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Abstract: Volume-regulated anion channel (VRAC) is ubiquitously expressed and plays a pivotal role
in vertebrate cell volume regulation. A heterologous complex of leucine-rich repeat containing 8A
(LRRC8A) and LRRC8B-E constitutes the VRAC, which is involved in various processes such as cell
proliferation, migration, differentiation, intercellular communication, and apoptosis. However, the
lack of a potent and selective inhibitor of VRAC limits VRAC-related physiological and pathophysio-
logical studies, and most previous VRAC inhibitors strongly blocked the calcium-activated chloride
channel, anoctamin 1 (ANOL1). In the present study, we performed a cell-based screening for the
identification of potent and selective VRAC inhibitors. Screening of 55,000 drug-like small-molecules
and subsequent chemical modification revealed 3,3'-((2-hydroxy-3-methoxyphenyl)methylene)bis(4-
hydroxy-2H-chromen-2-one) (VI-116), a novel potent inhibitor of VRAC. VI-116 fully inhibited
VRAC-mediated I~ quenching with an ICs5j of 1.27 £ 0.18 uM in LN215 cells and potently blocked
endogenous VRAC activity in PC3, HT29 and HelLa cells in a dose-dependent manner. Notably,
VI-116 had no effect on intracellular calcium signaling up to 10 uM, which completely inhibited
VRAC, and showed high selectivity for VRAC compared to ANO1 and ANO2. However, DCPIB,
a VRAC inhibitor, significantly affected ATP-induced increases in intracellular calcium levels and
Eact-induced ANO1 activation. In addition, VI-116 showed minimal effect on hERG K* channel
activity up to 10 uM. These results indicate that VI-116 is a potent and selective VRAC inhibitor and
a useful research tool for pharmacological dissection of VRAC.
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1. Introduction

Cell volume regulation is an important homeostatic function in living cells, and
volume-regulated anion channel (VRAC) is the major C1~ channel in regulatory volume
decrease (RVD) [1]. Recently, two research groups revealed that LRRC8A is an essential
protein for VRAC through whole-genome siRNA library screening [2,3]. LRRCB8A is
a major component of swelling-induced chloride current (Icy swen) that occurs during
RVD in various cells. Previous studies showed that I¢| swe and RVD were significantly
blocked when LRRC8A was downregulated by siRNA [2]. VRAC is involved not only in
volume regulation but also various physiological roles, such as apoptotic volume decrease
(AVD), release of excitatory amino acids (EAAs), and taurine transport [4,5]. Interestingly,
VRAC is formed by heterohexamers of the LRRC8 protein family (LRRC8A—E) and is
ubiquitously expressed in almost all types of mammalian cells [2,3]. Subunit composition
of VRAC influences physiological processes such as taurine transport and superoxide
production [5,6].

Anoctamin 1 (ANO1), also known as TMEMI16A, is highly expressed in epithelial cells
and other cell types such as smooth muscle cells and sensory neurons, and is involved in a
variety of physiological events, such as fluid secretion, cell proliferation, migration, smooth
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muscle contraction and nociception [7]. VRAC plays an important role in the regulation
of various pathophysiological functions, such as Pt-based anti-cancer drug resistance and
glucose homeostasis through the regulation of insulin secretion [5,8,9]. Interestingly, ANO1
is also involved in insulin secretion in pancreatic beta cells, similar to VRAC, and is highly
amplified in various types of tumors. ANOI gene amplification is correlated with poor
survival rate [10-12]. VRAC and ANOI1 are co-expressed in some cell types and are mainly
activated by cell swelling and intracellular calcium signaling, respectively, but they are
also involved in some of the same physiological events. In particular, during swelling,
VRAC and ANO1 can be activated simultaneously [7-9]. Therefore, in order to elucidate
the physiological functions of VRAC and ANOJI, selective inhibitors for each ion channel
are required.

As shown in our previous study, Ani9, a potent and selective ANOL1 inhibitor, showed
minimal inhibition of VRAC activity at high concentrations [13]. However, in the case
of VRAC inhibitors; 4,4'-Diisothiocyano-2,2'-stilbenedisulfonic acid (DIDS); 5-nitro-2, 3-
(phenylpropylamino)-benzoic acid (NPPB); 4-(2-butyl-6,7-dichlor-2-cyclopentylindan-1-on-
5-yl) oxobutyric acid (DCPIB); tamoxifen; mibefradil; mefloquine; clomiphene; nafoxidine
and carbenoxolone; pranlukast; and zafirlukast have been identified as VRAC inhibitors,
but most of these VRAC inhibitors have a low potency or low selectivity [14-21]. Although
DCPIB is most often used as a potent VRAC inhibitor, DCPIB inhibits glutamate transporter
GLT-1and Cx43 hemichannel and activates Twik-related K* channel 1 (TREK1), TREK2,
and BK channels [22-24]. In addition, DCPIB acutely increased intracellular calcium
concentration in Panc-1 and IGR39 cells [24], and our experiments showed that DCPIB also
potently inhibited ATP-induced intracellular calcium level in FRT cells.

In this study, we identified a novel potent inhibitor of VRAC, VI-116, using a cell based
high-throughput screening (HTS), and investigated the effects of VI-116 and DCPIB on
endogenous VRAC activity and other ion channels including ANO1, ANO2 and hERG.

2. Results
2.1. Identification of Novel Small Molecule Inhibitors of VRAC

We performed a cell-based HTS to identify potent and selective VRAC inhibitors.
To measure VRAC activity, human glioma cells, LN215, were stably transfected with
halide sensors YFP-F46L/H148Q/I152L. As shown in Figure 1A, to investigate the effect
of compounds on VRAC activity, cells were treated with hypotonic solution (150 mOsm)
containing 25 uM of test compounds for 5 min, followed by iodide (70 mM) containing
solution. In Figure 1B, we investigated the effect of DCPIB, a VRAC inhibitor, on VRAC
activity in LN215 cells expressing YFP-F46L/H148Q/I152L. The YFP fluorescence was
significantly decreased by DCPIB with an ICsy of 3.45 uM in a dose-dependent manner.
We screened 55,000 drug-like small-molecules and identified three novel VRAC inhibitors,
VI-101, VI-201 and VI-301 (Figure 1C,D).

2.2. Identification of a Potent and Selective VRAC Inhibitor, VI-116

Since there are no VRAC inhibitors that potently inhibit VRAC without effects on
ANO1, we further investigated the effects of three novel VRAC inhibitors on VRAC and
ANOL1 activity. Unfortunately, all three novel VRAC inhibitors also potently blocked both
VRAC and ANOL1 (Figure 2). To discover more potent and selective VRAC inhibitors,
we performed a chemical modification study based on VI-101, which has the highest
efficacy. We observed the effects of 19 analogs of VI-101 on VRAC and ANOI1 activity
and finally identified VI-116, a potent and selective VRAC inhibitor that inhibits VRAC
activity (ICsg = 1.3 uM) with 13-fold higher potency than ANO1 activity (IC59 = 39.1 uM)
(Table 1). Notably, the most potent analog of VI-101, VI-110, has an ICs value of 0.58 uM.
However, since VI-110 also potently inhibited the activity of ANO1 (ICsq = 4.8 uM), VI-116,
a relatively potent and most selective VRAC inhibitor, was selected for further study.
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Figure 1. Identification of novel VRAC inhibitors. (A) Principle of high—throughput screening assay.
(B) Representative YFP fluorescence traces for VRAC activity. LN215 cells were treated with indicated
concentrations of DCPIB for 5 min. VRAC was activated by application of hypertonic solution for
5 min. (C) Representative YFP fluorescence traces for VRAC inhibitors and inactive compounds.
(D) Chemical structures of novel VRAC inhibitors (VI-101, VI-201, and VI-301) and DCPIB.
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Figure 2. Inhibitory effects of VI-101, VI-201 and VI-301 on VRAC and ANOL1. (A-C) Representative
YFP fluorescence traces for VRAC activity. LN215 cells were treated with the indicated concentrations
of VI-101, VI-201 and VI-301 with hypotonic solution for 5 min. (D) Dose-response curve of VRAC
inhibition (mean + S.E., n = 4). (E-G) Representative YFP fluorescence traces for ANO1 activity.
FRT—ANO1—YFP cells were treated with the indicated concentrations of VI-101, VI-201 and VI-301
for 10 min. ANOI1 was activated and inhibited by ATP (100 uM) and Ani9 (10 uM, dashed line),
respectively. (H) Dose-response curve of ANO1 inhibition (mean + S.E., n = 4).
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Table 1. Effect of VI-101 derivatives on VRAC and ANOL1 activity. ICsy values were determined using
YFP fluorescence quenching assay in LN215 and FRT-ANOL1 cells (1 = 4).

VRAC  ANO1 VRAC  ANO1
D Ry ICsp ICso ID R ICso ICsp
(uM) (uM) (uM) (uM)
VI-101 ﬁjc' 33 32 VI-111 29 3.2
02N N
VI-102 mNﬁ; 0.8 3.0 VI-112 © 14 0.8
cl g
Cl
V03 33 32 VI3 1.9 39
cl -0
al NO,
VI-104 300 37.9 VI-114 10.6 203
2N NO, OLO
VI-105 @ 49 38 VI-115 @OH 479 616
NO,
OH
VI-106 (?\NO 13 3.6 VI-116 C[OH 13 39.1
/N\ 2 O/
VI-107 oS 103.3 95.2 VI-117 @o/\ 6.8 14.2
Z
OH
VI-108 ® 17.0 347 VI-118 @O/ 40 14.2
N L
VI-109 @C' 0.9 20 VI-119 o 12.0 49
O~

VI-110 é/F 0.6 4.8 VI-120 /@\ 9.3 3.9
o o

2.3. VI-116 Potently Blocks VRAC-Mediated Chloride Currents

We further investigated the effect of VI-116 on VRAC activity using YFP quenching
assay in LN215 cells. As shown in Figure 3, VI-116 (IC5p = 1.28 uM) more potently blocked
VRAC activity, compared to DCPIB (ICsy = 3.45 uM). To investigate the effect of VI-116 and
DCPIB on VRAC activity in the presence of 10% FBS, LN215 cells were treated with VI-116
and DCPIB in a medium containing 10% FBS for 5 min. In the presence of 10% FBS, the ICsg
of VI-116 and DCPIB were 6.89 uM and 14.1 uM, respectively (Figure 3D). To determine
whether VI-116 and DCPIB are cytotoxic, we observed the effect of VI-116 and DCPIB on
cell viability in NIH-3T3 cells. As shown in Figure 3E,F, VI-116 did not affect cell viability
up to 30 uM, but DCPIB significantly reduced cell viability at 30 uM.
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Figure 3. Effect of VI-116 and DCPIB on VRAC activity and cell viability. (A) Structure of VI-
116. (B) Representative YFP fluorescence traces. The inhibitory effects of VI-116 on VRAC activity
were determined using YFP fluorescence assay in LN215 cells. VRAC was activated by application
of hypertonic solution for 5 min. (C) Summary of VRAC dose-response (mean + S.E., n = 4).
(D) Summary of VRAC dose—response with 10% FBS (mean + S.E., n = 4). (E,F) NIH3T3 cells were
treated with the indicated concentrations of VI-116 or DCPIB for 24 h and cell viability was measured
by MTT assay (mean £+ S.E., n =4), ** p <0.01.

To investigate the effect of VI-116 on I¢; qwen, we used the whole-cell voltage-clamp
technique in HEK293T and LN215 cells. VI-116 completely blocked hypotonic perfusion
activated Icy gwel in a dose-dependent manner in both HEK293T and LN215 cells (Figure 4).

2.4. Minimal Effect of VI-116 on Human ANO1, ANO2 and hERG Channel Activity

To investigate whether VI-116 affects ANO1 and ANO2 chloride channel activity, we
first measured the effect of VI-116 on intracellular calcium signaling in FRT cells. As shown
in Figure 5A, VI-116 did not affect the ATP-induced increase in intracellular calcium levels
up to 10 uM and showed a weak inhibitory effect on intracellular calcium signaling at
30 uM. To observe the effect of VI-116 on ANO1 channel activity, apical membrane current
of ANO1 was measured in FRT cells expressing human ANO1. Notably, VI-116 did not alter
the ANOL1 activation by ATP or E,, a specific activator of ANO1 [25], and ANOT1 chloride
channel was completely blocked by Ani9 (Figure 5B,C). ANO2 activity was measured using
YFP fluorescence quenching assay in FRT cells expressing human ANO2. VI-116 had a
minimal effect on ANO2 up to 10 pM in FRT cells expressing human ANO2 (Figure 5D).
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Figure 4. VI-116 potently blocks VRAC—mediated chloride current in HEK293T and LN215 cells.
(A) Whole-cell membrane currents were recorded at a holding potential of —50 mV by voltage
steps ranging from —120 to 120 mV (in steps of 20 mV) in HEK293T cells. VRAC was activated
by application of hypertonic solution for 3 min, and then the cells were treated with indicated
concentrations of VI-116. (B) Current/voltage plot of mean currents at the middle of each voltage
pulse (n = 3). (C) Whole-cell VRAC currents were recorded at a holding potential of —50 mV by
voltage steps ranging from —100 to 100 mV (in steps of 20 mV) in LN215 cells. (D) Current/voltage
plot of mean currents at the middle of each voltage pulse (1 = 3).

Unexpectedly, DCPIB strongly blocked ATP-induced intracellular calcium levels in-
creasing in a dose-dependent manner (Figure 5E). Interestingly, DCPIB had a unique effect
on E,ct-activated ANO1 chloride channel activity. At 10 uM, ANO1 chloride current acti-
vated by E,.t was increased, but at 100 uM, ANO1 chloride current was almost completely
inhibited (Figure 5F).

To observe the effect of VI-116 and DCPIB on CFIR, a cAMP-regulated chloride
channel, we measured the apical membrane current of CFTR in FRT cells expressing human
CFTR. As shown in Figure 6A—C, VI-116 and DCPIB blocked CFTR chloride channel with
ICs values of 12.4 pM and 71.7 uM, respectively. We also observed the effect of VI-116 and
DCPIB on human ether-a-go-go related gene (hERG) K* channel, which is a major anti-
target of drug discovery and induces long QT syndrome when the channel is blocked [26].
VI-116 showed minimal inhibitory effect on hERG K* channel activity at 10 uM with ICs
of 89.6 uM, whereas DCPIB significantly blocked hERG K* channel activity at 10 uM with
an ICsp of 11.4 uM (Figure 6D-F). These results suggest that VI-116 is a potent and selective
VRAC inhibitor with useful applications for in vitro and in vivo experiments.
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Figure 5. Effects of VI-116 on ANO1 and ANO2 chloride channel activity. (A) Representative Fluo4
fluorescence traces from 3 independent experiments in FRT cells. Cells were pretreated with VI-116
for 10 min, and P2Y receptors were activated with 100 uM ATP. (B,C) Representative apical membrane
currents from 3—4 independent experiments in FRT cells expressing human ANOL1. (B) Cells were
treated with indicated concentrations of VI-116 and DCPIB for 10 min, and ANOI1 was fully activated
by 100 uM ATP and completely blocked by 10 uM Ani9. (C) ANO1 was activated with 3 uM E,¢t
and the indicated concentrations of VI-116 were applied, and remaining ANO1 channel activity was
completely blocked by 10 uM Ani9. (D) Representative YFP fluorescence traces in FRT cells expressing
human ANO?2. Cells were treated with the indicated concentrations of VI-116 for 10 min. ANO2 was
fully activated by 100 uM ATP and completely blocked by 30 uM T16A;,,-A01. (E) Representative
Fluo4 fluorescence traces from 3 independent experiments in FRT cells. Cells were pretreated with
DCPIB for 10 min followed by application of 100 uM ATP. (F) Representative apical membrane
currents in FRT cells expressing human ANO1. ANO1 was activated with 3 uM E,ct and then the
indicated concentrations of DCPIB were applied.
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Figure 6. Effects of VI-116 and DCPIB on CFTR and hERG channel activity. (A,B) Representative
apical membrane currents from 5 independent experiments in FRT cells expressing human CFTR.
CFTR was fully activated by 20 uM forskolin (FSK) and inhibited with indicated concentrations of
VI-116 and DCPIB. CFTR was completely blocked by 20 uM CFTR;,, —172. (C) Summary of dose-
response (mean =+ S.E., n = 5). (D,E) The effect of VI-116 and DCPIB on hERG activity was measured
using a thallium flux assay in HEK293T cells expressing hERG. Cells were treated with the indicated
concentrations of VI-116 and DCPIB for 10 min. hERG channel was activated by application of
stimulus buffer and was inhibited by 50 uM cisapride. (F) Summary of dose—response (mean £ S.E.,
n=6).

2.5. VI-116 Potently Inhibits Endogenous VRAC Activity in PC3, HT29 and HeLa Cells

A heterologous complex of LRRC8A and LRRC8B—E constitutes VRAC, and VRAC
channel properties differ depending on the type of heterogeneous complex [5]. Therefore,
the characteristics of VRAC also depend on the cell type. Here, we investigated the effect
of VI-116 on VRAC activity in three different cell lines, PC3 prostate, HT29 colon, and
HeLa cervical cancer cells. As shown in Figure 7, the quantitative real-time PCR (qQRT-PCR)
analysis showed that PC3 cells had relatively high expression rates of LRRC8A (D and E)
but HT26 cells and HeLa cells had relatively high expression rates of LRRC8A and LRRC8D,
respectively. VI-116 potently and completely blocked VRAC activity in PC3, HT29, and
HeLa cells with an ICs5¢ of 0.63 & 0.05 uM, 3.14 & 1.96 uM, and 1.20 = 0.08 uM, respectively.
In the case of DCPIB, it showed weaker potency than VI-116 in PC3, HT29, and HeLa cells
with an ICs of 4.15 £ 1.79 uM, 11.3 £ 4.13 uM, and 3.36 + 1.04 puM, respectively.
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Figure 7. Effects of VI-116 and DCPIB on VRAC activity in PC3, HT29 and HeLa cells. (A,B) Rep-
resentative YFP fluorescence traces for the inhibitory effects of VI-116 and DCPIB in PC3 cells.
VRAC was activated by application of hypertonic solution for 5 min. (C) Summary of dose-response
(mean £ S.E., n = 4). (D) LRRC8A—E mRNA expression levels in PC3 cells. (E,F) Inhibitory effects
of VI-116 and DCPIB in HT29 cells. VRAC was activated by application of hypertonic solution for
5 min. (G) Summary of dose-response (mean + S.E., nn = 4). (H) LRRC8A—E mRNA expression levels
in HT29 cells. (I]) Inhibitory effects of VI-116 and DCPIB in HeLa cells. VRAC was activated by
application of hypertonic solution for 5 min. (K) Summary of dose-response (mean + S.E., n = 4).
(L) LRRC8A—E mRNA expression levels in HeLa cells. mRNA expression levels of LRRC8A—E were
determined by gqRT—PCR and normalized to 3 —actin (mean £ S.E., n = 4).

3. Discussion

VRAC is ubiquitously expressed in almost all mammalian cell types and in a wide
range of cancer cells [27]. Calcium-activated chloride channel ANOL1 is also expressed
in various cell types such as smooth muscle, epithelial cells, small sensory neurons, and
olfactory-derived cells, and is highly amplified in human cancers such as prostate cancer,
breast cancer, esophageal cancer, pancreatic cancer, oral squamous cell carcinoma, and head
and neck squamous cell carcinoma [7]. VRAC and ANOI chloride channels are activated
by cell swelling and intracellular calcium increase, respectively. However, previous studies
have shown crosstalk between VRAC and ANOL1. For example, both LRRC8A and ANO1
are involved in serum-induced VRAC-like currents, and cell swelling and intracellular
calcium increase can stimulate both VRAC and ANOI1 [28,29]. Therefore, potent and
selective inhibitors of VRAC and ANO1 are needed to elucidate the physiological roles
of these two chloride channels. For ANOI1 inhibitors, as shown in our previous study,
Ani9 potently inhibits ANO1 channel activity with only a minimal effect on VRAC [13].
However, all of the previous VRAC inhibitors were nonselective or partial inhibitors [14-21].
Although DCPIB, the most frequently used VRAC inhibitor, did not affect calcium-activated
chloride currents in calf pulmonary artery endothelial (CPAE) cells [30], we found that
DCPIB potently blocked the ATP-induced intracellular calcium increase associated with the
activation of ANOL1 (Figure 5E). In addition, DCPIB may also directly affect ANO1 channel
activity as it can alter E,t-activated ANO1 chloride currents (Figure 5F).
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DCPIB can activate TREK K* channels in cultured astrocytes and increase basal K*
current in neurons in brain slices. In addition, a recent report showed that DCPIB can
induce a rapid increase in intracellular Ca?* and directly activate BK channels in a calcium
independent manner [23,24]. Here, we showed that DCPIB inhibited hERG K* channel
activity at an ICsp of 11.4 uM in HEK293T cells expressing hERG. We used FluxOR™
thallium assay which is widely used for the hERG activity test (Figure 6). This result
conflicts with a previous report that DCPIB did not inhibit hERG at 10 uM in Xenopus
oocytes overexpressed with hERG [25]. This may be due to differences in cellular properties
such as the drug permeability of HEK293T cells and oocytes.

In Figure 7, VI-116 and DCPIB showed inhibition of VRAC activity with different
potencies in PC3, HT29, and HeLa cells. These results are consistent with previous reports
showing that DCPIB inhibits endogenous VRAC activity with different potency in other
cell types [2,31,32]. The difference in potency of VI-116 and DCPIB between cell types is
probably due to the different heterogeneous complexes of LRRC8A-E constituting VRAC,
and the different drug permeability of each cell type.

Since various cells were cultured in media containing 10% FBS in many in vitro
experiments, we measured the inhibitory effect of VI-116 on VRAC activity in the presence
of 10% FBS (Figure 3D). In the solution with 10% FBS, the potency of VI-116 was decreased
5.4-fold compared to the condition without FBS. The cause of this phenomenon is presumed
to be that VI-116 binds to plasma proteins such as albumin present in FBS, thereby reducing
the potency of VI-116.

In summary, the novel VRAC inhibitor VI-116 strongly inhibited VRAC chloride chan-
nel activity with only a minimal effect on ANO1, ANO2, and hERG channel activity at
10 uM which completely inhibits VRAC. In addition, VI-116 potently and completely inhib-
ited endogenous VRAC activity in four different cell lines, LN215, PC3, HT29, and HeLa
cells. These results suggest that VI-116 can be used as a useful tool for the pharmacological
dissection of VRAC, increasing the efficiency of in vitro and in vivo studies to elucidate the
physiological role of VRAC.

4. Materials and Methods
4.1. Cell Culture and Cell Lines

Human ANO1(abc) expressing Fisher rat thyroid (FRT) cells, ANO2 expressing FRT cells,
and human CFTR expressing FRT cells were cultured as described in a previous study [13].
LN215 cells were stably transfected with the halide sensor YFP-F46L/H148Q/I152 and
NIH-3T3 cells cultured in DMEM were supplemented with 10% FBS, 2 mM L-glutamine,
100 units/mL penicillin, and 100 pug/mL streptomycin. HEK293T cells were stably trans-
fected with the human Kv11.1 (hERG) and cultured in DMEM supplemented with 10% FBS,
2 mM L-glutamine, 100 units/mL penicillin, and 100 pg/mL streptomycin. PC3, HT29,
and HeLa cells were stably transfected with the halide sensor YFP-F46L/H148Q /1152 and
cultured in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 100 units/mL
penicillin, and 100 ug/mL streptomycin.

4.2. Materials and Reagents

DCPIB, T16Ai,n-A01, and other chemicals were purchased from Merck (St. Louis, MO,
USA). Chemical libraries used for screening were purchased from ChemDiv (San Diego,
CA, USA).

4.3. YFP Fluorescence Quenching Assay

YFP-F46L/H148Q/1152L expressed LN215 cells were cultured in 96-well black-walled
microplates (Corning Inc., Corning, NY, USA) at a density of 15,000 cells/well in DMEM
supplemented with 10% FBS, 100 units/mL penicillin, and 100 pg/mL streptomycin.
Screening was performed using FLUOstar Omega microplate reader (BMG Labtech, Orten-
berg, Germany). Each well of a 96-well plate was washed 3 times in PBS (200 uL/wash),
kept 50 L hypotonic solution (in mM): 70 NaCl, 5 KCI, 20 HEPES (170 mOsm/kg). Test



Int. J. Mol. Sci. 2022, 23, 5168

11 0f 14

compounds (0.5 uL) were added to each well at 25 uM final concentration. After 4 min,
96-well plates were transferred to a plate reader for fluorescence assay. Each well was
assayed individually for VRAC-mediated I~ influx by recording fluorescence continuously
(400 ms per point) for 0.4 s (baseline), then 50 pL of 140 mM I~ solution was added at 0.5 s,
and then YFP fluorescence was recorded for 5 s. The initial iodide influx rate was calculated
from fluorescence data by nonlinear regression.

4.4. Apical Membrane Current Measurement

Snapwell inserts containing ANO1(abc) or CFTR-expressing FRT cells were mounted
in Ussing chambers (Physiological Instruments, San Diego, CA). The basolateral hemicham-
ber was filled with buffer solution (in mM): 120 NaCl, 5 KCl, 1 MgCl,, 1 CaCly,, 10 D-glucose,
2.5 HEPES, and 25 NaHCOs3 (pH 7.4). The apical hemichamber was filled with buffer solu-
tion (in mM): 60 NaCl, 60 Na-gluconate, 5 KCl, 1 MgCl,, 1 CaCl,, 10 D-glucose, 2.5 HEPES,
and 25 NaHCOj3 (pH 7.4). FRT cells were bathed for a 10 min stabilization period and
gassed with 5% CO, and 95% O, at 37 °C. The apical membrane current was recorded with
an EVC4000 Multi-Channel V/I Clamp (World Precision Instruments, Sarasota, FL, USA)
and a PowerLab 4/35 (AD Instruments, Castle Hill, Australia).

4.5. FluxOR Potassium Ion Channel Assay

HEK293 cells stably expressing human Kv11.1 (hERG) were cultured in 96-well plates.
After 48 h, the cells were incubated at 28 °C for 4 h to increase the membrane expression
of hERG. The culture medium was replaced with a 80 uL/well of FluxOR (Invitrogen,
Waltham, MA, USA) loading buffer and incubated for 1 h at 37°C in the dark. After
removing the loading buffer, 100 uL of assay buffer was added to each well. To measure
the effect of VI-116 and DCPIB on hERG channels, the cells were pretreated with test
compounds for 10 min. FluxOR fluorescence (excitation/emission: 490/525 nm) was
recorded for 4 s before the addition of 20 uL of stimulus buffer containing thallium ions,
and the fluorescence was recorded. FluxOR fluorescence was recorded and analyzed using
the FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany) and the
MARS Data Analysis Software (BMG Labtech, Ortenberg, Germany). All buffers were
prepared according to the manufacturer’s instructions.

4.6. Patch-Clamp

For volume-regulated anion channel (VRAC) currents measurement, the isotonic bath
solution contained (in mM): 150 NaCl, 6 KCL, 1.5 CaCl,, 1 MgCly, 10 glucose, 1 HEPES, and
pH 7.4 with NaOH (320 mOsm). The hypotonic bath solution contained (in mM): 105 NaCl,
6 KCL, 1.5 CaCl,, 1 MgCly, 10 glucose, 10 HEPES, and pH 7.4 with NaOH (240 mOsm). The
pipette solution contained (in mM): 40 CsCl, 100 Cs-methanesulfonate, 0.5 EGTA, 1 MgCl,,
1.9 CaCly, 5 EGTA, 4 Tris—ATP, 10 HEPES, and pH 7.2 with CsOH (290 mOsm). Pipettes
were pulled from borosilicate glass and had resistances of 3-5 M() after fire polishing.
Seal resistances were between 3 and 10 GQ). The liquid junction potential (~2.4 mV) was
not corrected. After establishing the whole-cell configuration, whole-cell capacitance and
series resistance were compensated with the amplifier circuitry. VRAC was activated by
exposing LN215 cells to a 25% hypotonic bath solution. Whole-cell currents were elicited
by applying hyperpolarizing and depolarizing voltage pulses from a holding potential
of 0 mV to potentials between —100 mV and +100 mV or —120 mV and +120 mV in
steps of 20 mV. Recordings were made at room temperature. Whole-cell recordings were
performed using an Axopatch-200B (Axon Instruments, Union City, CA, USA). The current
was digitized with a Digidata 1440A converter (Axon Instruments). Data were analyzed
using the pCLAMP 10.2 software (Molecular Devices, Sunnyvale, CA, USA).

4.7. Cell Proliferation Assay

NIH-3T3 cells were plated on 96-well microplates. After 24 h incubation, cells were
treated with VI-116 or DCPIB and incubated for 24 h. The culture medium and the
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compounds were changed every 12 h. To assess cell proliferation, the cells were incubated
with MTS for 1 h. The soluble formazan produced by the cellular reduction of MTS was
quantified by measuring the absorbance at 490 nm with an Infinite M200 (Tecan, Grodig,
Austria) microplate reader. MTS assay was performed using a CellTiter 96 Aqueous One
Solution Cell Proliferation Assay kit (Promega, Madison, WI, USA).

4.8. Quantitative PCR Analysis

The mRNA expression of LRRC8A, B, C, D, and E in HeLa, HT29, LN215, and
PC3 cells were measured by qPCR. RNA was isolated using a TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA), and 500 ng of RNA was used to synthesize complementary
DNA (cDNA) using an RNA to cDNA PrimeScript RT-PCR kit (TaKaRa, Shiga, Japan),
according to the manufacturer’s protocol. The relative mRNA levels were measured in a
StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using a
SYBR Green PCR Master Mix (Applied Biosystems). The primer sequences used were as
follows: LRRC8A, sense (5'-GGGTTGAACCATGATTCCGGTGAC-3') and antisense (5'-
GAAGACGGCAATCATCAGCATGAC-3'); LRRC8B, sense (5'-CCTGGATGGCCCACAGG
TAATAG-3') and antisense (5'-ATGCTGGTCAACTGGAACCTCTGC-3"); LRRCS8C, sense
(5'-ACAAGCCATGAGCAGCGAC-3') and antisense (5'-GGAATCATGTTTCTCCGGGC-
3"); LRRC8D, sense (5'-ATGGAGGAGTGAAGTCTCCTGTCG-3') and antisense (5'-CTTCC
GCAAGGGTAAACATTCCTG-3'); and LRRCB8E, sense (5'-ACCGTGGCCATGCTCATGAT
TG-3') and antisense (5'-ATCTTGTCCTGTGTCACCTGGAG-3'). The mRNA levels of
LRR8A-E were normalized to B-actin.

4.9. Intracellular Calcium Measurement

FRT cells were plated on 96-well black-walled microplates and loaded with Fluo-4
NW according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). After 1 h
incubation, the cells were added with VI-116 or DCPIB and incubated for 10 min. The
96-well plates were transferred to a plate reader for fluorescence assay. Fluo-4 fluorescence
(excitation/emission: 485/538 nm) was measured with a FLUOstar Omega microplate
reader (BMG Labtech). Intracellular calcium was increased by an application of 100 uM ATP.

4.10. Statistical Analysis

The results of the experiments are displayed as the means =+ S.E. The statistical analysis
was performed with a Student’s t-test. A value of p < 0.01 was considered statistically
significant.
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Abbreviations

ANO1  anoctamin 1

ANO2  anoctamin 2

AVD apoptotic volume decrease

GPCR G protein-coupled receptor

hERG  human ether-a-go-go related gene
HTS high-throughput screening

RVD regulatory volume decrease
TREK1 twik-related K* channel 1

TREK2  twik-related K* channel 2

VRAC  volume regulated anion channel

References

1.  Pedersen, S.F,; Kapus, A.; Hoffmann, E.K. Osmosensory mechanisms in cellular and systemic volume regulation. J. Am. Soc.
Nephrol. 2011, 22, 1587-1597. [CrossRef] [PubMed]

2. Qiu, Z.; Dubin, A.E.; Mathur, J.; Tu, B.; Reddy, K.; Miraglia, L.J.; Reinhardt, J.; Orth, A.P; Patapoutian, A. Swelll, a plasma
membrane protein, is an essential component of volume-regulated anion channel. Cell 2014, 157, 447-458. [CrossRef] [PubMed]

3. Voss, EK,; Ullrich, F.; Munch, J.; Lazarow, K.; Lutter, D.; Mah, N.; Andrade-Navarro, M.A.; von Kries, J.P.; Stauber, T.; Jentsch,
TJ. Identification of Irrc8 heteromers as an essential component of the volume-regulated anion channel vrac. Science 2014, 344,
634-638. [CrossRef] [PubMed]

4. Kimelberg, H.K. Astrocytic swelling in cerebral ischemia as a possible cause of injury and target for therapy. Glia 2005, 50, 389-397.
[CrossRef]

5. Planells-Cases, R.; Lutter, D.; Guyader, C.; Gerhards, N.M.; Ullrich, F,; Elger, D.A.; Kucukosmanoglu, A.; Xu, G.; Voss, EK,;
Reincke, S.M.; et al. Subunit composition of vrac channels determines substrate specificity and cellular resistance to pt-based
anti-cancer drugs. EMBO ]. 2015, 34, 2993-3008. [CrossRef]

6. Choi, H.; Rohrbough, J.C.; Nguyen, H.N.; Dikalova, A.; Lamb, ES. Oxidant-resistant Irrc8a/c anion channels support superoxide
production by nadph oxidase 1. J. Physiol. 2021, 599, 3013-3036. [CrossRef]

7. Oh, U, Jung, J. Cellular functions of tmem16/anoctamin. Pflugers. Arch 2016, 468, 443—453. [CrossRef]

8. Kang, C.; Xie, L.; Gunasekar, S.K.; Mishra, A.; Zhang, Y.; Pai, S.; Gao, Y.; Kumar, A ; Norris, A.W.; Stephens, S.B.; et al. Swelll is a
glucose sensor regulating beta-cell excitability and systemic glycaemia. Nat. Commun. 2018, 9, 367. [CrossRef]

9. Zhang, H.; Deng, Z.; Zhang, D.; Li, H.; Zhang, L.; Niu, J.; Zuo, W.; Fu, R.; Fan, L.; Ye, ].H.; et al. High expression of leucinerich
repeatcontaining 8a is indicative of a worse outcome of colon cancer patients by enhancing cancer cell growth and metastasis.
Oncol. Rep. 2018, 40, 1275-1286.

10. Katoh, M.; Katoh, M. Flj10261 gene, located within the ccndl-emsl locus on human chromosome 11q13, encodes the eight-
transmembrane protein homologous to c120rf3, c11orf25 and f1j34272 gene products. Int. J. Oncol. 2003, 22, 1375-1381. [CrossRef]

11.  Duvvuri, U.; Shiwarski, D.J.; Xiao, D.; Bertrand, C.; Huang, X.; Edinger, R.S.; Rock, ].R.; Harfe, B.D.; Henson, B.].; Kunzelmann, K.;
et al. Tmem16a induces mapk and contributes directly to tumorigenesis and cancer progression. Cancer Res. 2012, 72, 3270-3281.
[CrossRef] [PubMed]

12. Ruiz, C.; Martins, J.R.; Rudin, E; Schneider, S.; Dietsche, T.; Fischer, C.A.; Tornillo, L.; Terracciano, L.M.; Schreiber, R.; Bubendorf,
L.; et al. Enhanced expression of anol in head and neck squamous cell carcinoma causes cell migration and correlates with poor
prognosis. PLoS ONE 2012, 7, e43265. [CrossRef] [PubMed]

13. Seo, Y.; Lee, HK,; Park, J.; Jeon, D.K;; Jo, S.; Jo, M.; Namkung, W. Ani9, a novel potent small-molecule anol inhibitor with
negligible effect on ano2. PLoS ONE 2016, 11, e0155771. [CrossRef] [PubMed]

14. Nilius, B.; Sehrer, J.; Viana, E; De Greef, C.; Raeymaekers, L.; Eggermont, ].; Droogmans, G. Volume-activated C1~ currents in
different mammalian non-excitable cell types. Pflugers Arch. 1994, 428, 364-371. [CrossRef] [PubMed]

15. Nilius, B.; Prenen, J.; Kamouchi, M.; Viana, F.; Voets, T.; Droogmans, G. Inhibition by mibefradil, a novel calcium channel
antagonist, of Ca?*- and volume-activated C1~ channels in macrovascular endothelial cells. Br. J. Pharmacol. 1997, 121, 547-555.
[CrossRef]

16. Pedersen, S.F; Prenen, J.; Droogmans, G.; Hoffmann, E.K.; Nilius, B. Separate swelling- and CaZ*-activated anion currents in
ehrlich ascites tumor cells. . Membr. Biol. 1998, 163, 97-110. [CrossRef]

17.  Maertens, C.; Wei, L.; Voets, T.; Droogmans, G.; Nilius, B. Block by fluoxetine of volume-regulated anion channels. Br. ]. Pharmacol.
1999, 126, 508-514. [CrossRef]

18.  Maertens, C.; Wei, L.; Droogmans, G.; Nilius, B. Inhibition of volume-regulated and calcium-activated chloride channels by the
antimalarial mefloquine. J. Pharmacol. Exp. Ther. 2000, 295, 29-36.

19. Maertens, C.; Droogmans, G.; Chakraborty, P.; Nilius, B. Inhibition of volume-regulated anion channels in cultured endothelial
cells by the anti-oestrogens clomiphene and nafoxidine. Br. J. Pharmacol. 2001, 132, 135-142. [CrossRef]

20. Benfenati, V.; Caprini, M.; Nicchia, G.P; Rossi, A.; Dovizio, M.; Cervetto, C.; Nobile, M.; Ferroni, S. Carbenoxolone inhibits

volume-regulated anion conductance in cultured rat cortical astroglia. Channels 2009, 3, 323-336. [CrossRef]


http://doi.org/10.1681/ASN.2010121284
http://www.ncbi.nlm.nih.gov/pubmed/21852585
http://doi.org/10.1016/j.cell.2014.03.024
http://www.ncbi.nlm.nih.gov/pubmed/24725410
http://doi.org/10.1126/science.1252826
http://www.ncbi.nlm.nih.gov/pubmed/24790029
http://doi.org/10.1002/glia.20174
http://doi.org/10.15252/embj.201592409
http://doi.org/10.1113/JP281577
http://doi.org/10.1007/s00424-016-1790-0
http://doi.org/10.1038/s41467-017-02664-0
http://doi.org/10.3892/ijo.22.6.1375
http://doi.org/10.1158/0008-5472.CAN-12-0475-T
http://www.ncbi.nlm.nih.gov/pubmed/22564524
http://doi.org/10.1371/journal.pone.0043265
http://www.ncbi.nlm.nih.gov/pubmed/22912841
http://doi.org/10.1371/journal.pone.0155771
http://www.ncbi.nlm.nih.gov/pubmed/27219012
http://doi.org/10.1007/BF00724520
http://www.ncbi.nlm.nih.gov/pubmed/7816559
http://doi.org/10.1038/sj.bjp.0701140
http://doi.org/10.1007/s002329900374
http://doi.org/10.1038/sj.bjp.0702314
http://doi.org/10.1038/sj.bjp.0703786
http://doi.org/10.4161/chan.3.5.9568

Int. J. Mol. Sci. 2022, 23, 5168 14 of 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Figueroa, E.E.; Kramer, M.,; Strange, K.; Denton, ].S. Cysltl receptor antagonists pranlukast and zafirlukast inhibit lrrc8-mediated
volume regulated anion channels independently of the receptor. Am. J. Physiol. Cell Physiol. 2019, 317, C857—-C866. [CrossRef]
[PubMed]

Bowens, N.H.; Dohare, P.; Kuo, Y.H.; Mongin, A.A. Dcpib, the proposed selective blocker of volume-regulated anion channels,
inhibits several glutamate transport pathways in glial cells. Mol. Pharmacol. 2013, 83, 22-32. [CrossRef] [PubMed]

Minieri, L.; Pivonkova, H.; Caprini, M.; Harantova, L.; Anderova, M.; Ferroni, S. The inhibitor of volume-regulated anion channels
dcpib activates trek potassium channels in cultured astrocytes. Br. J. Pharmacol. 2013, 168, 1240-1254. [CrossRef] [PubMed]
Zuccolini, P; Ferrera, L.; Remigante, A.; Picco, C.; Barbieri, R.; Bertelli, S.; Moran, O.; Gavazzo, P.; Pusch, M. The vrac blocker
dcpib directly gates the bk channels and increases intracellular Ca?* in melanoma and pancreatic duct adenocarcinoma cell lines.
Br. J. Pharmacol. 2022. [CrossRef] [PubMed]

Namkung, W.; Yao, Z.; Finkbeiner, W.E.; Verkman, A.S. Small-molecule activators of tmem16a, a calcium-activated chloride
channel, stimulate epithelial chloride secretion and intestinal contraction. FASEB J. 2011, 25, 4048-4062. [CrossRef] [PubMed]
Walker, B.D.; Singleton, C.B.; Bursill, ].A.; Wyse, K.R.; Valenzuela, S.M.; Qiu, M.R,; Breit, S.N.; Campbell, T.]J. Inhibition of the
human ether-a-go-go-related gene (herg) potassium channel by cisapride: Affinity for open and inactivated states. Br. ]. Pharmacol.
1999, 128, 444-450. [CrossRef]

Jentsch, T.J. Vracs and other ion channels and transporters in the regulation of cell volume and beyond. Nat. Rev. Mol. Cell Biol.
2016, 17, 293-307. [CrossRef]

Benedetto, R.; Sirianant, L.; Pankonien, I.; Wanitchakool, P.; Ousingsawat, J.; Cabrita, I.; Schreiber, R.; Amaral, M.; Kunzelmann, K.
Relationship between tmem16a/anoctamin 1 and lrrc8a. Pflugers Arch. 2016, 468, 1751-1763. [CrossRef]

Zhang, H.; Liu, Y,; Men, H.; Zhang, E; Zhang, H. Lrrca8a and anol contribute to serum-induced vrac in a Ca2+—dependent
manners. J. Pharmacol. Sci. 2020, 143, 176-181. [CrossRef]

Decher, N.; Lang, H.J.; Nilius, B.; Bruggemann, A.; Busch, A.E.; Steinmeyer, K. Dcpib is a novel selective blocker of i(cl, swell)
and prevents swelling-induced shortening of guinea-pig atrial action potential duration. Br. J. Pharmacol. 2001, 134, 1467-1479.
[CrossRef]

Friard, J.; Tauc, M.; Cougnon, M.; Compan, V.; Duranton, C.; Rubera, I. Comparative effects of chloride channel inhibitors on
Irrc8/vrac-mediated chloride conductance. Front. Pharmacol. 2017, 8, 328. [CrossRef] [PubMed]

Yoshimoto, S.; Matsuda, M.; Kato, K,; Jimi, E.; Takeuchi, H.; Nakano, S.; Kajioka, S.; Matsuzaki, E.; Hirofuji, T.; Inoue, R.; et al.
Volume-regulated chloride channel regulates cell proliferation and is involved in the possible interaction between tmem16a and
Irrc8a in human metastatic oral squamous cell carcinoma cells. Eur. J. Pharmacol. 2021, 895, 173881. [CrossRef] [PubMed]


http://doi.org/10.1152/ajpcell.00281.2019
http://www.ncbi.nlm.nih.gov/pubmed/31390227
http://doi.org/10.1124/mol.112.080457
http://www.ncbi.nlm.nih.gov/pubmed/23012257
http://doi.org/10.1111/bph.12011
http://www.ncbi.nlm.nih.gov/pubmed/23072356
http://doi.org/10.1111/bph.15810
http://www.ncbi.nlm.nih.gov/pubmed/35102550
http://doi.org/10.1096/fj.11-191627
http://www.ncbi.nlm.nih.gov/pubmed/21836025
http://doi.org/10.1038/sj.bjp.0702774
http://doi.org/10.1038/nrm.2016.29
http://doi.org/10.1007/s00424-016-1862-1
http://doi.org/10.1016/j.jphs.2020.04.003
http://doi.org/10.1038/sj.bjp.0704413
http://doi.org/10.3389/fphar.2017.00328
http://www.ncbi.nlm.nih.gov/pubmed/28620305
http://doi.org/10.1016/j.ejphar.2021.173881
http://www.ncbi.nlm.nih.gov/pubmed/33476655

	Introduction 
	Results 
	Identification of Novel Small Molecule Inhibitors of VRAC 
	Identification of a Potent and Selective VRAC Inhibitor, VI-116 
	VI-116 Potently Blocks VRAC-Mediated Chloride Currents 
	Minimal Effect of VI-116 on Human ANO1, ANO2 and hERG Channel Activity 
	VI-116 Potently Inhibits Endogenous VRAC Activity in PC3, HT29 and HeLa Cells 

	Discussion 
	Materials and Methods 
	Cell Culture and Cell Lines 
	Materials and Reagents 
	YFP Fluorescence Quenching Assay 
	Apical Membrane Current Measurement 
	FluxOR Potassium Ion Channel Assay 
	Patch-Clamp 
	Cell Proliferation Assay 
	Quantitative PCR Analysis 
	Intracellular Calcium Measurement 
	Statistical Analysis 

	References

