
Identification of the chloride channel, leucine-rich repeat-
containing protein 8, subfamily a (LRRC8A), in mouse 
cholangiocytes

Nikolay Shcheynikov1, Kristy Boggs1, Anthony Green2, Andrew P. Feranchak1,3

1Department of Pediatrics, University of Pittsburgh Medical Center Children’s Hospital of 
Pittsburgh, Pittsburgh, Pennsylvania, USA

2Tissue and Research Pathology Core, UPMC Hillman Cancer Center, University of Pittsburgh, 
Pittsburgh, Pennsylvania, USA

3Pittsburgh Liver Research Center, University of Pittsburgh, Pittsburgh, Pennsylvania, USA

Abstract

Background and Aims: Chloride (Cl−) channels in the apical membrane of biliary epithelial 

cells (BECs), also known as cholangiocytes, provide the driving force for biliary secretion. 

Although two Cl− channels have been identified on a molecular basis, the Cystic Fibrosis 

Transmembrane Conductance Regulator and Transmembrane Member 16A, a third Cl− channel 

with unique biophysical properties has been described. Leucine-Rich Repeat-Containing Protein 

8, subfamily A (LRRC8A) is a newly identified protein capable of transporting Cl− in other 

epithelium in response to cell swelling. The aim of the present study was to determine if LRRC8A 

represents the volume-regulated anion channel in mouse BECs.

Approach and Results: Studies were performed in mouse small (MSC) and large (MLC) 

cholangiocytes. Membrane Cl− currents were measured by whole-cell patch-clamp techniques 

and cell volume measurements were performed by calcein-AM fluorescence. Exposure of 

either MSC or MLC to hypotonicity (190 mOsm) rapidly increased cell volume and activated 

Cl− currents. Currents exhibited outward rectification, time-dependent inactivation at positive 

membrane potentials, and reversal potential at 0 mV (ECl). Removal of extracellular Cl− or 

specific pharmacological inhibition of LRRC8A abolished currents. LRRC8A was detected in 

both MSC and MLC by reverse transcription polymerase chain reaction and confirmed by western 

blot. Transfection with LRRC8A small interfering RNA decreased protein levels by >70% and 

abolished volume-stimulated Cl− currents.
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Conclusion: These results demonstrate that LRRC8A is functionally present in mouse BECs, 

contributes to volume-activated Cl− secretion, and, therefore, may be a target to modulate bile 

formation in the treatment of cholestatic liver disorders.

INTRODUCTION

Bile formation is initiated by hepatocyte transport of bile acids into the canalicular space 

between cells. Subsequently, canalicular bile enters an extensive intrahepatic network of 

ducts lined by biliary epithelial cells (cholangiocytes), which modify the volume and 

composition of bile through regulated ion and water secretion. Despite the small number 

of cholangiocytes, the network of intrahepatic ducts is extensive, and ductular secretion 

is estimated to contribute to over 40% of bile volume in humans.[1–3] Opening of Cl− 

channels in the apical membrane of cholangiocytes provides the driving force for biliary 

secretion,[4–6] and our laboratory has previously identified three Cl− channel types based on 

biophysical properties, though in only two were the molecular identities defined: the Cystic 

Fibrosis Transmembrane Conductance Regulator (CFTR), a cAMP-activated Cl− channel, 

and Transmembrane Member 16A protein (TMEM16A), a Ca2+-activated Cl− channel.[7,8]

Although CFTR is activated by the hormone secretin binding basolateral receptors, 

TMEM16A is activated by mechanical stimuli acting on the apical membrane in a process 

involving ATP release and binding of apical purinergic receptors. Interestingly, stimuli, 

which exert mechanical effects on the apical membrane also activate a third type of Cl− 

channel with unique biophysical properties, including activation by cell swelling and time-

dependent inactivation at positive membrane potentials.[9–11] This channel has previously 

been named the volume-regulated Cl− channel or the volume-regulated anion channel 

(VRAC).

All cells must be able to respond to changes in the osmolarity of their environment in 

order to maintain membrane and cellular integrity. The process by which cells respond 

to stimuli, which increase cell size and return the cell to near basal size, is known as 

regulatory volume decrease (RVD). RVD is especially critical for cells of the liver, which are 

exposed to changes in osmolarity between fed and fasted states.[12,13] The process of RVD 

is characterized by activation of membrane Cl− and K+ channels, water efflux, and a return 

to near basal size.[14] Although we have previously shown that a human biliary cell model 

undergoes RVD and activates membrane Cl− channels,[15] the molecular identity of this Cl− 

channel is unknown.

One of the critical components of VRAC responsible for RVD in other cells has been 

identified as the Leucine-Rich Repeat-Containing Protein 8, subfamily A (LRRC8A) and 

therefore a component of the regulated response to cell swelling.[9,16] However, it is 

unknown if LRRC8A is present or functional in cholangiocytes. The aim of the present 

study therefore was to determine if LRRC8A represents a critical component of the VRAC 

in mouse cholangiocytes.
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EXPERIMENTAL PROCEDURES

Cell models

As primary isolated mouse cholangiocytes lose biophysical properties in culture quite 

rapidly, patch-clamp studies were performed in mouse large cholangiocytes (MLC) and 

mouse small cholangiocytes (MSC), which were obtained from Drs. Alpini and Glaser. 

In brief, cholangiocytes were isolated from normal mice (BALB/c) and immortalized by 

transfection with the SV40 large-T antigen gene as described.[17,18] These cells demonstrate 

similar properties to those of freshly isolated small and large mouse cholangiocytes. 

Importantly, MSC do not express CFTR, whereas MLC do, and both cell types functionally 

express TMEM16A.[8,17] To isolate primary cholangiocytes, the bile duct of a C57BL/6 

mouse was perfused with collagenase D, the liver was removed, and the bile duct was 

carefully dissected out along the intrahepatic ducts with the physical removal of nonduct 

tissue. The bile duct was minced and trypsinized overnight to release cells from the bile 

duct. Cholangiocytes were enriched for using CD326 (EpCAM) Magnetic MicroBeads, an 

MS Column, and MiniMACS Separator (Miltenyi Biotec) per the manufacturers’ protocol. 

Animal work described in this manuscript has been approved and conducted under the 

oversight of the University of Pittsburgh Institutional Animal Care and Use Committees.

Detection of Lrrc8 paralogs by reverse transcription polymerase chain reaction

RNA was extracted from the cells using Trizol (Invitrogen) followed by a DNase I treatment 

using the RNA Clean and Concentrator Kit (Zymo Research, catalog no. R1013). The 

DNase I-treated RNA (1 μg) was converted to complementary DNA (cDNA) using iScript 

Reverse Transcription Supermix (Bio-Rad, catalog no. 1708840) per the manufacturer’s 

instructions. The cDNA was diluted 1:4 with water. PCR products representing the Lrrc8 

paralogs (Lrrc8a–e) were detected with a 20 μl PCR reaction mixture containing sequence-

specific primers (Table S1), GoTaq Master Mix (Promega, catalog no. M7132), and a 1/20 

volume of cDNA. The mixture was subjected to 35 cycles of amplification (denaturation at 

95°C for 30 s, annealing at 56°C for 30 s, and extension at 72°C for 20 s). The amplified 

DNA was resolved on a 2% agarose gel alongside a 50 bp ladder.

Localization of LRRC8A protein by immunohistochemistry staining

Localization of LRRC8A protein was performed on paraffin-embedded mouse liver tissue. 

The slides were heated to 60°C for 30 min followed by deparaffinization and rehydration 

using a standard histology protocol: three changes of xylene for 5 min each followed by 

three changes of 100% alcohol, two changes of 95% alcohol, and one change of 70% 

alcohol, each for 1 min, and then rinsed in distilled water. Antigen retrieval was performed 

using a citrate buffer (#S1699, Agilent Dako) in a Decloaking Chamber (Biocare Medical). 

The slides were stained using an Autostainer Plus (Agilent Dako) platform with TBST rinse 

buffer (#S3306, Agilent Dako). The primary antibody, LRRC8A (Table S2), was applied at 

1:200 dilution, at room temperature for 60 min. The secondary antibody, Envision Rabbit 

HRP polymer (Table S2), was applied for 45 min at room temperature. The substrate, 

3,3,′-diaminobenzidine + (#K3 468, Agilent Dako), was applied for 10 min. The slides 

were counterstained with hematoxylin (#K8018, Agilent Dako). Negative controls were 

performed as described above minus the primary antibody incubation.
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Small interfering RNA knockdown of Lrrc8a gene expression

Lrrc8a gene expression (and subsequently protein expression) was suppressed by transient 

transfection (Invitrogen, Lipofectamine 2000 Transfection Reagent, catalog no. 11668027) 

of cells with an LRRC8A small interfering RNA (siRNA; Invitrogen, Assay ID 

#MSS280623). A noncoding Stealth RNAi (Invitrogen, catalog no. 12935–300, medium GC 

duplex) was used in control transfections. Block-it Fluorescent Oligo (Invitrogen, catalog 

no. 2013) generates a detectable FITC signal and was used to monitor transfection efficiency 

and to aid in the selection of siRNA transfected cells for whole-cell patch-clamp current 

recording. Whole-cell patch-clamp experiments were performed 48 h after transfection 

on FITC-positive cells. The degree of LRRC8A silencing was evaluated by western blot 

analysis on FITC-positive cells that were collected by fluorescence-activated cell sorting.

Fluorescence-activated cell sorting

For western blot analysis, we sorted for FITC-positive cells in both the control and LRRC8A 

siRNA transfected cells. To assess cell viability, single-cell suspensions were stained with 

Zombie Aqua Viability Dye (Biolegend, catalog no. 423101) washed in Cell Staining Buffer 

(Biolegend, catalog no. 420201) and resuspended in flow cytometry buffer (PBS without 

calcium and magnesium, 1% BSA, 2 mM EDTA, 25 mM HEPES). Data acquisition and 

the subsequent collection of FITC-positive cells was performed on a Becton, Dickinson 

and Company (BD Biosciences) FACSAria II (BD Biosciences) and analyzed with BD 

FACSDiva 8.0.1 software (BD Biosciences).

Detection of LRRC8A protein by western blot

Protein was extracted from FITC-positive cells, primary cholangiocytes, and hepatocytes 

with RIPA buffer containing protease inhibitors (Roche) and subsequently quantified with 

the BCA Assay Kit (Thermo Fisher Scientific). Equal concentrations of protein were 

separated on 4%–15% gels (Bio-Rad), then transferred to 0.22 μm supported nitrocellulose 

paper (Bio-Rad). Membranes were blocked in 5% nonfat dry milk, then incubated overnight 

at 4°C in primary antibody (Table S2) followed by a 1 h incubation at room temperature in 

HRP-conjugated secondary antibody (Table S2). Signals were visualized through Amersham 

ECL Western Blotting Detection Reagents (GE Healthcare, catalog no. RPN2209) and band 

intensity quantified using ImageJ software (National Institutes of Health).

Measurement of Cl− currents

Coverslips with MLC or MSC cells were transferred to the recording chamber and perfused 

with a standard external solution with the following composition (in millimolars): 145 

sodium chloride (NaCl), 1 calcium chloride (CaCl2), 1 magnesium chloride (MgCl2), 10 

HEPES, and 10 D-glucose, pH 7.4 (sodium hydroxide [NaOH]). Cl−-free solution was 

prepared by replacing Cl− with gluconate. Osmolarity was adjusted with mannitol to 310 

± 5 mOsm using the Advanced Micro Osmometer (Model 3300, Advanced Instruments 

Inc.). For measuring swelling-activated currents and volume changes, an isotonic solution 

containing (in millimolars) 85 NaCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 120 D-mannitol, 

and 10 D-glucose, pH 7.4, with NaOH (310 ± 5 mOsm) was used and cell swelling 

was induced by omitting mannitol from the solution to reach osmolarity indicated (190 

Shcheynikov et al. Page 4

Hepatology. Author manuscript; available in PMC 2023 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mOsm for most volume-activated studies). Patch-clamp experiments were performed in the 

standard whole-cell configuration at room temperature (22°C–25°C) using an Axopatch 

200B amplifier (Axon Instruments). Patch pipettes had resistances between 4 and 6 mΩ after 

filling with the standard intracellular solution that contained the following (in millimolars): 

90 cesium (Cs)-chloride, 50 Cs-aspartate, 1 Mg-ATP, 10 HEPES, and 2 EGTA, pH 7.3 

(cesium hydroxide). Digidata −1440A and pClamp 10 software (Molecular Devices) were 

used for data acquisition and analysis. The current was recorded by 400-ms rapid alteration 

of membrane potential from −100 to +100 mV every 2 s from a holding potential of 0 

mV. The current recorded at +100 mV was used to calculate the maximum current density 

(pA/pF). To observe the voltage and time dependency of the current profile, step pulses 

were applied from a holding potential of 0 mV to test potentials of −100 to +100 mV in 

+20 mV increments. The current was filtered at 1 kHz and sampled at 10 kHz. Capacitive 

currents and series resistance were determined and minimized. Results are compared with 

control studies measured on the same day to minimize any effects of day-to-day variability 

and reported as current density (pA/pF) to normalize for differences in cell size. Data are 

presented as mean ± SE. Origin 2018 (OriginLab) was used for data analysis and display.

Capacitance measurements

To simultaneously measure the capacity of the cell membrane and current, the amplifier 

readings were used as well as the current value at +100 mV (step-by-step protocol), recorded 

every 30 s under iso- and hypotonic conditions. To increase the measurement accuracy, the 

minimum capacitance values indicated by the amplifier were used.

Cell volume measurements

Forty-thousand cells were plated the day before on a 24-well black Visiplate with a 

clear bottom (Perkin Elmer, catalog no. 1450–605) coated with poly-L-lysine. Cells were 

incubated for 1 h at 37°C in Opti-MEM containing 10 μm calcein-AM (Invitrogen, catalog 

no. 3100MP) or without calcein-AM to subtract for background and autofluorescence. 

The cells were then washed three times with 310 mOsm isotonic solution containing (in 

millimolars) 42 NaCl, 4 potassium chloride (KCl), 1 CaCl2, 1 MgCl2, 1 KH2PO4, 10 

HEPES pH 7.4, 10 D-Glucose, and 180 D-Mannitol, followed by a 20 min room temperature 

incubation in the isotonic solution. Following the 20 min incubation in isotonic solution, 

the plate of cells was read on a Synergy H1 fluorescent plate reader (BioTek Instruments, 

Inc.) with an excitation of 488 nm and an emission of 520 nm every 30 s for 3 min to 

establish a baseline isotonic fluorescence reading. Next, the isotonic solution was replaced 

with either fresh 310 mOsm isotonic solution, 100 mOsm hypotonic solution containing 

(in millimolars) 42 NaCl, 4 KCl, 1 CaCl2, 1 MgCl2, 1 KH2PO4, 10 HEPES pH 7.4, 

and 5 D-Glucose, or a 100 mOsm hypotonic solution containing 4-[(2-butyl-6,7-dichloro-2-

cyclopentyl −2,3-dihydro-1-oxo-1H-inden-5-yl) oxy] butanoic acid (DCPIB; 1, 10, or 20 

μm). Then, the fluorescence of calcein-AM within the cells was recorded over a 47 min 

period of time. The change in cell volume was reported relative to the baseline isotonic 

reading.
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Reagents

The specific LRRC8A inhibitor, DCPIB was purchased from Tocris Bioscience, and all 

other chemicals were obtained from Sigma-Aldrich.

Statistics

Results are presented as the mean ± SE, with n representing the number of culture plates 

or repetitions for each assay as indicated. Student’s paired or unpaired t test or analysis of 

variance for multiple comparisons was used to assess statistical significance as indicated, 

and p values < 0.05 were considered to be statistically significant. Additional detailed 

methods are supplied in the Supplemental Material.

RESULTS

Mouse biliary epithelial cells express a functional volume-activated Cl− channel

Exposure of either MSC or MLC to hypotonicity (190 mOsm) activated membrane Cl− 

currents (MLC data are shown in Figure 1, whereas data for MSC are shown in Figure S1). 

Under isotonic conditions, current density was small (4.5 ± 0.5 pA/pF), but on hypotonic 

exposure (190 mOsm), currents activated rapidly (within 1.2 ± 0.53 min) and reached 

a maximum current density of 49.5 ± 3.8 pA/pF, (n = 18) by 2.5 ± 0.75 min (Figure 

1A). As shown in Figure 1B,C, currents exhibited outward rectification, time-dependent 

inactivation at positive membrane potentials, and a reversal potential at 0 mV (ECl−), 

properties consistent with LRRC8A in other cell types.[9,16] The effects of hypotonic 

exposure were fully reversible following return to isotonic conditions. No differences were 

observed in the magnitude or biophysical features between MSC or MLC cells. To confirm 

that the currents were mediated by Cl− efflux, similar experiments were performed in the 

presence or absence of Cl− in the buffers. As shown in Figure 2A,B, when Cl− was removed 

from the buffer solutions, hypotonic-stimulated currents were abolished, confirming Cl− as 

the predominant charge carrier.

Pharmacologic inhibition of LRRC8A abolishes volume-activated Cl− currents

To determine if LRRC8A contributes to the observed volume-regulated Cl− currents, 

similar experiments to those described above were performed in the presence or absence 

of the LRRC8/VRAC antagonist, DCPIB.[19] As shown in Figure 3, exposure of MLC 

to hypotonic buffer (190 mOsm) again rapidly activated Cl− currents with a maximum 

current density of 55.5 ± 3.8 pA/pF in control cells. In contrast, when MLC were treated 

with DCPIB (10 μm), hypotonic-stimulated Cl− currents were abolished (Figure 3A). Km 

(2.1 + 0.35 μm) determined by fitting DCPIB concentration-response relationships (Figure 

3B) corresponds to the Km value (2.3 + 0.0 μM) obtained for the native VRAC in wild-

type HCT116 cells.[20] In contrast, the Ca2+-activated Cl − channel inhibitor, niflumic 

acid (NFA), had negligible effects on volume-activated Cl− currents (Figure 3C,D). MSC 

demonstrated a similar sensitivity to DCPIB (Figure S1). Together, these results demonstrate 

that both small and large mouse cholangiocytes exhibit volume-activated Cl− currents that 

are sensitive to the LRRC8/VRAC antagonist, DCPIB.
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Expression of LRRC8A mRNA and protein in biliary epithelium

We analyzed MSC and MLC cells for gene expression of the Lrrc8 paralogs (Lrrc8a–e) 

by reverse transcription polymerase chain reaction (RT-PCR) (Figure 4A). Lrrc8a was 

present in both MLC and MSC as were Lrrc8b–d. However, Lrrc8e was not detected by 

RT-PCR at a significant level in either cell line (Figure 4A). The LRRC8A protein is a 

critical component for mediating volume-regulated anion currents.[21] LRRC8A requires 

heteromerization with at least one of the other LRRC8 proteins (LRRC8B–E) to form a 

functional channel.[22] Immunostaining of whole mouse liver revealed LRRC8A in both 

hepatocytes and cholangiocytes (Figure 4B). Additionally, western blot analysis detected 

the LRRC8A protein in isolated primary mouse hepatocytes and cholangiocytes as well as 

in MSC and MLC cells (Figures 4C and 5A). Collectively, these results demonstrate the 

presence of LRRC8A in mouse liver, isolated hepatocytes and cholangiocytes, and MSC and 

MLC cells.

LRRC8A represents a critical component of the VRAC in mouse cholangiocytes

To characterize and identify the molecular basis of the VRAC in mouse cholangiocytes, 

whole-cell currents were measured in MLC and MSC cells transfected with LRRC8A 

siRNA (siLRRC8A) and compared with mock transfected or nontargeting siRNA control 

transfected cells (siCtrl) (Figure 5 and Figure S1). The efficiency of LRRC8A knockdown 

was assessed by western blot analysis and demonstrated a decrease in LRRC8A expression 

by greater than 70% in both MLC and MSC (Figure 5A,B). The cells transfected with 

siRNA control and bathed in a hypotonic (190 mOsm) solution displayed characteristic 

volume-activated Cl− currents. After transfection with LRRC8A siRNA, the volume-

activated Cl− currents were abolished (Figure 5C,D). Note that MSC exhibited similar 

inhibition of volume-activated Cl− currents after transfection with LRRC8A siRNA (Figure 

S1). Together, these studies provide further evidence that LRRC8A contributes to the 

volume-regulated anion currents in MLCs and MSCs.

Cell swelling precedes LRRC8A activation

In order to confirm the relative sequence of events related to cell volume recovery, 

simultaneous capacitance (to measure cell volume) and whole-cell patch-clamp studies (to 

measure Cl− currents) were performed. The MLC cells demonstrated a significantly greater 

capacitance than the MSC at baseline in isotonic conditions (Figure 6A). As shown in the 

representative tracing in Figure 6B, exposure of MLC cells to hypotonicity (190 mOsm) 

instantaneously increased membrane capacitance (cell volume) followed by a more gradual 

recovery toward basal levels. The increase in cell capacitance always preceded the activation 

of Cl− currents, demonstrating that cell swelling occurs first, followed by activation of 

membrane Cl− currents. In this case, the time delay of the current peak from the maximum 

capacitance value was 1.9 + 0.20 min (n = 14). This is consistent with findings in other 

cell types, where the initial increase in cell volume is due to rapid and passive influx of 

water into the cell.[9,13] The initial increase in cell volume is followed by activation of 

membrane Cl− channels and a gradual return to basal cell volume. The effect of DCPIB 

led to a rapid decrease in the amplitude of the current but did not affect the dynamics of 

changes of the membrane capacitance in response to hypotonicity (Figure 6C). We found 
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no statistically significant difference in the relative increase of membrane capacitance, in 

response to hypotonic exposure, between MLCs and MSCs (Figure 6D).

LRRC8A contributes to RVD in mouse cholangiocytes

To measure the contribution of LRRC8A to cell volume recovery, MLC and MSC cells were 

loaded with the fluorescent dye calcein-AM, exposed to isotonic and hypotonic conditions, 

and cell volume was measured using the calcein-AM fluorescence self-quenching method.
[23,24] To briefly explain the method, a decrease in cell volume leads to an increase in 

intracellular calcein-AM concentration, which triggers the self-quenching of calcein-AM. 

The self-quenching of calcein-AM leads to a decrease in cellular fluorescence. The opposite 

is true for an increase in cell volume, which results in an increase in cellular fluorescence 

due to the lack of self-quenching. In the presence of an isotonic solution (310 mOsM), 

MLC and MSC cells had a constant fluorescence intensity over the course of the entire 

experiment Figure 7A,B). After 3 min, the isotonic solution was replaced with a hypotonic 

solution (100 mOsm). Bathing of MLC and MSC cells in the hypotonic solution resulted 

in a rapid increase in cellular fluorescence, which is representative of an increase in cell 

volume (Figure 7A,B). The rapid increase was followed by a continued decrease in cellular 

fluorescence toward the basal isotonic fluorescence intensity despite the cells being bathed 

in a hypotonic solution. The decrease in cellular fluorescence is reflective of a decrease 

in cell volume through the process of RVD (Figure 7A,B). To evaluate whether the LRRC8/

VRAC channel contributes to RVD, the intensity of cellular fluorescence was measured in 

cells bathed in a hypotonic solution with or without the LRRC8/VRAC antagonist, DCPIB. 

As shown in Figure 7, DCPIB at a concentration of either 10 or 20 μm significantly inhibited 

the RVD process in both MLC and MSC cells. The inhibition of RVD in the presence of 

DCPIB indicates that LRRC8/VRAC channel activity contributes to the RVD process in 

MLCs and MSCs.

DISCUSSION

These studies identify and functionally characterize LRRC8A as a critical member of the 

VRAC in mouse cholangiocytes. Evidence for this includes (i) in response to hypotonic 

exposure, both MSC and MLC increase cell volume, activate membrane Cl− currents, 

and undergo RVD; (ii) VRAC currents exhibit time-d ependent inactivation at positive 

membrane potentials and a reversal at 0 mV, biophysical properties consistent with LRRC8A 

activation in other cell types; (iii) both MSC and MLC express LRRC8A mRNA, as well 

as other family members (B, C, D, E); (iv) western blot analysis and immunostaining 

of whole mouse liver demonstrated LRRC8A protein expression in both hepatocytes and 

cholangiocytes; (v) both RVD and VRAC currents are inhibited by DCPIB, an LRRC8/

VRAC antagonist; (vi) VRAC currents are abolished in cells transfected with LRRC8A 

siRNA; (vii) LRRC8A mediates Cl− currents, as removal of Cl− in the buffer abolishes 

VRAC currents; and (viii) in all cases, cell swelling preceded Cl− channel activation as 

measured by simultaneous whole-cell capacitance and patch-clamp analysis. Together, these 

results demonstrate that LRRC8A is functionally present in mouse cholangiocytes and 

contributes to volume-regulated anion secretion and RVD.
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Although maintenance of cell volume is an essential function of all cells, especially those 

of the liver, increasing evidence suggests that changes in cell size per se may be a signal 

influencing cell and organ level functions.[13,25] For example, although the hormone insulin 

increases hepatocyte cell volume and activates glycogen and protein synthesis, increases 

in cell volume alone, without insulin, reproduce many of these same metabolic effects.
[26,27] Additionally, we have previously shown that a human biliary epithelial cell model 

activates a volume-regulated Cl− channel and undergoes RVD when exposed to hypotonic 

conditions[15] and, in the isolated perfused rat liver model, RVD stimulates bile flow.[12] 

Together, these findings suggest that liver cell volume changes may represent a signal 

regulating liver functions. Thus, identification of LRRC8A as a critical component of the 

VRAC suggests that this protein may represent a means of coupling changes in cell volume 

to cellular metabolism and bile flow. Additionally, as Cl− channels in the cholangiocyte 

apical membrane provide the driving force for biliary secretion, Cl−/HCO3
− exchange and 

bile alkalinization, LRCC8A may play an important role in the protective biliary bicarbonate 

umbrella,[28,29] though clearly more work is needed.

If these studies performed in murine cholangiocyte cell models are applicable to human 

cells, then several questions as well as uncertainties are raised. First, the subunit composition 

of functional channels in cholangiocytes is unknown. Previous studies suggest that 

functional channels are formed by LRRC8 family members arranged in multimers.[16,21,30] 

Although family member “A” is critical for volume-activated Cl− channel function, it 

requires at least one other family member to form a functional channel.[16] Interestingly, 

the specific combination of LRRC8 family members may confer different biophysical 

properties to the channel.[30] For example, in other cell types “E” confers a unique 

pattern to deactivation kinetics, whereas “D” seems to be the important member for 

volume regulation.[16,21] In our studies, we have identified the presence of all five family 

members in cholangiocytes by PCR, though “E” was of much lower abundance. Further, we 

confirmed that “A” was the critical member for volume-dependent activation as knockdown 

of LRRC8A with siRNA abolished volume-activated Cl− currents. Further studies are 

needed to define the functional composition of LRRC8 channels and stoichiometry in 

cholangiocytes during both physiological and pathological conditions.

Second, the mechanism by which hypotonicity activates LRRC8A is unknown. Is it through 

mechanosensation and membrane stretch or through changes in intracellular ionic strength? 

Both hypotheses may be relevant as determined by other studies.[30,31] It may be that 

membrane stretch or distention transduces through the leucine-rich-repeat domain (LRRD) 

at the C-terminal end of the protein to assert mechanical effects on the LRRDs on adjacent 

LRRC8 subunits, thus opening the pore and activating the channel.[31] In contrast, a 

decrease in intracellular ionic strength activates VRACs in endothelial cells[32,33] and in 

Chinese hamster ovary cells.[34] In fact, both processes may be necessary and a decrease 

in intracellular ionic strength may influence the set-point for activation of the channel on 

mechanical distention.[34] Our studies, which simultaneously measure both capacitance (as a 

reflection of cell size) and ion channel activity, demonstrate that increases in cell size always 

precede channel activation and thus could be consistent with both hypotheses. It should 

be noted, however, that cholangiocytes express other mechanosensitive channels, including 

transient receptor potential vanilloid member 4,[35] which translate changes in fluid-flow at 

Shcheynikov et al. Page 9

Hepatology. Author manuscript; available in PMC 2023 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the apical membrane to increases in [Ca2+] and Cl− channel activity.[35,36] Thus, it is not 

only feasible, but likely, that membrane distention is one of the critical stimuli necessary for 

cholangiocyte LRRC8A activation, though further work is needed.

Third, although a recent study using FRET-based analysis of channel activity demonstrated 

that protein kinase D is critically involved in LRRC8A activity,[37] the kinase signaling 

pathways involved in LRRC8A regulation in cholangiocytes is unknown. Previously, we 

have shown important roles of protein kinase C (PKC) in both VRAC and TMEM16A 

Cl− channel activation.[38,39] In fact, PKCα is rapidly translocated from the cytosol to 

the plasma membrane on stimulation by fluid-flow or hypotonicity in both hepatocyte 

and cholangiocyte cell models, and inhibition of PKC abolishes mechanical- and volume-

regulated channel activation.[38,39] Furthermore, we have demonstrated an important role for 

phosphoinositide-3 kinase (PI3K) in VRAC activity because the downstream lipid products 

of PI3K activate Cl− channels in response to hypotonicity in a human biliary model.[15] The 

role of kinase signaling in LRRC8A regulation requires additional study.

Lastly, given the link between cell volume changes and cellular metabolism, targeting 

LRRC8A may represent a therapeutic modality in the treatment of metabolic disease. For 

example, it has previously been shown that LRRC8A expression in adipocytes increases 

during obesity, and knockdown of LRRC8A in high-fat diet–fed mice results in increased 

weight gain, increased adiposity, and worse insulin resistance.[40,41] These findings suggest 

that LRRC8A plays a protective role during fat accumulation and obesity; however, its role 

in the development or progression of NAFLD is unknown and will require further study. 

Overall, although further studies are needed, the molecular identification of LRRC8A in 

cholangiocytes is an important first step in unraveling hepatobiliary function and coupling 

cellular membrane transport to organ level function in liver health and disease.
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cDNA complementary DNA

CFTR cystic fibrosis transmembrane conductance regulator

DCPIB 4-[(2-butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-

inden-5-y l) oxy] butanoic acid

LRRC8A leucine-rich repeat-containing protein 8, subfamily A

MgCl2 magnesium chloride

MLC mouse large cholangiocytes

MSC mouse small cholangiocytes

NaCl sodium chloride

PKC protein kinase C

RT-PCR reverse transcription polymerase chain reaction

RVD regulatory volume decrease

siLRRC8A LRRC8A siRNA

siRNA small interfering RNA

TMEM16A transmembrane member 16A protein

VRAC volume-regulated anion channel
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FIGURE 1. 
Increased VRAC in cholangiocytes, exposed in hypotonicity. (A) In this representative 

whole-cell recording from MLCs, current was measured at +100 mV every 2 s. (B) Current/

Voltage curves correspond with black and gray circles on current trace. (C) Current traces 

obtained from 400 ms step starting from −100 to +100 mV in 20 mV increments. (D) The 

bar graph summarizes current density data measured at +100 mV (mean ± SE). ***p < 

0.001
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FIGURE 2. 
Dependence of VRAC on the presence of chloride ions in the bath solution. (A) Comparison 

of currents caused by sequential cell treatment with hypotonic solution without chloride ions 

and a solution with normal chloride concentration. (B) Current–voltage relationship between 

normal and chloride-free conditions using step protocol. (C) Summarized current densities at 

+100 mV. ***p < 0.001
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FIGURE 3. 
Inhibition of LRRC8/VRAC channel activity by DCPIB. (A,B) Pretreatment of cell with 

solution containing 10 μm DCPIB (specific blocker of LRRC8A channel) completely 

abolished cell response to hypotonicity with Km = 2.1 + 0.35 μm. (C) NFA at concentration 

of 100 μm did not have a significant effect on VRAC current (Pval = 0.2824). (D) The 

summary data of inhibitor effects are shown. ***p < 0.001

Shcheynikov et al. Page 16

Hepatology. Author manuscript; available in PMC 2023 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. 
LRRC8A expression in cholangiocytes. (A) RT-PCR of Lrrc8 paralogs (Lrrc8a–e) in MLC 

and MSC cells. TATA-binding protein (Tbp) is a control. (B) Hematoxylin and eosin (H&E) 

staining of the liver. Immunohistochemistry staining for LRRC8A protein in whole mouse 

liver. Arrows and insets highlight the cholangiocytes that line the bile duct. Scale bar 

represents 50 μm (40× magnification). (C) Western blot on primary murine cholangiocytes 

and hepatocytes showing LRRC8A, cholangiocyte-specific EpCAM, and hepatocyte-specific 

albumin protein expression levels. GAPDH was used as a loading control. BD, bile duct; HP, 

hepatocytes; PV, portal vein
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FIGURE 5. 
Knockdown of LRRC8A decreases LRRC8A protein expression and LRRC8/VRAC 

channel activity in cholangiocytes. (A) A representative western blot showing a decrease 

in LRRC8A protein expression 48 h after siLRRC8A transfection in both MLC and MSC 

cells compared with mock or control siRNA (siCtrl) transfections. β-Actin serves as the 

loading control. (B) Cumulative data showing LRRC8A protein expression after 48 h after 

siLRRC8A transfection relative to control siRNA transfections in both MLC and MSC cells. 

The error bars represent ± SE; n = 3; and ***p < 0.001. (C) Whole-cell currents at +100 mV 

induced by hypotonic solution in MLCs transfected with LRRC8A siRNA versus siRNA 

control. (D) Summarize current densities at +100 mV. ***p < 0.001
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FIGURE 6. 
Relationship between LRRC8/VRAC channel activation, RVD, and cell capacitance in 

cholangiocytes. (A) Comparative capacity of MLCs (11.0 + 0.19 pF) and MSCs (9.7 + 

0.24 pF) in normal isotonic solution. The mean of group one minus group two in (D) 

equals 1.3000 pF, **p < 0.01. (B) Relative cell capacitance is measured simultaneously 

with whole-cell current, allowing a direct correlation between VRAC activation and cell 

capacitance, which is the signal that activates the channel. (C) Effect of 10 μm DCPIB on 

VRAC and cell capacitance. (D) Summarized delta of relative increase of cell capacitance in 

iso- and hypotonic solutions for MLCs and MSCs
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FIGURE 7. 
Relationship between LRRC8/VRAC channel activation, RVD, and cell capacitance in 

cholangiocytes. Quantitative measurement of RVD in (A) MLC and (B) MSC cells. Black 

data points represent fluorescence intensity in cells bathed in 310 mOsm isotonic solution 

for the entire experiment. Green data points represent fluorescence intensity in cells bathed 

in 310 mOsm isotonic solution for 3 min followed by a 100 mOsm hypotonic bath solution 

for the next 47 min. The blue, purple, and red data points represent fluorescence intensity of 

cells with the addition of 1, 10, or 20 μm DCPIB, respectively, to the 100 mOsm hypotonic 
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bath solution. Data are relative to the baseline isotonic reading (black). The error bars 

represent ± SE; n = 4 wells (40,000 cells per well)
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