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Abstract: ABCB4, is an adenosine triphosphate-binding cassette (ABC) transporter localized at the 23 

canalicular membrane of hepatocytes where it mediates phosphatidylcholine excretion into bile. 24 

Gene variations of ABCB4 cause different types of liver diseases, including progressive familial in-25 

trahepatic cholestasis type 3 (PFIC3). The molecular mechanisms underlying the trafficking of 26 

ABCB4 to and from the canalicular membrane are still unknown. We identified the ser-27 

ine/threonine kinase Myotonic dystrophy kinase-related Cdc42-binding kinase isoform  28 

(MRCK) as a novel partner of ABCB4. The role of MRCK was explored either by expression of 29 

dominant negative mutant or by gene silencing using specific RNAi and CRISPR-cas9 strategy in 30 

cell models. The expression of a dominant-negative mutant of MRCKand MRCK inhibition by 31 

chelerythrine both caused a significant increase in ABCB4 steady-state expression in primary hu-32 

man hepatocytes and HEK-293 cells. RNA interference and CRISPR-Cas9 knockout of MRCKalso 33 

caused a significant increase in the amount of ABCB4 protein expression. We demonstrated that the 34 

effect of MRCK was mediated by its downstream effector, the myosin II regulatory light chain 35 

(MRLC) which was shown to also bind ABCB4 and regulate its retrieval from the plasma mem-36 

brane. Our findings provide evidence that MRCKand MRLC bind to ABCB4, and regulate its 37 

membrane expression. 38 

Keywords: ABC transporters; bile secretion; cholestatic liver diseases; membrane internalization.  39 

 40 

1. Introduction 41 

The ATP-binding cassette (ABC) transporter ABCB4, also called MDR3 (multidrug 42 

resistance 3) is functionally expressed in hepatocytes, where it mediates ATP-dependent 43 

translocation of the membrane phospholipid phosphatidylcholine (PC) from the inner 44 

leaflet to the outer leaflet of hepatocytes canalicular membranes (for review, see [1]. PC 45 

secreted into bile forms mixed micelles with bile acids and cholesterol, thereby prevent-46 

 



 

 

ing the formation of cholesterol gallstones and the detergent activity of non-micellar bile 47 

acids [2,3]. ABCB4 deficiency causes progressive familial intrahepatic cholestasis type 3 48 

(PFIC3), a rare autosomal recessive disease occurring early in childhood that may be le-49 

thal in the absence of liver transplantation [4], and other cholestatic and cholelithiasic 50 

diseases in adults [5-7].  51 

More than 500 ABCB4 variations have been identified to date, with different effects 52 

on the expression, intracellular traffic and/or activity of ABCB4 [8-10]. Targeting ABCB4 53 

to the canalicular membrane is essential for its function. However, very little is known 54 

regarding molecular partners that bind ABCB4 and specifically regulate its trafficking to 55 

and potentially from the canalicular membrane and/or PC secretion activity [11]. ABCB4 56 

has two halves, each consisting of six membrane-spanning domains and a nucleotide 57 

binding domain, joined by a linker region [12] (Figure 1A). HS1-associated protein X-1 58 

(HAX-1) and myosin II regulatory light chain (MRLC) have been identified as direct 59 

binding partners of the linker domain of three ABC transporters located in the 60 

canalicular membrane of hepatocytes, i.e. the drug export pump ABCB1 (MDR1), the bile 61 

salt export pump ABCB11 (BSEP), and ABCB4. Regarding ABCB11, its apical trafficking 62 

was shown to involve MRLC, whereas clathrin-mediated endocytosis of the protein 63 

involves HAX-1 [13,14]. Whether these two molecules also play a role in the apical 64 

trafficking and potential internalization of ABCB4 is unknown. ABCB4 and ABCB1 65 

C-terminal regions are highly conserved with the exception of the last three amino acids. 66 

We showed that the stability and fate of ABCB4 after reaching the canalicular membrane 67 

required a carboxyl-terminal PDZ-like motif (QNL) that binds the PDZ domain protein 68 

NHERF/EBP50 [15].  69 

The N-terminal domain of ABCB4, consists of 54 amino acids, that are poorly 70 

conserved compared to that of other ABC transporters. It contains several charged 71 

amino acids and potential phosphorylation sites of serines and threonines, suggesting 72 

that it is a region of protein interaction, notably with protein kinases. We previously 73 

showed that phosphorylation of the N-terminal domain of ABCB4 regulated 74 

ABCB4-mediated PC secretion [9], although the kinases causing this phospho-regulation 75 

have not been identified yet. 76 

We performed a yeast two-hybrid screening with the N-terminus of ABCB4 against 77 

a human liver cDNA library, and thereby identified the serine/threonine kinase 78 

Myotonic dystrophy kinase-related Cdc42-binding kinase isoform  (MRCK), also 79 

known as Cdc42-binding protein A (Cdc42-BPA), as a binding partner of ABCB4. 80 

MRCK protein is a serine/threonine kinase that is part of the AGC (PKA, PKG and 81 

PKC) kinase family [16]. This kinase is a downstream effector of the GTPase-Cdc42 that 82 

plays key roles in actin-myosin dynamics (for review, see [17]). MRCK can activate 83 

MRLC either via direct phosphorylation [18] or phosphorylation of its phosphatase 84 

MYPT1 [19,20]. 85 

In the present study, we demonstrate that MRCK binds to ABCB4 in vitro. Our 86 

findings further indicate that MRCK and its effector MRLC regulate ABCB4 expression 87 

at the canalicular membrane by inducing its internalization from the plasma membrane. 88 

2. Materials and Methods 89 

2.1. Antibodies and Reagents 90 

The mouse monoclonal P3II-26 anti-ABCB4 antibody was obtained from Enzo Life 91 

Sciences (Villeurbanne, France). Rabbit polyclonal anti-MRCK and anti-MRLC were 92 

from Euromedex (Souffelweyersheim, France). Monoclonal anti-myc and anti--tubulin 93 

antibodies were from Thermofisher (Cergy-Pontoise, France) and ProteinTech 94 

(Manchester, United Kingdom), respectively. The mouse monoclonal anti-GFP was from 95 

Roche (Meylan, France). Alexa Fluor-labeled secondary antibodies, DRAQ5 fluorescent 96 

probe and culture media were from ThermoFisher (Cergy-Pontoise, France), and 97 

peroxidase-conjugated secondary antibodies were from Rockland Immunochemicals 98 

(Gilbertsville, PA). The control non-specific siRNA “ON-TARGETplus Non-targeting 99 



 

 

Control Pool”, MRCK siRNA “ON-TARGETplus Human CDC42BPA siRNA 100 

SMARTpool”, Myl12a siRNA “ONTARGETplus Human Myl12a siRNA SMARTpool” 101 

and Myl12b siRNA “ON-TARGETplus Human Myl12b siRNA SMARTpool” were from 102 

Dharmacon-GE Healthcare (Fontenay-sous-Bois, France). The ECL-Prime detection kit 103 

was from VWR (Courtaboeuf, France). The transfection reagents Turbofect and JetPrime 104 

were purchased from ThermoFisherScientific, (Saint-Herblain, France) and Ozyme 105 

(Saint-Cyr-l’Ecole, France), respectively. Chelerythrine chloride was obtained from Enzo 106 

Life Science (Villeurbanne, France). 107 

2.2. Yeast two-hybrid screen 108 

Screening with the N-terminal domain of ABCB4 (Figure 1A) against a human liver 109 

cDNA library was performed at Hybrigenics Services per their standard protocols. The 110 

screen parameters are as follows: 1) Nature: cDNA; 2) Reference Bait Fragment: 111 

Homosapiens-ABCB4 (aa1-54); hgx3706v2; 3) Prey Library: Human Liver_RP1; 4) Vec-112 

tors: pB29 (N-bait-LexA-C fusion); 5) Processed Clones: 39 (pB29_A); Analyzed Interac-113 

tions: 97.4 million (pB29_A) and 6) 3AT Concentration: 0.0 mM (pB29_A).   114 

2.3. DNA Constructs 115 

The construction of the human wild type ABCB4 (ABCB4-wt), isoform A in the 116 

pcDNA3 vector has been previously described [8]. The construction of the human triple 117 

c-myc tag ABCB4-wt (3xmyc-ABCB4-wt) has been previously described [15]. The con-118 

structs of the human MRCK, wild-type GFP-tagged MRCK (MRCK-wt-GFP) and 119 

kinase-dead Flag-tagged (MRCK-KD-Flag) were provided by P. A. Gagliardi from L. 120 

Primo laboratory (Laboratory of Cell Migration, Candiolo Cancer Institute FPO-IRCCS, 121 

Candiolo 10060, Italy) and produced as described in [21]. The constructs of the human 122 

MRLC-wt-GFP and MRLC-AA-GFP (dominant negative mutant with threonine 18 and 123 

serine 19 mutated in alanine) were provided by Hamao Kozue from Hiroshi Hosoya la-124 

boratory (Department of Biological Science, Graduate School of Science, Hiroshima 125 

University, Higashi-Hiroshima, 739-8526, Japan) and produced as described in [22]. All 126 

constructs were verified by automated sequencing. 127 

2.4. Reverse transcription quantitative PCR (RT-qPCR) 128 

HEK-293 cells stably expressing ABCB4-wt were transfected with MRCK siRNA or 129 

control siRNA. After 72 hours of transfection, total RNA was extracted using the RNeasy 130 

Mini Kit (Qiagen, Courtaboeuf, France). Complementary DNA was synthesized from 1g 131 

of total RNA using random hexamer primers and 200 U of Moloney murine leukemia 132 

virus reverse transcriptase (Life Technologies) for 1 hour at 37°C. qPCR was performed 133 

using the Sybr Green Master Mix, on a Light-Cycler 96 (Roche Diagnostics, Basel Swit-134 

zerland), with hypoxanthine phosphoribosyl-transferase as a reference gene. Primer se-135 

quences used were from Eurogentec (Angers, France): 136 

5’-TGCGCTTCAGAGATGTTATTCT-3’ (sense) and 137 

5’-TGCAGACAGCTTAGCTTTAGCAT-3’(antisense). 138 

2.5. CRISPR Cas9 Experiments  139 

The pSpCas9(BB)-2A-GFP (PX458) plasmid containing the human codon optimized 140 

SpCas9 gene with 2A-EGFP and the backbone of sgRNA was used according to Feng 141 

Zhang Lab CRISPR plasmid instructions [23]. sgRNA were designed using CRISPR De-142 

sign Tool from Dharmacon targeting exon 1 of MRCK. Sequence of primers Eurogentec 143 

(Angers, France) hybridized and cloned in PX458 using BbsI were MRCK-Hs-1S 5'3'Trq 144 

(GGGCCCGCTCAGACCAAT) and MRCK-Hs-1AS 5'3'Trq 145 

(ATTGGTCTGAGCGGGCCCC). sgRNA were designed using CRISPR Design Tool from 146 

Dharmacon targeting exon 2 of MYL12B. Sequence of primers Eurogentec (Angers, 147 

France) hybridized and cloned in PX458 using BbsI were Myl12b-Hs-1S 5'3'Trq 148 

(GAGATGGCTTCATCGACA) and Myl12b-Hs-5AS 5'3'Trq 149 



 

 

(TGTCGATGAAGCCATCTCC). Constructs were verified by automated sequencing. 150 

HEK-293 cells were transfected with 3g of the different construction PX458-MRCK or 151 

PX458-Myl12b with 6l of Turbofect (ThermoFisherScientific, Saint-Herblain, France) to 152 

generate the HEK-293 KO-MRCK and HEK-293 KO-MRLC. 153 

2.6. Cell Culture, Transfection and Immunofluorescence 154 

Human hepatocellular carcinoma HepG2 (ATCC®- HB-8065TM) cells and Human 155 

embryonic kidney HEK-293 (ATCC®-CRL-1573TM) cells were obtained from ATCC 156 

(Manassas, VA). As we previously reported, both HEK-293 and HepG2 cells do not ex-157 

press detectable endogenous ABCB4 [10]. Cells were grown at 37°C in Dulbecco’s modi-158 

fied Eagles medium (DMEM) as previously reported [9]. The generation of HEK-293 cells 159 

stably expressing wild-type ABCB4 (ABCB4-wt) has been previously described [10]. 160 

Transient transfections were performed using Turbofect at a ratio of reagent:DNA of 2:1 161 

for HEK-293 cells, and JetPrime at a ratio of reagent:DNA of 2:1 for HepG2 cells, ac-162 

cording to manufacturer’s instructions. Immunofluorescence analyses were performed as 163 

described [10]. 164 

Primary human hepatocytes (PHHs) isolation was performed on the Human 165 

HepCell platform (ICAN, Paris, France; 166 

http://www.ican-institute.org/category/plateformes) according to the previously de-167 

scribed protocol [24]. PHHs were treated with 20M of chelerythrine chloride for dif-168 

ferent time periods. 169 

2.7. Coimmunoprecipitation and Western Blotting  170 

For the coimmunoprecipitation of ABCB4 and MRCK or MRLC, HEK-293 cells 171 

were co-transfected with plasmids encoding ABCB4 and GFP-tagged MRCK, or 172 

GFP-tagged MRLC. Forty-eight hours after co-transfection, cells were washed with 173 

phosphate-buffered saline (PBS) and lysed at 4°C in lysis buffer containing 25 mmol/L 174 

Tris, pH 7.4, 150 mmol/L NaCl, 1 mmol/L EDTA, in the presence of a protease inhibitor 175 

cocktail from Sigma-Aldrich (Lyon, France). Lysates were centrifuged at 12,000 g for 10 176 

min to remove insoluble materials. Immunoprecipitation was performed overnight at 177 

4°C with 1 mg of protein lysate and 2 g of anti-GFP or 2 g of immunoglobulins from 178 

normal mouse serum preadsorbed onto Protein A-Sepharose beads (VWR) for 4h at 4 °C. 179 

Immunoprecipitated proteins were subjected to immunoblotting using the monoclonal 180 

P3II‐26 anti‐ABCB4 antibody, the rabbit-polyclonal anti-MRCK antibody or the rab-181 

bit-polyclonal anti-MRLC antibody followed by horseradish peroxidase‐conjugated 182 

secondary antibodies. Immunoblotting of -tubulin was also performed as a loading 183 

control. Development of peroxidase activity was performed with the ECL prime western 184 

blotting detection reagent. Blot exposure times were within the linear range of detection, 185 

and signal intensities were quantified using ImageJ software. 186 

2.8. siRNA knockdown 187 

ABCB4-wt-expressing HEK-293 cells were transfected with 75pmol/1mL MRCK 188 

siRNA, 75pmol/1mL Myl12a siRNA, 75pmol/1mL Myl12b siRNA or 75pmol/1mL control 189 

siRNA by incubation in the presence of JetPrime following the manufacturer’s instruc-190 

tions. The effect of the siRNA was analyzed 72 hours after transfection, when silencing of 191 

MRCK and MRLC were effective. Control cells were transfected with a scrambled 192 

siRNA. 193 

2.9. Cell Surface Staining 194 

HEK-293 cells-CRISPR for MRLC stably expressing 3xmyc-ABCB4-wt were transi-195 

ently transfected with plasmids encoding MRLC-GFP. After 48 hours of transfection, 196 

cells were washed three times with HEPES-buffered (20 mmol/L, pH 7.0) serum-free 197 

medium (HSFM). Cell surface antigens were labeled at 0°C for 60 minutes with mono-198 

clonal anti-myc antibody, diluted in HSFM/0.2% BSA. After surface labeling, cells were 199 

http://www.ican-institute.org/category/plateformes


 

 

extensively washed with HSFM/0.2% BSA, fixed and ABCB4 was visualized with 200 

Alexa-Fluor 594-conjugated secondary antibodies. Fluorescence was examined by con-201 

focal microscopy and the amount of ABCB4 at the plasma membrane was quantified 202 

using ImageJ software. 203 

2.10. Measurement of PC secretion 204 

Control HEK-293 cells or HEK-CRISPR for MRLC were seeded on poly-lysine 205 

precoated six-well plates at a density of 1.3 X 106 cells/well. Six hours after seeding, cells 206 

were transiently transfected with 1 g of ABCB4-encoding plasmids using Turbofect. 207 

Twenty-four hours post-transfection, cells were washed twice with Hanks’ balance salt 208 

solution, and then the medium was replaced by phenol red-free DMEM containing 0.5 209 

mmol/L sodium taurocholate and 0.02% fatty-acid–free bovine serum albumin (BSA) and 210 

then collected after 24 hours. Measurement of PC content in collected media was per-211 

formed as described [9]. Results were normalized to the expression levels of ABCB4, 212 

which were quantified from immunoblots obtained from the corresponding cell lysates. 213 

2.11. Statistical Analysis 214 

Data were analyzed using GraphPad Prism 7.00 (La Jolla, CA). Statistical analyses 215 

were performed using the Student t test, with a P value < 0.05 was considered significant 216 

with *: p<0,05; **: p<0,01; ***: p<0,001; ****: p<0,0001; ns: not significant. 217 

3. Results 218 

3.1. MRCK binds the N-terminal domain of ABCB4.  219 

The N-terminal domain of ABCB4 is poorly conserved compared to that of other 220 

ABC transporters, suggesting that it may have a specific role in ABCB4. Moreover, this 221 

domain contains several charged amino acids and potential phosphorylation sites of 222 

serines and threonines, suggesting that it may be a region of protein interaction, in par-223 

ticular with protein kinases (Figure 1A). A yeast two-hybrid screen of human liver li-224 

brary, in which the human ABCB4 N-terminal domain was used as a bait, resulted in the 225 

identification of the serine/threonine kinase MRCKas a new interaction partner of 226 

ABCB4. Immunofluorescence showed that in ABCB4-expressing HepG2 cells, MRCK 227 

was localized in the cytoplasm, predominantly around the canalicular membrane (Fig-228 

ure 1B). To determine if, as we expected, ABCB4 forms a protein complex with 229 

MRCKwe co-transfected HEK-293 cells with plasmids expressing ABCB4 and 230 

GFP-tagged MRCK The cell lysates were then incubated with anti-GFP-agarose beads, 231 

and the precipitates were analyzed by immunoblotting with anti-ABCB4. As shown in 232 

Figure 1C, ABCB4 co-precipitated together with GFP-MRCKfrom co-transfected 233 

HEK-293 cells. These results demonstrated that MRCK associates with ABCB4, sug-234 

gesting that this serine/threonine kinase may regulate the expression and/or function of 235 

ABCB4. 236 

 237 



 

 

Figure 1. Colocalization and coimmunoprecipitation of ABCB4 with the serine/threonine kinase 238 

MRCK. (A) Schematic representation of ABCB4. ABCB4 is composed of two membrane spanning 239 

domains (MSD1 and MSD2) and two nucleotide binding domains (NBD1 and NBD2). The two 240 

glycosylation sites in the first extracellular loop are indicated. The amino acid sequence of the 241 

intracytoplasmic N-terminal domain of human ABCB4 isoform A (NP_000434.1) is shown. The 242 

serines and threonines residues present in the N-terminal domain of ABCB4 are indicated in red. 243 

(B) HepG2 cells transiently expressing ABCB4 were grown on coverslips, fixed, permeabilized, and 244 

stained with anti-ABCB4 antibody followed by anti-MRCK antibody, and then incubated with 245 

Alexa-Fluor-594- and 488-conjugated secondary antibodies and visualized by confocal microscopy. 246 

Nuclei were stained with DRAQ 5 (Blue). Asterisks indicate bile canaliculi. Bars: 10 m. (C) 247 

HEK-293 cells were co-transfected with plasmids expressing ABCB4 and GFP-tagged MRCK, and 248 

cell lysates were incubated with anti-GFP antibody or mouse immunoglobulin G (IgG) covalently 249 

linked to agarose beads. The immunoprecipitated complex was immunoblotted with anti-ABCB4 250 

and anti-MRCK antibodies. Presented data were cropped from full immunoblots shown in Sup-251 

plementary Figure S1. 252 

3.2. MRCK silencing increases ABCB4 protein expression. 253 

The role of the functional interaction of ABCB4 with MRCK was evaluated fol-254 

lowing knock-down of MRCK by synthetic siRNA in ABCB4-expressing HEK-293 cells. 255 

As shown by western blot analyses (Figure 2A,B), 72 hours after siRNA transfection, the 256 

level of endogenous MRCKprotein was reduced by 80% in ABCB4-expressing 257 

HEK-293 cells. The decrease in MRCKexpression caused a marked increase, up to 258 

3-fold, in ABCB4 protein expression in HEK-293 cells transfected with MRCKsiRNA as 259 

compared to cells transfected with control scramble siRNA (Figure 2A,C). No change in 260 

ABCB4 mRNA was observed (Figure 2D), from which we inferred that MRCK regu-261 

lates ABCB4 expression, by a post-transcriptional mechanism. The increase in ABCB4 262 

protein induced by MRCKsilencing occurred at the plasma membrane, as shown by 263 

immunofluorescence (Figure 2E,F). Together, these results demonstrated that 264 

MRCKsilencing caused an increase in the amount of ABCB4 protein.  265 



 

 

 266 

Figure 2. Effect of MRCK⍺ silencing on ABCB4 protein expression. (A) HEK-293 cells stably ex-267 

pressing ABCB4 were transfected with scramble control siRNA (Scr-siRNA) or MRCK⍺-siRNA. 268 

After 72 hours of transfection, cells were lysed and analyzed by immunoblotting using an-269 

ti-MRCK⍺, anti-ABCB4 and anti--tubulin antibodies. Presented data were cropped from full 270 

immunoblots shown in Supplementary Figure S2.  (B) Amounts of MRCK⍺ were quantified from 271 

immunoblots by densitometry to assess the efficiency of the RNA interference. MRCK⍺ levels were 272 

expressed as a percentage of total expression in HEK-293 cells transfected with Scr-siRNA. Means 273 

(±SD) of at least four independent experiments are shown. ****P<0,0001. (C) Amounts of ABCB4 274 

were quantified from immunoblots by densitometry. ABCB4 levels were expressed as a percentage 275 

of total expression in HEK-293 cells transfected with Scr-siRNA. Means (±SD) of at least four in-276 

dependent experiments are shown. **P<0,01. (D) RT-qPCR detected unchanged mRNA expression 277 

of ABCB4 in HEK-293 cells stably expressing ABCB4 transfected with Scr-siRNA or 278 

MRCK⍺-siRNA; n.s., not significant. (E) HEK-293 cells stably expressing ABCB4 were transfected 279 

with Scr-siRNA or MRCK⍺-siRNA. After 72 hours of transfection, cells were fixed, permeabilized, 280 

and stained with anti-ABCB4 antibody followed by anti-MRCK antibody, and then incubated 281 

with Alexa-Fluor-594-and 488-conjugated secondary antibodies and visualized by confocal mi-282 

croscopy. Nuclei were stained with DRAQ 5 (Blue). Bars: 10 m. (F) The amount of ABCB4 was 283 

quantified in Scr-siRNA- or MRCK⍺-siRNA-transfected cells using ImageJ 1.41 Software. Means 284 

(±SD) of two independent experiments are shown. *P<0,05; a.u., arbitrary units. 285 

3.3. Inhibition of the kinase activity of MRCKincreases ABCB4 protein expression. 286 

To determine whether the regulation of ABCB4 expression by MRCK requires its 287 

kinase activity, we adopted a dominant-negative approach that consisted in the overex-288 

pression of a Flag-tagged MRCK-kinase-dead (MRCK-KD-Flag) construct. This con-289 

struct was transiently transfected in ABCB4-expressing HEK-293 cells and its effect was 290 

evaluated by western blotting. ABCB4 protein expression was strongly increased in cells 291 

transfected with MRCK-KD-Flag as compared to cells transfected with a control vector 292 



 

 

(Figure 3A). Quantification of western blots showed that ABCB4 protein expression was 293 

increased to ~200% in cells transfected with MRCK-KD-Flag (Figure 3B). In addition, we 294 

treated ABCB4-transfected HEK-293 cells with the MRCK specific inhibitor 295 

chelerythrine chloride [17,25], which also increased the abundance of ABCB4 protein 296 

(Figure 3A). ABCB4 protein expression was increased to 150% in treated cells, compared 297 

to untreated cells (Figure 3B). ABCB4 protein levels were also increased in freshly iso-298 

lated human hepatocytes treated with chelerythrine chloride for 0-180 min (Figure 3C,D). 299 

These experiments showed that both transduced and intrinsic ABCB4 expressions are 300 

regulated by MRCK. We inferred from these results, that ABCB4 protein expression is 301 

regulated by the kinase activity of MRCK. 302 

 303 

 304 

Figure 3. Effect of inhibition of MRCK⍺ kinase activity on ABCB4 protein expression. (A) HEK-293 305 

cells stably expressing ABCB4 were either transfected with the empty vector-Flag (ctrl vector) or 306 

Flag-tagged MRCK-kinase-dead (MRCK-KD-Flag) or treated with 10 M of chelerythrine chlo-307 

ride for 2 hours. Cells were then lysed and analyzed by immunoblotting using anti-MRCK⍺, an-308 

ti-ABCB4 and anti--tubulin antibodies. (B) Amounts of ABCB4 were quantified from 309 

immunoblots by densitometry. ABCB4 levels were expressed as a percentage of total expression in 310 

HEK-293 cells transfected with ctrl vector. Means (±SEM) of at least eight independent experiments 311 

are shown. ***P<0,001; **P<0,01. (C) Primary human hepatocytes were treated with 20 M of 312 

chelerythrine chloride for the indicated time points. Cells were then lysed and analyzed by 313 

immunoblotting using anti-ABCB4 and anti--tubulin antibodies. Presented data were cropped 314 

from full immunoblots shown in Supplementary Figure S3. (D) Amounts of ABCB4 were quanti-315 

fied from immunoblots by densitometry. ABCB4 levels were expressed as a percentage of total 316 

expression of untreated (Time 0 min) hepatocytes. Means (±SD) of at least three independent ex-317 

periments are shown. ***P<0,001; **P<0,01; * P<0,05. 318 

3.4. MRCK knockout increases ABCB4 protein expression. 319 

We generated MRCKknockout (KO) cell line using the CRISPR-cas9 gene editing 320 

system [23], as another approach to demonstrate the regulatory effect of MRCK on 321 

ABCB4 protein expression. The expression of MRCK protein was thus fully abolished in 322 

HEK-293 cells (Figure 4A). As a result, ABCB4 protein expression was significantly 323 

increased in MRCKknockout cells (Figure 4A), with levels reaching approximately 324 

400% of those in controls (Figure 4B). Next, we examined if transient expression of 325 

MRCKcould rescue the MRCK phenotype. We transfected MRCKknockout cells 326 

with a MRCKplasmid encoding full-length MRCKcDNA. Immunoblots showed that 327 

transient expression of MRCKelicited a decrease in ABCB4 expression. Quantification 328 

of western blots showed that the expression of ABCB4 decreased from 400% to 100% and 329 

thus returned to a basal level, comparable to that observed in control cells (Figure 4A,B). 330 



 

 

These results demonstrate that overexpression of MRCKcan rescue MRCK knockout 331 

phenotype. 332 

 333 

Figure 4. MRCK⍺ knockout increases ABCB4 protein expression. (A) Control HEK-293 cells (Ctrl) 334 

or HEK-CRISPR for MRCK⍺ (KO-MRCK⍺) were transfected with the empty vector-pEGFP (ctrl 335 

vector) or with MRCK⍺-GFP. After 24 hours of transfection, they were transfected with ABCB4-wt 336 

for additional 24 hours. Cells were lysed and analyzed by immunoblotting using anti-MRCK⍺, an-337 

ti-ABCB4 and anti--tubulin antibodies. Presented data were cropped from full immunoblots 338 

shown in Supplementary Figure S4. (B) Amounts of ABCB4 were quantified from immunoblots by 339 

densitometry. ABCB4 levels were expressed as a percentage of total expression in Ctrl cells trans-340 

fected with control vector. Means (±SD) of at least four independent experiments are shown. 341 

**P<0,01. 342 

3.5. The effect of MRCK on ABCB4 depends on its effector MRLC  343 

MRLC was previously shown to be a substrate of MRCK [19,20] and to interact 344 

with rat Mdr2, the counterpart of MDR3/ABCB4 in human [14]. Therefore, we hypothe-345 

sized that the effect of MRCK on ABCB4 protein expression could be mediated by its 346 

effector, MRLC. To test this hypothesis, we first examined whether the overexpression of 347 

MRLC could rescue the expression level of ABCB4 comparable to control cells in 348 

MRCKknockout cells. MRCKknockout cells were transfected with MRLC plasmid 349 

encoding full-length MRLC cDNA. Immunoblots showed that like MRCK overexpres-350 

sion, transient expression of MRLC, triggered a reduction of ABCB4 expression in 351 

MRCK knockout cells (Figure 5A,B). These results demonstrate that the overexpression 352 

of MRLC can rescue MRCK knockout phenotype and further support the possibility 353 

that the effect of MRCK on ABCB4 protein expression could be mediated by MRLC. We 354 

next confirmed by means of immunofluorescence and immunoprecipitation, that MRLC 355 

binds ABCB4 (Figure 5C,D). Then, we investigated the impact of MRLC depletion on 356 

ABCB4 protein expression. We performed a siRNA knock-down to deplete cells in one or 357 

the other of MRLC isoforms, i.e., Myl12a and Myl12b, or both. As shown by western blot 358 

analysis (Figure 5E,F), this caused a significant increase in ABCB4 protein expression, 359 

which was maximal when the two isoforms were deleted. We also generated a MRLC 360 

knockout cell line in which ABCB4 protein expression was increased to ~400% and nor-361 

malized following MRLC overexpression (Figure 5G). These results demonstrate that the 362 

regulation of ABCB4 protein expression by MRCK involves MRLC.  363 

Additional experiments were performed to address the mechanism whereby MRLC 364 

regulates ABCB4 protein expression. MRLC phosphorylation at threonine 18 and serine 365 

19 residues positively regulates myosin II activity [26], so that we postulated that MRLC 366 

phosphorylation could regulate ABCB4 protein expression. To test this hypothesis, we 367 

transfected HEK-293 cells expressing ABCB4, with plasmids expressing a 368 

non-phosphorylatable MRLC mutant in which threonine 18 and serine 19 were mutated 369 

to alanine (MRLC-AA-GFP). As a result, in the cells transfected with MRLC-AA-GFP, 370 

ABCB4 protein expression was increased to ~160% (Figure 5H). These data indicate that 371 

MRLC phosphorylation participates in the regulation of ABCB4 protein expression. 372 

Overall, we inferred, from these results, that ABCB4 protein expression can be regulated 373 

by the kinase MRCKvia the phospshorylation of its downstream effector, MRLC. 374 



 

 

 375 

Figure 5. Impact of MRLC depletion on ABCB4 protein expression. (A) HEK-293 Ctrl or 376 

KO-MRCK⍺ were transfected with the ctrl vector or with either MRCK⍺-GFP or MRLC-GFP. After 377 

24 hours, they were transfected with ABCB4-wt for additional 24 hours and analyzed by 378 

immunoblotting. (B) ABCB4 levels were expressed as a percentage of total expression in control 379 

HEK-293 cells transfected with the control vector. Means (± SD) of at least four independent ex-380 

periments are shown. ****P<0,0001. (C) ABCB4 staining in HepG2 cells transiently expressing 381 

ABCB4 and MRLC-GFP was performed as in Figure 1B. (D) Cell lysates of co-transfected HEK-293 382 

cells with plasmids expressing ABCB4 and GFP-tagged MRLC were incubated with anti-GFP an-383 

tibody or mouse immunoglobulin G (IgG) covalently linked to agarose beads. The 384 

immunoprecipitated complex was immunoblotted with anti-ABCB4 antibody. (E) HEK-293 cells 385 

stably expressing ABCB4 were transfected with control siRNA or siRNA of the two isoforms 386 

Myl12a and Myl12b of MRLC for 72 hours and analyzed by immunoblotting. Presented data were 387 

cropped from full immunoblots shown in Supplementary Figure S5. (F)ABCB4 levels were ex-388 

pressed as a percentage of total expression in HEK-293 cells transfected with control siRNA. Means 389 

(±SD) of at least four independent experiments are shown. **P<0,01; * P<0,05; n.s., not significant. 390 

(G) HEK-293 Ctrl or KO-MRLC were transfected with the control vector or MRLC-GFP. After 24 391 

hours, cells were transfected with ABCB4-wt for additional 24 hours. After immunoblots analyses, 392 

ABCB4 levels were quantified and expressed as a percentage of total expression in control HEK-293 393 

cells transfected with the control vector. Means (± SD) of at least seven independent experiments 394 

are shown. **P<0,01. (H) HEK-293 cells stably expressing ABCB4 were transfected with the control 395 

vector or with MRLC-AA-GFP. After immunoblots analyses, amounts of ABCB4 were quantified 396 

by densitometry. ABCB4 levels were expressed as a percentage of total expression in HEK-293 cells 397 

transfected with the control vector. Means (±SD) of at least four independent experiments are 398 

shown. * P<0,05. 399 



 

 

3.6. MRLC knockout increases ABCB4 protein stability and prevents its internalization from the    400 

plasma membrane. 401 

To test the impact of MRLC depletion on the membrane stability of ABCB4, we an-402 

alyzed the decay of ABCB4 protein expression after inhibition of protein synthesis by 403 

cycloheximide. Twenty-four hours after transfection of ABCB4 in control HEK-293 or 404 

MRLC knockout cells, 25g/ml cycloheximide was added to the culture medium and the 405 

cells were harvested at specific time points for western blot analyses (Figure 6). Figure 6A 406 

shows a representative immunoblot. At time point 0, both mature and immature forms of 407 

ABCB4 were detected in control and MRLC knockout HEK-293 cells. The immature form 408 

disappeared at later time points, consistent with inhibition of protein synthesis. Between 409 

the 4 hour-and 18 hour-time points, the amount of ABCB4 continuously decreased under 410 

cycloheximide treatment both in control and MRLC knockout HEK-293 cells. However, 411 

the decay kinetics were slowed down in MRLC knockout cells compared to control cells 412 

(Figure 6A,B). These results suggested that the stability of ABCB4 was increased in 413 

MRLC knockout cells. Additional experiments were performed to determine if MRLC 414 

contributed to the internalization and recycling of ABCB4, by allowing its endocytosis. 415 

We compared the membrane staining of ABCB4 in MRLC knockout cells to that of MRLC 416 

knockout cells overexpressing MRLC. For these experiments, we used HEK-293 cells 417 

stably transfected with an ABCB4 construct bearing a triple myc-tag (3xmyc) in the first 418 

extracellular loop. This allowed specific labeling of ABCB4 localized at the plasma 419 

membrane of non-permeabilized cells [15]. MRLC knockout HEK-293-expressing 420 

3xmyc-ABCB4 transiently transfected with MRLC-GFP plasmids encoding full-length 421 

MRLC cDNA fused to GFP were incubated with anti-myc antibodies at 0°C to allow 422 

binding of the antibody to the ABCB4 molecules expressed at the cells surface. After 60 423 

minutes, the cells were fixed and incubated with fluorescently labeled secondary anti-424 

bodies. Confocal microscopy analysis showed that some cells were transfected with 425 

MRLC-GFP but not all, thus making it possible to compare the plasma membrane stain-426 

ing of ABCB4 in both MRLC knockout HEK-293-expressing 3xmyc-ABCB4 and MRLC 427 

knockout HEK-293-expressing 3xmyc-ABCB4 overexpressing MRLC-GFP within the 428 

same field. We found that the plasma membrane expression of ABCB4 was reduced in 429 

MRLC knockout cells overexpressing MRLC (Figure 6C). Quantification of the fluores-430 

cence of ABCB4 at the plasma membrane showed that the intensity was reduced by 40% 431 

in MRLC knockout cells overexpressing MRLC (Figure 6D). Overall, these data provide 432 

evidence that MRLC regulates membrane expression of ABCB4, most likely by stimu-433 

lating its membrane internalization. 434 



 

 

 435 

Figure 6. Impact of MRLC depletion on ABCB4 membrane stability. (A) Control HEK-293 cells 436 

(Ctrl) or HEK-CRISPR for MRLC (KO-MRLC) were transfected with ABCB4. After 24 hours, 437 

cycloheximide (25g/mL) was added to the culture medium to inhibit protein synthesis. Expression 438 

of ABCB4 was analyzed by immunoblotting at the indicated time points, using equal amounts par 439 

line. -Tubulin served as a loading control. Presented data were cropped from full immunoblots 440 

shown in Supplementary Figure S6. (B) Amounts of ABCB4 were quantified from chase experi-441 

ments. The amount of ABCB4 at time zero was considered as 100%. Remaining ABCB4 at later time 442 

points was expressed as percentage of time zero. Means (±SD) of three independent experiments 443 

are shown. ***P<0,001; **P<0,01; * P<0,05. (C) MRLC is involved in ABCB4 membrane internaliza-444 

tion. HEK-293 cells-CRISPR for MRLC (KO-MRLC) stably expressing 3xmyc-ABCB4 were transi-445 

ently transfected with a plasmid encoding MRLC-GFP. They were then incubated for 60 minutes at 446 

0°C with anti-myc antibody. After surface labeling, cells were fixed and ABCB4 was visualized 447 

with Alexa-Fluor 594-conjugated secondary antibody and visualized by confocal microscopy. The 448 

arrow points to MRLC knockout-3xmyc-ABCB4 expressing cell transfected with MRLC-GFP. Bars: 449 

10 m. (D) The amount of ABCB4 at the plasma membrane was quantified in MRLC knockout cells 450 

transfected with MRLC-GFP (KO-MRLC/MRLC-GFP) and compared to adjacent non-transfected 451 

cells expressing 3xmyc-ABCB4 (KO-MRLC) using ImageJ 1.41 software. Means (± SD) of at least 50 452 

cells in two independent experiments are shown. ****P<0,0001. (E) Impact of MRLC depletion on 453 

ABCB4 function. Control HEK-293 cells (Ctrl) or HEK-CRISPR for MRLC (KO-MRLC) were trans-454 

fected with a plasmid encoding ABCB4, and PC secretion was measured after 24 hours. Results are 455 

expressed as a percentage of PC secreted by ABCB4-transfected control cells with normalization to 456 

the amount of the mature ABCB4. Means (±SD) of at least two independent experiments performed 457 

in triplicate are shown. * P<0,05. 458 

3.7. MRLC knockout increases ABCB4 function. 459 

We next examined if MRLC knockout cells in which the amount of ABCB4 protein 460 

was increased, also showed an increase in PC secretion by ABCB4. PC secretion activity 461 

of ABCB4 was measured in the culture medium of control and MRLC knockout HEK-293 462 

cells after transient transfection, as described [9]. The amount of PC released over 24 463 

hours was normalized for the level of the mature form of ABCB4 expressed in the cor-464 

responding cell culture condition. Figure 6E shows that the PC secretion activity of 465 

ABCB4 was significantly increased in MRLC knockout HEK-293 cells, as compared to 466 

control HEK-293 cells. We inferred from these results, that ABCB4 function can be regu-467 

lated by MRLC. 468 



 

 

 469 

Figure 7. A model for ABCB4 canalicular membrane expression regulation. In the presence of 470 

MRCK⍺ and phosphorylated MRLC, ABCB4 is internalized from the canalicular membrane. In 471 

MRCK⍺ knockout cells, MRLC is not phosphorylated, resulting in an accumulation of ABCB4 at 472 

the canalicular membrane. 473 

4. Discussion 474 

It is-well established that the phospholipid transporter ABCB4 needs to be at the 475 

canalicular membrane to exert its function. The molecular mechanisms that control the 476 

amount of ABCB4 protein at the cell surface have not been identified yet. We previously 477 

reported that the stability of ABCB4 at the canalicular membrane required the interaction 478 

of its C-terminal PDZ-like motif with the scaffold protein EBP50 [15], and that the 479 

phosphorylation of its N-terminal domain regulated its PC secretory function [9]. The 480 

N-terminal domain of ABCB4 contains several serines and threonines that are potential 481 

targets of protein kinases. In the present study, we identified the serine/threonine kinase 482 

MRCK and its downstream effector MRLC as binding partners of ABCB4. By 483 

modulating the expression of MRCK and MRLC, we demonstrated an essential role of 484 

these new partners in the regulation of ABCB4 expression at the cell surface. 485 

We also investigated the mechanism by which MRCK and MRLC regulate ABCB4 486 

expression at the plasma membrane. MRLC is a substrate of MRCK [19,20]. Therefore, 487 

we hypothesized that activation of MRLC by MRCKcould regulate the ABCB4 488 

expression at the cell surface. Consistent with this hypothesis, the downregulation of 489 

MRLC caused an increase in the amount of ABCB4 protein. The expression of a dominant 490 

negative MRLC in which the threonine 18 and serine 19 were replaced by 491 

non-phosphorylatable alanine also caused an increase in ABCB4 protein expression. Our 492 

results suggest that MRLC controls ABCB4 protein expression negatively, by stimulating 493 

its retrieval from the plasma membrane. Strong evidence supporting this hypothesis was 494 

provided by the reversal of ABCB4 membrane accumulation after overexpression of 495 

MRLC in MRLC knockout cells (Figure 6C,D). An increase in ABCB4-mediated 496 

phosphatidylcholine secretion occurred as a result of ABCB4 membrane accumulation in 497 

MRLC knockout cells. In keeping with our data, Bajaj et al. demonstrated that the 498 

inhibition of MRLC phosphorylation prevented its interaction with ABCB1, the 499 

multidrug export pump (MDR1), which was responsible for an increase in ABCB1 500 

activity [27]. An interaction of MRLC with ABCB11, the bile salt export pump (BSEP), has 501 

also been also reported, but in this case, the interaction was shown to be required for the 502 

trafficking of ABCB11/BSEP to the apical surface [14]. Thus, the expression of a dominant 503 

negative, non-phosphorylatable MRLC mutant severely impaired the delivery of newly 504 



 

 

synthesized ABCB11/BSEP to the apical surface of polarized Madin-Darby canine kidney 505 

(MDCK) cells. This illustrates different molecular mechanisms of ABCB4 and ABCB11 506 

internalization. ABCB11 possesses a tyrosine motif in its cytoplasmic tail, which interacts 507 

with the adaptor protein AP2, allowing its internalization and recycling [28,29]. ABCB4 508 

does not contain such a motif, consistent with a distinct mechanism of internalization.  509 

The recent description of PFIC6 highlights the role of the myosin family in the 510 

regulation of bile secretion and the pathogenesis of hereditary cholestatic diseases. 511 

Variations in the MYO5B gene have been identified in patients with a PFIC-like 512 

phenotype but no mutations in any of the canalicular transporters classically involved in 513 

PFICs [30]. MYO5B is an essential protein for the recycling of ABCB11 and ABCC2, the 514 

canalicular transporter of bilirubin, from Rab8 and Rab11 positive compartments. When 515 

MYO5B is mutated or truncated in vitro, ABCC2 displays an intracellular localization in 516 

Rab8 and Rab11 positive compartments. Therefore, a defect in the recycling of canalicular 517 

transporters is likely responsible for the development of PFIC6 [31].  518 

Other studies demonstrated the involvement of the ROCK / MRLC pathway in 519 

acquired cholestasis, such as in drug-induced liver injury (DILI). Sharanek et al. showed 520 

that a dozen of components responsible for DILI could be divided in two categories: i) 521 

those activating the ROCK kinase, which triggered MRLC phosphorylation and bile 522 

canaliculi contraction; ii) those inhibiting ROCK, which prevented MRLC 523 

phosphorylation and resulted in a dilatation of bile canaliculi [32,33]. The two kinases 524 

MRCKand ROCK have common activators and effectors, so that the MRCK/MRLC 525 

and ROCK/MRLC pathways may act alike in the progression of cholestasis. Our 526 

functional studies suggest that MRCK activates MRLC, which binds ABCB4 and allows 527 

its internalization from the canalicular membrane (Figure 7). In agreement with this 528 

view, Cantore et al. reported that the Src family kinase Fyn induced ABCC2 and ABCB11 529 

retrieval from the canalicular membrane, probably by increasing cortactin 530 

phosphorylation [34]. In HUH-NTCP cells, Schonhoff et al. observed that 531 

taurolithocholate-induced ABCC2 retrieval from the membrane involved the 532 

phosphorylation by protein kinase C, of a membrane-bound F-actin crosslinking 533 

protein, Myristoylated Alanine-Rich C- Kinase Substrate (MARCKS). They showed that 534 

in HUH-NTCP cells transfected with phosphorylation deficient MARCKS, 535 

taurolithocholate failed to decrease ABCC2 at the plasma membrane [35]. More recently, 536 

Wenzel et al., identified MARCKS, also as a key factor for the membrane expression of 537 

ABCB1. They showed that functional disruption of MARCKS led to an inhibition of 538 

ABCB1 internalization, resulting in its accumulation at the plasma membrane [36]. In 539 

another study, Chai et al., showed that the activation of liver PKCs led to Ezrin Thr567 540 

phosphorylation resulting in ABCC2 internalization [37].  541 

In summary, our findings indicate that ABCB4 retrieval from the canalicular 542 

membrane occurs and is mediated by the functional interaction between ABCB4, the 543 

kinase MRCK and its downstream effector MRLC. ABCB4 stability at the canalicular 544 

membrane is mediated by the C-terminal QNL motif, which constitutes a canalicular 545 

membrane retention motif via its interaction with the PDZ protein EBP50 [15]. These 546 

different mechanisms need to be finely coordinated to ensure normal bile secretion. In 547 

conclusion, the results presented in this work pave the way for future investigations on 548 

the molecular mechanisms underlying the canalicular membrane localization of ABCB4, 549 

which will guide the development of new therapeutic strategies for patients with liver 550 

diseases related to ABCB4 defects. 551 

 552 

Supplementary Materials: Figure S1: Full immunoblots related to Figure 1C. Results shown in 553 

Figure 1C are delineated by dotted rectangles. MW (in kDa) are indicated. Figure S2: Full 554 

immunoblots related to Figure 2A. Results shown in Figure 2A are delineated by dotted rectangles. 555 

MW (in kDa) are indicated. Figure S3: Full immunoblots related to Figures 3A,C. Results shown in 556 

Figures 3A,C are delineated by dotted rectangles. MW (in kDa) are indicated. Figure S4: Full 557 

immunoblots related to Figure 4A. Results shown in Figure 4A are delineated by dotted rectangles. 558 

MW (in kDa) are indicated. Figure S5: Full immunoblots related to Figures 5A,D,E. Results shown 559 



 

 

in Figures 5A,D,E are delineated by dotted rectangles. MW (in kDa) are indicated. Figure S6: Full 560 

immunoblots related to Figure 6A. Results shown in Figure 6A are delineated by dotted rectangles. 561 

MW (in kDa) are indicated. 562 
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