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Volume-regulated anion channel (VRAC), constituted by leucine-rich repeat-containing 8 (LRRC8) heteromers, is crucial for volume homeostasis in vertebrate cells. This widely expressed channel has been associated with membrane potential modulation, proliferation, migration, apoptosis, and glutamate release. VRAC is activated by cell swelling and by low cytoplasmic ionic strength or intracellular guanosine 5′-O-(3-thiotriphosphate) (GTP-γS) in isotonic conditions. Despite the substantial number of studies that characterized the biophysical properties of VRAC, its mechanism of activation remains a mystery. Different evidence suggests a possible effect of caveolins in modulating VRAC activity: (1) Caveolin 1 (Cav1)-deficient cells display insignificant swelling-induced Cl– currents mediated by VRAC, which can be restored by Cav1 expression; (2) Caveolin 3 (Cav3) knockout mice display reduced VRAC currents; and (3) Interaction between LRRC8A, the essential subunit for VRAC, and Cav3 has been found in transfected human embryonic kidney 293 (HEK 293) cells. In this study, we demonstrate a physical interaction between endogenous LRRC8A and Cav1 proteins, that is enhanced by hypotonic stimulation, suggesting that this will increase the availability of the channel to Cav1. In addition, LRRC8A targets plasma membrane regions outside caveolae of HEK 293 cells where it associates with non-caveolar Cav1. We propose that a rise in cell membrane tension by hypotonicity would flatten caveolae, as described previously, increasing the amount of Cav1 outside of caveolar structures interacting with VRAC. Besides, the expression of Cav1 in HEK Cav1- cells increases VRAC current density without changing the main biophysical properties of the channel. The present study provides further evidence on the relevance of Cav1 on the activation of endothelial VRAC through a functional molecular interaction.
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INTRODUCTION

The ability of eukaryotic cells to regulate their volume is crucial for key cellular processes including proliferation, migration, and apoptosis (Hoffmann et al., 2009; Chen et al., 2019). When vertebrate cells are challenged by changes in osmolarity conditions, they swell or shrink in order to restore their initial volume. Upon a hyposmotic shock, swollen cells can rapidly reduce (or restore) their volume by a mechanism known as regulatory volume decrease (Jentsch, 2016), which is commonly mediated by the coordinated action of ion channels that favor the efflux of K+, Cl–, taurine, and water (Okada and Maeno, 2001). Among these, the volume-regulated anion channel (VRAC) plays an essential role in the transport of Cl– and small organic molecules to the extracellular space. VRAC currents are activated upon cell swelling in a voltage independent manner and show a characteristic inactivation at membrane potentials above +60 mV, modest outward rectification, and higher permeability to I– and Br– anions when compared to Cl–. Besides cell volume regulation, VRAC has been associated with the uptake of anticancer drugs and the release of signaling molecules such as glutamate, aspartate, and taurine (Jentsch et al., 2016).

In 2014, two research groups identified leucine-rich repeat-containing 8A (LRRC8A) as a required protein for the swelling-activated Cl– currents mediated by VRAC (Qiu et al., 2014; Voss et al., 2014). LRRC8A was the first identified member of the leucine-rich repeat-containing 8 (LRRC8) family which contains four other members designated as LRRC8B–LRRC8E (Kubota et al., 2004). LRRC8 proteins form heteromeric channels that constitute the long-sought molecular identity of VRAC (Qiu et al., 2014; Voss et al., 2014). Several studies have revealed a hexameric assembly of LRRC8s (Deneka et al., 2018; Kasuya et al., 2018), which share a similar topology to pannexins (Abascal and Zardoya, 2012). Although the exact stoichiometry of VRAC is unknown, it has been proved that LRRC8A is indispensable to form functional channels together with at least one of the LRRC8B-LRRC8E subunits (Voss et al., 2014). Specific subunit composition of VRAC correlates with voltage dependence rectification, inactivation, permeability profile, and single-channel conductance (Qiu et al., 2014; Voss et al., 2014; Syeda et al., 2016). Each LRRC8 comprises a cytoplasmic C-terminal tail predicted to contain 17 leucine-rich repeat domains (LRRD) (Smits and Kajava, 2004) involved in protein interactions (Bella et al., 2008) and, as it has been hypothesized, important for gating mechanism (Gaitán-Peñas et al., 2016; Strange et al., 2019).

On the other hand, lipid rafts (LR) constitute a group of small (10–200 nm), dynamic, and transitory structures (Simons and Ikonen, 1997) highly enriched in sphingolipids and cholesterol (Schroeder et al., 1998). A specialized version of LR, characterized by the presence of the structural protein caveolin, is named caveolae. Caveolae are 50–80 nm Ω-shaped invaginations found on the plasma membrane of many vertebrates but specifically abundant in adipocytes, endothelia, fibroblasts, skeletal muscle cells, and myocytes. These structures have been related to functions as diverse as endocytosis, cell adhesion and migration, cholesterol homeostasis, mechanotransduction, and signal transduction (Parton and Simons, 2007). Caveolins comprise a family of oligomeric membrane proteins composed of caveolin 1 (Cav1), caveolin 2 (Cav2), and caveolin 3 (Cav3) (Williams and Lisanti, 2004). The first two are ubiquitous (Scherer et al., 1997), while Cav3 is the main structural protein of caveolae in muscle (Tang et al., 1996). Expression of Cav1 promotes caveolae formation in cells lacking caveolin (Fra et al., 1995), while its absence has been associated with caveolae disruption (Drab et al., 2001). In combination with PTRF-cavin proteins (Hill et al., 2008), Cav1 and Cav3 are needed for caveolae biogenesis in non-muscle and striated muscle cells, respectively (Parton et al., 2006). In contrast, Cav2 is not obligatory to form caveolae and seems to play a facilitator role for Cav1, contributing to caveolae formation (Parton and Simons, 2007).

Interestingly, caveolae can reversibly flatten in response to increases in volume-to-surface cell ratio in endothelial cells (Sinha et al., 2011). Disassembly of caveolae and the release of its plasma membrane to the bulk cell surface buffers membrane tension and prevents cell damage. Intriguingly, disruption of caveolae and re-distribution of Cav1 by cholesterol depletion (Westermann et al., 2005) facilitate VRAC currents (Klausen et al., 2006). In fact, transfection of caveolin 1 in Cav1-deficient cell lines restores the activity of VRAC (Trouet et al., 1999), and endothelial cells transfected with a mutated form of Cav1 show an impaired VRAC activity (Trouet et al., 2001). In this context, there is no further evidence on the functional association between Cav1 and VRAC. The study of the functional effects of the Cav1–LRRC8A interaction can shed some light on the mechanism behind the activation of VRAC currents.



MATERIALS AND METHODS


Cell Culture, Transfections, and Treatments

Human embryonic kidney 293 (HEK 293), HEK Cav1-, and AD 293 cell lines were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 10% fetal bovine serum, 100 mg/ml L-glutamine, 100 U.I./ml penicillin, and 100 μg/ml streptomycin, and incubated in a humidified 5% CO2 atmosphere at 37°C. Once confluent, cells were passed with Trypsin-EDTA and were used in passages 3 to 7. Cell culture reagents were purchased from Sigma-Aldrich (Madrid, Spain).

Lentiviral infection was used to generate a HEK 293 cell clone where Cav1 is stably knockdown (HEK Cav1- cells) in the laboratory of Dr. Antonio Felipe (University of Barcelona). Briefly, Lv3p lentiviral particles codifying for the GFP protein and siRNA against Cav1 or scramble particles (Lv7p) were used (Pérez-Verdaguer et al., 2016). The expression of Cav1 in HEK Cav1- cells was periodically verified by western blot (WB) and cells were used up to 20 passages. HEK Cav1- cells were transfected with Cav1-YFP, Cav2-GFP, or YFP. Transfection was done with X-tremeGENE 9 DNA Transfection Reagent (Roche) when cells reached nearly 80% confluence. One μg of mCav1-YFP or hCav2-GFP plasmids was transfected into HEK Cav1- cells plated onto poly-lysine coated coverslips. Expression plasmids, mCav1-YFP (mouse caveolin-1α inserted in pEYFP-N1 between KpnI and BamHI) and hCav2-GFP (human caveolin-2β inserted in pEGFP-C1 between HindIII and ApaI), were provided by Dr. Antonio Felipe (University of Barcelona). Experiments were performed 24 h after transfection.

For osmotic challenges, confluent cells cultured in 10 cm dishes were washed 2× with phosphate-buffered saline (PBS) and incubated with 10 ml of isotonic or hypotonic solutions for 7 min at 37°C. The isotonic solution contained 115 mM NaCl, 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 11 mM glucose, and 65 mM saccharose; pH 7.3 with NaOH (300 mOsm/Kg). The hypotonic solution contained 115 mM NaCl, 5 mM HEPES, 11 mM glucose, and 5 mM saccharose; pH 7.3 with NaOH (255 mOsm/Kg, 15%). Osmolalities were measured with the use of a Vapro osmometer (Wescor, ELITechGroup, Puteaux, France), and carefully adjusted with sorbitol.



Total Protein Extraction and Western Blot

To assay for protein levels, 24 h post-transfection cells were washed 2× with cold PBS of pH 7.4 and scraped with 1 ml of cold PBS of pH 7.4, containing aprotinin, leupeptin, pepstatin (1 μg/ml), and 1 mM phenylmethylsulfonyl fluoride (PMSF) as protease inhibitors (Sigma-Aldrich). After centrifugation, pellets were re-suspended with 0.5 ml of 1% Triton X-100 lysis buffer supplemented with the cocktail of protease inhibitors.

Total protein was quantified with the PierceTM BCA Protein Assay Kit (Thermo Scientific, Madrid, Spain). Polyvinylidene fluoride (PVDF) membranes were incubated with LRRC8A rabbit polyclonal antibody (1:500, Bethyl Laboratories, Montgomery, TX, United States), Cav1 rabbit monoclonal antibody (1:2,500, BD Biosciences, San Jose, CA, United States), clathrin mouse polyclonal antibody (1:5,000, Abcam, Cambridge, United Kingdom), Cav2 mouse monoclonal antibody (1:1,000, R&D Systems, Minneapolis, MN, United States), flotillin-1 mouse monoclonal antibody (1:1,000, BD Biosciences, San Jose, CA, United States), and β-actin mouse monoclonal antibody (1:5,000, Sigma-Aldrich). Since Cav1 is particularly abundant in HEK 293 cells, this protein may not be a suitable marker for lipid raft, thus we used flotillin-1 instead. RestoreTM PLUS Western blot stripping buffer (Thermo Scientific, Madrid, Spain) was used to strip off the PVDF membranes of the Cav1 antibody and reprove them with the Cav2 antibody. Secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit and goat anti-mouse antibodies were obtained from Jackson ImmunoResearch Laboratories (Ely, United Kingdom) and used at 1:20,000 to detect all proteins, except for β-actin for which it was used at 1:40,000. Immunoreactive bands were captured with the WesternBrightTM Quantum detection kit for HRP (Advansta, San Jose, CA, United States) and visualized on an LAS-3000 Mini gel Imaging System (Fujifilm, Minato, Tokyo, Japan). Experiments were done by triplicate.



Co-immunoprecipitation

Protein extracts were obtained from HEK 293 cells with lysis buffer containing 1% Triton X-100 supplemented with the same protease inhibitors as above and the phosphatase inhibitor cocktail set II (Millipore, Burlington, MA, United States) (1:100). Subsequently, the extracts were homogenized mechanically and centrifuged at 16,000 rpms at 4°C for 30 min. Pellets were discarded, and protein from the supernatants was quantified using the PierceTM BCA Protein Assay kit (Thermo Scientific, Madrid, Spain). Initial protein extracts were prepared for WB. Meanwhile, 100–500 μg of protein was incubated with 2–4 μg of anti-Cav1 antibody, anti-LRRC8A antibody, or 0.4 μg of normal rabbit IgG (Santa Cruz Biotechnology, Dallas, TX, United States) at 4°C overnight. Later, 100 μl of protein A bound to sepharose beads (Sigma-Aldrich) was added in 500 μl of immunoprecipitated sample and allowed to incubate with stirring at 4°C for 2 h. The beads were centrifuged at 5,000 rpm for 5 min, and 100 μl of supernatants was collected. After washing with lysis buffer, samples with beads were prepared with 30 μl of loading buffer 2× with 10% β-mercaptoethanol and heated for 10 min at 75°C. Fifteen μl of supernatants were loaded on an electrophoresis gel for WB.



Lipid Rafts Isolation

To isolate caveolae, HEK 293 cells were collected with a cell scrapper in PBS solution without Ca2+ or Mg2+, at 4°C. Next, cell suspensions were centrifuged at 1,000 rpms at 4°C for 10 min to concentrate the cells. Supernatants were discarded and the sedimented cells were lysed with 1 ml of MBSx1 MES (acid-morpholinoethanesulfonic) in PBS with 1% Triton X-100 supplemented with the protease inhibitors cocktail. Lysates were mechanically homogenized and extracts were mixed with 3 ml of a sucrose solution 53.28%, remaining at 40%. A continuous gradient was generated with 5 and 30% sucrose and tubes were adjusted and centrifuged at 39,000 rpms at 4°C for 21 h. Twelve fractions of 1 ml were collected from the surface of each tube and stored at −20°C.



Electrophysiological Recordings

Patch clamp recordings were performed at 22–23°C using the whole-cell configuration without any leak subtraction. Electrodes were fabricated in a micropipette puller P-97 (Sutter Instruments, Novato, CA, United States) with a resistance of around 3 MΩ. An Ag/AgCl ground electrode mounted in a 3 M KCl agar bridge was employed. A conventional patch clamp rig was used, which consisted of an inverted microscope (Axiovert 35 M Zeiss, Oberkochen, Germany), an amplifier (Axopatch 200B), and pClamp 10 software suite from Molecular Devices (San Jose, CA, United States). Series resistance was kept at < 15 MΩ and compensated at 70–80%. Swelling-activated Cl– currents were recorded using pulses from −80 to +80 mV in 20 mV voltage steps applied every 5 s from 0 mV. The intracellular pipette solution contained 150 mM NMDGCl, 1.2 mM MgCl2, 1.0 mM EGTA, 2.0 mM ATP, 0.5 mM GTP, and 10 mM HEPES; pH of 7.35 adjusted with tris-base (303 mOsm/Kg). The bath isotonic solution contained 150 mM NMDGCl, 0.5 mM MgCl2, 1.3 mM CaCl2, 10 mM HEPES, and 20 mM D-Sorbitol; pH of 7.35 adjusted with tris-base (298 ± 3 mOsm/Kg). The hyposmotic solution contained 100 mM NMDGCl, 0.5 mM MgCl2, 1.3 mM CaCl2, and 10 mM HEPES; pH of 7.35 adjusted with tris-base (210 ± 3 mOsm/Kg, 30%). Osmolalities were measured with an osmometer and adjusted with sorbitol. The current density was obtained by dividing the peak current amplitude at each voltage by the cell membrane capacitance (pA/pF). For activation curves, peak current amplitudes were normalized to the maximal current (Imax). The mean of the data of each condition was plotted against used test potentials and fitted to Boltzmann function I = Imax{1 + exp[(V1/2–V)/k]}–1, where V1/2 is the half-maximal activation voltage and k is the slope factor of the sigmoid curve.



Data Analysis

All data are given as mean ± SEM. Statistical tests were performed with GraphPad Prism 9.0 software (GraphPad Software, San Diego, CA, United States) and statistical analysis was done with unpaired Student’s t-test. Entire I/V curves from HEK Cav1- versus transfected cells were analyzed with two-way ANOVA plus Bonferroni post-tests (∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001). A total of two patch clamp recordings were considered outliers using the ROUT test (GraphPad Prism 9.0 software, Q = 5%).



RESULTS


Interaction of LRRC8A With Caveolin-1

Leucine-rich repeat-containing 8A and Cav1 proteins were quantified in HEK 293 cells and HEK Cav1- cells (as a knock-down of Cav1 expression). Western blot analysis revealed that LRRC8A levels were not altered in HEK Cav1- cells after transfection with Cav1-YFP, in contrast to Cav1 which was significantly increased. To check the high abundance of Cav1 protein in HEK 293 cells, its expression was also determined in AD 293 cells, derived from the standard HEK 293 cell line but with improved cell adherence. In all the cell types that were tested, the expression of Cav2 changed according to Cav1, probably because they normally interact (Figure 1A). To study the interaction between endogenous LRRC8A and Cav1, we performed co-immunoprecipitation assays with HEK 293 cells exposed to isotonic or hypotonic conditions. In isotonicity, LRRC8A immunoprecipitated with Cav1, and interestingly, this interaction was significantly increased in hypotonic conditions known to activate VRAC (LRRC8A/Cav1 ratio = 2.20 ± 0.38 in hypotonic vs. isotonic, n = 4, p < 0.02; Figures 1B,C). On the contrary, we did not detect any interaction between LRRC8A and Cav2 proteins when LRRC8A was immunoprecipitated, whereas an expected Cav2 signal in the Cav1 immunoprecipitation was observed, confirming previous reports on Cav1–Cav2 interaction (not shown). In both osmotic conditions, reverse co-immunoprecipitation confirmed the physical interaction between LRRC8A and Cav1. The induction of this interaction by hypotonicity is further evidence of a functional effect of Cav1 on VRAC.
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FIGURE 1. Expression and molecular association of LRRC8A and caveolin proteins. (A) Left: Representative western blot (WB) showing the endogenous expression of LRRC8A, Cav1, and Cav2 (after stripping off the Cav1 primary antibody), in non-transfected HEK Cav1- cells. Expression of these endogenous proteins in addition to Cav1-YFP was also determined in HEK Cav1- cells after transfection with Cav1-YFP. Right: Representative WB comparing endogenous LRRC8A, Cav1, and Cav2 (after stripping) in AD 293 and HEK 293 cell lines, both enriched with Cav1. (B) Representative blots of protein extracts subjected to immunoprecipitation. Endothelial HEK 293 cells exposed to either isotonic or hypotonic extracellular solutions were lysed and total protein extracts were immunoprecipitated using either Cav1 or LRRC8A-specific primary antibodies. Negative controls were done by the absence of antibodies and by immunoprecipitation with normal rabbit IgG, instead of specific primary antibodies (not shown). SM, starting material; SN, supernatant; IP, immunoprecipitate. The right panel shows how Cav1 protein co-immunoprecipitates to a greater extent under hypotonic conditions (black boxes). (C) Densitometry values for Cav1 immunoblot (IB) and LRRC8A IP quantification (LRRC8A/Cav1 ratio). Results are the mean data ± SEM of four independent experiments and the comparison between the isotonic and hypotonic groups is analyzed by unpaired t-tests (*p ≤ 0.05).




Membrane Localization of LRRC8A in HEK 293 Cells

Several ion channels have been described to be spatially localized in lipid rafts in multiple cell lines (Martens et al., 2004; Maguy et al., 2006). As raft domains serve as scaffolding regions for cell signaling pathways, VRAC targeting lipid rafts may determine its regulation. To elucidate the specific membrane localization of VRAC in HEK 293 cells, we biochemically isolated lipid rafts as a non-dissolved membrane in non-ionic detergent. LRRC8A protein was found only in non-caveolar fractions enriched with clathrin (10–12) and not in caveolar ones enriched with flotillin-1 (5–7). This fact allowed us to state that VRAC is localized in regions of the plasma membrane with no caveolae (Figure 2). Clathrin and flotillin-1 have been extensively used in research as a non-lipid raft and lipid raft specific markers, respectively (Oliveras et al., 2014; Amsalem et al., 2018). It is interesting to note that free Cav1 can be detected also out of lipid rafts in endothelial cells as it has been found in other cell types expressing substantial amounts of Cav1 (Pérez-Verdaguer et al., 2018; Zabroski and Nugent, 2021). Since LRRC8A does not target lipid rafts in HEK 293 cells, we suggest that it may interact with the Cav1 located out of raft domains.
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FIGURE 2. LRRC8A targeting to non-lipid raft domains in a caveolin-dependent manner. A representative experiment of a lipid raft isolation in HEK 293 cells. Twelve fractions from a sucrose-density gradient from total lysates were separated by SDS-PAGE and then immunoblotted with LRRC8A, Cav1, flotillin-1, or clathrin antibodies. Clathrin and flotillin-1 were used as a non-lipid raft and lipid raft markers, respectively. Notice that LRRC8A protein targeted Cav1 in non-floating fractions but not in floating fractions (enriched in lipid raft). Experiments were done in triplicate.




Functional Effect of Cav1 on Volume-Regulated Anion Channel Activity in HEK Cav1- Cells

To decipher whether the physical interaction with Cav1 modulates the activity of VRAC, HEK Cav1- cells transfected with Cav1, Cav2, or YFP were used. In HEK Cav1- cells, resting currents at + 80 mV were minimal in isotonic conditions (13.55 ± 3.18 pA; n = 10) and VRAC currents rapidly developed after 3 min exposure to a hypotonic extracellular solution (374.71 ± 92.75 pA; p < 0.0001; Figures 3A–C). The characteristic time-dependent decay in the current activated at the most depolarized voltages can be observed in recordings of Figure 3A, while the VRAC outward current/voltage (I/V) relationship is shown in Figure 3C. Although in a few cells currents increased gradually reaching a maximum after 5 min of hypotonicity, current amplitude did not increase substantially after 3 min in most of the cells. In HEK Cav1- cells, transiently transfected with Cav1, hypotonic activation of VRAC was substantially enhanced at + 80 mV compared to HEK Cav1- cells (937.96 ± 141.90 pA; n = 10; p < 0.0001). VRAC activity was also increased upon hypotonicity after transfection with Cav2, but to a lesser extent than after Cav1 overexpression (654.40 ± 164.24 pA; n = 7; p < 0.0001), whereas transfection with YFP as negative control did not increase VRAC currents activated by hypotonicity compared to non-transfected HEK Cav1- cells (409.71 ± 40.01 pA; n = 15). Finally, HEK 293 cells displayed larger VRAC currents than HEK Cav1- cells, but significantly smaller than HEK Cav1- + Cav1 cells (639.62 ± 135.29 pA; n = 9; Figures 3A,B). Plasma membrane capacitance was measured from capacitative current transients after the establishment of whole cell mode in an isotonic condition. Capacitance values were significantly higher in HEK Cav1- cells transfected with Cav1 compared to non-transfected cells, suggesting the formation of invaginated caveolae by Cav1 overexpression (27.57 ± 3.73 pF vs. 16.02 ± 2.38 pF, respectively). In contrast, cell membrane capacitance was not modified when HEK Cav1- cells were transfected with Cav2 or YFP (Figure 3D). The current density was obtained by dividing the current amplitude for each cell by its capacitance value (pA/pF). Interestingly, a clear increase in current density was found at + 80 mV, not only in HEK Cav1- cells transfected with Cav1 (38.49 ± 4.94 pA/pF) but also in those transfected with Cav2 (44.39 ± 10.83 pA/pF), when compared to non-transfected cells (17.33 ± 3.57 pA/pF) and HEK 293 cells (23.25 ± 9.18 pA/pF, Figures 3E,F). Finally, normalized peak currents (I/Imax) were plotted against every test potential and fitted to the Boltzmann function to explore the kinetics of voltage-dependent activation. Half-maximal activation voltages (V1/2) and slope factors (k) exhibited no significant differences between experimental groups, thereby showing that voltage dependence of activation was not altered by Cav1 and Cav2 that clearly modify the current density of VRAC (Figures 3G,H).
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FIGURE 3. Caveolins modulate the current density of LRRC8-mediated VRAC. (A) Representative current traces elicited by 200 ms voltage sweeps ranging from –80 to +80 mV in 20 mV increments from a holding potential of 0 mV and a final tail pulse at +40 mV after each step (not shown). Current traces shown were recorded under isotonic conditions and after 3 min of exposure to the hypotonic bath solution. (B) Instantaneous current quantified at the peak of + 80 mV in HEK Cav1-, HEK Cav1- + Cav1, HEK Cav1- + Cav2, HEK Cav1- + YFP, and HEK 293 cells. All data are represented as means ± SEM, and comparisons between groups are analyzed by unpaired t-tests (*p ≤ 0.05, **p ≤ 0.005, and ***p ≤ 0.001). Comparisons between HEK Cav1- and HEK Cav1- + Cav1 are shown with asterisks. (C) Current-voltage relationship of instantaneous currents measured at the peak in each experimental group. (D) Membrane capacitance measured in pF as an indicator of cell size. Each dot represents a single recording in HEK Cav1- (white, n = 9), HEK Cav1- + Cav1 (dark red, n = 11), HEK Cav1- + Cav2 (black, n = 7), HEK Cav1- + YFP (gray, n = 10), and HEK 293 (blue, n = 9) cells. (E) Instantaneous current normalized by cell capacitance (current density) quantified at the peak of + 80 mV. (F) Current-voltage relationship of instantaneous normalized currents measured at the peak. HEK 293 cells (control) are not shown in I/V graphics to make the data clearer (G) Normalized currents represented to the maximum value (I/Imax) versus each test potential fitted to Boltzmann function displayed a similar configuration in HEK Cav1- cells compared to HEK Cav1- cells transfected with Cav1, Cav2, or YFP. (H) Obtained V1/2 values did not significantly change in each condition in the same way as slope factors k of the sigmoid curve.




DISCUSSION

The biophysical properties of VRAC have been largely characterized, but specific molecular mechanisms governing its activation remain to be clarified. The classical procedure to activate currents mediated by VRAC in patch clamp experiments is to expose cells to an extracellular hypotonic solution that generates cell swelling. Nevertheless, understanding how the channel senses cell volume or the tension of the lipid bilayer remains a challenge. A notable reduction of VRAC currents in Cav1-deficient Caco-2, MCF-7, and T47D cell lines and its subsequent recovery by Cav1 transfection proved the pivotal role of Cav1 in channel activity (Trouet et al., 1999). Moreover, calf pulmonary artery endothelial cells transfected with the mutant Δ1–81, a dominant-negative Cav1, resulted in a deficient activation of VRAC (Trouet et al., 2001). Therefore, there is evidence that Cav1 might be required for VRAC activation. In this study, we describe that HEK Cav1- cells exhibit small swelling-activated Cl– currents consistent with those mediated by VRAC, which is in agreement with that found in Cav1-deficient cell lines (severely or even totally impaired currents) (Trouet et al., 1999, 2001). Re-introduction of Cav1 recovers VRAC currents and, as expected, it produces a notable increase in the cell membrane, probably due to caveolae formation. Interestingly, regardless of the increase in membrane surface, a larger current density was observed (amount of current per membrane surface), suggesting that the interaction between Cav1 and VRAC may be functionally relevant. Accordingly, a similar effect on current density was detected when transfecting Cav2, although this did not alter the amount of cell membrane. Transfection of Cav1 or Cav2 likely produces an increase of caveolin outside caveolae, as these are easily saturated with Cav proteins (Pol et al., 2020).

The molecular mechanism through which caveolins could regulate the activity of VRAC is unknown. One possibility is through a direct association between the caveolin scaffolding domain of caveolins and the signature peptide enriched in aromatic residues, termed caveolin binding domain (CBD) (Couet et al., 1997). Interaction with caveolins has been proposed to have an inhibitory effect on a variety of signaling transduction molecules that include endothelial nitric oxide synthase and G protein-coupled receptors (Okamoto et al., 1998). We have analyzed the sequence of LRRC8A in search of a consensus CBD that is not present despite the protein containing numerous aromatic amino acids. In fact, a subsequent study showed that putative CBDs were not common amongst the caveolin interacting proteins and did not adopt a common structural orientation compatible for caveolin recognition (Collins et al., 2012). Alternatively, caveolins may facilitate assembly of ion channels to regulatory proteins or may control its sorting to membrane compartments, thereby increasing their availability to signaling proteins by an indirect mechanism. Little evidence exists in the literature about the modulation of VRAC by caveolins. Muscle-specific Cav3 knockout mice exhibited a reduction of VRAC current when compared to wild-type mice (Yamamoto et al., 2011). The association between LRRC8A and Cav3 transiently expressed in HEK 293 cells has been recently reported by co-immunoprecipitation and FRET (Turner et al., 2020). Besides direct or indirect regulation of VRAC by caveolins, its transfection increase the number of caveolae and, consequently, their ability to buffer volume changes. Caveolae seem to be involved in the regulation of mechanical tension in plasma membrane due to their invaginated structure (Sens and Turner, 2006) playing a mechanoprotective role in pathologies in which cells are subjected to high tension (Elliott et al., 2016). In fact, disassembly of caveolae and diffusion of Cav1 throughout the plasma membrane has been described after an increase in membrane tension (Tachikawa et al., 2017). For instance, mouse lung endothelial cells exposed to hypotonicity undergo a dissociation of Cav1–Cavin1 and a decrease of Cav1 from the caveolae surface (Sinha et al., 2011). Disruption of caveolar morphology removes membrane reserves, and it could accelerate the cell response to external hypotonicity. In this sense, in HEK Cav1- + Cav1 cells, VRAC should be less sensitive to cell swelling due to this buffer capacity of caveolae. Surprisingly, we found a higher VRAC current density, which suggests that Cav1 might promote the activation of the channel directly or indirectly and not through the ability of caveolae to buffer membrane changes.

On the other hand, loss of caveolae with methyl-β-cyclodextrin (MBCD) facilitates the activation of VRAC (Kozera et al., 2009; König et al., 2019). It has to be taken into account that MBCD produces depletion of membrane cholesterol and redistribution of caveolin from caveolae to non-buoyant fractions (Calaghan et al., 2008). Since caveolins modulate lateral segregation of cholesterol in the lipid bilayer (Meshulam et al., 2006), the amount of Cav1 at the cell surface might determine the sensitivity of VRAC to cell swelling through changes in biophysical properties of plasma membrane. In this line, Levitan and coworkers determined that cholesterol depletion in bovine endothelial cells resulted in VRAC enhancement while cholesterol enrichment suppressed its activity with no effect on the biophysical properties (Levitan et al., 2000). Likewise, cholesterol depletion increases the activity rate of VRAC in Ehrlich-Lettre ascites cells (Klausen et al., 2006). In this respect, a decreased number of caveolar structures by cholesterol depletion might promote a greater presence of Cav1 out of caveolae where VRAC is located in HEK 293 cells.

As VRAC could be relevant in endothelial mechanotransduction (Rosenthal et al., 2006), we explored its interaction with endogenous Cav1 in HEK 293 cells. Our data indicated that LRRC8A immunoprecipitates with Cav1 as previously reported in adipocytes (Zhang et al., 2017). Further, the physical interaction increases during hypotonic cell swelling, which could disperse Cav1 from caveolar structures to flat regions of the cell membrane. Some studies have found a low amount of free Cav at the plasma membrane at a steady state in different types of endothelial cells, which increased substantially under mechanical stress (Nassoy and Lamaze, 2012). Considering that Cav1 levels outside caveolae could be increased by membrane tension, VRAC interact with Cav1 out of these domains. LRRC8A has also been found in non-membrane microdomains and in membrane microdomains where VRAC is functionally associated with Na+/K+-ATPase in HT-29 cells (Fujii et al., 2018). Outside of caveolae, caveolins might be organized as oligomers or on lipid-rich platforms and associated with the distribution of lipids and proteins and regulation of actin cytoskeleton (Pol et al., 2020). It is important to highlight that caveolins outside caveolae are not only important in cells lacking caveolae. In fact, a number of proteins excluded from caveolae interact with non-caveolar caveolins or become available to caveolins when caveolae are disassembled (Shvets et al., 2015). Our results reveal that VRAC is located out of caveolae, where it might interact with Cav1 to modulate channel activation. A similar distribution has been found in endothelial-like trabecular meshwork cells that are also highly enriched with Cav1, and display endogenous VRAC activity (Gasull et al., 2019). Future studies are needed to identify the molecular determinants governing the interaction between Cav1 and LRRC8A proteins and the mechanisms underlying the regulation of LRRC8-mediated VRAC by caveolins.
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