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Abstract

ABCB4/MDRS3, a member of the ABC superfamily, is an ATP-dependent phosphatidylcholine
translocator expressed at the canalicular membrane of hepatocytes. Defects in the ABCB4
gene are associated with rare biliary diseases. It is essential to understand the mechanisms
of its canalicular membrane expression in particular for the development of new therapies.
The stability of several ABC transporters is regulated through their binding to PDZ (PSD95/
DglA/Z0O-1) domain-containing proteins. ABCB4 protein ends by the sequence glutamine-
asparagine-leucine (QNL), which shows some similarity to PDZ-binding motifs. The aim of
our study was to assess the potential role of the QNL motif on the surface expression of
ABCB4 and to determine if PDZ domain-containing proteins are involved. We found that trun-
cation of the QNL motif decreased the stability of ABCB4 in HepG2-transfected cells. The
deleted mutant ABCB4-AQNL also displayed accelerated endocytosis. EBP50, a PDZ pro-
tein highly expressed in the liver, strongly colocalized and coimmunoprecipitated with
ABCB4, and this interaction required the QNL motif. Down-regulation of EBP50 by siRNA or
by expression of an EBP50 dominant-negative mutant caused a significant decrease in the
level of ABCBA4 protein expression, and in the amount of ABCB4 localized at the canalicular
membrane. Interaction of ABCB4 with EBP50 through its PDZ-like motif plays a critical role in
the regulation of ABCB4 expression and stability at the canalicular plasma membrane.

Introduction

The superfamily of ABC (ATP-binding cassette) transporters comprises a large number of
membrane proteins, which mediate the translocation of a wide variety of molecules across cel-
lular membranes. ABCB4, also called MDR3 (multidrug resistance 3) is a transporter expressed
at the canalicular membrane of hepatocytes, where it translocates phosphatidylcholine (PC)
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into bile [1, 2]. In the aqueous environment of bile, phospholipids form mixed micelles with
cholesterol and bile acids, thereby preventing the formation of cholesterol gallstones and the
detergent action of free bile acids [3, 4]. Pathogenic mutations in the ABCB4 gene sequence are
associated with rare biliary diseases, in particular progressive familial intrahepatic cholestasis
type 3 (PFIC3), which develops early in childhood and may be lethal in the absence of liver
transplantation [5-7]. Perspectives to treat PFIC3 patients by pharmacological means have
been recently opened with the observation that cyclosporin A was able to partially rescue an
ABCB4 misfolded mutant retained in the endoplasmic reticulum [8]. However, rescued
mutants may remain conformationally unstable after having reached their proper localization
[9]. Therefore, therapeutic efforts to correct a folding defect must also aim at strengthening the
stability of the mutant protein at the plasma membrane.

The mechanisms that control the stability of ABCB4 at the canalicular membrane are poorly
known. PDZ (post-synaptic density 95/disks large/zonula occludens-1) domain- containing
proteins act as scaffolds by linking transmembrane proteins to the cytoskeleton, and thus regu-
late their subcellular localization, activity, stability and mobility in the membrane [10, 11]. PDZ
protein NHERF-1 (sodium-hydrogen exchanger regulatory factor-1), also known as EBP50
(ezrin-radixin-moesin (ERM)-binding phosphoprotein 50) is highly expressed in the liver, at
the apical membrane of biliary epithelial cells, and at the canalicular membrane of hepatocytes
[12, 13] and has been shown to control the membrane localization, stability and function of the
ABC transporters ABCC7/CFTR and ABCC2/MRP2 [14, 15]. EBP50 is a multifunctional scaf-
folding protein, with two PDZ-domains at its N-terminus and a C-terminal domain that binds
the ERM family of cytoskeletal proteins [16]. PDZ domains comprise 70-90 amino acids that
bind preferentially to short sequences at the C-termini of target proteins [17]. They are grouped
into three classes based on the target sequence. Class I PDZ domains recognizes the sequence
motif -x-[S/T]-x-®, where x represents any residue, and ¢ a hydrophobic residue [18]. Class II
recognizes the consensus motif (-x-¢-x-¢) [19], whereas class III prefers negatively charged
amino acid at the -2 position and recognizes the consensus motif -x-[D/E]-x-¢ [20].

The C-terminal regions of ABCB4 and of the drug transporter ABCB1/MDRI are con-
served, except for the last three amino acids. ABCB4 ends by the sequence glutamine-
asparagine-leucine (QNL), while the last three amino acids of ABCB1 are lysine-arginine-
glutamine (KRQ). Although the QNL motif of ABCB4 does not perfectly match any of the
three classes of PDZ binding motifs, the presence of a hydrophobic amino acid at the extreme
C-terminus suggests properties of a PDZ-binding-like motif. The aim of the work was to study
the role of the QNL motif, and its potential binding to the PDZ protein EBP50. Studies were
performed in the polarized hepatoma cell line HepG2, stably expressing wild type ABCB4
(ABCB4-wt) or the QNL-deleted mutant (ABCB4-AQNL). We show that deletion of the QNL
motif decreased ABCB4 stability and accelerated its endocytosis. ABCB4 and EBP50 coimmu-
noprecipitated, and this interaction required the QNL motif. Moreover, down-regulation of
EBP50 by small interfering RNA (siRNA) or by expression of an EBP50 dominant-negative
mutant caused a significant decrease in the level of ABCB4 protein expression and in the
amount of ABCB4 localized at the canalicular membrane. Our results thus identify EBP50 as a
binding partner of ABCB4 and highlight a critical role for the PDZ-like motif in the expression
and stability of ABCB4 at the canalicular membrane.

Materials and Methods
Antibodies and Reagents

The monoclonal P3I1-26 anti-ABCB4 antibody was obtained from Enzo Life Science (Villeur-
banne, France). Rabbit polyclonal anti-EBP50 was from Thermo Fisher Scientific (Rockford,
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IL). Rabbit polyclonal anti-Flag was obtained from Abcam (Cambridge, UK) and the monoclo-
nal anti-p actin from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Rabbit polyclonal anti-
c-myc was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Alexa Fluor-labeled sec-
ondary antibodies, DRAQ5 fluorescent probe and culture media were from Invitrogen-Life
Technologies (Cergy-Pontoise, France) and peroxidase-conjugated secondary antibodies were
from Rockland Immunochemicals (Gilbersville, PA). The siRNA-EBP50 duplex, the control
siRNA and the ECL-Plus detection kit were from GE Healthcare France (Orsay, France). The
transfection reagents Turbofect and Fugene HD were purchased from Fermentas France (Ville-
bon-sur-Yvette, France) and Promega (Charbonniéres, France), respectively. All other reagents
were obtained from Sigma-Aldrich.

DNA Constructs, Mutagenesis and Polymerase Chain Reaction

The construction of the human wild type ABCB4 (ABCB4-wt), isoform A in the pcDNA3 vec-
tor has been previously described [21]. To produce the ABCB4-AQNL mutant, site directed
mutagenesis was performed using the QuikChange II XL-mutagenesis kit from Agilent Tech-
nologies (Massy, France). DNA primers used were from Eurogentec (Angers, France): 5" -
CCAGGCTGGGACACAGAACTTATGACTCGAGCGGCCG -3’ (sense) and 5’ ~CGG CCGCTC
GAGTCATAAGTTCTGTGTCCCAGCCTGG -3’ (antisense). A triple c-myc tag with linkers
(GEQKLISEEDLNGEQKLISEEDLNGEQKLISEEDLNG) was inserted in the first extracellular
loop of ABCB4 between Ser99 and Leul00 (3xmyc-ABCB4-wt) by Genscript (Piscataway, NJ).
The later template was used to generate the truncated AQNL ABCB4 (3xmyc-ABCB4-AQNL)
using the same primers as above. The constructions of Flag-tagged full-length EBP50 and Flag-
tagged PDZ1+PDZ2 were previously described [22]. All constructs were verified by automated

sequencing.

Cell Culture and Transfection

Hepatocellular carcinoma, human (HepG2) cells and human embryonic kidney (HEK) 293
cells were grown at 37°C in Dulbecco’s modified Eagles medium (DMEM) as previously
reported [23]. HepG2 cells did not express detectable endogenous ABCB4 (data not shown).
Human hepatocytes were isolated from surgical liver samples according to previously described
methods [24], upon agreement (L 1232-3) from the Biomedicine Agency.

To stably express ABCB4-wt and ABCB4-AQNL in HepG2 cells, we used the pMSCV viral
vector as the expression system (Clontech, Basingstoke, UK). Human ABCB4 cDNA was
amplified and inserted between EcoRI and Bgl II restriction sites of the pMSCV-neo plasmid.
Corresponding vectors pMSCV-ABCB4-wt and pMSCV-ABCB4-AQNL plasmids were puri-
fied (Promega). GP2-293 packaging cells (4.2x10°) plated in 100 mm Petri dishes were cotrans-
fected with 6 ug of pMSCV constructs and 6 pug of pAmpho (encoding for amphotropic
envelope protein) using Fugene HD at reagent:DNA ratio of 3:1. Twenty-four hours post-
transfection, media from packaging cells were collected and centrifuged at 800 rpm for 10 min-
utes. The supernatant was then filtered through a 0.45-um cellulose acetate and supplemented
with polybrene (8 ug/mL). HepG2 cells (10 ®) were infected by incubation with the virus prepa-
ration for 36 hours. For selection of stably transfected HepG2 cells, cells were grown for
10 days in the presence of neomycine at 800 pg/mL.

Transient transfections were performed with cDNAs encoding 3xmyc-ABCB4-wt and
3xmyc-ABCB4-AQNL constructs in HEK 293 cells and with cDNAs encoding EBP50-Flag and
PDZ1+PDZ2-Flag constructs in ABCB4-wt- and ABCB4-AQNL-expressing HepG2 cells using
the Turbofect transfection reagent following the manufacturer’s instructions.
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Immunofluorescence and Confocal Microscopy

ABCB4-wt- and ABCB4-AQNL-expressing HepG2 cells were fixed with methanol/acetone
(4:1, v/v) at -20°C. Incubations with primary and secondary antibodies were performed as pre-
viously described [8]. Confocal imaging was acquired with a Leica TCS SP2 Laser Scanning
Spectral system attached to a Leica DMR inverted microscope. Optical sections were recorded
with a 63/1.4 oil immersion objective. Laser scanning confocal images were collected, and ana-
lyzed using the on-line “Scan Ware” software. Images were processed using Image]J 1.41 and
Photoshop softwares. Figure compilation was accomplished using Adobe Photoshop 5.5 and
Adobe Illustrator 10.

Analysis of ABCB4 Protein Stability

ABCB4-wt- and ABCB4-AQNL-expressing HepG2 cells were incubated with cycloheximide
(25 pg/mL) to inhibit further protein synthesis. Following incubation for different time periods,
cells were harvested, lysed and subjected to SDS-PAGE and immunoblot analysis. Band density
was quantified by the Image]J 1.41 software and normalized so that the density at time point

0 was 100%. The amounts of remaining ABCB4 were expressed as a percentage relative to
point 0.

Internalization Assay

Internalization assay was performed according to a previously published protocol [25]. In
brief, transiently transfected HEK 293 cells were washed three times with HEPES-buffered

(20 mmol/L, pH 7.0) serum-free medium (HSFM). Cell surface antigens were labeled at 0°C
for 30 minutes with anti-myc antibody, diluted in HSFM/0.2% BSA. After surface labeling,
cells were extensively washed with HSFM/0.2% BSA, placed in prewarmed complete medium,
and incubated at 37°C for 60 minutes. Non-internalized antibody-antigen complexes were
removed by acid washing (200 mmol/L glycine, 150 mmol/L NaCl, pH 2.5) before fixation, per-
meabilization and staining with fluorescently labeled secondary antibodies. Fluorescence was
examined by confocal microscopy.

Coimmunoprecipitation and Western Blotting

Coimmunoprecipitation of ABCB4 and EBP50 was performed using the Pierce Coimmunopre-
cipitation Kit (Thermo Fisher Scientific) and following the manufacturer’s instructions. Briefly,
ABCB4-wt- and ABCB4-AQNL-expressing HepG2 cells and freshly isolated human hepato-
cytes were washed with phosphate-buffered saline (PBS) and lysed at 4°C in lysis buffer con-
taining 25 mmol/L Tris, pH 7.4, 150 mmol/L NaCl, 1 mmol/L EDTA, 1% NP-40, 5% glycerol,
and the cell lysates were cleared by centrifugation at 10,000 x g for 10 minutes at 4°C. Protein
concentration was determined by Uptima bicinchoninic acid protein assay (Interchim, Mon-
tlugon, France). Immunoprecipitation was performed overnight at 4°C with 1 mg of protein
lysate and 4 ug of anti-ABCB4 or 4 pg of immunoglobulins from normal mouse serum (pro-
duced in our laboratory) crosslinked to protein A/G agarose beads by disuccinimidyl suberate
(DSS) for 1 hour at room temperature. Immunoprecipitated proteins were subjected to immu-
noblotting with ABCB4 and EBP50.

RNA Interference

ABCB4-wt- and ABCB4-AQNL-expressing HepG2 cells were transfected with 100 nmole/L
EBP50 siRNA or 100 nmole/L control siRNA by incubation in the presence of Dharmafect 4
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(Thermo Fisher Scientific) following the manufacturer’s instructions. The effect of the siRNA
was analysed 60 hours after transfection, when silencing of EBP50 was effective.

Statistics

Student ¢-test was used for comparisons. A P value of less than 0.05 was considered significant.

Results
The C-Terminus of ABCB4 ends by a PDZ-like Motif

ABCB4 is highly homologous to the multidrug transporter ABCB1, sharing 77% identity at the
amino acid level. The C-terminal region is remarkably identical, except for the last three amino
acids. Alignment of the sequences of the last 35 amino acids of ABCB4 and ABCBI is repre-
sented in Fig 1A. The sequences differ at the C-terminus, with ABCB4 ending by the sequence
glutamine-asparagine-leucine (QNL), while the last three amino acids of ABCBI are lysine-
arginine-glutamine (KRQ). The QNL motif shows some similarity to the PDZ binding motifs
identified in other ABC transporters (Fig 1B), especially the presence of a hydrophobic amino
acid at the extreme C-terminus. These observations suggested that the QNL motif might inter-
act with PDZ domain protein(s) and serve a specific function.

A

-

ABCB4-1 245-F’Q’N’G’R\7KEHGTHQQLLAQKGIYFSMVSVQAGTQNL
ABCB1-1246-FONGRVKEHGTHQQLLAQKGI YFSMVSVQAGTKRQ

Fig 1. The C-terminus of ABCB4 ends by a PDZ-like motif. (A) Schematic representation of ABCB4.
ABCB4 contains two transmembrane domains (TMD1 and TMD2) and two nucleotide binding domains
(NBD1 and NBD2). The two glycosylation sites in the first extracellular loop are indicated. The amino acid
sequence of the intracytoplasmic C-terminal domain of the human ABCB4 isoform A (NP_000434.1) and the
human ABCB1 (NP_000918.2) are shown. Green letters indicate the PDZ-like motif of ABCB4. (B) A
sequence alignment of known PDZ motifs found in ABC family members is shown. ABCC2, ABCC4 and
ABCC7 display class | PDZ consensus motifs.

doi:10.1371/journal.pone.0146962.g001
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Expression and Localization of ABCB4-wt and ABCB4-AQNL in HepG2
Cells

To investigate the role of the PDZ-like motif, the QNL sequence was deleted by PCR-based site
directed mutagenesis. The expression and subcellular localization of the generated mutant
(ABCB4-AQNL) were assessed by western blotting and immunofluorescence, and compared to
those of wild type ABCB4 (ABCB4-wt) after stable transfection in HepG2 cells. Immunoblot-
ting showed that the electrophoretic behavior of ABCB4-AQNL was comparable to that of
ABCB4-wt. Both proteins migrated as a mature and an immature form of M, 160 and 140 kDa,
respectively, as previously reported for ABCB4-wt [21] (Fig 2A). Immunofluorescence showed
that ABCB4-wt and ABCB4-AQNL were both localized at the canalicular membrane (Fig 2B),
although ABCB4-AQNL was occasionally detected intracellularly. These data indicated that
the deletion of the QNL motif had little or no effect on the processing and membrane localiza-
tion of ABCBA4.

Deletion of the PDZ-like Motif causes a Decrease of ABCB4 Protein
Stability

PDZ binding motifs play a role the stability of multiple ABC transporters at the cell surface
[14, 15, 26]. Therefore, we tested whether ABCB4 stability would be altered as a result of dele-
tion of the QNL motif. The stability of ABCB4-wt and that of ABCB4-AQNL were compared
by analyzing the decay of ABCB4 protein expression after inhibition of protein synthesis with
cycloheximide. HepG2 cells expressing either the wild type or the mutant ABCB4 protein were

A
v
& S
& o
O O
Q Q
¥ ¥
mare >
immature =—— - |_130 kDa

B ABCB4-wt ABCB4-AQNL

Fig 2. Expression and localization of ABCB4-wt and ABCB4-AQNL. (A) ABCB4 was detected by
immunoblotting from cell lysates of HepG2 cells stably expressing ABCB4-wt or ABCB4-AQNL. (B) HepG2
cells stably expressing ABCB4-wt or ABCB4-AQNL were fixed with methanol/acetone, processed for
immunofluorescence using the monoclonal P311-26 antibody and Alexa 488-conjugated anti-mouse IgG and
visualized by confocal microscopy. Nuclei were stained with DRAQ 5 (blue). Asterisks indicate bile canaliculi.
Cell contours are indicated by dotted lines. Bars, 10 um. Representative of three experiments.

doi:10.1371/journal.pone.0146962.9002
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Fig 3. Stability of ABCB4-wt and ABCB4-AQNL. (A) Stability of ABCB4-wt or ABCB4-AQNL was analyzed in stably transfected HepG2, after inhibiting
protein synthesis with cycloheximide (25 pg/mL). ABCB4 was detected at the indicated time points in cell lysates by immunoblotting, using equal amounts of
total proteins per lane. (B) Amounts of ABCB4 were quantified from chase experiments. The amount of ABCB4 at time zero was considered as 100%.
Remaining ABCB4 at later time points was expressed as percentage of time zero. Means (+ SEM) of three independent experiments are shown. * P<0.05 at

all points.

doi:10.1371/journal.pone.0146962.9003

harvested at specific time points after cycloheximide addition and were evaluated by western
blotting (Fig 3). Fig 3A shows a representative immunoblot. At time point 0, both mature and
immature forms were observed for ABCB4-wt and ABCB4-AQNL. The immature form did
not appear at later time points, consistent with inhibition of protein synthesis. After three
hours, the amount of ABCB4-wt decreased by ~20% as compared to the time point 0, and
thereafter this level remained constant until the 9-hour time point (Fig 3B). By contrast, the
amount of ABCB4-AQNL continuously decreased under cycloheximide treatment (Fig 3A).
After three hours, ABCB4-AQNL showed a ~40% decrease as compared to the time point 0.
The reduction was more than 70% after 6 hours and 80% after 9 hours (Fig 3B). These results
suggested that ABCB4-AQNL was degraded faster than ABCB4-wt.

The QNL sequence of ABCB4 is a Plasma Membrane Retention Motif

Additional studies were conducted to determine whether deletion of the PDZ-like motif
reduced the stability of ABCB4 by accelerating its endocytosis. We compared the kinetics of
internalization of ABCB4-wt and of the truncated mutant ABCB4-AQNL, using an
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A B
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3xmyc-ABCB4-AQNL/60min 20

Fraction internalized (a.

Fig 4. The internalization of ABCB4-AQNL is accelerated. (A) Transiently transfected HEK 293 cells were incubated for 30 minutes at 0°C with anti-myc
antibody. After surface labeling, cells were incubated at 37°C for 60 minutes. At the end of the 37°C incubation, non-internalized antibody-antigen complexes
were removed by acid washing. Cells were fixed, permeabilized and internalized antibodies were visualized with Alexa-Fluor 488-conjugated secondary
antibodies and examined by confocal microscopy. Representative immunofluorescence images are shown. Nuclei were stained with DRAQ 5 (blue). Bars,
10 pm. (B) The amount of internalized ABCB4 was measured in cells transfected with 3xmyc-ABCB4-wt or 3xmyc-ABCB4-AQNL using ImageJ 1.41
software. Means (+ SEM) of at least three independent experiments are shown. *P<0.001. a.u., arbitrary units.

doi:10.1371/journal.pone.0146962.9004

internalization assay, as previously described [25]. For these experiments, we generated an
ABCB4 construct bearing a triple myc-tag (3xmyc) in the first extracellular loop. This allowed
specific labeling of ABCB4 localized in the plasma membrane of non-permeabilized cells. In
addition, since bile canaliculi of HepG2 cells are sealed and not accessible to antibodies in non-
permeabilized conditions, we used HEK 293 cells that were transiently transfected with either
3xmyc-ABCB4-wt or 3xmyc-ABCB4-AQNL for the internalization assay. We checked by a
functional assay [23], that addition of a triple myc-tag did not affect the phosphatidylcholine
secretion activity (data not shown).

HEK 293 cells expressing 3xmyc-ABCB4-wt- or 3xmyc-ABCB4-AQNL were incubated with
an anti-c-myc antibody for 30 minutes at 0°C to allow binding of the antibody to the ABCB4
molecules expressed at the cell surface. Endocytosis was initiated by raising the temperature to
37°C. After 60 minutes, the cells were fixed, permeabilized and incubated with a fluorescently
labeled secondary antibody. Before endocytosis, the antigen-antibody complexes were detected
exclusively at the plasma membrane (Fig 4A, left panel). After 60 minutes at 37°C, both
3xmyc-ABCB4-wt and 3xmyc-ABCB4-AQNL were detected in intracellular vesicles, attesting
that both proteins underwent endocytosis. However, the internalization rate of the truncated
3xmyc-ABCB4-AQNL was significantly higher than that of 3xmyc-ABCB4-wt (Fig 4A, right
panel). Quantification of fluorescence showed that the rate of endocytosis of the truncated
3xmyc-ABCB4-AQNL was two-fold more rapid than that of 3xmyc-ABCB4-wt (Fig 4B). These
data indicated that the PDZ-like motif QNL selectively retained ABCB4 at the plasma
membrane.
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Fig 5. ABCB4 colocalizes and coimmunoprecipitates with EBP50. (A) ABCB4-wt-expressing HepG2 cells were fixed, permeabilized and stained with
anti-ABCB4 antibody followed by anti-EBP50 antibody and then incubated with Alexa-Fluor-488-and 594-conjugated secondary antibodies and visualized by
confocal microscopy. Nuclei were stained with DRAQ 5 (blue). Asterisks indicate bile canaliculi. Bar, 10 um. (B) Cell lysates of HepG2 cells stably transfected
with ABCB4-wt or ABCB4-AQNL or cell lysates of primary human hepatocytes (PhH) were incubated with anti-ABCB4 antibody or mouse imununoglobulin G
(IgG) covalently linked to agarose beads. The coimmunoprecipitated complex was immunoblotted with anti-ABCB4 and anti-EBP50 antibodies.

doi:10.1371/journal.pone.0146962.9005

ABCB4 Colocalizes and Coimmunoprecipitates with EBP50

To determine if EBP50 interacts with ABCB4, we examined if the two proteins colocalized and
coimmunoprecipitated. By immunofluorescence, ABCB4 and EBP50 strongly colocalized at
the canalicular membrane in ABCB4-wt-expressing HepG2 cells (Fig 5A). Colocalization was
not altered by deletion of the QNL motif of ABCB4 (data not shown). Cell lysates from HepG2
cells that expressed either ABCB4-wt or ABCB4-AQNL were subjected to coimmunoprecipita-
tion with an anti-ABCB4 antibody, followed by EBP50 detection by western blot. Fig 5B shows
that EBP50 coprecipitated strongly with ABCB4-wt but not with the truncated mutant
ABCB4-AQNL. Interaction between ABCB4 and EBP50 was also studied in primary human
hepatocytes. As shown in Fig 5B, EBP50 coimmunoprecipitated with ABCB4-wt in freshly iso-
lated human hepatocytes. These experiments showed that ABCB4 interacted with the PDZ
protein EBP50 both in vitro and in vivo, and that the last three amino acids QNL were neces-
sary for this interaction.

Effect of Dominant-Negative Mutants of EBP50

Taken together, the findings above suggested that the stabilization of ABCB4 at the plasma
membrane could occur through interaction with the PDZ protein EBP50. In order to study the
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role of ABCB4-EBP50 interaction, we used a dominant-negative approach that consisted in
overexpressing Flag-tagged EBP50 PDZ domains (PDZ1+PDZ2-Flag), without the ERM-
binding domain [22]. This construct was transiently transfected in ABCB4-wt- and ABCB4-
AQNL-expressing HepG2 cells and its effect was evaluated by western blotting. The expression
of ABCB4-wt was strongly reduced in cells transfected with the PDZ interacting domains of
EBP50 (PDZ1+PDZ2-Flag), whereas the expression of the truncated ABCB4-AQNL was poorly
affected (Fig 6A). Quantification of western blots showed that the expression of ABCB4-wt was
reduced down to ~20%, whereas the expression of ABCB4-AQNL was not significantly
decreased (Fig 6B). The effect of overexpression of PDZ1+PDZ2-Flag was also studied by
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Fig 6. Effect of overexpression of the PDZ domains of EBP50. (A) ABCB4-wt- or ABCB4-AQNL-expressing HepG2 cells were transiently transfected with
the Flag-tagged EBP50 PDZ domains (PDZ1+PDZ2-Flag) or with the empty vector-Flag (control vector). ABCB4 was detected by immunoblotting from cell
lysates. (B) Amounts of ABCB4 were quantified from immunoblots by densitometry. ABCB4 levels were expressed as a percentage of total expression in
HepG2 cell transfected with control vector. (C) ABCB4-wt- or ABCB4-AQNL-expressing HepG2 cells were transiently transfected with the Flag-tagged
EBP50 PDZ domains (PDZ1+PDZ2-Flag). Cells were fixed, permeabilized and stained with the anti-Flag antibody followed by anti-ABCB4 antibody and then
incubated with Alexa-Fluor-594-and 488-conjugated secondary antibodies and visualized by confocal microscopy. Representative immunofluorescence
images are shown. Asterisks indicate bile canaliculi. Bars, 10 um. (D) The amount of ABCB4 at the bile canaliculi was quantified in HepG2 transfected cells
(PDZ1+PDZ2-Flag(+)) and compared to that observed in control adjacent non-transfected cells (PDZ1+PDZ2-Flag(-)). Means (+ SEM) of at least three
independent experiments are shown. ¥*P<0.01 for ABCB4-wt; n.s., not significant; a.u., arbitrary units.

doi:10.1371/journal.pone.0146962.9006
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immunofluorescence. Fig 6C shows that the canalicular membrane expression of ABCB4-wt
was strongly reduced in cells transfected with PDZ1+PDZ2-Flag as compared to adjacent non-
transfected cells expressing ABCB4. Quantification of the fluorescence of ABCB4-wt at the bile
canaliculi showed that the intensity was reduced down to ~35% in PDZ1+PDZ2-Flag trans-
fected cells. In contrast, the canalicular localization of the truncated ABCB4-AQNL was not sig-
nificantly decreased by the expression of the PDZ1+PDZ2-Flag construct (Fig 6C and 6D). We
also examined the effect of overexpression of PDZ1+PDZ2-Flag on the protein stability and on
the protein retention at the plasma membrane. We found that after 9 hours, the amount of
ABCB4 decreased by ~80% in cells expressing the dominant negative mutants of EBP50, while
the decrease was only ~20% in untransfected ABCB4-wt-expressing HepG2 cells. On the other
hand, the degradation kinetics of the truncated ABCB4-AQNL mutant remained unchanged in
cells expressing the dominant negative mutants (Fig 7A and 7B). Likewise, we found that in
HEK?293 cells, the internalization rate of 3xmyc-ABCB4-wt was similar to that of the truncated
mutant 3xmyc-ABCB4-AQNL (Fig 7C and 7D, compare with Fig 4). Overall, these data pro-
vide evidence that the QNL motif interacts with the PDZ domains of EBP50 and regulates the
stability of ABCB4 at the canalicular membrane.

Effect of EBP50 Silencing on ABCB4 Expression

The functional association of EBP50 with ABCB4 was further evaluated after knocking-down
of EBP50 by synthetic siRNA in ABCB4-wt- and ABCB4-AQNL-expressing HepG2 cells. As
shown by western blot analysis (Fig 8A), 60 hours after siRNA transfection, the level of endoge-
nous EBP50 protein was profoundly reduced in both ABCB4-wt and ABCB4-AQNL expressing
cells. Decreased expression of EBP50 led to a marked reduction of ABCB4-wt down to ~30%,
in HepG2 cells transfected with EBP50 siRNA relative to cells transfected with control scram-
ble siRNA, whereas the expression of the truncated ABCB4-AQNL was not significantly
affected (Fig 8A and 8B). By immunofluorescence, silencing of EBP50 also reduced the canalic-
ular expression of ABCB4 (S1 Fig). These results provide further demonstration for the role of
EBP50 in regulating the expression of ABCB4.

Discussion

So far, very little was known about the mechanisms that regulate the cell surface expression of
the phospholipid transporter ABCB4. Here we show that i) ABCB4 is retained at the canalicu-
lar plasma membrane by its C-terminal PDZ-like motif QNL, ii) ABCB4 through this motif
interacts with the PDZ protein EBP50, iii) down-regulation of EBP50 or the expression of
dominant-negative PDZ domains decrease the stability of ABCB4 protein.

The amino acid sequence at the C-terminus of ABCB4 is QNL and is highly conserved
across species. Although it has some similarity with PDZ-binding motifs, this sequence does
not fit with the consensus sequence [S/T]-xL, which is found in ABCC7/CFTR, in the 83,-
adrenergic and purinergic P2Y1 receptors, and which is considered to be the optimal C-termi-
nal motif for binding to the PDZ domains of EBP50 [27]. Nevertheless, we found that EBP50
coimmunoprecipitated with ABCB4, and that coimmunoprecipitation required the presence of
the QNL motif. This motif closely resembles the non-canonical PDZ sequence QQL of the type
II Na-coupled phosphate transporter-2c (Na/pPi-2c), which was shown to interact with
EBP50/NHERF1 and NHERF3 [28, 29].

The mutant of ABCB4 missing the last three (QNL) amino acids was correctly expressed at
the canalicular membrane of HepG2 cells, but its degradation was dramatically increased, as
compared to wild type ABCB4. Instability of the mutant correlated with increased endocytosis
at the plasma membrane. These results are consistent with those previously reported on the
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Fig 7. (A) Effect of overexpression of the PDZ domains of EBP50 on ABCB4 stability. ABCB4-wt- or ABCB4-AQNL-expressing HepG2 cells were transiently
transfected with the Flag-tagged EBP50 PDZ domains (PDZ1+PDZ2-Flag) or with the empty vector-Flag (control vector). Stability of ABCB4-wt or ABCB4-
AQNL was analyzed as described in Fig 3A. (B) Amounts of ABCB4 were quantified as described in Fig 3B. (C) Effect of overexpression of the PDZ domains
of EBP50 on the membrane retention of ABCB4. The internalization assay was performed in HEK293 cells cotransfected with 3xmyc-ABCB4-wt or 3xmyc-
ABCB4-AQNL as described in Fig 4A, but in the presence of PDZ1+PDZ2-Flag. (D) The amount of internalized ABCB4 was quantified as described in Fig
4B.

doi:10.1371/journal.pone.0146962.9g007

role of PDZ-binding motifs of other ABC transporters. Deletion of the PDZ motif from
ABCC7/CFTR was found to reduce its half-life at the apical membrane of MDCK cells [30].
Removal of the PDZ-like motif GLV at the C-terminus of the basolateral transporter ABCC6/
MRP6 also resulted in decreased steady-state levels of ABCC6/MRP6, decreased cell surface
expression and stability, and mislocalization of the ABCC6/MRP6 protein in polarized cells
[26]. The mechanism involved in the reduction of plasma membrane expression and increased
degradation is not univocal. In the case of ABCC7/CFTR, the rate of endocytosis seemed
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Fig 8. Effect of EBP50 silencing. (A) HepG2 cells expressing ABCB4-wt or ABCB4-AQNL were transfected
with EBP50 siRNA or scramble siRNA (Scr). After 60 hours of transfection, cell lysates were subjected to
western blot analysis. (B) Amounts of ABCB4 were quantified from immunoblots by densitometry. ABCB4
levels were expressed as a percentage of total expression in HepG2 cell transfected with scramble siRNA.
Means (+SEM) of at least three independent experiments are shown. *P<0.05 for ABCB4-wt; n.s., not
significant.

doi:10.1371/journal.pone.0146962.g008

unchanged after deletion of the PDZ-binding motif, but recycling of the protein to the plasma
membrane was reduced [30]. Future studies will aim at clarifying the mechanisms by which
degradation of the QNL-deleted ABCB4 mutant is accelerated.

The role of the QNL motif in the stability of ABCB4 at the canalicular membrane is very
likely to occur through binding to EBP50. The expression of ABCB4, but not that of ABCB4-
AQNL, was strongly reduced in the whole cell lysates and at the canalicular membrane of
HepG2 cells, both after expression of a dominant negative mutant of EBP50 and after its invali-
dation by siRNA. Many transporters, channels, and receptors are known to interact with
EBP50, and this interaction regulates their turnover by controlling their internalization and
sorting to recycling endosomes or lysosomes. Disrupting the interaction between EBP50 and
the 3,-adrenergic receptor leads to missorting and lysosomal degradation of the internalized
receptor [31]. Similarly, down-regulation of EBP50 or disruption of its function by dominant-
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negative constructs increases internalization of the parathyroid hormone receptor and
decreases membrane expression of this receptor [32].

EBP50 is an adaptor protein highly expressed in hepatocytes [12]. This is why, in the present
study, we focused on the potential role of EBP50 on the membrane expression of ABCB4.
However, several PDZ domain proteins may compete for binding to PDZ motifs. For example,
the apical localization and the function of ABCC2/MRP2 have been shown to be regulated pos-
itively both by EBP50 and PDZK1/NHERF-3, another PDZ protein expressed in hepatocytes
[15, 33]. Similarly, it has been shown that the activity of ABCC7/CFTR was dynamically regu-
lated via a competitive balance between EBP50 and Shank2 [34]. Therefore, we cannot exclude
that other PDZ proteins may contribute to the regulation of ABCB4 expression at the cell
surface.

The regulation of secretion of bile constituents is directly linked to the mechanisms that reg-
ulate the trafficking, surface expression, and activity of their transporters. Expression of
ABCC2/MRP2, which mediates the transport of conjugated organic anions, depends on its
interaction with several PDZ domain-containing proteins, including EBP50. This interaction
may be regulated by phosphorylation of a serine adjacent to the PDZ-binding motif in the
transporter [35]. On the other hand, the bile salt transporter ABCB11/BSEP, which lacks a
PDZ-binding motif, does not interact with EBP50 [15]. It has been shown that ABCBI11 pos-
sesses a tyrosine motif in its cytoplasmic tail, which interacts with the adaptor protein AP2,
and allows constitutive recycling of ABCB11 between the canalicular membrane and the sub-
apical endosomal compartment [36, 37]. It is assumed that this mechanism provides a rapid
response when bile acid secretion is needed [38]. ABCB4 does not contain such a motif, sug-
gesting that it is probably not recycled constitutively. Our data provide evidence that the regu-
lation of ABCB4 expression at the canalicular membrane is mediated by the C-terminal QNL
motif, which constitutes an apical membrane retention motif via its interaction with EBP50. At
the canalicular plasma membrane, the activity of ABCB4 would be regulated by phosphoryla-
tion of several residues [23]. These different mechanisms have to be tightly coordinated to
ensure normal bile secretion.

Supporting Information

S1 Fig. Effect of EBP50 silencing on the canalicular expression of ABCB4. HepG2 cells
expressing ABCB4-wt were transfected with EBP50 siRNA. After 60 hours of transfection, cells
were fixed, permeabilized and stained with anti-ABCB4 antibody followed by anti-EBP50 anti-
body and then incubated with Alexa-Fluor-488-and 594-conjugated secondary antibodies and
visualized by confocal microscopy. Nuclei were stained with DRAQ 5 (blue). Number 1 points
to a cell in which EBP50 is down regulated and in which the canalicular expression of ABCB4
is reduced; number 2 points to a cell in which EBP50 is not down regulated and in which
ABCB4 is highly expressed at the canalicular membrane. Asterisks indicate bile canaliculi. Bar,
10 pm.

(TIF)

Acknowledgments

We thank Romain Morichon (UPMC, INSERM, UMS LUMIC) for confocal microscopy imag-
ing, Anne-Marie Durand-Schneider for her technical help and Dr. Véronique Barbu (CDR
Saint- Antoine) for fruitful discussions and support during this study. We also acknowledge
Lynda Aoudjehane (Human HepCell) who provided preparations of human hepatocytes and
Yves Chrétien (UPMC) for his help with Adobe softwares.

PLOS ONE | DOI:10.1371/journal.pone.0146962 January 20, 2016 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146962.s001

@’PLOS ‘ ONE

Regulation of ABCB4 Stability by lts C-Terminal PDZ-Like Motif

Author Contributions

Conceived and designed the experiments: TAS QV JLD. Performed the experiments: TAS QV
JLD DD. Analyzed the data: TAS QV JLD. Contributed reagents/materials/analysis tools: LF.
Wrote the paper: TAS MM. Discussed the results and commented on the manuscript: LF TF

CH.

References

1.

10.

11.

12.

13.

14.

15.

16.

Smit JJ, Schinkel AH, Oude Elferink RP, Groen AK, Wagenaar E, van Deemter L, et al. Homozygous
disruption of the murine mdr2 P-glycoprotein gene leads to a complete absence of phospholipid from
bile and to liver disease. Cell. 1993; 75(3):451-62. PMID: 8106172

Ruetz S, Gros P. Phosphatidylcholine translocase: a physiological role for the mdr2 gene. Cell. 1994;
77(7):1071-81. Epub 1994/07/01. PMID: 7912658.

Borst P, Zelcer N, van Helvoort A. ABC transporters in lipid transport. Biochim Biophys Acta. 2000;
1486(1):128-44. PMID: 10856718

Wang DQ, Cohen DE, Carey MC. Biliary lipids and cholesterol gallstone disease. J Lipid Res. 2009;
50(Suppl):S406—11. Epub 2008/11/20. R800075-JLR200 [pii] doi: 10.1194/jIr.R800075-JLR200 PMID:
19017613; PubMed Central PMCID: PMC2674701.

Jacquemin E, De Vree JM, Cresteil D, Sokal EM, Sturm E, Dumont M, et al. The wide spectrum of multi-
drug resistance 3 deficiency: from neonatal cholestasis to cirrhosis of adulthood. Gastroenterology.
2001; 120(6):1448-58. PMID: 11313315

Oude Elferink RP, Paulusma CC, Groen AK. Hepatocanalicular transport defects: pathophysiologic
mechanisms of rare diseases. Gastroenterology. 2006; 130(3):908-25. Epub 2006/03/15. doi: 10.
1053/j.gastro.2005.08.052 PMID: 16530529.

Davit-Spraul A, Gonzales E, Baussan C, Jacquemin E. The spectrum of liver diseases related to
ABCB4 gene mutations: pathophysiology and clinical aspects. Semin Liver Dis. 2010; 30(2):134—46.
Epub 2010/04/28. doi: 10.1055/s-0030-1253223 PMID: 20422496.

Gautherot J, Durand-Schneider AM, Delautier D, Delaunay JL, Rada A, Gabillet J, et al. Effects of cellu-
lar, chemical, and pharmacological chaperones on the rescue of a trafficking-defective mutant of the
ATP-binding cassette transporter proteins ABCB1/ABCB4. The Journal of biological chemistry. 2012;
287(7):5070-8. Epub 2011/12/21. doi: 10.1074/jbc.M111.275438 PMID: 22184139; PubMed Central
PMCID: PMC3281624.

Okiyoneda T, Veit G, Dekkers JF, Bagdany M, Soya N, Xu H, et al. Mechanism-based corrector combi-
nation restores DeltaF508-CFTR folding and function. Nature chemical biology. 2013; 9(7):444-54.
doi: 10.1038/nchembio.1253 PMID: 23666117; PubMed Central PMCID: PMC3840170.

Bezprozvanny |, Maximov A. PDZ domains: More than just a glue. Proceedings of the National Acad-
emy of Sciences of the United States of America. 2001; 98(3):787-9. doi: 10.1073/pnas.98.3.787
PMID: 11158544; PubMed Central PMCID: PMC33366.

Hung AY, Sheng M. PDZ domains: structural modules for protein complex assembly. The Journal of
biological chemistry. 2002; 277(8):5699-702. doi: 10.1074/jbc.R100065200 PMID: 11741967.

Fouassier L, Duan CY, Feranchak AP, Yun CH, Sutherland E, Simon F, et al. Ezrin-radixin-moesin-
binding phosphoprotein 50 is expressed at the apical membrane of rat liver epithelia. Hepatology.
2001; 33(1):166—76. doi: 10.1053/jhep.2001.21143 PMID: 11124833.

Fouassier L, Rosenberg P, Mergey M, Saubamea B, Claperon A, Kinnman N, et al. Ezrin-radixin-
moesin-binding phosphoprotein (EBP50), an estrogen-inducible scaffold protein, contributes to biliary
epithelial cell proliferation. The American journal of pathology. 2009; 174(3):869—-80. doi: 10.2353/
ajpath.2009.080079 PMID: 19234136; PubMed Central PMCID: PMC2665747.

Moyer BD, Duhaime M, Shaw C, Denton J, Reynolds D, Karlson KH, et al. The PDZ-interacting domain
of cystic fibrosis transmembrane conductance regulator is required for functional expression in the api-
cal plasma membrane. The Journal of biological chemistry. 2000; 275(35):27069-74. doi: 10.1074/jbc.
MO004951200 PMID: 10852925.

Li M, Wang W, Soroka CJ, Mennone A, Harry K, Weinman EJ, et al. NHERF-1 binds to Mrp2 and regu-
lates hepatic Mrp2 expression and function. The Journal of biological chemistry. 2010; 285(25):
19299-307. doi: 10.1074/jbc.M109.096081 PMID: 20404332; PubMed Central PMCID: PMC2885208.

Reczek D, Berryman M, Bretscher A. Identification of EBP50: A PDZ-containing phosphoprotein that
associates with members of the ezrin-radixin-moesin family. The Journal of cell biology. 1997; 139(1):
169-79. PMID: 9314537; PubMed Central PMCID: PMC2139813.

PLOS ONE | DOI:10.1371/journal.pone.0146962 January 20, 2016 15/17


http://www.ncbi.nlm.nih.gov/pubmed/8106172
http://www.ncbi.nlm.nih.gov/pubmed/7912658
http://www.ncbi.nlm.nih.gov/pubmed/10856718
http://dx.doi.org/10.1194/jlr.R800075-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/19017613
http://www.ncbi.nlm.nih.gov/pubmed/11313315
http://dx.doi.org/10.1053/j.gastro.2005.08.052
http://dx.doi.org/10.1053/j.gastro.2005.08.052
http://www.ncbi.nlm.nih.gov/pubmed/16530529
http://dx.doi.org/10.1055/s-0030-1253223
http://www.ncbi.nlm.nih.gov/pubmed/20422496
http://dx.doi.org/10.1074/jbc.M111.275438
http://www.ncbi.nlm.nih.gov/pubmed/22184139
http://dx.doi.org/10.1038/nchembio.1253
http://www.ncbi.nlm.nih.gov/pubmed/23666117
http://dx.doi.org/10.1073/pnas.98.3.787
http://www.ncbi.nlm.nih.gov/pubmed/11158544
http://dx.doi.org/10.1074/jbc.R100065200
http://www.ncbi.nlm.nih.gov/pubmed/11741967
http://dx.doi.org/10.1053/jhep.2001.21143
http://www.ncbi.nlm.nih.gov/pubmed/11124833
http://dx.doi.org/10.2353/ajpath.2009.080079
http://dx.doi.org/10.2353/ajpath.2009.080079
http://www.ncbi.nlm.nih.gov/pubmed/19234136
http://dx.doi.org/10.1074/jbc.M004951200
http://dx.doi.org/10.1074/jbc.M004951200
http://www.ncbi.nlm.nih.gov/pubmed/10852925
http://dx.doi.org/10.1074/jbc.M109.096081
http://www.ncbi.nlm.nih.gov/pubmed/20404332
http://www.ncbi.nlm.nih.gov/pubmed/9314537

@’PLOS ‘ ONE

Regulation of ABCB4 Stability by lts C-Terminal PDZ-Like Motif

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Fanning AS, Anderson JM. Protein-protein interactions: PDZ domain networks. Current biology: CB.
1996; 6(11):1385-8. PMID: 8939589.

Doyle DA, Lee A, Lewis J, Kim E, Sheng M, MacKinnon R. Crystal structures of a complexed and pep-
tide-free membrane protein-binding domain: molecular basis of peptide recognition by PDZ. Cell. 1996;
85(7):1067-76. PMID: 8674113.

Songyang Z, Fanning AS, Fu C, Xu J, Marfatia SM, Chishti AH, et al. Recognition of unique carboxyl-
terminal motifs by distinct PDZ domains. Science. 1997; 275(5296):73-7. PMID: 8974395.

Stricker NL, Christopherson KS, Yi BA, Schatz PJ, Raab RW, Dawes G, et al. PDZ domain of neuronal
nitric oxide synthase recognizes novel C-terminal peptide sequences. Nature biotechnology. 1997;
15(4):336—42. doi: 10.1038/nbt0497-336 PMID: 9094134.

Delaunay JL, Durand-Schneider AM, Delautier D, Rada A, Gautherot J, Jacquemin E, et al. A missense
mutation in ABCB4 gene involved in progressive familial intrahepatic cholestasis type 3 leads to a fold-
ing defect that can be rescued by low temperature. Hepatology. 2009; 49(4):1218-27. Epub 2009/02/
03. PMID: 19185004. doi: 10.1002/hep.22775

Fouassier L, Yun CC, Fitz JG, Doctor RB. Evidence for ezrin-radixin-moesin-binding phosphoprotein
50 (EBP50) self-association through PDZ-PDZ interactions. The Journal of biological chemistry. 2000;
275(32):25039-45. doi: 10.1074/jbc.C000092200 PMID: 10859298.

Gautherot J, Delautier D, Maubert MA, Ait-Slimane T, Bolbach G, Delaunay JL, et al. Phosphorylation
of ABCB4 impacts its function: Insights from disease-causing mutations. Hepatology. 2014; 60(2):
610-21. Epub 2014/04/12. doi: 10.1002/hep.27170 PMID: 24723470.

Podevin P, Carpentier A, Pene V, Aoudjehane L, Carriere M, Zaidi S, et al. Production of infectious hep-
atitis C virus in primary cultures of human adult hepatocytes. Gastroenterology. 2010; 139(4):1355-64.
doi: 10.1053/j.gastro.2010.06.058 PMID: 20600021.

Galmes R, Delaunay JL, Maurice M, Ait-Slimane T. Oligomerization is required for normal endocytosis/
transcytosis of a GPI-anchored protein in polarized hepatic cells. Journal of cell science. 2013;
126(Pt 15):3409-16. Epub 2013/06/12. doi: 10.1242/jcs.126250 PMID: 23750006.

Xue P, Crum CM, Thibodeau PH. Regulation of ABCC6 trafficking and stability by a conserved C-
terminal PDZ-like sequence. PloS one. 2014; 9(5):e97360. doi: 10.1371/journal.pone.0097360 PMID:
24840500; PubMed Central PMCID: PMC4026322.

Hall RA, Ostedgaard LS, Premont RT, Blitzer JT, Rahman N, Welsh MJ, et al. A C-terminal motif found
in the beta2-adrenergic receptor, P2Y1 receptor and cystic fibrosis transmembrane conductance regu-
lator determines binding to the Na+/H+ exchanger regulatory factor family of PDZ proteins. Proceed-
ings of the National Academy of Sciences of the United States of America. 1998; 95(15):8496-501.
PMID: 9671706; PubMed Central PMCID: PMC21104.

Villa-Bellosta R, Barac-Nieto M, Breusegem SY, Barry NP, Levi M, Sorribas V. Interactions of the
growth-related, type llc renal sodium/phosphate cotransporter with PDZ proteins. Kidney international.
2008; 73(4):456—64. doi: 10.1038/s].ki.5002703 PMID: 18046316; PubMed Central PMCID:
PMC2738937.

Giral H, Lanzano L, Caldas Y, Blaine J, Verlander JW, Lei T, et al. Role of PDZK1 protein in apical
membrane expression of renal sodium-coupled phosphate transporters. The Journal of biological
chemistry. 2011; 286(17):15032—-42. doi: 10.1074/jbc.M110.199752 PMID: 21388960; PubMed Central
PMCID: PMC3083164.

Swiatecka-Urban A, Duhaime M, Coutermarsh B, Karlson KH, Collawn J, Milewski M, et al. PDZ
domain interaction controls the endocytic recycling of the cystic fibrosis transmembrane conductance
regulator. The Journal of biological chemistry. 2002; 277(42):40099-105. doi: 10.1074/jbc.
M206964200 PMID: 12167629.

Cao TT, Deacon HW, Reczek D, Bretscher A, von Zastrow M. A kinase-regulated PDZ-domain interac-
tion controls endocytic sorting of the beta2-adrenergic receptor. Nature. 1999; 401(6750):286—90. doi:
10.1038/45816 PMID: 10499588.

Sneddon WB, Syme CA, Bisello A, Magyar CE, Rochdi MD, Parent JL, et al. Activation-independent
parathyroid hormone receptor internalization is regulated by NHERF1 (EBP50). The Journal of biologi-
cal chemistry. 2003; 278(44):43787-96. doi: 10.1074/jbc.M306019200 PMID: 12920119.

Emi Y, Nomura S, Yokota H, Sakaguchi M. ATP-binding cassette transporter isoform C2 localizes to
the apical plasma membrane via interactions with scaffolding protein. Journal of biochemistry. 2011;
149(2):177-89. doi: 10.1093/jb/mvq131 PMID: 21059598.

Lee JH, Richter W, Namkung W, Kim KH, Kim E, Conti M, et al. Dynamic regulation of cystic fibrosis
transmembrane conductance regulator by competitive interactions of molecular adaptors. The Journal
of biological chemistry. 2007; 282(14):10414—22. doi: 10.1074/jbc.M610857200 PMID: 17244609.

PLOS ONE | DOI:10.1371/journal.pone.0146962 January 20, 2016 16/17


http://www.ncbi.nlm.nih.gov/pubmed/8939589
http://www.ncbi.nlm.nih.gov/pubmed/8674113
http://www.ncbi.nlm.nih.gov/pubmed/8974395
http://dx.doi.org/10.1038/nbt0497-336
http://www.ncbi.nlm.nih.gov/pubmed/9094134
http://www.ncbi.nlm.nih.gov/pubmed/19185004
http://dx.doi.org/10.1002/hep.22775
http://dx.doi.org/10.1074/jbc.C000092200
http://www.ncbi.nlm.nih.gov/pubmed/10859298
http://dx.doi.org/10.1002/hep.27170
http://www.ncbi.nlm.nih.gov/pubmed/24723470
http://dx.doi.org/10.1053/j.gastro.2010.06.058
http://www.ncbi.nlm.nih.gov/pubmed/20600021
http://dx.doi.org/10.1242/jcs.126250
http://www.ncbi.nlm.nih.gov/pubmed/23750006
http://dx.doi.org/10.1371/journal.pone.0097360
http://www.ncbi.nlm.nih.gov/pubmed/24840500
http://www.ncbi.nlm.nih.gov/pubmed/9671706
http://dx.doi.org/10.1038/sj.ki.5002703
http://www.ncbi.nlm.nih.gov/pubmed/18046316
http://dx.doi.org/10.1074/jbc.M110.199752
http://www.ncbi.nlm.nih.gov/pubmed/21388960
http://dx.doi.org/10.1074/jbc.M206964200
http://dx.doi.org/10.1074/jbc.M206964200
http://www.ncbi.nlm.nih.gov/pubmed/12167629
http://dx.doi.org/10.1038/45816
http://www.ncbi.nlm.nih.gov/pubmed/10499588
http://dx.doi.org/10.1074/jbc.M306019200
http://www.ncbi.nlm.nih.gov/pubmed/12920119
http://dx.doi.org/10.1093/jb/mvq131
http://www.ncbi.nlm.nih.gov/pubmed/21059598
http://dx.doi.org/10.1074/jbc.M610857200
http://www.ncbi.nlm.nih.gov/pubmed/17244609

el e
@ ' PLOS ‘ ONE Regulation of ABCB4 Stability by Its C-Terminal PDZ-Like Motif

35. Hegedus T, Sessler T, Scott R, Thelin W, Bakos E, Varadi A, et al. C-terminal phosphorylation of MRP2
modulates its interaction with PDZ proteins. Biochemical and biophysical research communications.
20083; 302(3):454-61. PMID: 12615054.

36. LamP, Xu S, Soroka CJ, Boyer JL. A C-terminal tyrosine-based motif in the bile salt export pump
directs clathrin-dependent endocytosis. Hepatology. 2012; 55(6):1901—11. doi: 10.1002/hep.25523
PMID: 22161577; PubMed Central PMCID: PMC3319652.

37. HayashiH, Inamura K, Aida K, Naoi S, Horikawa R, Nagasaka H, et al. AP2 adaptor complex mediates
bile salt export pump internalization and modulates its hepatocanalicular expression and transport func-
tion. Hepatology. 2012; 55(6):1889-900. doi: 10.1002/hep.25591 PMID: 22262466.

38. Kipp H, Pichetshote N, Arias IM. Transporters on demand: intrahepatic pools of canalicular ATP binding
cassette transporters in rat liver. The Journal of biological chemistry. 2001; 276(10):7218-24. doi: 10.
1074/jbc.M007794200 PMID: 11113123.

PLOS ONE | DOI:10.1371/journal.pone.0146962 January 20, 2016 17/17


http://www.ncbi.nlm.nih.gov/pubmed/12615054
http://dx.doi.org/10.1002/hep.25523
http://www.ncbi.nlm.nih.gov/pubmed/22161577
http://dx.doi.org/10.1002/hep.25591
http://www.ncbi.nlm.nih.gov/pubmed/22262466
http://dx.doi.org/10.1074/jbc.M007794200
http://dx.doi.org/10.1074/jbc.M007794200
http://www.ncbi.nlm.nih.gov/pubmed/11113123

