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Abstract  

 

MLC1 is a membrane protein highly expressed by brain perivascular astrocytes. Mutations in the 

MLC1 gene account for megalencephalic leukoencephalopathy with subcortical cysts (MLC), an in-

curable leukodystrophy characterized by macrocephaly, brain edema and cysts, myelin vacuolation 

and astrocyte swelling, causing cognitive and motor dysfunctions. It has been demonstrated that 

MLC1 mutations affect the swelling-activated Cl- currents (ICl,swell) mediated by volume-regulated 

anion channel (VRAC) and the consequent regulatory volume decrease (RVD) and lead to abnormal 

activation of intracellular signaling pathways linked to inflammation/osmotic stress. Despite this 

knowledge, the MLC1 physiological role and MLC molecular pathogenesis are still elusive. Following 

the observations that Ca2+ regulates all the MLC1-modulated processes and that intracellular Ca2+ 

homeostasis is altered in MLC1-defective cells, we applied a multidisciplinary approach including 

biochemistry, molecular biology, video imaging, electrophysiology and proteomic techniques on cul-

tured astrocytes to uncover new Ca2+-dependent signaling pathways controlling MLC1 function. 

Here, we revealed that MLC1 binds the Ca2+ effector proteins calmodulin (CaM) and Ca2+/CaM-de-

pendent protein kinase II (CaMKII) and, as result, changes its assembly, localization and functional 

properties in response to Ca2+ changes. Noteworthy, CaM binding to the COOH terminal promotes 
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MLC1 trafficking to the plasma membrane, while CaMKII phosphorylation of the NH2-terminal po-

tentiates MLC1 activation of ICl,swell. Overall, these results revealed that MLC1 is a Ca2+-regulated 

protein linking VRAC function and, possibly, volume regulation to Ca2+ signaling in astrocytes. These 

findings open new avenues of investigations aimed at clarifying the abnormal molecular pathways 

underlying MLC and other diseases characterized by astrocyte swelling and brain edema.  

 

Running title: MLC1 confers Ca2+ regulation to VRAC 

Key words: Ca2+ release; ICl,swell; VRAC; CAMKII; CaM; leukodystrophy; rare diseases  
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Introduction 

 

MLC1 is a 377-amino acid membrane protein with eight predicted transmembrane domains and 

short cytoplasmic amino and carboxylic tails that shows very low similarity with some ion channels 

(reviewed in [1]). MLC1 is almost exclusively expressed in the brain where it localizes preferentially 

at astrocyte end-feet contacting blood vessels and meninges, and in the Bergmann glia of the cere-

bellum [2-4]. MLC1 proper function is still unknown, but genetic mutations affecting different re-

gions of the MLC1 protein sequence are the main cause of the megalencephalic leukoencephalopa-

thy with subcortical cysts disease (MLC). MLC is a rare congenital leukodystrophy where myelin de-

generation, due to a primary astrocyte dysfunction, causes macrocephaly, ataxia, spasticity and pro-

gressive deterioration of motor and mental functions. MLC patients often suffer from epileptic sei-

zures and their symptoms can worsen after minor head trauma or common infections [1, 5]. Mag-

netic resonance imaging (MRI) showed diffuse white matter edema and the presence of subcortical 

cysts in MLC brain. The examination of some tissue biopsies revealed the existence of numerous 

vacuoles in the outer layers of the myelin sheaths and in astrocytes end-feet, along with some de-

grees of astrogliosis [5-8]. Mutations in the MLC1 gene [9,10] are responsible for the disease in 80% 

of patients, while in the others 20% mutations in the MLC1 chaperon protein GlialCAM have been 

found [11]. Several experimental evidences obtained using cellular and animal models of MLC 

showed that lack of functional MLC1 affects the activation of the VRAC-mediated chloride current 

(ICl,swell), an ubiquitous current activated by hypotonic stress which plays a fundamental role in cell 

volume regulation and water exchanges. These findings suggest that volume regulation and water 

flux defects may be the cause of the myelin degeneration characterizing MLC brain [12-17]. In addi-

tion, MLC1 was reported to downregulate specific intracellular signaling pathways (involving EGFR, 

ERK, PLC, NF-kB and STAT3 molecules) that are activated in astrocytes in response to inflammatory, 

oxidative and osmotic stress [18-20]. These latter observations lead to suppose that MLC1 muta-

tions cause abnormally reactive, swollen astrocytes unable to rescue cellular and tissue homeostasis 

following brain insults. In line with this view, we reported MLC1 increase in perivascular astrocytes 

of brain tissue samples derived from patients affected by neurodegenerative and inflammatory dis-

eases of the central nervous system (CNS), [20, 21]. Although all these results may explain some 

neuropathological deficits characterizing the MLC phenotype (brain edema, fluid cysts, aggravation 

of patient conditions after mild trauma or stress), MLC1 proper function and its role in cell volume 



regulation and Cl- current activation are still unknown. To shed light on MLC1 function here we ex-

plored the possibility that MLC1 activity is linked to intracellular Ca2+ signaling, since Ca2+ is an im-

portant regulator of ICl,swell, RVD and EGFR/ERK signaling pathways in glial cells [22, 26]. Moreover, 

our previous studies reported that MLC1 contributes to Ca2+ influx in astrocytes in response to os-

motic stress, and, accordingly, defects in Ca2+ handling were observed in MLC pathological models 

[18, 27]. Overall, these results suggest a reciprocal relationship between MLC1 and Ca2+ signaling in 

astrocytes that deserves further investigations. To this aim, we here integrated complementary ex-

perimental approaches encompassing biochemical, molecular biology, imaging, proteomic and elec-

trophysiological techniques applied to astrocyte-based cellular models of MLC (human astrocytoma 

cells expressing MLC1 wild type or carrying pathological mutations) and primary mouse astrocytes. 

With these experiments, we revealed new Ca2+ dependent properties of the MLC1 protein that are 

of interest not only to clarify MLC pathogenesis but also to better understand the molecular mech-

anisms underlying other CNS disorders where astrocyte swelling and brain edema are observed. 

  



Materials and Methods 

 

Cell cultures and treatments  

Astrocyte-enriched cultures were generated from newborn CD1 Swiss mice and maintained in 

culture as previously described [28]. The U251 multiform glioblastoma (MG) cell line was 

kindly provided by Dr A. Calogero [29]. U251 cell lines expressing recombinant MLC1 wild type 

(WT) or mutated MLC1 (S280L), created as described in [30], and the newly generated cell 

lines expressing MLC1 T17A and T17D substitutions, obtained as described below, were grown 

in Dulbecco's modified Eagle's medium high glucose (DMEM, Euroclone, Ltd., UK), supple-

mented with 10% FBS (Gibco BRL, Paisley, UK), 1% penicillin/streptomycin (Euroclone, Ltd., 

UK) and 600 µg/ml of Geneticin G-418 (Sigma-Aldrich, Saint Louis, USA) for selection at 37 °C 

in a 5% CO2/95% air atmosphere. For treatments, cells were plated in serum-free (SF) medium 

and stimulated for 5 or 15 minutes (min) with different concentrations of ionomycin (Iono, 1 

µM, Sigma-Aldrich, Saint Louis, USA), thapsigargin (TG; 100 nM, Santa Cruz Biotechnology, 

Inc., Santa Cruz, California), adenosine triphosphate (ATP, 100 µM, Sigma-Aldrich, Saint Louis, 

USA) and Lanthanum chloride (LaCl3 ,100 µM, Sigma-Aldrich, Saint Louis, USA). For hy-

posmotic  stimulation, cells were treated for 30 min with isotonic solution (140 mM 

NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 20 mM D-glucose, 5 mM HEPES, pH 7.4) or with a 

hypotonic solution (in Ca2+-free conditions or with 2 mM CaCl2) prepared by adding 30% dis-

tilled water to the isotonic solution (hypo) [31, 32]. For high K+ stimulation, cells were treated 

for 30 min with the same isotonic buffer in which KCl concentration was increased up to 60 

mM, as previously described [21, 33]. To inhibit the interaction of Ca2+/CaM with protein tar-

gets, U251 MLC1-WT cells were pre-treated for 15 min with 1 µM calmidazolium (Calbio-

chem, San Diego, CA) in isotonic solution, then co-stimulated for 15 min with 1 µM calmidaz-

olium in hypotonic solution.  

Cycloheximide (CHX) treatment to assess MLC1 degradation kinetics, was carried out by stim-

ulating cells with CHX (100 µg/mL, Sigma-Aldrich, Darmstadt, Germany) for different time 

lengths (1, 3, 4 or 5 hours, h). After all stimulations, cells were washed in phosphate buffered 

saline (PBS), collected by scraping and centrifuged at 2700g at 4°C for 10 min. Cell pellets were 

solubilized and used for total protein extraction and western blot (WB) analysis, as described 

below.  

  



Generation of U251 cell lines expressing T17A or T17D substitution in MLC1 protein  

Cell mutagenesis of the aminoacid (aa) Threonin (T) 17, recognized as the CaMKII phosphory-

lation site in the MLC1 sequence, into Alanine (A) and aspartic acid (D) (T17A and T17D, re-

spectively) was obtained by using oligonucleotides containing the mutations required. To this 

aim the pQCXIN-MLC1-WT construct [30] was sequentially digested with MfeI (NEB, New Eng-

land Biolabs Ltd., UK) and NotI (NEB, New England Biolabs Ltd., UK) and run on agarose gel 

electrophoresis. After restriction, the MfeI/NotI-pQCXIN-MLC1 sequence was eluted from the 

gel and purified with Gel Extraction Kit (Qiagen, Hilden, Germany). gBlocks™ Gene fragments 

(IDT, Integrated DNA Technologies, Inc.) containing T17A or T17D mutation were resuspended 

in water at a final concentration of 4 ng/µl; each fragment (18 ng) was then incubated for 1h 

at 50°C with 100 ng of the MfeI/NotI-digested pQCXIN-MLC1 in 1X Gibson Assembly® Master 

Mix (NEB, New England Biolabs Ltd., UK) in two separate 20 µl reactions. 2.0 µl of each Gibson 

Assembly® reaction were used to transform DH5α competent cells. After the cloning proce-

dures, positive colonies were used to purify plasmidic DNA that was then subjected to se-

quencing analysis. Plasmids containing the desired mutation were used to generate stable 

U251 MG cell lines as previously described [30, 34].  

  

Immunofluorescence (IF), fluorescence and confocal microscopy analysis  

U251 cells expressing MLC1 WT or carrying MLC1 mutations were grown on polylysine-coated 

coverslips and untreated or treated with different doses of Iono, TG, and ATP or with hy-

posmotic/high K+ buffers for different time lengths (see above), and used for IF staining. After 

treatments, cells were fixed for 10 min with 4% paraformaldehyde (PFA) and washed with 

PBS. After 1h of incubation with blocking solution (5% BSA in PBS), cells were incubated for 1 

h at room temperature (RT) with the following primary antibodies (Abs) diluted in phosphate-

buffered saline (PBS) containing 0.025% Triton X-100: anti-MLC1 polyclonal Ab (pAb) (1:50, 

Atlas AB, AlbaNova University Center, Stockholm, Sweden), anti-Xpress monoclonal Ab (mAb) 

(1:50, ThermoFischer Scientific, Rockford, IL, USA, to detect the Xpress epitope present at the 

NH2 terminal of the recombinant MLC1), anti-EEA1 mAb (1:50, BD Transduction Laborato-

ries, Lexington, KY), anti-CaM pAb (1:50, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-

pCaMKII pAb (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-Calnexin mAb (1:70, BD 

Transduction Laboratories, Lexington, KY). As secondary Abs, a biotinilated goat anti-rabbit 

IgG H+L Ab (4.3 μg/ml; Jackson Immunoresearch Laboratories, West Grove, PA) followed by 



streptavidin-TRITC (2 μg/ml; Jackson), and Alexa Fluor 488 goat anti-mouse IgG Ab (1:300, 

Invitrogen, Milan, Italy) were used. To stain actin filaments, a fluorescein (FITC)-conju-

gated phallacidin high-affinity F-actin probe (1:30, Invitrogen) was used. Coverslips were 

washed, sealed in Fluoroshield with 40,6-diamidino-2-phenylindole (DAPI), (F6057, Sigma-Al-

drich, Saint Louis, USA), and analyzed with a fluorescence microscope (Carl Zeiss, Jena, Ger-

many), equipped with a digital camera (ZEISS Axiocam 512); images were acquired by using 

ZEN 3.1 blu edition software.  

  

Protein extract preparation and western blotting (WB) 

Total protein extracts from astrocytoma cell lines and mouse astrocytes were obtained as pre-

viously described [Lanciotti et al., 2010; 2012]. Equal amounts of proteins (30 or 40 μg) were 

resolved on SDS–PAGE using gradient (4–12%) pre-casted gels (Thermo Fisher Scien-

tific, CA), and transferred onto a nitrocellulose membrane. Nitrocellulose membranes were 

blotted overnight (ON) at 4°C using anti-MLC1 pAb (1:1500, in-house generated; Ambrosini et 

al., 2008), anti-Actin mAb (1:2000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-

GST mAb (1:1000, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-pCaMKII pAb (1:200, 

Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-PP1 pAb (1:1000, Santa Cruz Biotechnol-

ogy, Inc., Santa Cruz, CA), anti-PP2A pAb (1:1000, Santa Cruz Biotechnology, Inc., Santa Cruz, 

CA) in PBS + 3% BSA. After washings in tris buffered saline (TBS), membranes were incubated 

with horseradish peroxidase-conjugated anti-mouse or anti-rabbit Abs (1:5000; Biorad Labor-

atories, Hercules, CA, USA) for 1h at RT. Immunoreactive bands were visualized using an en-

hanced chemiluminescence reagent (Pierce, ThermoFisher Scientific, Rockford, IL, USA), ac-

cording to the manufacturer’s instructions, and exposed ON a Bio-Rad ChemiDoc XRS system. 

Densitometric analyses of WB experiments were performed using NIH ImageJ software (Na-

tional Institutes of Health, Bethesda, MD, USA) or Bio-Rad ChemiDoc XRS system. Quantifica-

tion of protein loading content was carried out using a bicinchonic acid assay (BCA kit; Thermo 

Scientific, Waltham, MA, USA).   

  

Fura-2-based Ca2+ imaging  

Cytoplasmic Ca2+ was measured by the fluorescence video-imaging technique with 

the Ca2+ indicator Fura-2-AM (Invitrogen, Thermo Fisher Scientific, USA). U251 cells 

seeded on poly-lysine-coated glass coverslips, were kept in the dark (50 min) with 2 μM Fura-



2-AM dissolved in recording buffer (see below) at RT. Loading and recording buffer had the 

following composition (mM): 140 NaCl, 5 KCl, 1 MgCl2, 2.5 CaCl2, 5.5 D-glucose, 10 

HEPES/NaOH, at RT, pH7.4). In Ca2+-free solutions, Ca2+ was replaced by MgCl2 and 

0.5 mM EGTA was added (0-Ca2+ solution). Coverslips were placed in the perfusion cham-

ber on the stage of an inverted microscope (Axiovert 35, Zeiss, Germany) and perfused 

with buffer solution. In order to avoid the contamination of even the least amount 

of Ca2+, for Ca2+-free experiments also the perfusion chamber was filled with 0-Ca2+ solu-

tion. A custom-made local solution exchange system allowed the solution bathing the cells to 

be rapidly switched between control and test solutions. Excitation wavelengths at 340 and 

380 nm were applied every 2 seconds (sec) by a monochromator (Polychrome II, Photonics, 

Germany) and the emitted light (510 nm) was recorded by a CCD digital camera (PCO, Sen-

sicam, Germany) connected to a computer. The Imaging Workbench software (INDEC Sys-

tems, CA, USA) was used for recording and initial data analysis. Origin 7.5 software (Micro-

cal Software, USA) was used for further analysis and graphical presentation. Ca2+ concentra-

tions were expressed as the ratio of emissions at 340 nm to 380 nm.   

 

Recombinant protein preparation and calmodulin (CaM) binding assay  

The N-terminal and C-terminal cytoplasmic regions of human MLC1 (aa 1-56 and aa 320-377) 

fused with GST were obtained in BL21 E.coli and purified by affinity chromatography as previ-

ously described [35]. GST and GST fusion protein were used in in vitro protein binding and in in 

vitro phosphorylation assays [35]. Agarose–bound CaM (Sigma-Aldrich, Saint Louis, USA) 

(100 μl of 50% suspension) equilibrated in 150 mM NaCl, 20 mM Tris-HCL pH 7.4 and 2 mM 

CaCl2 was incubated with 200 μg GST-MLC1 N-terminal (GST-MLC1-N-t) or C-terminal (GST-

MLC1-C-t) region ON at 4°C. After extensive washes with equilibration buffer without CaCl2, 

bound proteins were eluted with equilibration buffer containing 10 mM EDTA. Eluted proteins 

were then analyzed by WB.  

  

In vitro kinase assay for CaMKII  

The phosphorylated active enzyme CaMKII was immunoprecipitated from U251 cells by the 

use of a specific anti-pCaMKII Ab. To this aim, U251 cells were solubilized at 0°C with RIPA 

buffer (25 mM Tris–HCl, pH 7.5, 0.15 M NaCl, 1% (w/v) Triton X-100, 1% (v/v) Na-deoxycholate, 

0.1% (v/v) SDS, 0.1 mM Na3VO4, 1 mM PMSF, phosphatase and protease inhibitor cocktails) 



for 30 min. After centrifugation at 12000g for 10 min at 4°C, the supernatants were precleared 

with 20 μl of Protein A/G Plus beads prepared as a 50% (v/v) suspension for 2 h at 4°C. The 

supernatants (1mg/ml) were then incubated ON at 4°C in a rotating wheel with anti-

pCaMKII (Thr286) pAb (2µg, Santa Cruz, Santa Cruz, CA, USA) and the immunocomplexes were 

precipitated by addition of Protein A/G Plus bead suspensions (50% v/v). The immunoprecip-

itates were collected by centrifugation and washed twice with RIPA buffer and twice with TBS. 

Bound protein was used to phosphorylate in vitro the agarose-bound-GST, GST N-terminal 

and GST C-terminal regions of MLC1. The in vitro kinase assay was performed by incubating 

the immunoprecipitated pCaMKII or commercial recombinant purified pCaMKII (0.5 µg, Invi-

trogen, Thermo Fisher Scientific, USA) with recombinant proteins in kinase buffer (25 

mM Hepes, pH 7.4, 50 mM KCl, 10 mM MgCl2, 1 mM DTT, 2 mM CaCl2, 0.1 mM PMSF, phos-

phatase inhibitor cocktail) containing 2 µM CaM and 1–2 μCi [γ32P] ATP (>3000 Ci/mmol) for 

10 min at 30°C under gentle stirring. When indicated, KN93, a cell permeable inhibitor 

of CaM kinase II, (10 µM, Sigma-Aldrich, Saint Louis, USA) was used in the reaction mixture. 

The kinase reaction was stopped by adding 4X SDS loading buffer and the samples were re-

solved on 12% SDS-PAGE. The dried gels were exposed to X-ray film for autoradiography. 

When indicated, an exogenous substrate, such as Myelin basic protein (MBP), was added to 

the reaction mixture.   

  

Mass spectrometry analysis   

For mass spectrometry analysis, the phosphorylation reaction was carried out in the kinase 

buffer (see above) containing 2 µM CaM and 0.3 mM ATP using the commercial recombinant 

purified pCaMKII. After incubation, the beads were washed in 50 mM ammonium bicar-

bonate. Proteins eluted from the beads were separated on a 1D-gel NuPAGE 4-12% (Novex, 

Invitrogen, Carlsbad, CA, USA) and stained with Coomassie blue (Colloidal Blue Staining kit, 

Invitrogen). Colored bands were cut, reduced with DTT, alkylated with iodoacetamide, and 

finally digested with trypsin (Promega, Madison, WI, USA), , Asp (Promega, Madison, WI, USA) 

or GluC (Sigma-Aldrich, Saint Louis, USA) as described in [36]. To identify phosphorylated sites, 

peptide mixture was analyzed by nanoflow-reversed-phase liquid chromatography tandem 

mass spectrometry (RP-LC-MS/MS) using an HPLC Ultimate 3000 (DIONEX, Sunnyvale, CA 

U.S.A) connected on line with a linear Ion Trap (LTQ, ThermoElectron, San Jose, CA). Peptides 



were desalted in a trap-column (AcclaimPepMap100 C18, LC Packings, DIONEX) and then sep-

arated in a reverse phase column, a 10 cm long fused silica capillary (SilicaTipsFS 360-75-8, 

New Objective, Woburn, MA, USA), slurry-packed in-house with 5 μm, 200 Å pore size C18 

resin (Michrom BioResources, CA). Peptides were eluted using a linear gradient from 96% 

aqueous phase (5% ACN and 0.1% formic acid) to 60% organic buffer (95% ACN and 0.1% for-

mic acid) in 30 min, at 300nl/min flow rate. Analyses were performed in positive ion mode 

and the HV Potential was set up around 1.5-1.8kV. A data-dependent strategy was used to 

fragment the five more intense ions present in each full MS scan by collision-induced dissoci-

ation by CID with 35% collision energy. Tandem mass spectra were interpreted through the 

SEQUEST algorithm [37] taking into account the potential for phosphorylation on Ser, Thr, or 

Tyr residues and also manually reviewed. A MS/MS was considered legitimately matched with 

cross-correlation scores of 1.8, 2.5, and 3 respectively for one, two, and three charged pep-

tides and a probability cut-off for randomized identification of 0.001. Data are available via 

ProteomeXchange with identifier PXD030549.  

   

Electrophysiology 

The whole cell dialyzed configuration was used for electrophysiological recordings from U251 

cells. Currents and voltages were amplified with a HEKA EPC-10 amplifier (List Medi-cal, Darm-

stadt, Germany), digitized with a 12 bit A/D converter (TL-1, DMA interface; Axon Instruments, 

Foster City, CA), and analyzed with the software Patch-Master package (version 2_60, EL-

EKTRONIK) and Microcal Origin 8.0. For on-line data collection, macroscopic currents were 

filtered at 3 kHz and sampled at 200 µs/point. The external standard solution contained: NaCl 

140 mM, KCl 5 mM, CaCl2 2 mM, MgCl2 2 mM, MOPS 5 mM, glucose 10 mM, (pH 7.40). The 

external Ca2+-free solution contained: NaCl 140 mM, KCl 5 mM, MgCl2 4 mM, MOPS 5 mM, 

glucose 10 mM, (pH 7.40). The internal solution contained: KCl 155 mM, EGTA-K 1 mM, MOPS 

5 mM, MgCl2 1 mM (pH 7.20). Access resistances ranged between 8 and 15 MΩ and were 

actively compensated to ~50%. 4-[(2-Butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-

inden-5-yl)oxy] butanoic acid (DCPIB)(Tocris Bioscience), a potent inhibitor of ICl,swell mediated 

by VRAC, was dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich) at the stock concentra-

tion of 10 mM and used at the final concentration of 10 µM in the recording solution. This 

concentration completely blocks the ICl,swell mediated by VRAC as previously reported (Sforna 



et al., 2017). N-[2-[[[3-(4-Chlorophenyl)-2-propenyl]methylamino]methyl]phenyl]-N-(2-hy-

droxyethyl)-4 methoxybenzenesulphonamide (KN-93,Tocris Bioscience), the  specific inhibitor 

of CaMKII, was DMSO at the stock concentration of 10 mM and used at the final concentration 

of 10 µM in the recording solution. The highest DMSO concentration in the recording solutions 

was 0.1%. To activate the ICl,swell through hypotonicity, we used the 30% hypotonic solution 

prepared as described above. To eliminate the contribution of both voltage-and Ca2+-activated 

K+ currents, estimates of ICl,swell were taken at -80 mV, the equilibrium potential for K+, in the 

presence of 3 mM extracellular TEA, a blocker of large-conductance Ca2+-activated K+ channels 

(BK). All reagents were fresh daily solubilized at the concentrations stated, and bath applied 

with a gravity perfusion system. Experiments were carried out at RT (18-22°C). 

  

Expression of MLC1 protein in Xenopus oocytes    

The human MLC1 cDNA, obtained as described in [4], was introduced into the pBF oocyte ex-

pression vector using the following sense and antisense primers: 5′-CCG AAT TCG GAT GAC 

CCA GGA GCC A-3′ (sense) and 5′-GAA GAT CTT CTC ACT GGG CCA TTT G -3′ (antisense). 

Capped mRNAs were synthesized in vitro, as previously described [38].To assess by 

WB the expression of MLC1 constructs injected in oocytes, 10 injected oocytes were sus-

pended in 1 ml of 5 mM Tris pH 8.0 containing 1 mM EDTA, 1 mM EGTA, 2 mM PMSF and a 

cocktail of protease inhibitors (Sigma Chemicals, St. Louis. MO) and lysed using a sequence of 

mechanical passages through 20 and 27 gauge needles. The homogenates were centrifuged 

at 700g for 5 min, and the obtained supernatants then centrifuged at 100000 g for 1 h. Equal 

volumes of cleared homogenates were resolved on SDS–PAGE as described above. In vitro 

transcribed mRNA encoding the MLC1 WT protein was microinjected into oocytes and WB 

analysis was performed to assess proper expression of the protein. This analysis showed that 

maximal MLC1 expression occurred in oocytes 48 h after mRNA injection. Therefore, oocytes 

were collected at this time point and used to perform two-electrode voltage-clamp recordings 

in control condition and during the application of the hyposmotic  solution to induce the en-

dogenously expressed IClswell. 

  

Statistical Analysis  

All the statistical analyses were performed using GraphPad prism software (USA). Results were 

expressed as mean ± standard error of mean (SEM). Data were first subjected to normality 



test (D’Agostino and Pearson Omnibus Normality test); when data followed a normal distribu-

tion, a Student-t test was applied; otherwise, non-parametric tests, such as Wilcoxon test or 

Kruskal-Wallis test, followed by Dunn’s Multiple Comparison post hoc test when neces-

sary were performed. Statistically significant p values are * p < 0.05, ** p < 0.01 and *** p < 

0.001, while not significant data are indicated with the “ns” abbreviation. 

  

  



Results 

 

Ca2+ influx and Ca2+release differently affect MLC1 protein assembly and trafficking to the plasma 

membrane 

 

To study the possible relationships between MLC1 protein and intracellular Ca2+ signaling in astro-

cytes, we first analyzed whether MLC1 dimer formation and trafficking toward the plasma mem-

brane (PM), two protein features indicative of MLC1 functional activation [4, 39, 40], were influ-

enced by variations of cytosolic Ca2+ levels. To this aim, we used the already characterized U251 

human astrocytoma cells stably overexpressing the human recombinant MLC1 wild-type (MLC1-

WT), [Lanciotti et al., 2012; Brignone et al., 2014], along with U251 cells expressing the S280L (MLC1-

S280L) MLC1 pathological mutant and primary mouse astrocytes encoding the endogenous MLC1 

protein as controls of the appropriateness of the astrocytoma-based model to study the physiolog-

ical function of MLC1.  

Cytoplasmic Ca2+ raise is the result of a combination of Ca2+ entrance from extracellular milieu and 

Ca2+ release from internal stores, mainly the endoplasmic reticulum (ER). We firstly thought to mod-

ulate intracellular Ca2+ levels by stimulating cells with Iono, a Ca2+ ionophore capable of causing 

cytoplasmic Ca2+ raise mainly by favoring extracellular Ca2+ influx [41].By performing Western blot 

(WB) experiments, we observed that U251 cell treatment with 1M of Iono for 15 min caused a 

decrease of the dimeric/PM associated form of MLC1 (Fig. 1A, arrow). Accordingly, IF images of 

Iono-treated cells showed lower levels of MLC1 at PM when compared to untreated U251 cells, 

indicating that in these cells MLC1 protein internalization/endocytosis is favored in response to cy-

toplasmic Ca2+ raise due to Ca2+ influx (Fig. 1B). Then, we monitored MLC1 dimerization and traffick-

ing in response to Ca2+ release from intracellular stores by treating cells with: i) TG, a non-competi-

tive inhibitor of the ER Ca2+ ATPase (SERCA) that causes a massive Ca2+ release from the ER followed 

by capacitive Ca2+ entry (CCE) of external Ca2 needed for ER refilling and ii) ATP, which, by binding 

the ionotropic P2 receptors, triggers the production of inositol 1,4,5-trisphosphate (InsP3) and the 

subsequent InsP3-mediated Ca2+ release from the ER, followed by CCE [42]. 

Moreover, to assess if also CCE has a role on MLC1 stimulation, the above treatments were per-

formed in absence or presence of lanthanum chloride (LaCl3), inhibits CCE by acting on PM Ca2+-

permeant channels [43]. WB of protein extracted from U251 cells after a 5 min stimulation with 100 

nM of TG (experimental conditions causing a rapid and sustained Ca2+ release in glioma cells) [44], 



showed an increase of the MLC1 dimeric, membrane associated form when compared to unstimu-

lated cells (Fig. 1C, arrow). Consistent with these observations, an increase of the MLC1 dimer for-

mation was observed in cells treated 5 min with 100 mM ATP (Fig. 1E, arrow) . Noteworthy, in both 

Ca2+ release-stimulating conditions, MLC1 activation was not affected by the co-treatment with 

LaCl3 (Fig. 1C,E), revealing that CCE activated after ER Ca2+ release did not participate to MLC1 acti-

vation. According to WB results, IF experiments confirmed that MLC1 was more localized at PM in 

response to TG or ATP treatment (Fig. 1 D,F).  

As observed in astrocytoma cells, also the endogenous MLC1 protein expressed in primary mouse 

astrocytes differently responded to Iono, TG and ATP, with MLC1 dimeric form being decreased 

after Iono treatment and increased in response to ER Ca2+ release due to TG and ATP stimulation 

(Fig. SD1, A-C, arrows). In these cells TG and ATP also increased the MLC1 protein monomers (Fig. 

SD1, B-C, asterisks), suggesting a possible effect of these treatments on MLC1 monomer stability or 

on MLC1 transcriptional activation. Both mechanisms will be further investigated. 

To exclude that the Ca2+ responsiveness of the MLC1 protein was due to unspecific protein release 

from ER induced by TG/ATP treatment, we also analyzed U251 cells stably expressing the recombi-

nant MLC1-S280L pathological mutant [30, 45]. These experiments showed no changes in MLC1 

mutant protein dimerization in response to the above treatments (Fig. SD2), confirming that only 

the functional active WT protein is sensitive to intracellular Ca2+ changes. Overall, these findings 

demonstrate that MLC1 is a Ca2+ sensitive protein whose assembly and trafficking are favored by 

Ca2+release from intracellular stores and inhibited by external Ca2+ influx.  

To confirm the intracellular Ca2+ sources stimulating MLC1 activation in U251 cells, we analyzed the 

Ca2+ transients induced by the application of the same concentrations of the above mentioned 

agents using Fura-2-based fluorescence video-imaging. TG and ATP fast and long lasting (15 min) 

application to U251 cells induced a fast raising Ca2+ transient followed by a slow plateau phase, 

which was absent when recording in the presence of LaCl3 (100 µM, 15 min). Such time-course was 

compatible with a fast release of Ca2+ from the internal stores followed by CCE, which was abrogated 

by the trivalent cation La3+. Ca2+ transient induced by Iono was mainly due to CCE-independent 

Ca2+ entry, and only slightly from Ca2+ release, as depicted from the transients recorded in 0-Ca2+ or 

La3+(Fig. SD3, A-C). 

 

Calmodulin binds MLC1 at the C-terminal end and confers Ca2+ dependence to MLC1 trafficking  

 



The above results highlight the notion that MLC1 WT localization and (potentially) functional prop-

erties are affected by Ca2+ changes, although they do not unequivocally support the fact that these 

effects are due to an intrinsic MLC1 feature rather than depending on other unidentified factors. To 

answer this question, we investigated the structural features that confer Ca2+ sensitivity to MLC1. 

We first analyzed MLC1 primary sequence using different protein databases finding that MLC1 is 

not included within the list of the known proteins containing the signature and profile of the EF-

hand Ca2+-binding domain (Expasy, Prosite data base, PDOC00018 documentation), characterizing 

Ca2+-binding proteins [46]. However, a putative calmodulin (CaM) binding consensus motif was 

identified at the COOH terminal domain of the MLC1 amino acid (aa) sequence (aa 323-339; 

http://calcium.uhnres.utoronto.ca/ctdb/ctdb/sequence.html) (Fig. 2A,B). CaM is a Ca2+–binding pro-

tein ubiquitously expressed in eukaryotes able to regulate in a Ca2+-dependent manner biological 

activities of many cellular proteins, including ion channels and transporters [47]. At the Ca2+ con-

centrations of a quiescent cells (10−7–10−8 mol l−1), CaM is inactive, but it undergoes rapid and acti-

vating conformational changes as [Ca2+]i rises upon Ca2+-elevating stimuli. When the cytoplasmic 

Ca2+ level increases, four Ca2+ ions bind to CaM, and the Ca2+-CaM complex interacts with the target 

proteins [48, and references therein]. CaM target proteins are generally unable to bind Ca2+ per se 

and use CaM as a Ca2+ sensor and signal transducer [48]. To verify whether MLC1 Ca2+ sensitivity 

was due to its interaction with CaM, we performed a pull-down assay using CaM-agarose resin and 

recombinant MLC1-NH2 or MLC1-COOH terminal domains fused to glutation-S-transferase: GST-

MLC1-NH2 (N-terminal aa 1-56, N-t) and GST-MLC1-COOH (C-terminal aa 320-377, C-t). The binding 

to CaM-agarose was carried out in presence of Ca2+ and the bound proteins were eluted with EDTA. 

These experiments revealed that CaM/MLC1 binding occurs only when the MLC1-C-t, and not the 

MLC1-N-t peptide was used (Fig. 2C), in agreement with the identification of the putative CaM con-

sensus sequence in this domain. IF stainings to analyze CaM/MLC1 co-localization in intact cells were 

performed using anti-MLC1 pAb in combination with anti-CaM mAb. These experiments showed a 

very low expression of CaM in U251 cells in not-stimulated conditions. Increased CaM expression 

and co-localization with MLC1 in the perinuclear areas and ER compartment were observed after 

cell treatment with hypotonic and high K+ solutions (Fig. SD4A-C), both conditions inducing Ca2+ 

release/CaM activation in astrocytes [49, 50] and also stimulating MLC1 trafficking [35, 51]. Since di-

rect interaction with CaM is critical for the correct activity of several PM proteins as it controls pro-

tein assembly and trafficking [52, 53], we used calmidazolium, a recognized CaM antagonist [54] to 

monitor the effect of CaM inhibition on MLC1 dimerization, trafficking and PM translocation. WB 

http://calcium.uhnres.utoronto.ca/ctdb/ctdb/sequence.html


and IF analyses of U251 cells in control conditions and after hyposmotic stimulation that induces 

MLC1 dimerization and translocation to PM [30, 51] were performed in presence or absence of 1 

μM of calmidazolium. Panels D and E-G of Fig. 2 show that 15 min of hyposmotic stimulation favored 

MLC1 dimer formation and trafficking to the PM and that both processes were strongly inhibited by 

a 15 min pre-treatment with calmidazolium. These data are consistent with the notion that the Ca2+ 

sensor CaM binds to the C terminus of MLC1 protein, conferring Ca2+ dependence to its assembly 

and trafficking to the PM. 

 

CaM-kinase II and protein phosphatases PP1A and PP2A bind the C-terminus of MLC1 

 

To go further in the identification of the repertoire of MLC1 Ca2+-dependent mechanisms, we also 

investigated the possible involvement of the CaMKII in the regulation of MLC1 functions in response 

of cytosolic Ca2+ changes. CaMKII is a serine/threonine protein kinase regulated by the Ca2+/CaM 

complex and recognized as a crucial mediator of many physiological effects caused by elevations of 

intracellular Ca2+ [48]. To verify the possible binding of MLC1 to CaMKII, we performed a pull-down 

assay of rat brain protein extracts using recombinant GST-MLC1-N-t and GST-MLC1-C-t domains or 

the full length MLC1 recombinant protein (aa 2-377, FL) containing a Histidine (His) tag immobilized 

on glutation-agarose or Histidine-binding resin, respectively. The presence of CaMKII was observed 

in the pull-down assay performed with GST-MLC1-C-t and the FL protein, but not with the GST-

MLC1-N-t (Fig. 3). The MLC1 GST-MLC1-C-t and FL protein also bound the serine/threonine phos-

phatases protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A), (Fig. 3), the most abun-

dant serine-threonine phosphatases expressed in the brain that dephosphorylate CaM, CaMKII and 

their target proteins modulating their activity [48, 55]. CaMKII and PP1/PP2A also bound WT MLC1 

protein when pull-down experiments were performed using protein extracts derived from astrocy-

toma cells expressing WT (data not shown). Co-IF staining showed that CaMKII was expressed at 

very low levels in the cytosol of U251 cells in unstimulated conditions while it increased after cell 

treatments with hyposmotic and high K+ solutions. In these latter conditions a partial colocalization 

with MLC1 was observed in perinuclear/ER areas (Fig. SD5 A-C). 

 

CaMKII phosphorylates MLC1 protein at the amino acid residue Threonine 17  

 

Since CaMKII is known to regulate the function of target proteins by their phosphorylation, we ver-

ified whether MLC1 that binds CaMKII was phosphorylated by this enzyme. To this aim, we carried 



out an in vitro kinase assay in the presence of [γ32P] ATP using the MLC1 FL protein and the GST-

MLC1 NH2-t as substrates for the CaMKII enzyme precipitated from U251 cells. The MLC1 N-terminal 

peptide was specifically chosen on the basis of the minimal aa recognition motif RXXS/T [56, 57] 

indicating a potential CaMKII target site in this protein end (the highly conserved aa sequence 14-

17, Fig. 4A). As shown in figure 4B, the immunoprecipitated phosphorylated (pCaMKII) enzyme was 

fully functional, being able to phosphorylate the MBP, a control substrate used to monitor CaMKII 

activity [58]. pCaMKII enzyme also phosphorylated the FL-MLC1 protein (Fig. 4C) and the MLC1-N-t 

peptide (Fig. 4D). The specificity of this phosphorylation was confirmed by introducing in the reac-

tion mixture the CaMKII inhibitor KN93 [59] which strongly reduced MLC1 protein phosphorylation 

in both cases (Fig. 4C,D). Then, to identify exactly the aa residue targeted by the CaMKII enzyme, 

after the in vitro kinase assay performed with the use of the CaMKII recombinant enzyme, the GST-

MLC1 NH2-t peptide was subjected to LC-MS/MS analysis. These experiments allowed the identifi-

cation of a phosphorylation site at Threonine (T) in position 17 of the N-t peptide, within the sup-

posed CaMKII consensus sequence RXXS/T (aa 14-17, Fig. 4E). We also tested whether MLC1 protein 

was a substrate of src, a kinase known to be expressed in astrocytes and involved in the control of 

volume changes [60, 61]. The results of these latter experiments indicated that MLC1 was not phos-

phorylated by src (Fig. SD6).  

 

CaMKII phosphorylation of MLC1 increases protein stabilization at plasma membrane  

 

CaMKII phosphorylation of target proteins can strongly modulate their structural organization, in-

tracellular localization and functionality. With the aim of clarifying the effects that CaMKII-mediated 

phosphorylation has on MLC1 structural and functional properties, we generated and characterized 

two U251 cell lines where the CaMKII phosphorylation site T17 was mutated i) into alanine (T17A), 

a not-phosphorylatable amino acid, or ii) into aspartic acid (T17D), an amino acid mimicking a con-

stitutive phosphorylation. Characterization of these cell lines by WB and IF revealed that T17D sub-

stitution favored MLC1 dimers formation and increased MLC1 distribution at PM (and in some cells 

also in the cytosolic compartment), when compared to WT-MLC1 expressing cells (Fig. 5A,B, arrow 

and arrowheads, respectively). On the contrary, the not-phosphorylatable T17A mutation did not 

cause any consequences on MLC1 expression and localization (Fig. 5A,B). These latter results sug-

gest that the CaMKII–mediated phosphorylation of MLC1 is not involved in MLC1 protein transport 



towards the PM, leaving unexplained the mechanism favoring MLC1 dimer formation and its in-

creased localization at PM observed in cells expressing the T17D mutant. Since MLC1 protein local-

ization at PM is the result of a combination of events such as protein transport towards PM, stabili-

zation/maintenance at this location and endocytosis for protein recycling or degradation (Brignone 

et al., 2014), we verified whether the increased dimer formation and localization at PM of the MLC1 

T17D mutant was due to PM protein stabilization and inhibition of its endocytosis/degradation. To 

clarify these mechanisms, we treated cells with cycloheximide (CHX), an inhibitor of protein biosyn-

thesis [62], for different time lengths and verified by WB the degradation kinetics of the MLC1-T17D 

mutant in comparison with the MLC1-WT protein. These experiments indicated that T17D mutation 

improved MLC1 stability at PM, being the mutant protein still detectable after 4-5 h of CHX treat-

ment, a time period when the WT MLC1 was already degraded (Fig. 5C). With these analyses, we 

confirmed that CaMKII-dependent phosphorylation of MLC1 stabilized the protein at PM by inhibit-

ing its endocytosis/degradation. 

 



MLC1 activates VRAC-mediated ICl,swell  in Xenopus oocytes and U251 cells  

 

The above findings revealed that CaMKII-mediated phosphorylation of MLC1 at T17 increased MLC1 

dimer formation and protein stabilization at PM. We then hypothesized that this effect can also 

influence MLC1 functionality. Although MLC1 proper function is still unknown, its involvement in 

the activation of Cl- currents and cell volume regulation have been demonstrated in several MLC 

disease models. Thus, to assess the role of CaMKII phosphorylation on MLC1 functionality, we per-

formed an electrophysiological characterization of astrocytoma cells expressing MLC1-WT or mu-

tants to study whether the phosphorylation reported above affects MLC1 function, and in particular 

the amplitude of the MLC1-induced IClswell. First, to optimize the experimental conditions and con-

firm the ability of MLC1 to activate IClswell we measured them in Xenopus ooctyes. In vitro transcribed 

mRNA encoding the MLC1 WT protein (Fig. SD7, A) was microinjected into oocytes and two-elec-

trode voltage-clamp recordings were performed in control condition and during the application of 

the hyposmotic solution to activate the endogenously expressed IClswell (Fig. SD7, A). These record-

ings showed that the expression of MLC1 WT in oocytes enhanced the amplitude of IClswell compared 

to control not-injected oocytes (Fig. SD7,B-F). Furthermore, the expression of the mutated MLC1-

S280L, which causes the complete loss of function of MLC1 protein, validated the specificity of the 

effect observed in addition to its pathophysiological role.  

We then performed patch-clamp recordings on U251 control cells (transfected with the empty vec-

tor; Scr), and U251 expressing MLC1-WT or the mutated MLC1-S280L. Step potentials from -100 to 

+100 mV were imposed before (left) and during (center) perfusion with hyposmotic solution; the 

current resulting current obtained by subtracting the current elicited under Hypo solution and that 

in control condition is shown on the right. The quantitative analysis of these experiments showed 

that the hyposmosis-induced ICl,swell density was significantly larger in MLC1-WT than both Scr and 

MLC1-S280L cells (Fig. 6A-C). Noteworthy, the expression of MLC1-WT also affected the inactivation 

kinetics and rectification degree of VRAC, further corroborating the ability of this protein to act as a 

VRAC modulator (Fig. 6D,E). Overall, these results indicated that MLC1 exerts important actions on 

VRAC activity and validated U251 as suitable cell models to test the effect of the Ca2+/CaMKII-medi-

ated phosphorylation on MLC1-induced VRAC currents. 

 

CaMKII phosphorylation potentiates MLC1-induced activation of VRAC currents 



Once we determined that the expression of a functional MLC1 in U251 cells was essential for the 

enhancement of the ICl,swell mediated by VRAC, we investigated if the CaMKII-dependent phosphor-

ylation of MLC1 represented a key step for its activation and the consequent modulation of ICl,swell 

by MLC1 assessing the ICl,swell density in U251 cells expressing MLC1 WT or carrying T17A or T17D 

mutations. In these cells, patch-clamp experiments in whole cell configuration were performed us-

ing voltage ramps from -100 to +100 mV from a holding potential of -40 mV (Fig. 7A). In Fig. 7A we 

illustrate the protocol used and the time course of the putative ICl,swell activation in U251 cells by the 

hypotonic solution, together with representative current ramps (Inset: left) under hypotonic condi-

tions and after application of 10 µM DCPIB, the selective blocker of ICl,swell. The right inset of figure 

A shows typical ICl,swell currents induced by step potentials during hyposmotic solution perfusion in 

the absence and presence of 10 µM DCPIB, which fully blocked the hyposmosis-activated currents. 

Results from these experiments revealed that a significant increase of the inward current at -80 mV 

due to application of the hyposmotic  solution occurred in all cell models, as shown in the bar plot 

of Fig. 7B. As described above, MLC1-WT cells exhibited a greater current density (~54 pA/pF) than 

cells transfected with the empty vector (Scr, not containing MLC1) (~32 pA/pF). By analyzing the 

two cell populations harboring the mutation in the CaMKII phosphorylation site (T17D and T17A) 

we observed that the T17D cells, where MLC1 is constitutively phosphorylated, exhibited ICl,swell den-

sity similar to WT cells (~56 pA/pF), while the current density observed in T17A cells (~32 pA/pF), 

where T17 in MLC1 cannot be phosphorylated, was similar to Scr cells. These results suggest that 

CaMKII phosphorylation of MLC1 is required for upregulating ICl,swell. In support of this view, we 

showed that 10 µM of the CaMKII inhibitor KN93, acutely added to hyposmotic solution, was able 

to reduce ICl,swell by ~40% in WT cells (Fig. 7C). Notably, this was about the same difference between 

ICl,swell  recorded in Scr and WT or between T17D and T17A.  

 

Hyposmosis induces Ca2+ influx and Ca2+ release in U251 cells: role of extracellular Ca2+ influx in 

CaMKII/MLC1-dependent enhancement of VRAC   

  

It is known that CaMKII is activated by CaM upon increase of cytosolic Ca2+. Increased cytosolic Ca2+ 

due to cell swelling has also been shown to activate ICl,swell in astrocytes [63, 64]. These results iden-

tify Ca2+ as a key player in the activation pathways of both MLC1 and ICl,swell. Since spe-

cific Ca2+ sources are known to be linked to specific functions and to differently influence MLC1 traf-



ficking, we asked whether Ca2+ influx and/or Ca2+ release were important for the CaMKII/MLC1-de-

pendent enhancement of the hyposmosis-induced ICl,swell. To distinguish between the contribution 

of Ca2+ influx and Ca2+ release from internal stores in the hyposmosis-induced Ca2+ movements in 

U251 cell lines, we carried out Fura-2-based fluorescence Ca2+ recording experiments. A hypoos-

motic challenge lasting 15 min was imposed to Fura-2-loaded MLC1-WT cells in two different con-

ditions (Fig. SD8 A,B). When control solution (containing 2.5 mM Ca2+) was used, most cells re-

sponded with a fast Ca2+ raise (peaking at one minute), very variable in amplitude. A slow raise 

of Ca2+ followed the initial peak, varying in both speed of onset and amplitude. On the other hand, 

a very simple response was recorded in Ca2+-free solution, in that the initial peak was completely 

absent and only a slow raising phase with similar onset rate and amplitude was observed. We can 

conclude that the first peak of Ca2+ was mainly due to Ca2+ entry, though we cannot rule out the 

presence also of Ca2+ release induced by Ca2+ entry (so called CICR), which, instead, was most likely 

predominant in a later phase and represented by the asynchronous Ca2+ transients. Finally, the 

slowly raising phase recorded in 0-Ca2+ depicts a homogeneous response among cells due to release 

from unidentified intracellular stores, not attributable to a CICR mechanism.  

Once ascertained that the hypotonic stimulus triggered both Ca2+ influx and Ca2+ release from intra-

cellular stores in our U251 cells, we asked if changes in cytosolic Ca2+ levels were important for the 

CaMKII/MLC1-dependent enhancement of ICl,swell. We first carried out patch-clamp experiments 

aimed at distinguishing between the specific contribute of the two Ca2+sources. To study the role of 

Ca2+ influx, after a stabilization period in  0-Ca2+  isotonic solution, cells were exposed to  hyposmotic 

solution, still in the absence of external Ca2+, to assess the amount of ICl,swell  activated by cell swell-

ing without the contribution of Ca2+ influx from outside. After a stable ICl,swell activation was reached, 

cells were probed with the same hypotonic solution containing 2 mM Ca2+, to evaluate the possible 

further increase of the current, due to the entry of external Ca2+ (Fig. 8A). The results obtained 

showed that only in WT-MLC1 expressing cells the ICl,swell activated by the Ca2+-free hypotonic solu-

tion was further increased (by ~30%) upon addition of external Ca2+, while in all the other cell types 

(Scr, T17D, and T17A) the current density remained virtually unchanged (Fig. 8B). Figure 8A illus-

trates a typical experiment carried out inMLC1-WT cells, showing the increment of ICl,swell upon the 

addition of the hypotonic solution with 2 mM Ca2+. Similar tests were carried out with 0-Ca2+ and 

with 2 mM Ca2+ in the activating hyposmotic solution, but this time tested in separate WT cell 

groups. In this case, we found the hyposmosis-activated ICl,swell in the cell group probed in the pres-

ence of extracellular Ca2+ (~54 pA/pF) was about 70% larger than that elicited in the cell group 



probed in the absence of extracellular Ca2+ (~32 pA/pF) (Fig. 8C). The reason of this quantitative 

difference was further investigated, and it could be attributed to the different experimental proto-

col used. Overall, the above results suggest that additional activation of ICl,swell by external Ca2+ influx 

occurs only where MLC1 activity can be modulated by Ca2+ influx, which is the one major feature 

that differentiates WT from all the other cell lines here analyzed (Scr had virtually no MLC1, T17A 

cells had MLC1 that cannot be phosphorylated by the CamKII, and MLC1 in T17D cells wass always 

fully phosphorylated).   

 

CaMKII/MLC1-dependent enhancement of ICl,swell requires release of Ca2+ from intracellular stores 

induced by extracellular Ca2+ influx 

 

Previous studies using fluorescent dyes have shown that hyposmosis-induced cell swelling can trig-

ger the release of Ca2+ from intracellular stores in astrocytes [65]. The above experiments using 

Fura-2 indicated that hyposmosis induced Ca2+ release in U251 even in the absence of Ca2+ influx 

(see 0-Ca2+ experiments), without excluding however the possibility of Ca2+ influx-induced Ca2+ re-

lease (CICR) mechanism. Since MLC1 protein activation at PM occurred in response to Ca2+ release 

from internal stores, we asked whether this Ca2+ was also involved in the CaMKII/MLC1-dependent 

enhancement of ICl,swell. To answer this question, we assessed the maximal ICl,swell activated by hypo-

tonic solution with 0-Ca2+ (to avoid contamination from external Ca2+ influx) in control MLC1-WT 

cells and in the same cells pretreated for 5 min with 1 µM TG (i.e., with internal stores fully de-

pleted). A representative experiment carried out in WT cells pretreated with TG, where the hypo-

tonic solution with 0-Ca2+ activated an inward current is shown in Fig. 9A. As control, the same pro-

tocol was applied on WT cells not pretreated with TG. The cumulative data, presented in panel B, 

showed that the ICl,swell  density was about 15% lower in TG-pretreated cells, although the difference 

between the two groups was not statistically significant. As the influx of Ca2+ from extracellular 

space is able to further activate the ICl,swell in WT cells (Fig. 8), we then asked whether Ca2+ entering 

into the cells could enhance directly the ICl,swell via the CaMKII/MLC1 pathway, or instead by stimu-

lating the release of Ca2+ from the intracellular store via CICR. To understand if the CIRC-dependent 

source of intracellular Ca2+ from internal stores is important for the CaMKII/MLC1-dependent en-

hancement of ICl,swell, we assessed the ICl,swell density activated by hypotonic solution in 0-Ca2+, in WT 

cells pre-treated or not with TG, and verified if an incremental ICl,swell density could be observed upon 

switching on hypotonic solution with 2 mM Ca2+ (Fig. 9C; i.e., we followed the same logic of the 



experiment shown in Fig. 8). The analysis of the average fractional ICl,swell revealed that only in con-

trol WT cells not treated with TG the ICl,swell activated by the Ca2+-free hypotonic solution was further 

increased (by ~30%) upon addition of external Ca2+, while in TG-treated WT cells the current density 

remained unchanged (Fig. 9C).  

This result indicated that when the internal stores are fully depleted of Ca2+, Ca2+ influx is ineffective 

in inducing an increment of ICl,swell, suggesting that influx of Ca2+ enhances ICl,swell through MLC1, by 

activating the CICR mechanism in cell expressing the CaMKII phosphorylatable MLC1 protein.  

  



Discussion  

 

With the aim of increasing the knowledge of MLC disease molecular mechanisms and MLC1 protein 

role in the human brain, in this study we have explored for the first time the possibility that MLC1 

functions are connected to Ca2+ signaling in astrocytes. In support of this hypothesis, a growing 

number of suggestive observations have emerged. We previously reported the localization of MLC1 

in the lipid rafts [30], the PM microdomains that operate as Ca2+ signal transduction platforms where 

the clustering of Ca2+ channels, receptors, transporters and their regulators occurs to modulate Ca2+ 

mediated cellular functions [66, 67]. Interestingly, all the MLC1 molecular interactors identified so 

far are transmembrane proteins structurally linked to raft compartments, including proteins in-

volved in IClswell and cell volume regulation (VRAC, ClC2, AQP4, KiR4.1) and EGFR-signaling pathway 

components, suggesting that Ca2+ signaling may exert some regulatory action on MLC1 functions. 

Indeed, previous observations reported that Ca2+ entry through voltage-dependent Ca2+ channels in 

response to cell depolarization causes the assembly of the MLC1/GlialCAM/ClC2 functional complex 

at the PM [68]. If the above data indicate a possible Ca2+-mediated regulation of MLC1 functions, 

the reported cooperation between MLC1 and the Ca2+ channel TRPV4 to favor Ca2+ entry in response 

to hyposmotic stress [30] support the concept that MLC1 itself could influence Ca2+ homeostasis in 

astrocytes. Consistent with these latter results, Ca2+ influx following hyposmotic and ATP stimula-

tion was found impaired in monocytes/macrophages derived from MLC patients [27]. Overall, these 

findings converge on the idea of a reciprocal regulation between intracellular Ca2+ and MLC1 func-

tions, prompting us to elucidate further these mechanisms. 

Intracellular Ca2+ release, CaM binding and CaMKII-mediated phosphorylation affect MLC1 protein 

dimerization and plasma membrane trafficking and stabilization  

Results here presented showed that MLC1 assembly and trafficking, two parameters indicating 

MLC1 functional activation, are differently regulated by Ca2+ influx or release, with ER Ca2+ release, 

and not external Ca2+ influx, being capable of promoting MLC1 accumulation at the PM and acqui-

sition of the dimeric/active form. ER is a dynamic Ca2+ store, acting as a signaling organelle that 

integrates different types of extra- and intracellular signals [69]. Due to the pumping activity of the 

SERCA, the ER is able to accumulate large amounts of Ca2+ (ranging 0.2–1.0 mM), generating a large 

Ca2+ gradient (four orders of magnitude) between the ER lumen and the cytosol that is used as driv-

ing force for Ca2+ release following membrane receptor stimulation and opening of InsP3 receptors 



(InsP3R). These cytosolic Ca2+ fluctuations act as signaling events that, by activating all the machin-

ery of Ca2+-regulated signaling pathways and effector proteins (including CaM and CaMKII), allow to 

connect extracellular stimulations to intracellular molecular events [70 and reference therein]. 

Noteworthy, in astrocytes Ca2+ signaling induced by ER Ca2+ release governs fundamental cellular 

processes like neurotransmitter and ion uptake/release, exocytosis/endocytosis, cytoskeleton 

polymerization/rearrangement, vesicular trafficking and volume regulation [reviewed 70]. Our re-

sults showed that also MLC1 protein trafficking, assembly and functionality are regulated by ER 

Ca2+signaling through the CaM/CamKII protein binding and the CaMKII-mediated phosphorylation. 

We further demonstrated that CaM binding stimulated MLC1 trafficking to the PM, being this trans-

location inhibited by cell treatment with the specific CaM antagonist calmidazolium. At odd with 

CaM involvement in MLC1 trafficking, phosphorylation by CaMKII did not influence protein export, 

as indicated by cell treatment with the CaMKII inhibitor KN93. However, protein degradation kinet-

ics experiments, showed that the Ca2+-dependent CaMKII phosphorylation of MLC1 favors protein 

stabilization at PM. It is known that the translocation and maintenance of some receptors/channels 

at PM is the result of a combination of factors including exocytosis, PM stabilization and internali-

zation [71]. As previously reported in cultured astrocytes [30, 72], most of MLC1 is localized at ER 

and endosomal compartments in control conditions and it mobilizes to the PM in response to stim-

uli, such as ion imbalance or inflammatory stress signals. The control of MLC1 trafficking by 

Ca2+/CaM is a new evidence that can have important implications for the comprehension of the 

temporal and spatial regulation of MLC1 function in response to physiological and pathological stim-

ulations inducing Ca2+ release in astrocytes. A further aspect that should be considered regarding 

the importance of MLC1 trafficking regulation is that almost all the MLC1 mutants analyzed so far 

in heterologous cell systems do not traffic to the PM but are retained in the ER compartment [8, 

30].  

In addition, the coexisting binding of the PP1 and PP2A phosphatases at the MLC1 C-terminal is 

indicative that this protein is subjected to very dynamic phosphorylation/dephosphorylation events 

that can accurately regulate its functionality. PP1 and PP2A are the most abundant phosphatases 

expressed in the brain where they modulate the function of several Ca2+ effector proteins and ion 

channels, particularly in neuronal cells [55]. Further investigations will be required to unravel how 

PP1 and PP2A can affect MLC1 properties.  

CaMKII-mediated phosphorylation of MLC1 confers Ca2+-dependence to VRAC activation  



Our studies on the functional implications of the CaMKII-mediated phosphorylation of MLC1 re-

vealed the essential contribution of this Ca2+-induced post-translational modification on VRAC acti-

vation. VRAC is the channel mainly responsible for both ICl,swell and volume regulation following the 

swelling of several type of cells including astrocytes [73]. In response to a reduction of extracellular 

osmolarity, VRAC releases osmolytes such as taurine and glutamate and anions such as chloride 

thus changing the driving force of osmolarity and inducing an efflux of water, that allow cells to 

restore their original size [74, 75]. Lack of functional MLC1 or GlialCAM reduces VRAC currents [12-

16]. Conversely, MLC1 overexpression increases VRAC currents [13]. We here demonstrated that 

also in oocytes and U251 cells, WT-MLC1, but not mutated MLC1 overexpression potentiates ICl,swell 

by affecting their amplitude, inactivation kinetics and rectification degree, further corroborating the 

notion of MLC1 as a VRAC modulator and validating these cell systems as suitable models to study 

MLC1-induced VRAC modulation. The morphological-functional characterization of U251 cell lines 

expressing MLC1 mutants insensitive to CaMKII phosphorylation (17A) or permanently phosphory-

lated (T17D), demonstrated that this specific post-translational modification is essential for the 

MLC1-mediated increase of VRAC activation, thus conferring Ca2+ dependence to this channel that 

would be otherwise insensitive to Ca2+ ions in glioma cells [31]. The observation that in presence of 

external Ca2+ ICl,swell is increased in MLC1-WT, but not in T17A or T17D mutants, is in accordance with 

the ability of a Ca2+ influx to promote CaMKII-dependent MLC1 phosphorylation only in MLC1-WT 

expressing cells. Moreover, the abolition of Ca2+ influx-mediated increase of ICl,swell after pretreat-

ment with TG, confirmed the involvement of internal Ca2+ stores in this process, presumably via 

activation of the CICR mechanism. As summarized in Fig. 10, our results are consistent with the 

following molecular events: 1) the induction of an initial Ca2+ influx by hypotonic cell swelling, most 

likely due to opening of Ca2+ channels (membrane stretch-activated channels including TRPV4 and 

others like voltage-dependent Ca2+ channels); 2) the triggering of a massive release of Ca2+ from 

intracellular stores through the CIRC mechanism; 3) the resulting CaM/CaMKII activation; 4) 

CaM/CaMKII-mediated phopshorylation of MLC1 and the consequent stimulation of its trafficking 

and stabilization at the PM and 5) MLC1-induced upregulation of VRAC currents. Since neither direct 

interaction nor co-localization have been found between MLC1 and VRAC protein components, it is 

conceivable that the MLC1 functional activation of VRAC may occur by means of other molecular 

elements or via indirect, MLC1-mediated, post-translation modifications of VRAC subunits, as pre-

viously observed (Elorza-Vidal et al., 2018). The modulation of VRAC by Ca2+ is still an open issue. It 



has been generally assumed that VRAC is activated by a decrease of intracellular ion strength, fol-

lowing exposure to hyposmotic stress, a process where changes of intracellular Ca2+ can have a sig-

nificant role depending on the cells analyzed [31, 63, 76-78], although the underlying mechanism is 

still not understood. These apparent discrepancies may be attributed to several reasons, ranging 

from cell-specific properties of VRAC to the interaction (or not) of the channel with Ca2+-sensitive 

effectors. However, the importance of Ca2+ signaling in both VRAC activation and volume regulation 

has been reported in astrocytes where these channels play a key role in both physiological and 

pathological conditions. Indeed, in astrocytes VRAC can be activated by neurotransmitters and neu-

romodulators and also by extracellular ATP through the raise of intracellular Ca2+ levels, and PKC 

and CaM/CaMKII pathway activation. However, these studies leave unresolved the mechanism by 

which PKC and CaM/CaMKII activate VRAC [79, 80]. Noteworthy, the results obtained in primary 

astrocytes are consistent with our data on U251 cells expressing MLC1, suggesting that ATP induces 

the increase of cytosolic Ca2+ thus promoting MLC1 dimerization and stabilization at the PM via the 

CaM/CaMKII pathway, and eventually leading to VRAC activation. Since the presence of a phosphor-

ylatable MLC1 enhances the hypotosmosis-induced ICl,swell, we propose MLC1 as the essential com-

ponent for the Ca2+-dependent modulation of VRAC in astrocytes. This notion is further supported 

by the fact that in astrocytoma/glioblastoma cells, where MLC1 is virtually absent (or very low ex-

pressed), changes in intracellular Ca2+, or the activation/inhibition of PKC does not affect the kinetic, 

biophysical properties and amplitude of ICl,swell [31,32]. However, in non-tumor astrocytes where 

MLC1 is highly expressed, the Ca2+-modulation of the ICl,swell was reported. It would be then plausible 

to assume that other similar proteins may replace MLC1 in providing Ca2+-sensitivity to VRAC in 

other cell types where the Ca2+ dependence of ICl,swell has been demonstrated. Future studies will be 

necessary to elucidate this aspect.  

Significance of astrocyte Ca2+ signaling in MLC pathogenesis 

Data here presented revealed that in astrocytes MLC1 protein function is regulated by Ca2+ changes 

occurring in response to osmotic stress. Interestingly, in different in vitro and in vivo models, os-

motic stress has been found to elicit robust Ca2+ responses in astrocyte end-feet, the brain tissue 

compartment where MLC1 is preferentially expressed [81]. In light of these findings, we can hypoth-

esize that this osmotic stress-induced Ca2+ influx followed by ER Ca2+ release in perivascular astro-

cyte end-feet leads to MLC1 activation and VRAC/TRPV4 potentiation to stimulate an efficient RVD. 

Alterations of these processes may cause abnormal astrocyte end-feet swelling resulting in BBB dys-

functions. In addition, since adjacent astrocytes are connected among them via Ca2+ permeable gap 



junctions forming the astrocyte syncytium [70], the CICR mechanism generates Ca2+ waves propa-

gating along this astrocyte network [70, 82]. Ca2+ wave spreading is known to modulate several fun-

damental astrocyte activities (i.e release/uptake of ions and gliotransmitters, support to BBB and 

NVU functionality) in both physiological and pathological conditions [83]. By potentiating TRPV4 and 

VRAC, and also by modulating the gap junction protein component Cx43 (Lanciotti et al., 2020), 

MLC1 might be itself involved in the control of Ca2+ wave diffusion along the astrocyte network. 

Indeed, VRAC has been found to favor Ca2+ propagation along the glial syncytium via extracellular 

ATP release [84]. It is worth noting that alterations of the Ca2+ signaling at the perivascular end-feet 

can cause serious consequences on NVU functionality since Ca2+ increase in this compartment ad-

justs cerebral blood flow during synaptic activity. Indeed it has been shown that electrical field stim-

ulations in brain slices and in vivo inducing an increase in intracellular Ca2+ in perivascular astrocyte 

end-feet, followed by vascular smooth muscle Ca2+ oscillations and arteriolar dilation [85]. Thus, we 

cannot exclude that alterations of Ca2+ dynamics in astrocyte end-feet due to MLC1 mutations might 

indirectly influence arteriolar dilation and water permeability at the BBB causing edema and NVU 

dysfunctions. In accordance with this hypothesis, a recent study provide evidence of alterations of 

vascular smooth muscle cell contractility and NVU coupling in MLC1 KO mice [86]. 

Concluding remarks 

Overall, these experiments indicate for the first time that MLC1 is a Ca2+-regulated protein that links 

volume regulation to Ca2+ dynamics in astrocytes. Further studies will be needed to fully understand 

the consequences of MLC1 mutation-induced dysfunctions of VRAC and volume regulation on NVU 

and BBB functions. Cell volume regulation is a very important process, particularly in the brain 

where it influences tissue excitability and function. For these reasons, the results here presented 

open new perspectives for the clarification of MLC pathogenesis and the comprehension of molec-

ular events that are of interest for the identification of possible novel therapeutic targets for neu-

rological conditions where astrocyte swelling and brain edema have a central role in the pathologi-

cal process. 

  



 

Figure Legends 

 

Figure 1. Effects of ionomycin (Iono), thapsigargin (TG) and ATP stimulation on MLC1 dimerization 

and translocation to the plasma membrane (PM) in U251 cells.  

(A) WB analysis of U251 cell lines expressing MLC1 wild-type (MLC1-WT) shows a significant de-

crease of the MLC1 dimeric, PM-associated form (arrows) following Iono treatment (15 min, 1µM) 

when compared to untreated cells (CTRL). Panels C and E show upregulation of MLC1 dimers (ar-

rows) following cell stimulation with TG (15 min, 100 nM) and ATP (5 min,100 µM). MLC1 activation 

is not affected by co-treatment of TG or ATP with 100 µM of Lanthanum Chloride (TG+LaCl3 and 

ATP+LaCl3, in C and E, respectively). Actin is used as a loading control. Molecular weight (MW) mark-

ers are indicated on the left (kDa). The bar graphs represent the densitometry analysis of the MLC1 

protein bands normalized with the amount of actin in the corresponding samples. The means +/-

SEM of three independent experiments are shown. Statistical differences were calculated using non-

parametric tests (*p < 0.05; **p<0.01). IF stainings of U251 cells expressing MLC1-WT using anti-

MLC1 pAb (red) in combination with anti-Calnexin mAb (green) or FITC-conjugated phalla-

cidin (green) show a decrease of MLC1 distribution at PM in Iono treated cells (B), and an increase 

of PM localized MLC1 after cell treatment with TG (D) or ATP (F) when compared to untreated cells 

(CTRL). Scale bars: 20 μm.   

  

Figure 2. Calmodulin (CaM) binds MLC1 protein COOH terminal and induces MLC1 protein trafficking 

to the PM in U251 cells expressing MLC1 WT 

(A-B) schematic representation of MLC1 sequence showing the putative CaM binding consensus 

motif identified at the C-terminal domain of the MLC1 amino acid (aa) sequence (aa 323-339). (C) 

Pull-down assay using CaM-agarose resin and recombinant MLC1-NH2 (aa 1-56) or MLC1-COOH (aa 

320-377) terminal domains fused to glutation-S-transferase (GST-MLC1-N-t and GST-MLC1-C-t, re-

spectively). WB analysis of the eluted proteins (fx 1-3) compared to the starting material (NL) shows 

that CaM/MLC1 binding occurs only with the GST-MLC1-C-t, and not with the GST-MLC1-N-t, as re-

vealed by anti-GST antibody. (D) WB analysis of U251 cell expressing MLC1-WT shows a significant 

increase of the dimeric, PM-associated form of MLC1 (arrow) following a 15 min treatment with 

hyposmotic solution and a reduction after cell co-treatment with calmidazolium (CMZ) when com-

pared to untreated cells. Actin is used as a loading control. MW markers are indicated on the left 



(kDa). The bar graphs represent the densitometry analysis of the MLC1 protein bands normalized 

with the amount of actin in the corresponding samples. The means +/-SEM of three-four independ-

ent experiments are shown. Statistical differences were calculated using non-parametric tests 

(*p < 0.05). (E-G) IF stainings of U251 MLC1-WT cells by using anti-MLC1 pAb (red) in combination 

with anti-EEA1 mAb (green) show an increase of MLC1 expression after hyposmotic stimulation (F), 

and a lower localization of MLC1 at PM following cell co-treatment with CMZ (G) when compared 

to unstimulated conditions (CTRL,D). Scale bar: 20 µm.  

 

Figure 3. CaMKII binds the COOH terminal of the MLC1 protein.  

Pull-down assay of rat brain extract was performed using sepharose-immobilized GST-MLC1-

NH2 and -COOH terminal domains (GST-MLC1-N-t and GST-MLC1-C-t, respectively), and GST alone 

as control, along with agarose-immobilized Histidine (His)-fused MLC1 full length protein (His-

MLC1-FL) and Histidines (His) alone as control. WB analysis of protein eluates reveals the binding 

of CaMKII, and of the phosphatase PP1 and PP2A to His-MLC1-FL and GST-MLC1-C-t but not to GST-

MLC1-N-t. The starting material derived from rat brain extract is indicated as Input. MW markers 

are shown on the left (kDa). One representative experiment out of two performed is shown.  

  

Figure 4. CaMKII phosphorylates threonine 17 residue of the MLC1 protein. 

(A) Schematic representation of MLC1 protein sequence showing a potential CaMKII target site in 

the N-terminal region of the MLC1 protein (aa 14-17). (B-D) In vitro kinase assay using CaMKII en-

zyme precipitated from U251 cells. The not-specific substrate MBP (B), the His-MLC1 full lenght pro-

tein (FL, C) or the sepharose-immobilized GST-MLC1 NH2-terminal domain (MLC1 N-t, D) were incu-

bated with the immunoprecipitated pCaMKII with or without KN93, a specific inhibitor of pCaMKII, 

and the reaction was carried out in the presence of [γ32P] ATP. [32P]-labeled proteins were revealed 

by autoradiography. (E) Mass spectrometry (MS) analysis of phosphorylated MLC1 NH2 terminal 

peptide after GluC digestion. In the upper part of the figure the sequence of GST-MLC1 NH2-termi-

nal region is shown with MLC1-N-terminus highlighted in red. The lower panel shows the MS3 spec-

trum of the double charged phosphorylated peptide LAYDRMPTLE obtained after phosphoric acid 

loss caused by CID fragmentation. This neutral loss confirms the presence of a phosphorylated site 

and b and y series ions (reported in red and blue, respectively) in the MS3 spectrum localize the 

phosphorylation at T17. pT in the peptide sequence indicates a phosphorylated T, while a star marks 

the localization of the phospho T in the sequence of MLC1-N-terminal.  



  

Figure 5. CaMKII-mediated phosphorylation of the MLC1 T17 residue favors MLC1 protein dimeriza-

tion and stabilization at PM.  

Two U251 cell lines expressing MLC1 with specific substitutions of the T17 CaMKII phosphorylation 

site where generated and characterized. Threonine at position 17 was mutated into: 1) Alanine 

(T17A), a not phosphorylatable aa and 2) Aspartic acid (T17D), a phosphorylation mimicking aa. (A) 

WB analysis of U251 mutant cell lines shows that T17D substitution favors MLC1 dimeric formation 

(arrow) when compared to MLC1-WT and T17A expressing cells. Actin is used as a loading control. 

MW markers are indicated on the left (kDa). The bar graphs represent the densitometry analysis of 

the MLC1 protein bands normalized with the amount of actin in the corresponding samples. The 

means +/-SEM of three independent experiments are shown. Statistical differences were calculated 

using non-parametric test (*p < 0.05). (B) IF staining of cells expressing MLC1-WT or T17A and T17D 

mutants by using anti-MLC1 pAb (red) and FITC-conjugated phallacidin (green) to stain actin fila-

ments shows that T17D substitution increases MLC1 expression at PM and in intracellular compart-

ments (arrowheads), when compared to MLC1-WT or T17A mutant expressing cells while no differ-

ences were observed in T17A expressing cells. Scale bars: 20 μm. (C) WB analysis of U251 cells ex-

pressing MLC1-WT or the T17D mutant, untreated (CTRL) or treated with cycloheximide (CHX, 100 

µg/mL) for 1, 3, 4 and 5 h reveals that the MLC1 T17D mutant is more stable than the MLC1-WT 

protein, being still detectable after 4 and 5 h of CHX, when compared to the MLC1-WT protein, 

which disappears after 3 h. Actin is used as a loading control. MW markers are indicated on the left 

(kDa). The bar graphs represent the densitometry analysis of the MLC1 protein bands normalized 

with the amount of actin in the corresponding samples. Data are expressed as percentage of the 

value measured in control untreated cells (considered as 100%). Means ± SEM of three experi-

ments are shown. Statistical differences were calculated using non-parametric test (*p < 0.05).  

  

Figure 6. MLC1 up-regulates IClswell currents in U251 astrocytoma cells.  

(A-C) Exemplificative I-V relationships recorded from -100 to +100 mV (Delta= 20 mV, Vholding -30 

mV; duration 1s) in U251 infected with an empty vector (Scr) (A), expressing WT MLC1 (B) or ex-

pressing the S280L MLC1 mutant(C) in control condition (left), following hyposmotic solution perfu-

sion (middle) and after digital subtraction (Hypo-CTRL). (D,E) Mean I-V relationship of instantaneous 

and steady state current obtained in U251 control  (black; n=6), MLC1 wt (red; n=9) and MLC1 S280L 

expressing cells (grey; n=6) after digital subtraction (Hypo-CTRL).    



  

Figure 7. Electrophysiological recording of ICl,swell currents  in U251 cells.  

(A) Representative time course of ICl,swell density (pA/pF) measured from current ramps at -80 mV, 

the equilibrium potential for K+ under our recording conditions, during application of hypotonic so-

lution (grey bar) and upon addition of 10 µM DCPIB (green bar). Insets: Left, representative current 

ramps from -100 to 100 mV (600 ms duration) from a holding potential of -40 mV, under  hypotonic 

solution (grey trace) and hypotonic solution containing 10 µM DCPIB (green trace); Right, families 

of current traces evoked by applying 1 s voltage steps from -100 to 120 mV, in steps of 20 mV, from 

a holding potential of -40 mV in the presence of a hypotonic solution (grey traces), and in the pres-

ence of a hypotonic solution containing 10 µM DCPIB (green traces). (B) Bar plot showing the aver-

age current density measured at -80 mV during exposure to 30% hypotonic solution, in cells trans-

fected with empty vector (Scr, n=10) and U251 cells expressing a MLC1 WT protein (MLC1-WT, n=14) 

or two different MLC1 proteins carrying point mutations T17D (constitutive phosphorylated mutant, 

MLC1-T17D, n=9) or T17A (unphosphorylatable mutant, MLC1-T17A, n=14). (C) Bar plot showing the 

mean fractional ICl,swell in presence of 10 µM KN-93 (n=3). Data are shown as mean ± SEM; *p<0.05; 

**p<0.01, ***p<0.001.  

 

Figure 8. ICl,swell recording in presence and absence of extracellular Ca2+.  

(A) Representative time course of ICl,swell density during application of a Ca2+-free hypotonic solution 

(orange horizontal bar, Hypo 0 Ca) and a 30% hypotonic solution containing 2 mM Ca2+ (grey hori-

zontal  bar, Hypo 2 Ca). (B) Bar plot showing the mean fractional ICl,swell elicited by Hypo 30%, as nor-

malized on the current activated by hypotonic 0-Ca (dashed line), in Scr (n=7), MLC1-WT (n=7), 

MLC1-T17D (n=7) and MLC1-T17A (n=7) U251 cells. (C) Bar plot showing the average current density 

during exposure to hypotonic solution, in the continuous presence (grey bar) or absence (light green 

bar) of external Ca2+, assessed in MLC1-WT cells. Data are shown as mean ± SEM; **p<0.01.   

  

Figure 9. ICl,swell recording in presence and absence of thapsigargin (TG)-induced Ca2+ store deple-

tion.  

(A) Representative time course of ICl,swell density during application of a Ca2+-free hypotonic solu-

tion (orange bar, Hypo 0 Ca) and in succession of a hypotonic solution containing 2 mM Ca2+ (grey 

bar, hypo 2-Ca2+), in MLC1-WT cells in the presence of prior store depletion induced with 1 μM TG 

pre-treatment. (B) Bar plot showing the average current density during exposure to hypotonic 0 



Ca2+ solution, in MLC1-WT cells in the absence (CTRL) and presence of TG pre-treatment (TG), meas-

ured at –80 mV. Data are shown as mean ± SEM; **p<0.01. (C) Bar plot showing the mean frac-

tional ICl,swell elicited by Hypo 30%, as normalized to the current activated by hypo0 Ca2+, in MLC1-

WT cells either in the absence or presence of TG.   

  

Figure 10. Proposed molecular mechanisms of the MLC1-induced Ca2+ regulation of VRAC.    

1) Exposure to a hypotonic stress induces astrocyte (or astrocyte end-feet) swelling which triggers 

the opening of TRPV4 and other Ca2+ channels (voltage-dependent and mechanosensitive Ca2+ chan-

nels). 2) The entry of extracellular Ca2+ influx promotes Ca2+ release from the ER, likely mediated by 

the InsP3 (or/and Ryanodine) receptors, through the CICR mechanism. 3) The consequent elevation 

of intracellular Ca2+ is sensed by the Ca2+-binding protein calmodulin (CaM), which binds MLC1 fa-

voring its trafficking to the PM and it activates the Ca2+/calmodulin-dependent protein kinase II 

(CaMKII). 4) By phosphorylating the threonine aa at position 17 of the MLC1 protein (T17), CaMKII 

promotes MLC1 PM stabilization and its functional activation. 5) Phosphorylated MLC1 potentiates 

TRPV4 and VRAC channels favoring ICl,swell and regulatory volume decrease. 

 

Figure SD1. Effects of ionomycin (Iono), thapsigargin (TG) and ATP stimulation on endogenous MLC1 

protein expressed in primary mouse astrocytes.  

(A-C) WB analysis performed on primary mouse astrocytes untreated (CTRL) or treated with Iono 

(15 min, 1µM; A), or TG (15 min, 100 nM; B) or ATP (5 min., 100 µM; C) shows a reduction of the 

MLC1 dimeric, PM associated form (arrows) after Iono treatment and its increase following TG and 

ATP stimulations. TG and ATP treatments also induce an increase of the MLC1 monomeric form 

(asterisk in B and C, respectively). Actin is used as a loading control. MW markers are indicated on 

the left (kDa). The bar graphs represent the densitometry analysis of the MLC1 protein bands nor-

malized with the amount of actin in the corresponding samples. The means +/-SEM of three-four 

independent experiments are shown. Statistical differences were calculated using non-parametric 

tests (*p < 0.05; **p<0.01).   

  

Figure SD2. Effects of ionomycin (Iono), thapsigargin (TG) and ATP stimulation on U251 cells express-

ing the MLC1 pathological mutant S280L.  

(A-C) WB analysis performed on U251 cells expressing the MLC1-S280L mutant (MLC1-S280L) shows 

not significant differences in MLC1 protein expression/assembly after cell treatment with Iono (15 



min, 1µM; A), or TG (15 min, 100 nM; B) or ATP (5 min, 100 µM; C) when compared to untreated 

cells (CTRL). Actin is used as a loading control. MW markers are indicated on the left (kDa). The bar 

graphs represent the densitometry analysis of the MLC1 protein bands normalized with the amount 

of actin in the corresponding samples. The means +/-SEM of three independent experiments are 

shown. For statistical analyses, we performed non-parametric tests (ns, not significant).   

  

Figure SD3. Ca2+ movements in U251 cells in response to treatments inducing MLC1 trafficking.  

To monitor the source of Ca2+ stimulating MLC1 trafficking changes, Iono, TG and ATP were applied 

for 15 min to U251 cells expressing MLC1-WT. As depicted by the exemplifying Fura-2 Ca2+ record-

ings, TG (B) and ATP (C) induced Ca2+ transients due mainly to Ca2+ release from ER and Ca2+ entry 

from ER-depletion activated channels (capacitive Ca2+ entry, CCE). The application of the same 

agents in the presence of Lanthanum (La3+) caused Ca2+ transients only due to release of the 

ion from ER, as expected. At odd, Ca2+ transient induced by Ion (A) was mainly due to CCE-independ-

ent Ca2+ entry, and only slightly from Ca2+ release, as depicted from the transients recorded in 0-

Ca2+ or La3+. Traces are the mean of Ca2+ transients recorded from n=20-50 cells.  

 

Figure SD4. Colocalization of MLC1 and Calmodulin (CaM) in U251 cells expressing MLC1-WT 

(A-C) IF stainings using anti-CaM pAb (red) in combination with anti-MLC1 mAb (Xpress, green) 

show a very low level of CaM expression in the cytosolic compartment of U251 cells expressing 

MLC1-WT in unstimulated conditions (CTRL, A). Panel B and C reveal an increase of CaM expression 

and its partial colocalization with MLC1, mainly occurring into the perinuclear areas and ER, in U251 

cells treated for 30 min with hyposmotic (hypo) and high K+ (HK) solutions (asterisks and arrowheads 

in B,C, respectively).  

 

Figure SD5. Colocalization of MLC1 and CaMKII in U251 cells expressing MLC1-WT 

(A-C) IF stainings of U251 cells expressing MLC1-WT by using anti-pCaMKII pAb (red) in combination 

with anti-MLC1 mAb (Xpress, green) show low levels of pCaMKII expression in the cytosol of U251 

cells (CTRL, A). An increase in pCaMKII expression and its partial colocalization with MLC1 was ob-

served in the perinuclear areas and ER after cell treatment with hyposmotic and high K+ (HK) solu-

tions for 30 min (asterisks and arrowheads in E and F, respectively). Scale bars: 20 μm.  

 

Figure SD6. MLC1 protein was not phosphorylated by src kinase.  



In vitro phosphorylation assay to monitor the possible MLC1 protein phosphorylation by srckinase 

was performed using the His-MLC1 full-length protein (MLC1-FL, line 4), the sepharose-immobilized 

GST-MLC1 C-terminal and N-terminal domains (MLC1-C-t and MLC1-N-t, lines 5 and 6, respectively) 

and the non-specific substrate MBP (lanes 2 and 3). These peptides were incubated with the recom-

binant active src kinase. The first lane shows src alone as a control. The reaction was carried out in 

the presence of [γ32P] ATP and [32P]-labeled proteins were revealed by exposure to radiographic 

film. Src phosphorylated the MBP positive control (lanes 2, 3) while no signal was detected in sample 

containing MLC1-FL, MLC1-C-t and MLC1-N-t (lanes 4-6). MW markers are shown on the left (kDa).   

  

Figure SD7. MLC1 protein increases VRAC current activation in Xenopus oocytes.  

(A) WB analysis of MLC1 expression in Xenopus oocytes injected with the indicated cRNAs revealed 

that maximum levels of MLC1 expression were observed 48 h after mRNA injection (day 2). MW 

markers are shown on the left (kDa). (B-F) Two electrode voltage-clamp experiments were per-

formed on uninjected and MLC1-WT or MLC1-S280L mutant injected oocytes. Families of voltage 

steps from -100 to +100 mV (20 mv intervals; HP -40 mV) were applied before (CTRL; left) and during 

hypotonic stimulation (Hypotonic; center). Hypotonic stimulation-induced currents were obtained 

by digital subtraction of CTRL currents from the currents recorded during Hypotonic stimulation 

(left). Panels E-F show the resulting IV curves calculated at the onset (Instantaneous) and at the end 

(Steady state) of the voltage steps. As depicted by the original currents and by the IV curves, the 

amplitude of hypotonic stimulation-induced anion currents is enhanced in MLC1-WT injected oo-

cytes compared to MLC1-280L injected and control not-injected oocytes, in keeping with what ob-

served in U251 cells. 

 

Figure SD8. Ca2+ movements in U251 cells in response to hyposmotic stress 

Fura-2-loaded MLC1-WT expressing U251 cells were exposed to hyposmotic solution for 15 min in 

presence of Ca2+ (2.5 mM), or in a 0-Ca2+ solution (Ca2+ replaced by Mg2+ and with EGTA 0.5 mM). 

Exemplificative traces recorded in the presence (A) or absence of Ca2+ (B) are shown. The amplitude 

of the Ca2+ peak was calculated as difference between the maximum value reached within the first 

120 sec of application of hyposmotic solution and the baseline value. Mean±SEM (n=27-29 cells, 

from one experiment representative of 3) of the peak amplitudes were plotted in panel (C). 
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Figures

Figure 1

Effects of ionomycin (Iono), thapsigargin (TG) and ATP stimulation on MLC1 dimerization and
translocation to the plasma membrane (PM) in U251 cells. (A) WB analysis of U251 cell lines expressing
MLC1 wild-type (MLC1-WT) shows a signi�cant decrease of the MLC1 dimeric, PM-associated form



(arrows) following Iono treatment (15 min, 1µM) when compared to untreated cells (CTRL). Panels C and
E show upregulation of MLC1 dimers (arrows) following cell stimulation with TG (15 min, 100 nM) and
ATP (5 min,100 µM). MLC1 activation is not affected by co-treatment of TG or ATP with 100 µM of
Lanthanum Chloride (TG+LaCl3 and ATP+LaCl3, in C and E, respectively). Actin is used as a loading
control. Molecular weight (MW) markers are indicated on the left (kDa). The bar graphs represent the
densitometry analysis of the MLC1 protein bands normalized with the amount of actin in the
corresponding samples. The means +/- SEM ofthree independent experiments are shown. Statistical
differences were calculated using nonparametric tests (*p < 0.05; **p<0.01). IF stainings of U251 cells
expressing MLC1-WT using antiMLC1 pAb (red) in combination with anti-Calnexin mAb (green) or FITC-
conjugated phallacidin (green) show a decrease of MLC1 distribution at PM in Iono treated cells (B), and
an increase of PM localized MLC1 after cell treatment with TG (D) or ATP (F) when compared to
untreated cells (CTRL). Scale bars: 20 μm.



Figure 2

Calmodulin (CaM) binds MLC1 protein COOH terminal and induces MLC1 protein tra�cking to the PM in
U251 cells expressing MLC1 WT (A-B) schematic representation of MLC1 sequence showing the putative
CaM binding consensus motif identi�ed at the C-terminal domain of the MLC1 amino acid (aa) sequence
(aa 323-339). (C) Pull-down assay using CaM-agarose resin and recombinant MLC1-NH2 (aa 1-56) or
MLC1-COOH (aa 320-377) terminal domains fused to glutation-S-transferase (GST-MLC1-N-t and GST-



MLC1-C-t, respectively). WB analysis of the eluted proteins (fx 1-3) compared to the starting material (NL)
shows that CaM/MLC1 binding occurs only with the GST-MLC1-C-t, and not with the GST-MLC1-N-t, as
revealed by anti-GST antibody. (D) WB analysis of U251 cell expressing MLC1-WT shows a signi�cant
increase of the dimeric, PM-associated form of MLC1 (arrow) following a 15 min treatment with
hyposmotic solution and a reduction after cell co-treatment with calmidazolium (CMZ) when compared
to untreated cells. Actin is used as a loading control. MW markers are indicated on the left (kDa). The bar
graphs represent the densitometry analysis of the MLC1 protein bands normalized with the amount of
actin in the corresponding samples. The means +/-SEM of three-four independent experiments are
shown. Statistical differences were calculated using non-parametric tests (*p < 0.05). (E-G) IF stainings of
U251 MLC1-WT cells by using anti-MLC1 pAb (red) in combination with anti-EEA1 mAb (green) show an
increase of MLC1 expression after hyposmotic stimulation (F), and a lower localization of MLC1 at PM
following cell co-treatment with CMZ (G) when compared to unstimulated conditions (CTRL,D). Scale bar:
20 µm.



Figure 3

CaMKII binds the COOH terminal of the MLC1 protein. Pull-down assay of rat brain extract was performed
using sepharose-immobilized GST-MLC1- NH2 and -COOH terminal domains (GST-MLC1-N-t and GST-
MLC1-C-t, respectively), and GST alone as control, along with agarose-immobilized Histidine (His)-fused
MLC1 full length protein (HisMLC1-FL) and Histidines (His) alone as control. WB analysis of protein
eluates reveals the binding of CaMKII, and of the phosphatase PP1 and PP2A to His-MLC1-FL and GST-



MLC1-C-t but not to GSTMLC1-N-t. The starting material derived from rat brain extract is indicated as
Input. MW markers are shown on the left (kDa). One representative experiment out of two performed is
shown.

Figure 4

CaMKII phosphorylates threonine 17 residue of the MLC1 protein. (A) Schematic representation of MLC1
protein sequence showing a potential CaMKII target site in the N-terminal region of the MLC1 protein (aa
14-17). (B-D) In vitro kinase assay using CaMKII enzyme precipitated from U251 cells. The not-speci�c
substrate MBP (B), the His-MLC1 full lenght protein (FL, C) or the sepharose-immobilized GST-MLC1 NH2-
terminal domain (MLC1 N-t, D) were incubated with the immunoprecipitated pCaMKII with or without
KN93, a speci�c inhibitor of pCaMKII, and the reaction was carried out in the presence of [γ32P] ATP. [
32P]-labeled proteins were revealed by autoradiography. (E) Mass spectrometry (MS) analysis of
phosphorylated MLC1 NH2 terminal peptide after GluC digestion. In the upper part of the �gure the
sequence of GST-MLC1 NH2-terminal region is shown with MLC1-N-terminus highlighted in red. The lower
panel shows the MS3 spectrum of the double charged phosphorylated peptide LAYDRMPTLE obtained
after phosphoric acid loss caused by CID fragmentation. This neutral loss con�rms the presence of a
phosphorylated site and b and y series ions (reported in red and blue, respectively) in the MS3 spectrum
localize the phosphorylation at T17. pT in the peptide sequence indicates a phosphorylated T, while a star
marks the localization of the phospho T in the sequence of MLC1-N-terminal. 



Figure 5

CaMKII-mediated phosphorylation of the MLC1 T17 residue favors MLC1 protein dimerization and
stabilization at PM. Two U251 cell lines expressing MLC1 with speci�c substitutions of the T17 CaMKII
phosphorylation site where generated and characterized. Threonine at position 17 was mutated into: 1)
Alanine (T17A), a not phosphorylatable aa and 2) Aspartic acid (T17D), a phosphorylation mimicking aa.
(A) WB analysis of U251 mutant cell lines shows that T17D substitution favors MLC1 dimeric formation
(arrow) when compared to MLC1-WT and T17A expressing cells. Actin is used as a loading control. MW
markers are indicated on the left (kDa). The bar graphs represent the densitometry analysis of the MLC1
protein bands normalized with the amount of actin in the corresponding samples. The means +/-SEM of
three independent experiments are shown. Statistical differences were calculated using non-parametric
test (*p < 0.05). (B) IF staining of cells expressing MLC1-WT or T17A and T17D mutants by using anti-
MLC1 pAb (red) and FITC-conjugated phallacidin (green) to stain actin �laments shows that T17D
substitution increases MLC1 expression at PM and in intracellular compartments (arrowheads), when
compared to MLC1-WT or T17A mutant expressing cells while no differences were observed in T17A
expressing cells. Scale bars: 20 μm. (C) WB analysis of U251 cells expressing MLC1-WT or the T17D
mutant, untreated (CTRL) or treated with cycloheximide (CHX, 100 µg/mL) for 1, 3, 4 and 5 h reveals that
the MLC1 T17D mutant is more stable than the MLC1-WT protein, being still detectable after 4 and 5 h of
CHX, when compared to the MLC1-WT protein, which disappears after 3 h. Actin is used as a loading
control. MW markers are indicated on the left (kDa). The bar graphs represent the densitometry analysis
of the MLC1 protein bands normalized with the amount of actin in the corresponding samples. Data are
expressed as percentage of the value measured in control untreated cells (considered as 100%). Means ±
SEM of three experiments are shown. Statistical differences were calculated using non-parametric test
(*p < 0.05



Figure 6

MLC1 up-regulates IClswell currents in U251 astrocytoma cells. (A-C) Exempli�cative I-V relationships
recorded from -100 to +100 mV (Delta= 20 mV, Vholding -30 mV; duration 1s) in U251 infected with an
empty vector (Scr) (A), expressing WT MLC1 (B) or expressing the S280L MLC1 mutant(C) in control
condition (left), following hyposmotic solution perfusion (middle) and after digitalsubtraction (Hypo-
CTRL). (D,E) Mean I-V relationship of instantaneous and steady state current obtained in U251 control
(black; n=6), MLC1 wt (red; n=9) and MLC1 S280L expressing cells (grey; n=6) after digital subtraction
(Hypo-CTRL). 



Figure 7

Electrophysiological recording of ICl,swell currents in U251 cells. (A) Representative time course of
ICl,swell density (pA/pF) measured from current ramps at -80 mV, the equilibrium potential for K + under
our recording conditions, during application of hypotonic solution (grey bar) and upon addition of 10 µM
DCPIB (green bar). Insets: Left, representative current ramps from -100 to 100 mV (600 ms duration) from
a holding potential of -40 mV, under hypotonic solution (grey trace) and hypotonic solution containing 10
µM DCPIB (green trace); Right, families of current traces evoked by applying 1 s voltage steps from -100
to 120 mV, in steps of 20 mV, from a holding potential of -40 mV in the presence of a hypotonic solution
(grey traces), and in the presence of a hypotonic solution containing 10 µM DCPIB (green traces). (B) Bar
plot showing the average current density measured at -80 mV during exposure to 30% hypotonic solution,
in cells transfected with empty vector(Scr, n=10) and U251 cells expressing a MLC1 WT protein (MLC1-
WT, n=14) or two different MLC1 proteins carrying point mutations T17D (constitutive phosphorylated
mutant, MLC1-T17D, n=9) or T17A (unphosphorylatable mutant, MLC1-T17A, n=14). (C) Bar plotshowing
the mean fractional ICl,swell in presence of 10 µM KN-93 (n=3). Data are shown as mean ± SEM; *p<0.05;
**p<0.01, ***p<0.001. 



Figure 8

ICl,swellrecording in presence and absence of extracellular Ca2+ . (A) Representative time course of
ICl,swell density during application of a Ca2+ -free hypotonic solution (orange horizontal bar, Hypo 0 Ca)
and a 30% hypotonic solution containing 2 mM Ca2+ (grey horizontal bar, Hypo 2 Ca). (B) Bar plot
showing the mean fractional ICl,swell elicited by Hypo 30%, as normalized on the current activated by
hypotonic 0-Ca (dashed line), in Scr (n=7), MLC1-WT (n=7), MLC1-T17D (n=7) and MLC1-T17A (n=7)
U251 cells. (C) Bar plot showing the average current density during exposure to hypotonic solution, in the
continuous presence (grey bar) or absence (light green bar) of external Ca2+ , assessed in MLC1-WT cells.
Data are shown as mean ± SEM; **p<0.01. 

Figure 9



ICl,swell recording in presence and absence of thapsigargin (TG)-induced Ca2+ store depletion. (A)
Representative time course of ICl,swell density during application of a Ca2+ -free hypotonic solution
(orange bar, Hypo 0 Ca) and in succession of a hypotonic solution containing 2 mM Ca2+ (grey bar, hypo
2-Ca2+), in MLC1-WT cells in the presence of prior store depletion induced with 1 μM TG pre-treatment.
(B) Bar plot showing the average current density during exposure to hypotonic 0 Ca2+ solution, in MLC1-
WT cells in the absence (CTRL) and presence of TG pre-treatment (TG), measured at –80 mV. Data are
shown as mean ± SEM; **p<0.01. (C) Bar plot showing the mean fractional ICl,swell elicited by Hypo 30%,
as normalized to the current activated by hypo0 Ca2+ , in MLC1- WT cells either in the absence or
presence of TG.

Figure 10

Proposed molecular mechanisms of the MLC1-induced Ca2+ regulation of VRAC. 1) Exposure to a
hypotonic stress induces astrocyte (or astrocyte end-feet) swelling which triggers the opening of TRPV4
and other Ca2+ channels(voltage-dependent and mechanosensitive Ca2+ channels). 2) The entry of
extracellular Ca2+ in�ux promotes Ca2+ release from the ER, likely mediated by the InsP3 (or/and
Ryanodine) receptors, through the CICR mechanism. 3) The consequent elevation of intracellular Ca2+ is
sensed by the Ca2+ -binding protein calmodulin (CaM), which binds MLC1 favoring its tra�cking to the



PM and it activates the Ca2+/calmodulin-dependent protein kinase II (CaMKII). 4) By phosphorylating the
threonine aa at position 17 of the MLC1 protein (T17), CaMKII promotes MLC1 PM stabilization and its
functional activation. 5) Phosphorylated MLC1 potentiates TRPV4 and VRAC channels favoring ICl,swell
and regulatory volume decrease.
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