC8 heteromers also affects channel ion selectivity as well
as rectification. Furthermore, they showed that mutating T44 to
cysteine in LRRC8C, LRRC8D, or LRRC8E subunits increases I-
permeability to the same extent as the LRRC8A T44C mutation.
Cryo-EM structures confirm that TM1 forms part of the VRAC
pore and that T44 projects into the pore on the extracellular side
of the cell membrane (Deneka et al., 2018; Kasuya et al., 2018;
Kefauver et al., 2018).

a-helix EL1H forms part of the extracellular constriction of
the LRRC8A pore (Fig. 7 B; Deneka et al., 2018; Kasuya et al.,
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2018; Kefauver et al., 2018). The constriction is lined by a ring
of positively charged arginine residues, R103, located at the N
terminus of ELH1. Mutation of R103 to alanine increases the
relative Na* permeability of LRRC8A(R103A)/8C heteromeric
channels (Deneka et al., 2018). Kefauver et al. (2018) observed
that replacement of R103 with phenylalanine reduced the E,, of
LRRC8A(R103F)/8C heteromeric channel currents suggesting
that the mutant channels have increased relative cation per-
meability. They also observed that voltage-dependent block by
extracellular ATP is greatly reduced in LRRC8A(R103F)/8C het-
eromers (Kefauver et al., 2018).

The cryo-EM structures described by Kern et al. (2018) show
LRRC8A homomeric channels blocked by the anion channel in-
hibitor DCPIB. The negatively charged butanoic acid group of
DCPIB appears to interact with the ring of arginine residues
at position 103. The remainder of the molecule is extracellular
to this region.

Interestingly, R103 is replaced by a leucine residue in LRRC8C
and LRRC8E, and a phenylalanine residue in LRRC8D. As sug-
gested by Deneka etal. (2018), the bulky phenylalanine residue in
LRRC8D may widen the pore constriction. The widened constric-
tion may allow LRRC8A/D heteromers to transport large organic
solutes (Lee et al., 2013, 2014; Planells-Cases et al., 2015; Lutter et
al., 2017; Schober et al., 2017).

The first several amino acids of the cytoplasmic LRRC8A N
terminus are not resolved in cryo-EM structures and are most
likely disordered. However, Kefauver et al. (2018) identified
a short coiled region in the N terminus that projects into the
intracellular mouth of the LRRC8A homomer pore. Mutation of
T5 to cysteine renders LRRC8A(T5C)/8C heteromeric channels
sensitive to inhibition by extracellular MTSES. In contrast, | MTS
ES has no effect on wild-type LRRC8A/8C (Qiu et al., 2014) and
LRRC8A(T5R)/8C (Kefauver et al., 2018) channels.
LRRC8A(T5R)/8C channels also exhibit increased relative
I- permeability (Kefauver et al., 2018). Studies by Zhou et al.
(2018) demonstrated that mutations in the LRRC8 N terminus
alter VRAC voltage sensitivity, ion selectivity, and conductance.
Cysteine substitution on the N terminus also rendered the
channel sensitive to sulfhydryl reactive reagents. Taken together,
the studies of Kefauver etal. (2018) and Zhou et al. (2018) indicate
that the LRRC8 N terminus plays an important role in VRAC pore
structure/function.

As noted earlier, VRAC is inactivated by positive mem-
brane potentials (Jackson and Strange, 1995a; Voets et al., 1997;
Hernandez-Carballo et al., 2010). The degree of inactivation
varies substantially between cell types. Voss et al. (2014) first
demonstrated that VRAC voltage sensitivity is determined in part
by the subunit composition of LRRC8. LRRC8A/8E heteromers
exhibit the strongest voltage-dependent inactivation compared
with LRRC8A/8C and LRRC8A/8D channels.

Ullrich et al. (2016) first suggested that EL1 forms part of the
outer channel pore. They demonstrated that charge reversal mu-
tations in LRRC8A K98 and D100 and the equivalent residues in
LRRC8C and LRRC8E alter VRAC voltage-dependent gating and
I- permeability. These amino acids are located in the C-terminal
portion of EL1 (Fig. 7, A and B). They also showed using a chimera
approach that swapping the last 33 amino acids of the LRRC8C
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ELI with those from LRRC8E is sufficient to induce LRRC8E-like
voltage-dependent properties in LRRC8A/8C heteromers and
vice versa. a-helix ELIH is located at the C-terminal end of EL1
(Fig. 7 A). K98 and D100 are located immediately upstream of
ELH]1, which, as noted above, forms part of the extracellular con-
striction of the VRAC pore (Fig. 7 B; Deneka et al., 2018; Kasuya
et al,, 2018; Kefauver et al., 2018). Taken together, these studies
suggest that ELH1 may play an important role in voltage-depen-
dent channel gating.

The formation of VRACs that exhibit normal volume-depen-
dent regulation requires protein regions of LRRC8A and protein
regions from one of the other LRRC8 subunits. We recently used a
chimera approach to identify these regions (Yamada and Strange,
2018). Homomeric VRACs exhibiting normal regulation by cell
swelling and shrinkage are formed by replacing EL1 of LRRC8A
with that of LRRC8C. We also observed normal volume-depen-
dent regulation in VRAC homomers in which IL1 of LRRC8C,
LRRC8D, or LRRCSE is replaced with the LRRC8A IL1. Homo-
meric LRRC8 chimeras exhibit altered anion permeability, rec-
tification, and voltage sensitivity. We suggested that IL1 as well
as ELI contribute to VRAC pore structure and function. Cryo-EM
structures show that IL1H1 and IL1H3 are part of the intracellular
portion of the VRAC pore (Deneka et al., 2018; Kasuya et al., 2018;
Kefauver et al., 2018).

We also observed that a 25-amino acid sequence unique to
the LRRC8A IL1 is sufficient to generate homomeric VRACs with
normal volume-dependent regulation when it is inserted into
the corresponding region of LRRC8C and LRRCSE (Yamada and
Strange, 2018).

Predictor of Natural Disordered Regions (PONDR) VL-XT
analysis revealed interesting differences between IL1 of LRRC8A
and the IL1s of LRRC8C, LRRC8D, and LRRC8E. A region separat-
ing ILHI from ILH2 and ILH3, which includes the 25-amino acid
sequence unique to LRRC8A, is predicted to be intrinsically disor-
dered (Fig. 8). Consistent with the PONDR prediction, this region
isnotresolved in cryo-EM structures (Deneka et al., 2018; Kasuya
etal., 2018; Kefauver et al., 2018). Interestingly, the PONDR score
forthe LRRC8AIL1takesasharp dipintheregion encompassingits
unique 25-amino acid sequence (Fig. 8). Such dips in the PONDR
score of intrinsically disordered protein regions are thought to
predict the existence of molecular recognition elements or fea-
tures (Oldfield et al., 2005; Mohan et al., 2006; Xue et al., 2010).
Molecular recognition elements/molecular recognition features
are small stretches of amino acid sequence within intrinsically
disordered proteins regions that mediate protein-protein inter-
actions. This unique region of LRRC8A could play a role in the
assembly of LRRC8 subunits into VRACs and/or in VRAC regula-
tion by cell volume changes.

Physiological and pathophysiological roles of VRAC

and LRRC8 proteins

It is well established that VRAC plays a central role in RVD in
many cell types (Strange et al., 1996; Hoffmann et al., 2009;
Jentsch, 2016). Consistent with this, several studies have
now shown that RVD is disrupted with knockout or knock-
down of LRRCS expression (Qiu et al., 2014; Voss et al., 2014;
Formaggio et al., 2018).
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Figure 8. PONDR VL-XT analysis of LRRC8A (black) and LRRC8C (red) intracellular loops (ILs). PONDR scores are aligned with specific amino acid res-
idues, which are shown at the top. Dashed box shows amino acid sequences that diverge significantly in LRRC8A, LRRC8C, LRRC8D, and LRRC8E proteins.
Amino acids colored green (D182-E206) in the LRRC8A sequence are the minimal sequence required to give rise to chimeric homomeric LRRC8C-LRRC8A(IL)
and LRRC8E-LRRCBA(IL) VRACs with normal swelling-induced activity. Figure is from Yamada and Strange (2018).

VRAC has also been implicated in multiple other physiolog-
ical processes (reviewed by Stauber, 2015). These early stud-
ies relied on the use of relatively nonspecific pharmacological
agents to identify possible physiological roles of VRAC. With the
molecular identification of the channel it should now be possi-
ble to better define its functions. However, it should be stressed
that like nonspecific pharmacology, the use of gene modifica-
tion approaches to assess gene function can be fraught with
significant interpretative problems (Schalkwyk et al., 2007;
Eisener-Dorman et al., 2009). Thus, a critical assessment of
genetic studies is essential to provide clear and definitive un-
derstanding of VRAC’s physiological roles. Below we discuss
proposed functions of VRAC and LRRC8 proteins that are based
on emerging genetic data.

VRAC current amplitude varies during the cell cycle (Shen et
al.,2000; Chen etal., 2002), suggesting that the channel may play
a role in cell proliferation. Pharmacological inhibition of VRAC
slows proliferation of endothelial cells (Maertens et al., 2001; Xue
etal., 2018), hepatocytes (Wondergem et al., 2001), glioblastoma
cells (Rouzaire-Dubois et al., 2000), and vascular smooth mus-
cle cells (Liang et al., 2014). Knockdown of the essential VRAC
subunit LRRC8A was shown recently to inhibit proliferation of
glioblastoma cells (Rubino et al., 2018).

As noted earlier, VRAC has been proposed to mediate the cell
shrinkage associated with apoptosis (Okada et al., 2006; Akita
and Okada, 2014; Kunzelmann, 2016). Recently, Jentsch and col-
leagues demonstrated that LRRC8A is required for activation of
caspase-3 in HCT116 cells by the proapoptosis drugs cisplatin and
staurosporine (Planells-Cases et al., 2015).
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Our group recently demonstrated that LRRC8A plays a role
in zebrafish development (Yamada et al., 2016). Patch clamp
experiments showed that zebrafish embryo cells and differen-
tiated adult cells express canonical VRAC currents that are in-
distinguishable from those of mammalian cells. Morpholino
knockdown of LRRC8A expression abolished VRAC currents in
embryo cells and caused pericardial edema and defects in trunk
elongation and somatogenesis. The precise role of LRRC8A in ze-
brafish development is unknown. It is possible that VRAC plays a
role in cell proliferation and/or apoptosis as discussed above for
mammalian cells.

Release of neuroactive amino acids from astrocytes plays an
important role in astrocyte-neuron signaling (Akita and Okada,
2014; Mongin, 2016). Uncontrolled release of the excitatory
amino acids glutamate and aspartate from astrocytes, which
occurs during ischemic brain injury and associated cell swell-
ing, leads to neuronal injury and death (Akita and Okada, 2014;
Mongin, 2016). Given the role of VRAC in organic osmolyte efflux,
it has been suggested that the channel may be a major pathway
for excitatory amino acid release in the brain (Akita and Okada,
2014; Mongin, 2016). Consistent with this idea, intracisternal in-
jection of the VRAC inhibitor DCPIB reduces glutamate release
and confers neuroprotection in experimental brain ischemia
(zhang et al., 2008b). Recently, Mongin and colleagues demon-
strated that knockdown of LRRC8A (Hyzinski-Garcia et al., 2014)
alone or combined knockdown of LRRC8C and LRRCSE (Schober
etal., 2017) suppresses swelling-induced glutamate release from
cultured astrocytes, suggesting that VRAC may play a key role in
excitotoxic brain injury and normal astrocyte-neuron signaling.
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Pancreatic B-cells release stored insulin in response to glucose
uptake, which increases ATP production resulting in inhibition
of Karp channels, membrane depolarization, and activation of
voltage-gated Ca?* channels. Increased Ca?* influx in turn trig-
gers exocytotic insulin release (Best et al., 2010; Ashcroft and
Rorsman, 2013). Best and colleagues have proposed that VRAC
may also control B-cell electrical activity and insulin release (Best
et al., 2010). Glucose metabolites cause B-cell swelling and sub-
sequent VRAC activation, which in turn depolarizes membrane
potential resulting in activation of voltage-gated Ca?* channels
and insulin release (Best et al., 2010).

The findings of recent molecular studies are consistent with
the VRAC model proposed by Best et al. (2010). Kang et al. (2018)
have shown that loss of the essential VRAC subunit LRRC8A abol-
ishes swelling- and glucose-activated anion current in B-cells
and disrupts electrical activity, Ca?* influx, and insulin secretion
evoked by elevated glucose. Mice lacking LRRC8A exhibit reduced
glucose-stimulated insulin secretion and glucose tolerance.

Stuhlmann et al. (2018) also observed that ablation of Lrrc8a
abolishes swelling- and glucose-activated anion current in B-cells
and reduces glucose tolerance in mice. However, the effects of
loss of LRRC8A on B-cell electrical activity and Ca?* influx were
delayed rather than nearly abolished as observed by Kang et al.
(2018). Consistent with this, Stuhlmann et al. (2018) observed
that LRRC8A knockout only reduces the early phase of insulin
secretion both in isolated pancreatic islets and in vivo.

The reasons for the differences between the Kang et al. (2018)
and Stuhlmann et al. (2018) studies are unclear. Nevertheless,
both investigations show that VRAC/LRRCS8 channels play a role
in controlling B-cell electrical activity and insulin release. While
further studies are needed, these findings taken together with
those of Best etal. (2010) suggest that disruption of VRAC/LRRC8
channel activity may underlie certain forms of type 2 diabetes
and related disorders and that the channel may be a novel phar-
macological target for treatment of these diseases.

VRAC may also contribute to maintenance of blood glucose
homeostasis through regulation of adipocyte size and associated
cell signaling events (Zhang et al., 2017). Adipocytes express
robust Lrrc8a-dependent VRAC currents that are larger in ad-
ipocytes from obese mice and humans. Knockdown of Lrrc8a
expression reduces adipocyte size, lipid content, and glucose
uptake and decreases adiposity and impairs glucose tolerance
and increases insulin resistance in obese mice.

Glucose uptake and lipid synthesis in adipocytes require
signaling through the insulin-phosphoinositol 3-kinase (PI3K)-
RAC-a serine/threonine protein kinase 2 (AKT2) pathway
(insulin-PI3K-AKT2; Satoh, 2014). LRRC8A knockdown disrupts
adipocyte insulin-PI3K-AKT?2 signaling (Zhang et al., 2017).
Growth factor receptor-bound 2 (GRB2) protein interacts with the
insulin receptor and mediates insulin-induced activation of PI3K
(Siddle, 2012). GRB2 interacts with caveolion-1 (Cavl), which is
enriched in adipocytes and forms insulin signaling microdomains
(Ikonen and Vainio, 2005; Pilch and Liu, 2011). Zhang et al.
(2017) observed that GRB2 and Cavl coimmunoprecipitate
with LRRC8A and that insulin signaling reduces the GRB2/
LRRC8A interaction. They propose that VRAC/LRRC8 channels
are activated by adipocyte hypertrophy during periods of high
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caloric intake. Channel activation in turn increases insulin-PI3K-
AKT?2 signaling, glucose uptake, lipid synthesis, and further
adipocyte expansion. This model is consistent with previous
studies showing that LRRC8C (also termed Factor of Adipocyte
Differentiation 158) is required for high-fat diet-induced weight
gain and insulin resistance (Hayashi et al., 2011).

Germ cell-specific knockout of LRRC8A renders mice infer-
tile due to severe abnormalities in sperm development and func-
tion. Developing sperm fail to reduce their cytoplasmic volume,
consistent with a role of VRAC activity in this process, and later
exhibit disorganized mitochondrial sheaths, malformed flagella,
and reduced motility (Liick et al., 2018; see also Bao et al., 2018).

Bao et al. (2018) recently identified an LRRC8A point muta-
tion, R545H, in a patient with a male fertility disorder termed
Sertoli cell-only syndrome. Expression in Xenopus oocytes of
LRRC8 proteins tagged on their C termini with fluorescent re-
porters causes constitutive VRAC activation in the absence of
swelling (Gaitin-Pefias et al., 2016). Using this assay, Bao et al.
(2018) demonstrated that the R545H mutant reduced VRAC
current amplitude 25-30% when it was coexpressed with
LRRC8C or LRRC8D.

Bao et al. (2018) suggest that the LRRC8A R545H mutation
may give rise to infertility. However, such a conclusion should
be viewed with caution. First, in our opinion, it is very difficult
to interpret heterologous expression studies when expression
is performed in cell types such as Xenopus oocytes that express
native VRACs. Endogenous VRAC activity and LRRC8 protein
expression greatly confound data interpretation. Second, the
patient studied is heterozygous for the R545H mutation. Het-
erozygous Lrrc8a*/~ mice have normal fertility (Kumar et al.,
2014). Furthermore, VRAC current amplitude is normal when a
I:1mixture of wild-type and R545H LRRC8A cRNA is coexpressed
in Xenopus oocytes with LRRC8C or LRRC8D (Bao et al., 2018)
suggesting that the mutation does not disrupt the activity of
wild-type VRACs and LRRC8 protein function.

In a genetic screen for suppressors of NF-kB, Lee and col-
leagues identified LRRC8A and LRRC8D as components of an
uptake pathway for the antibiotic drug blasticidin (Lee et al.,
2013, 2014). Similarly, LRRC8A and LRRC8D were identified in a
screen for loss of sensitivity to the anticancer drug carboplatin
(Planells-Cases et al., 2015). Consistent with a role of VRAC ac-
tivity in drug uptake, cell swelling increased cisplatin accumu-
lation in an LRRC8A-dependent manner. Disruption of LRRC8D
expression reduced cisplatin uptake by approximately half de-
spite the presence of robust swelling-activated VRAC currents
in LRRC8D-knockout cells. Importantly, interrogation of the
Cancer Genome Atlas revealed that patients with low expression
of LRRC8D, but not of LRRC8A, had significantly lower survival
rates. Taken together, these data suggest a role for the LRRC8D
subunit in uptake of platinum-based chemotherapeutics and
drug responses in cancer patients. Additional studies are clearly
needed to test this idea.

LRRC8A was first identified in a 17-yr-old female patient suf-
fering from a rare immune cell disorder, termed agammaglobu-
linemia, which is characterized by defective B-cell development
(Sawadaetal.,2003). A chromosomal translocation in this patient
truncatesthelast91aminoacids of LRRC8A and adds 35 new amino
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acids encoded by an intron. Forced expression of LRRC8AA%Y/+35
in bone marrow cells transplanted into irradiated mice causes a
dramatic reduction in the number of pre-B cells. Sawada et al.
(2003) found that the unaffected LRRC8A allele in the patient was
translated as wild-type protein and suggested that LRRC8AA%Y/+35
has a dominant-suppressor effect on B-cell development.

Defining how LRRC8A%Y/*3% alters immune function re-
quires extensive additional study. If LRRC8A%°V+35 does cause
agammaglobulinemia, it seems very unlikely that this is due
to defective VRAC function. LRRC8A%%Y*3> does not give rise
to VRAC activity when expressed heterologously and, impor-
tantly, does not suppress VRAC activity when coexpressed with
wild-type LRRC8A (Qiu et al., 2014). Thus, LRRC8A2?/+35 does
not have a dominant-negative effect on VRAC function. In addi-
tion, the absence of VRAC is not tied clearly to immune system
dysfunction. Lrrc8a knockout mice exhibit multiple defects
including greatly increased prenatal and postnatal mortality
(no animals survive beyond 16 wk of age), growth retarda-
tion, and multiple severe tissues abnormalities. Lrrc8a~/~ an-
imals exhibit only a modest block of B-cell development but
have normal B-cell function. They also exhibit severely re-
duced thymus development, decreased proliferation and in-
creased apoptosis of thymocytes and impaired T-cell function
(Kumar et al., 2014).

Studies in the ébouriffé mouse contrast with these findings.
ébouriffé mice harbor a spontaneous LRRC8A frameshift mu-
tation that truncates the 15 LRRs of LRRC8A (Fig. 7, A and B).
Lrrc8ach/ebo mice have a phenotype similar to that of Lrrc8a™-
including little or no VRAC activity in their T-cells. However,
unlike Lrrc8a~- animals, Lrrc8a®P?° mice have normal T-cell
development and function (Platt et al., 2017).

A potentially interesting finding of Kumar et al. (2014) that
deserves further study concerns LRRC8A topology. When func-
tioning as a VRAC subunit, LRRC8A N and C termini clearly
face the cytoplasm (Qiu et al., 2014; Voss et al., 2014; Fig. 7, A
and B). However, fluorescence activated cell sorting studies
performed by Kumar et al. (2014) using a polyclonal antibody
directed against an epitope tag on the LRRC8A C terminus and
a monoclonal antibody against the loop connecting TM2 and
TM3 (Fig. 7 A) suggest that a fraction of LRRC8A is present in
the plasma membrane with its N and C termini facing the ex-
tracellular environment. Kumar et al. (2014) also showed that
cross-linking LRRC8A with the TM2/TM3 loop monoclonal
antibody activates AKT via PI3K signaling and that LRRC8A
coimmunoprecipitates with GRB2, GRB2-associated binding
protein 2 (GAB2), and lymphocyte-specific protein tyrosine ki-
nase (LCK). They propose that GRB2 interacts with LRRC8A via
a proline-rich region located on the loop connecting TM1 and
TM2 (Fig. 7 A) and that the C-terminal LRR region is extracellu-
lar. Interaction of the LRR region with a putative LRRC8A ligand
activates AKT via PI3K signaling, which in turn regulates T-cell
development, survival, and function.

A number of proteins exhibit dual transmembrane orienta-
tion such as that suggested for LRRC8A (Rapp et al., 2006; von
Heijne, 2006; Fluman et al., 2017). In addition, many if not most
LRR-containing membrane proteins are oriented with their LRR
regions facing the extracellular environment (Dolan et al., 2007;
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Abascal and Zardoya, 2012). Clearly, much additional work is
needed to determine if LRRC8 proteins exhibit dual topology and
carry out functions independent of VRAC.

Conclusions and perspective

Progress in understanding the physiological roles of VRAC and its
regulation was stymied for >15 yr by confusion and controversy
over the molecular identity of the channel. Within a remarkably
short period of time, we have gone from definitive demonstra-
tion that VRAC is encoded by Lrrc8 genes (Qiu et al., 2014; Voss
et al., 2014) to high-resolution molecular insights into channel
structure (Deneka et al., 2018; Kasuya et al., 2018; Kefauver et
al., 2018; Kern et al., 2018). There are a myriad of important
and fundamental questions that can now be addressed at the
molecular level.

From our perspective, there are several pressing problems
in the field. What are the physiological and pathophysiological
roles of VRAC and LRRC8 proteins that are independent of VRAC
function? How is LRRC8 subunit composition of VRAC controlled,
and is subunit composition modified to meet physiological de-
mands? How many different types of VRACs exist in vivo? Are
VRACs formed only by LRRC8A and one other LRRC8 subunit,
or can functional channels comprise three or more different
LRRC8 proteins? How are VRACs assembled, and what is the
subunit stoichiometry?

High-resolution cryo-EM structures are of the LRRC8A ho-
momer (Deneka et al., 2018; Kasuya et al., 2018; Kefauver et
al., 2018; Kern et al., 2018), which does not exhibit normal cell
volume-dependent regulation and does not recapitulate all the
functional properties of various LRRC8 heteromers. Mutagen-
esis studies on heteromeric LRRC8 channels are complicated
by lack of understanding of subunit assembly and stoichiom-
etry. The LRRC8 chimeric homomers we described recently
(Yamada and Strange, 2018) will facilitate more detailed
structure/function analysis of LRRC8A/8C, LRRC8A/8D, and
LRRC8A/8E heteromeric channels and will be valuable for fur-
ther cryo-EM studies.

Abascal and Zardoya (2012) have proposed that LRRCS pro-
teins were formed by the combination of a pannexin channel
with an LRR domain. It is possible and perhaps likely that the
addition of an LRR domain to the ancestral pannexin con-
ferred volume sensitivity to VRAC/LRRCS8 channels. Does the
LRRC8 LRR region play other roles as well? LRRs are known
to mediate diverse protein-protein inter/actions (Kobe and
Kajava, 2001; Abascal and Zardoya, 2012). Like other ion
channels (Sheng and Pak, 2000; Kunzelmann and Mehta,
2013; Constantin, 2016), could VRAC also function as a scaf-
fold that coordinates the activity of diverse cellular signaling
pathways and functions?

The ATP dependence of VRAC likely plays important physi-
ological roles. How does ATP regulate channel activation? Does
ATP bind directly to the channel and/or accessory proteins?
LRRC8 proteins do not contain canonical nucleotide binding
sites. In addition, reconstituted, purified LRRC8 channels are
not sensitive to ATP (Syeda et al., 2016). These observations
suggest that interacting proteins mediate ATP-dependent
channel regulation.
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Figure 9. Cartoon illustrating possible mechanism of VRAC regulation by ionic strength and cell swelling-induced mechanical force. LRR region is
shown in orange. Mechanical force is represented by the green springs. Conformation of the LRR region is postulated to be regulated by both cytoplasmic ionic
strength and mechanical force. Under conditions of normalionic strength (top panel), a relatively high degree of swelling is required to induce mechanical force
sufficient to alter the conformation of the LRR region and trigger channel activation. Reduced cytoplasmic ionic strength (middle panel) causes a nonactivating
conformational change in the LRR region. Less swelling and mechanical force is therefore required to induce further conformational changes that activate VRAC.
At very low cytoplasmic ionic strength (bottom panel), conformational changes in the LRR region are sufficient to activate VRAC in the absence of cell swelling.

Finally, an understanding of how VRAC detect volume changes
has been a longstanding physiological problem. It has been pro-
posed that a reduction in intracellular ionic strength is the pri-
mary signal that activates VRAC during cell swelling (Voets etal.,
1999; Sabirov et al., 2000). As we argued above, this hypothesis
cannot be reconciled with all experimental observations. We
suggest that mechanical force is the signal that activates VRAC,
that the LRR region functions as the channel’s mechanosensor,
and that the sensitivity of the LRR region to mechanical force is
modulated by ionic strength.

Syeda et al. (2016) demonstrated that purified LRRC8 pro-
teins reconstituted into droplet lipid bilayers do not respond
to increases in droplet volume brought about by fluid injec-
tion. Decreases in ionic strength, though, increase channel
Po. These studies suggest that tension within the lipid bilayer
does not activate VRAC. However, they do not rule out the
possibility that the channel is sensitive to mechanical force
applied to the LRR region via interaction with other cellular
components such as the cytoskeleton. LRR regions in other
proteins have been shown to function as mechanosensors (Ju
etal., 2015, 2016).

All four cryo-EM studies noted the existence of several
structural arrangements of the LRRC8A channel LRR region
(Deneka et al., 2018; Kasuya et al., 2018; Kefauver et al., 2018;
Kern et al., 2018). The interface between pairs of LRR region in
LRRC8 channels contains numerous charged amino acids. Ionic
strength could alter LRR region conformation by altering charge
at this interface. Interestingly, Kasuya et al. (2018) noted that the
transmembrane region of mouse LRRC8A (Deneka et al., 2018)
is more compact than that of the human LRRC8A channel that
they described. In their cryo-EM studies, Kasuya et al. (2018)
used 150 mM NaCl for preparation of cryogrids. In contrast,
the mouse LRRC8A structures were obtained in the presence of
250 mM NaCl (Deneka et al., 2018).
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Given these observations, one can envision a model where
mechanical force applied to the flexible LRR region alters its
conformation (Ju et al., 2015, 2016), which in turn activates that
channel. As we have proposed, reductions in cytoplasmic ionic
strength reduce the amount of swelling needed for VRAC activa-
tion (Jackson et al., 1996; Emma et al., 1997; Cannon et al., 1998).
We suggest that the amount of swelling-induced mechanical
force required to activate VRAC is reduced by LRR conforma-
tional changes caused by lowered ionic strength. At very low
cytoplasmic ionic strength, changes in LRR conformation are
sufficient to activate VRAC in the absence of swelling as we and
others have shown (Cannon et al., 1998; Nilius et al., 1998). This
model is illustrated in Fig. 9.

Our proposed model accounts for activation/inactivation
of VRAC by pressure-induced cell volume changes (Zhang and
Lieberman, 1996; Cannon et al., 1998; Bryan-Sisneros et al., 2000;
Poletto Chaves and Varanda, 2008; Best and Brown, 2009) and
activation by mechanical force induced by shear stress and mem-
brane stretch (Romanenko et al., 2002; Browe and Baumgarten,
2003). The model accounts for VRAC activation by GTP-y-S
(Nilius et al., 1999; Estevez et al., 2001), which has well-docu-
mented effects on cytoskeletal architecture and mechanical
properties (Shumilina et al., 2003; Aldaz et al., 2005; Hawkins
et al., 2013). It also accounts for the absence of swelling-in-
duced current E,., changes, which are expected if intracellular
ionic strength decreases substantially during swelling in patch
clamped cells. Finally, the model accounts for VRAC’s unique
swelling-induced single-channel activation kinetics (Jackson
and Strange, 1995b).

Clearly, much experimental work needs to be done to test
the model shown in Fig. 9 as well as other important hypoth-
eses. After years of confusion and controversy, we finally
have the tools and molecular insights needed to carry out
those experiments.
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