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Abstract: ABCB4 (ATP-binding cassette subfamily B member 4) is an ABC transporter expressed
at the canalicular membrane of hepatocytes where it ensures phosphatidylcholine secretion into
bile. Genetic variations of ABCB4 are associated with several rare cholestatic diseases. The available
treatments are not efficient for a significant proportion of patients with ABCB4-related diseases
and liver transplantation is often required. The development of novel therapies requires a deep
understanding of the molecular mechanisms regulating ABCB4 expression, intracellular traffic, and
function. Using an immunoprecipitation approach combined with mass spectrometry analyses,
we have identified the small GTPase RAB10 as a novel molecular partner of ABCB4. Our results
indicate that the overexpression of wild type RAB10 or its dominant-active mutant significantly
increases the amount of ABCB4 at the plasma membrane expression and its phosphatidylcholine
floppase function. Contrariwise, RAB10 silencing induces the intracellular retention of ABCB4
and then indirectly diminishes its secretory function. Taken together, our findings suggest that
RAB10 regulates the plasma membrane targeting of ABCB4 and consequently its capacity to mediate
phosphatidylcholine secretion.

Keywords: bile secretion; intracellular traffic; MDR3; phosphatidylcholine; RAB GTPase

1. Introduction

ABCB4 (ATP-binding cassette subfamily B member 4), also named MDR3 (MultiDrug
Resistance 3), is one of the main biliary transporters [1]. It is expressed at the canalicular
membrane of hepatocytes where it mediates phosphatidylcholine (PC) secretion into bile [2].
In the aqueous environment of bile, PC plays a critical role in cholesterol solubilization
as well as bile acid neutralization [3]. Variations in the ABCB4 gene are associated with
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several rare cholestatic diseases, including Progressive Familial Intrahepatic Cholestasis
type 3 (PFIC3), Low Phospholipid-Associated Cholelithiasis (LPAC) syndrome, and In-
trahepatic Cholestasis of Pregnancy (ICP) [4,5]. While treatment with ursodeoxycholic
acid remains efficient for the majority of patients with milder forms of ABCB4-related
diseases, this is not the case for patients with PFIC3, the most severe form of these dis-
eases, who most often require liver transplantation [6,7], stressing the unmet need for new
therapeutic options. In the frame of personalized medicine, new targeted pharmacother-
apies for ABCB4-related diseases have been proposed from in vitro studies and include
the potentiator Ivacaftor/VX-770 as well as structural analogues of roscovitine [8,9]. In
addition, AAV8- or mRNA-mediated gene therapy constitute an interesting alternative
to rescue ABCB4 deficiency, as recently described in mouse models by several research
groups [10–13]. In order to better characterize and understand the mode of action of new
therapies, a better understanding of the molecular mechanisms regulating ABCB4 traffic
and function is required.

Over the last decade, proteomic studies have become a powerful tool to decipher
molecular mechanisms at the subcellular level and to provide new insights into protein
biology. In the last years, a limited number of ABCB4 interacting partners were identified by
yeast two-hybrid screens, including HS1-Associated protein X-1 (HAX1), the motor protein
Myosin II regulatory Light Chain 2 (MLC2), Receptor for Activated C-kinase 1 (RACK1),
and ERM-Binding Phosphoprotein of 50 kDa (EBP50) [14–18]. Aiming at identifying
novel molecular partners of ABCB4, we used an immunoprecipitation approach combined
with HPLC-coupled tandem mass spectrometry analyses (usually defined as “Affinity
Purification-Mass Spectrometry” or AP-MS). This allowed us to identify the small GTPase
RAB10 as a potential ABCB4 interactor. RAB10 belongs to the Ras-related in brain (Rab)
family of proteins, which are well known as master regulators of intracellular traffic and
sorting processes [19]. RAB proteins are implicated in the majority of vesicular transport
steps, including vesicle formation, motility, and tethering, as well as their fusion with target
membranes [19]. To date, more than 60 RAB proteins have been identified in mammals.
These soluble proteins are ubiquitously expressed and can be membrane-associated with
many subcellular compartments thanks to their post-translational geranyl-geranylation [20].
RAB10 was first cloned from Madin-Darby Canine Kidney cells [21]. It is mainly involved
in protein trafficking from the Golgi apparatus to the plasma membrane [22]. Its implication
in GLUT4 traffic as well as TLR4 exocytosis is well documented [23,24]. RAB10 also plays
a key role in ciliogenesis, neuronal development, and basolateral recycling [22].

In the present study, we used biochemical and morphological approaches in cell
models, namely HEK and HeLa cells. These cells allow high transfection rate and high
expression level of transgenes, and they are validated models for investigating the cell
biology of ABC transporters [25,26]. We found that the overexpression of RAB10-wild
type (WT) or its constitutively active mutant increases ABCB4 membrane expression and
function, whereas RAB10 silencing attenuates ABCB4 cell surface expression, as well as
its PC secretion function. Taken together, our results indicate that RAB10 is an important
regulator of ABCB4 traffic, by promoting its transport from the Golgi apparatus to the
plasma membrane.

2. Results
2.1. Identification of RAB10 as a New Molecular Partner of ABCB4

Despite the important role played by ABCB4 in bile secretion, little is known about
the molecular mechanisms regulating its expression, intracellular traffic, and function.
To clarify some of these mechanisms, the aim of this study was to identify key players
implicated in ABCB4 regulation. For this task, an AP-MS approach was used (see details
in the Section 4). Among several ABCB4 candidate interactors (Supplementary Table S1),
we found the small GTPases RAB10 and RAB13 of particular interest, as RAB11 has been
involved in the traffic of the canalicular bile salt export pump ABCB11 [27]. Our preliminary
results indicated less encouraging results for RAB13 (data not shown), so we decided to
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further investigate the role of RAB10 in the intracellular traffic and function of ABCB4. To
confirm the interaction between ABCB4 and RAB10, co-immunoprecipitation experiments
were performed in primary human hepatocytes. RAB10 was detected after ABCB4-specific
immunoprecipitation but not in the control condition with unspecific antibodies (Figure 1A).
Conversely, ABCB4 was specifically detected from RAB10-immunoprecipitated complexes
(Figure 1B). The same results were observed in HEK cells co-transfected with ABCB4 and
RAB10-GFP (Supplementary Figure S1). These results confirm the interaction between
ABCB4 and RAB10.
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and ABCB4 expression was detected by immunoblot (Figure 2A). The densitometry anal-
yses indicated that the transient expression of the different forms of RAB10 had no effect 
on total ABCB4 expression (Figure 2B). However, when we studied ABCB4 function, we 
observed an important increase of ABCB4-mediated PC secretion in HEK cells expressing 
RAB10-WT or the constitutively active RAB10-Q68L, but not in cells expressing the inac-
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cant increase of basal PC efflux was observed when RAB10-WT alone was expressed (Sup-
plementary Figure S3). 

Figure 1. Co-immunoprecipitation of ABCB4 and RAB10 in primary human hepatocytes. (A,B) ABCB4 (A) or RAB10 (B)
were immunoprecipitated from primary human hepatocyte lysates using specific antibodies. Controls were performed
using unspecific antibodies (unspe.). After SDS-PAGE, the presence of ABCB4 and RAB10 in the lysates (Input) and the
immunoprecipitates (IP) was detected by immunoblot (IB) as indicated. Molecular weight markers (in kDa) are indicated.
These panels are representative of at least three independent experiments per condition. The presented data were cropped
from full immunoblots shown in Supplementary Figure S2.

2.2. Overexpression of RAB10-WT or Its Dominant-Active Mutant Increases ABCB4 Plasma
Membrane Expression and Function

To investigate the functional role of RAB10 in ABCB4 regulation, we first studied the
effect of RAB10 overexpression on ABCB4 expression. HEK cells, co-expressing ABCB4
and different forms of RAB10-GFP (WT or its constitutively active Q68L and inactive T23N
forms), or GFP alone (as control), were used. RAB10 (endogenous and GFP-tagged) and
ABCB4 expression was detected by immunoblot (Figure 2A). The densitometry analyses
indicated that the transient expression of the different forms of RAB10 had no effect on
total ABCB4 expression (Figure 2B). However, when we studied ABCB4 function, we
observed an important increase of ABCB4-mediated PC secretion in HEK cells express-
ing RAB10-WT or the constitutively active RAB10-Q68L, but not in cells expressing the
inactive RAB10-T23N form (Figure 2C). In the absence of ABCB4-WT expression, no sig-
nificant increase of basal PC efflux was observed when RAB10-WT alone was expressed
(Supplementary Figure S3).
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fluorescence in the very small area of bile canaliculus. Alternatively, we studied ABCB4 
immunolocalization in HeLa cells co-expressing a modified version of ABCB4 with a 
FLAG tag in its first extracellular loop (Figure 3A) and the different forms of RAB10-GFP 
as above. We used HeLa cells for this approach since they are much more spread than 
HEK cells and thus allow better quantification analyses. In the absence of cell permeabili-
zation and using anti-FLAG antibodies, this strategy allows for exclusively detecting cell 
surface ABCB4 (Figure 3A,B, red), while the use of anti-ABCB4 antibodies after cell per-
meabilization reveals the ABCB4 total population (Figure 3A,B, blue). The specificity of 
the plasma membrane staining of ABCB4 using anti-FLAG antibodies is supported by the 
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Figure 2. Analysis of ABCB4 expression and function after RAB10 overexpression in HEK cells.
(A) ABCB4 and the indicated forms of RAB10-GFP were transiently expressed in HEK cells. Empty
EGFP-C1 plasmid was used as control (ctrl). Forty-eight hours post-transfection, cell lysates were
prepared and analyzed by immunoblot using the indicated antibodies. Molecular weight markers (in
kDa) are indicated, as well as endogenous (#) and GFP-tagged (*) RAB10. This panel is representative
of three independent experiments. The presented data were cropped from full immunoblots shown
in Supplementary Figure S4. (B) Densitometry analysis of (A). The amount of ABCB4 was quantified,
normalized to the amount of tubulin, and then expressed as fold change compared to the control
condition (ctrl). Means (±SD) of three independent experiments are shown; ns: not significant.
(C) HEK cells expressing both ABCB4 and the indicated forms of RAB10-GFP were used to measure
ABCB4-mediated PC secretion. PC secretion was represented as a percentage of the activity for control
cells (ctrl, expressing GFP alone) after background subtraction. Means (±SD) of three independent
experiments performed in triplicate for each tested condition are shown; * p < 0.05; *** p < 0.005; ns:
not significant.

Considering the key role played by RAB proteins in intracellular protein trafficking,
we explored the hypothesis that the increased ABCB4-mediated PC secretion in cells over-
expressing RAB10-WT or -Q68L might be correlated with an increase of ABCB4 expression
at the cell surface. To verify this hypothesis, in a first attempt, we used polarized HepG2
cells to quantify amounts of ABCB4 present at bile canaliculi (Supplementary Figure S5).
However, this did not allow an appropriate quantification of fluorescence intensities at the
canalicular membrane, due to the important clustering of ABCB4-associated fluorescence
in the very small area of bile canaliculus. Alternatively, we studied ABCB4 immunolocal-
ization in HeLa cells co-expressing a modified version of ABCB4 with a FLAG tag in its first
extracellular loop (Figure 3A) and the different forms of RAB10-GFP as above. We used
HeLa cells for this approach since they are much more spread than HEK cells and thus allow
better quantification analyses. In the absence of cell permeabilization and using anti-FLAG
antibodies, this strategy allows for exclusively detecting cell surface ABCB4 (Figure 3A,B,
red), while the use of anti-ABCB4 antibodies after cell permeabilization reveals the ABCB4
total population (Figure 3A,B, blue). The specificity of the plasma membrane staining of
ABCB4 using anti-FLAG antibodies is supported by the observation that the intracellu-
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larly retained ABCB4-I541F variant [28] with the same FLAG tag (ABCB4-I541F-FLAG)
does not display this specific signal, while this is partially rescued upon treatment with
cyclosporin A (Supplementary Figure S6), known to rescue the plasma membrane targeting
of this variant [29]. In line with our hypothesis and in agreement with results regarding
ABCB4 function (Figure 2B), we observed that the amount of ABCB4 at the cell surface was
markedly increased in cells expressing RAB10-WT or -Q68L in comparison to the control
condition with GFP alone (Figure 3B). To confirm these observations, we quantified the
fluorescence ratio of cell surface/total ABCB4 in the different experimental conditions
and we observed a significant increase of this fluorescence ratio when RAB10-WT or its
dominant-active form were expressed (Figure 3C). It is important to note that the reference
for these quantifications of fluorescence intensities was “total ABCB4”, a parameter that is
not influenced by the subcellular localization of ABCB4. Altogether, these results suggest
that RAB10 is involved in the plasma membrane targeting of ABCB4, an obligatory process
allowing its function of PC secretion towards the extracellular environment.
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2.3. RAB10 Silencing Reduces ABCB4 Plasma Membrane Expression and Decreases Its Func-
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Then, we investigated the effect of RAB10 silencing on ABCB4 cell surface expression 
using a siRNA approach. The transfection of specific anti-RAB10 siRNAs in HeLa cells 
induced an important knockdown of endogenous RAB10 (Figure 4A). The quantification 
of these experiments indicated that RAB10 expression was decreased by more than 90% 
in comparison with cells transfected with control siRNAs (Figure 4B). In this RAB10 

Figure 3. Analysis of ABCB4 localization at the plasma membrane after RAB10 overexpression in HeLa cells. (A) Schematic
representation of the indirect immunofluorescence approach allowing the discrimination of cell surface (red) vs. total (blue)
ABCB4 using anti-FLAG antibodies before permeabilization and anti-ABCB4 antibodies after permeabilization, respectively.
(B) ABCB4-FLAG and the indicated RAB10 forms were expressed in HeLa cells. After 48 h of expression, the cell surface
and total ABCB4 were labeled as schematized in (A). After immunolabeling, cell surface ABCB4 (red), total ABCB4 (blue)
and RAB10-GFP (green; GFP alone for control) were visualized by confocal microscopy. This panel is representative of three
independent experiments. Bars: 10 µm. (C) Quantification of (B). Fluorescence ratio of cell surface ABCB4/total ABCB4 was
determined and represented as a percentage of the control condition (GFP alone-expressing cells). For each condition, at
least 90 independent cells from three independent experiments were analyzed. Means (±SD) are represented; *** p < 0.005;
ns: not significant.

2.3. RAB10 Silencing Reduces ABCB4 Plasma Membrane Expression and Decreases Its Function

Then, we investigated the effect of RAB10 silencing on ABCB4 cell surface expression
using a siRNA approach. The transfection of specific anti-RAB10 siRNAs in HeLa cells
induced an important knockdown of endogenous RAB10 (Figure 4A). The quantification
of these experiments indicated that RAB10 expression was decreased by more than 90% in
comparison with cells transfected with control siRNAs (Figure 4B). In this RAB10 knock-
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down condition, using the specific plasma membrane labeling described above, we ob-
served that less ABCB4 was localized at the plasma membrane than in the control condition
(Figure 4C), which was confirmed by the quantification of these experiments (Figure 4D).
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in HeLa cells (Control, ctrl or anti-RAB10), RAB10 expression was analyzed by immunoblot, as in Figure 2A. This panel
is representative of three independent experiments. The presented data were cropped from full immunoblots shown
in Supplementary Figure S7. (B) Densitometry analysis of (A), as performed in Figure 2B. Means (±SD) of at least
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experiments. Bars: 10 µm. (D) Quantification of (C), as performed in Figure 3C. Means (±SD) are represented; *** p < 0.005.

To confirm the effect of RAB10 silencing on ABCB4 cell surface expression, we used
RAB10-KO HEK cells generated by the CRISPR/Cas9 approach. This strategy was com-
plementary to siRNA transfection and less aggressive for the cells in the frame of assays
aiming at measuring ABCB4-mediated PC secretion. Immunoblot analyses of RAB10 ex-
pression indicated an important knockdown of protein expression in HEK cells (Figure 5A)
to more than 90% compared to control cells (Figure 5B). Then, ABCB4 cell surface expres-
sion was determined as aforementioned. In line with our previous results in HeLa cells, an
important decrease in ABCB4 cell surface expression was detected in RAB10-KO HEK cells,
in comparison to control cells (Figure 5C; quantification in Figure 5D). We also examined
the effect of RAB10 silencing by CRISPR/Cas9 on ABCB4 function in HEK cells: ABCB4-
mediated PC secretion was strongly impaired in RAB10-KO cells in comparison to control
cells (Figure 5E). Altogether, these results indicate that RAB10 knockdown diminishes
plasma membrane expression levels of ABCB4, and thus indirectly its PC secretion function
towards the extracellular environment.
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Figure 5. Effect of RAB10 knockdown on ABCB4 localization and function in HEK cells. (A,B) RAB10 expression in
control (ctrl) and RAB10-KO HEK cells was analyzed (A) and quantified (B) as in Figure 4A,B. (A) is representative of
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representative of three independent experiments. Bars: 10 µm. (D) Quantification of (C), as performed in Figure 3C. Means
(±SD) are represented; *** p < 0.005. (E) Control (ctrl) and RAB10-KO HEK cells were used to measure ABCB4-mediated PC
secretion, as performed in Figure 2C. Means (±SD) of three independent experiments are shown; * p < 0.05.

2.4. RAB10 Promotes ABCB4 Trafficking from the Golgi Apparatus to the Plasma Membrane

Since we observed a considerable reduction of ABCB4 expression at the cell surface
after RAB10 knockdown, both in HeLa and HEK cells (see Figures 4 and 5) without signifi-
cant modification of total ABCB4 expression (Supplementary Figure S8), we inferred that
RAB10 knockdown caused an intracellular retention of ABCB4. As previously reported [22],
we found that RAB10 was preferentially associated with the Golgi apparatus, colocalizing
with giantin (Supplementary Figure S9). We thus hypothesized that the plasma membrane
targeting of ABCB4 might be impaired at post-Golgi steps when RAB10 is knocked down.
The total ABCB4 distribution was examined by confocal microscopy in both HeLa and
HEK cells. Under control conditions, ABCB4 displayed a significant plasma membrane
staining (Figure 6A,B, upper panels). However, after RAB10 knockdown, ABCB4 was less
present at the plasma membrane with an increased colocalization with the Golgi marker
giantin, both in HeLa cells (Figure 6A, lower panels) and HEK cells (Figure 6B, lower
panels). These results provide evidence that RAB10 is involved in ABCB4 trafficking from
the Golgi apparatus to the plasma membrane.
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3. Discussion

ABCB4 plays an important role in bile secretion [1,5]. However, little is known
regarding its molecular regulation. In the present study, to further understand ABCB4
biology, we explored ABCB4 interactome. Using an AP-MS screen, we identified the small
GTPase RAB10 as a novel ABCB4 binding partner. However, using this method, we did
not identify the few other known partners of ABCB4 [18]. This could be explained by: (i) a
weak sensitivity of the technique; (ii) the stringent conditions of the immunoprecipitation;
or (iii) the poor overlap of the different techniques and studies, as already reported for the
analysis of ABCB11 interactome [30]. RAB10 belongs to the RAB protein family, known as
key players in intracellular traffic processes [19]. Interestingly, it has already been reported
that several RAB proteins interact with and regulate the intracellular traffic of several ABC
transporters. Indeed, RAB11 colocalizes with both ABCB11 and ABCC2 and regulates
their recycling to the canalicular membrane [27,31]. RAB4 and RAB5 were also reported as
ABCB1 regulators [32,33]; and RAB5a, RAB7, RAB4, RAB11a, and RAB27a are implicated
in the regulation of ABCC7/CFTR traffic and function [34]. More recently, RAB10 has also
been shown to be implicated in CFTR targeting to the plasma membrane [35].

In the present study, we show that the transient overexpression of RAB10-WT or its
dominant-active mutant (RAB10-Q68L) significantly increases ABCB4 expression at the
cell surface and consequently its ability to secrete PC outside the cells. In contrast, the
overexpression of the dominant-inactive form RAB10-T23N had no significant effect on
ABCB4 localization or function, except for a tendency to decrease ABCB4 expression at
the cell surface and its function. These results might be explained by the fact that this
constitutively inactive form is less expressed than the other RAB10 forms (see Figure 2A),
which might be due to its reduced stability, as previously reported [36]. This hypothesis is
strengthened by the fact that RAB10 depletion, by both siRNA or CRISPR/Cas9 approaches,
reduces ABCB4 cell surface expression and function as well as it induces its intracellular
accumulation in the Golgi apparatus. Since RAB10 has been implicated in post-Golgi
trafficking of GLUT4 and TLR4 [23,24], we can speculate that this RAB protein is also
necessary for vesicular trafficking of ABCB4 from the Golgi apparatus to the plasma
membrane. The fact that we only observed a partial decrease of ABCB4 cell surface
expression and function in RAB10-knocked down and RAB10-KO cells (see Figures 4 and 5)
might be due to the redundancy of RAB10 function with other RAB proteins. Indeed,
functional similarity and redundancy between RAB8, RAB10, and RAB13 have been
reported [22]. Further investigation will be required for a deeper analysis of the role of RAB
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protein redundancy on ABCB4 intracellular traffic and function. It is also interesting to
note that ABCB4 staining at the plasma membrane appears as punctuated (ABCB4-FLAG
staining in Figures 3B and 4C), suggesting its partition in specialized microdomains at the
plasma membrane. Whether the transporter is localized in “raft-like” structures or not, the
latest having already been suggested [37], would require further investigation.

ABCB4 defects are associated with several cholestatic liver diseases [2,4]. Interestingly,
during the last years, many cholestatic like-phenotypes were associated with mutations in
genes encoding traffic regulators, such as the motor protein MYO5B, the vacuole protein
sorting-associated protein VPS33B, and its interacting protein VIPAS39 [38–41]. This
highlights and supports the importance of correct ABCB4 trafficking to ensure its function
and thereby a normal bile flow [41]. Thus, it seems important to more deeply explore
molecular mechanisms regulating ABCB4 intracellular traffic. Moreover, based on the
present study, it is tempting to speculate that RAB10 mutations or malfunction could lead
to diseases mimicking ABCB4 deficiency, arguing for the research of RAB10 mutations in
patients with unexplained cholestatic diseases. In this respect, it is of interest that RAB10
dysregulation was reported in some cases of hepatocellular carcinoma, which may support
its key role in protein trafficking in hepatocytes [42].

In conclusion, using cell models, we report here that RAB10 is a novel ABCB4 molecu-
lar partner and is a key regulator of its intracellular traffic from the Golgi apparatus to the
plasma membrane. Further work will be necessary to determine the physiological relevance
of this interaction and its role in polarized hepatocytes. Finally, we expect that an improved
understanding of ABCB4 regulation will help the development of new therapeutic options
for patients with cholestatic diseases related to ABCB4 defects.

4. Materials and Methods
4.1. Plasmids, Cell Culture and Transfection

Two different constructs encoding human ABCB4 were used: pcDNA3-ABCB4, which
was previously described [28], and pcDNA3-ABCB4-FLAG, a modified version of ABCB4
with a FLAG tag (DYKDDDDK) within its first extracellular loop (between Ser 99 and Leu
100), prepared by Genscript (Piscataway, NJ, USA). Constructs encoding human RAB10-
WT (pEGFP-RAB10-WT) and its constitutively active (pEGFP-RAB10-Q68L) and inactive
(pEGFP-RAB10-T23N) forms, all with N-terminal GFP, were a kind gift from Mark McNiven
(Department of Biochemistry and Molecular Biology, Mayo Clinic, Rochester, MN, USA),
which were prepared as described [43].

Primary human hepatocytes were prepared as described [44] and kindly provided
by the Human HepCell platform (ICAN, Paris, France). Human embryonic kidney cells
(HEK-293, herein referred to as HEK; ATCC®-CRL-1573TM) and HeLa cells (ATTC®-CCL-
2TM) were grown at 37 ◦C with 5% CO2 as described [45]. HEK and HeLa cells were
transfected using Turbofect (Thermo Fisher Scientific, Villebon-sur-Yvette, France) at a ratio
of reagent:DNA of 2:1 according to the manufacturer’s instructions. JetPrime (PolyPlus
Transfection, Illkirch, France) was used for small interfering RNA (siRNA) transfection
according to the manufacturer’s instructions.

4.2. RNA Interference and CRISPR/Cas9 System

For RAB10 silencing experiments, anti-RAB10 siRNA (ON TARGETplus human
RAB10 siRNA SMARTpool) and scramble control siRNA (ON TARGETplus non-targeting
control pool) from Horizon Discovery (Cambridge, UK) were used. RAB10-knockout (KO)
HEK cells were established using the CRISPR/Cas9 technology as previously described [46].
Briefly, sgRNA guide sequences targeting human RAB10 were designed using the CRISPR
design tool from Horizon Discovery (sense, 5′–GCGTACGTCTTCTTCGCCATT–3′ and
antisense, 5′–AATGGCGAAGAAGACGTACGC–3′) and cloned into pSpCas9(BB)-2A-Puro
plasmid (PX459, Addgene). After sequence verification, the resulting plasmid was trans-
fected into HEK cells, and 24 h later, 2 µg/mL puromycin (Gibco) was added to the culture
medium for the selection of transfected cells.
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4.3. Immunoprecipitation and Mass Spectrometry Analyses (AP-MS)

For this approach, ABCB4 was immunoprecipitated from primary human hepatocytes
and ABCB4-expressing HEK cells, then potential interactors were identified by tandem
mass spectrometry. Primary human hepatocytes (2 × 107 cells) and HEK cells express-
ing ABCB4 (107 cells) were lysed in lysis buffer (20 mM Tris-HCl pH 8.0, 137 mM NaCl,
2 mM EDTA, 1% Triton X-100) containing protease inhibitors (cOmplete™ Protease In-
hibitor Cocktail, Sigma, Saint-Quentin-Fallavier, France). The lysates were centrifuged at
14,000 rpm, 10 min at 4 ◦C, then supernatants were collected. After supernatant preclearing
1 h at 4 ◦C with 40 µL Protein-A Sepharose alone (VWR, Fontenay-sous-Bois, France), sam-
ples were incubated for 1 h at 4 ◦C with agitation in the presence of 0.5 µg of anti-ABCB4
(P3II-26 – Enzo Life Sciences, Villeurbanne, France) or unspecific IgG2b (MPC-11, BioLe-
gend) antibodies, and then overnight at 4 ◦C with 40 µL Protein A-Sepharose. As a negative
control allowing the elimination of unspecific contaminating proteins, we also included
a condition with non-ABCB4-expressing HEK cells. Immunoprecipitates were recovered
by centrifugation (1500 rpm, 5 min, 4 ◦C), washed three times with lysis buffer, and twice
with ice-cold PBS. Bound proteins were eluted with 50 mM Tris-HCl pH 8.5 containing 2%
SDS. As a control of immunoprecipitation efficacy, 30% of the eluted fraction was subjected
to SDS-PAGE and analyzed by immunoblot with appropriate antibodies. The rest of the
eluted samples was processed using the filtered-aided sample preparation (FASP) method
to collect peptides as previously described [47]. Stage-tip-desalted peptides were analyzed
by LC-MS-MS using an Ultimate 3000 Rapid Separation liquid chromatographic system
coupled to an Orbitrap Fusion mass spectrometer (both from Thermo Fisher Scientific) as
follows: peptides were loaded on a C18 reverse phase pre-column (3 µm particle size, 100 Å
pore size, 75 µm inner diameter, 2 cm length; Thermo Fischer Scientific) using loading sol-
vent (1% Acetonitrile and 0.1% trifluoroacetic acid in milliQ water) for 3 min at 5 µL.min−1,
then separated on an analytical C18 reverse phase column (2 µm particle size, 100 Å pore
size, 75 µm internal diameter, 25 cm length) with a 45 min effective gradient from 99% A
(0.1% formic acid in milliQ water) to 50% B (80% Acetonitrile, 0.085% formic acid in milliQ
water) at 400 nL.min−1. The mass spectrometer acquired data throughout the LC elution
process and operated in a data-dependent scheme with full MS scans acquired with the
orbitrap, followed by HCD fragmentation and ion trap fragment detection (top speed mode
in 5 s) on the most abundant ions detected in the MS scan. Mass spectrometer settings were
for full scan MS: AGC: 2.0E4, target resolution: 60,000, m/z range was 350–1500, maximum
ion injection time: 60 ms; for HCD MS/MS: quadrupole filtering, normalized collision
energy: 27. Ion trap rapid detection, intensity threshold: 1.0E4, isolation window: 1.6 m/z,
dynamic exclusion time: 30 s, AGC Target: 2.0E4 and maximum injection time: 100 ms. The
fragmentation was permitted for precursor with charge state of 2 to 7. Proteome discoverer
1.4 (Thermo Fisher Scientific) was used to generate. mgf peaklists files.

Peptides were identified as follows. Experimental mass lists were used to perform
comparisons with theoretical mass lists from the Homo sapiens taxon of the Swiss-Prot
database (May 2017, 20,204 sequences) using Mascot version 2.5.1 (www.matrixscience.com,
accessed on 30 June 2021). The cleavage specificity set was the trypsin with maximum
2 missed cleavages. The precursor mass tolerance was set to 4 ppm and the MS/MS mass
tolerance to 0.55 Da. Cystein carbamidomethylation was set as a constant modification
while methionine oxidation was set as variable modification. With these settings, peptide
identifications were considered as valid whenever their scores reached a minimum of 25,
thus meeting the p-values criteria less than 0.05. The sample comparison was performed
with MyPROMS software [48]. Identified proteins with at least 2 distinct peptides in at
least one sample were considered positive.

4.4. Immunoblots, Immunofluorescence and Measurement of ABCB4-Mediated
Phosphatidylcholine Secretion

Immunoblots were performed as previously described [9,45], using cells co-transfected
with ABCB4- and RAB10-encoding constructs at a 1:1 ratio with the following primary
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antibodies: anti-ABCB4 (clone P3II-26) from Enzo Life Sciences, anti-α-tubulin (clone
1E4C11) from ProteinTech (Manchester, UK), anti-RAB10 (clone D36C4) from Cell Signaling
(Danvers, MA, USA) and anti-GFP (clone AB10145) from Sigma. Immunoblots were
quantified in the linear range of detection using ImageJ 1.50i software (U.S. National
Institutes of Health, Bethesda, MD, USA).

For indirect immunofluorescence experiments, cells were grown on glass coverslips,
fixed with 4% paraformaldehyde (Thermo Fisher Scientific) for 10 min, and permeabi-
lized with 0.05% saponin in PBS containing 0.2% of bovine serum albumin (BSA). The
coverslips were then incubated with the following primary antibodies: anti-ABCB4 and
anti-RAB10 (see above), anti-calnexin (SPA-865, Enzo Life Sciences), anti-giantin (PRB-
114C, Covance, Rueil-Malmaison, France), anti-EEA1 (sc-6415, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and anti-LAMP1 (sc-20011, Santa Cruz Biotechnology); and subse-
quently incubated for 1 hour with appropriate Alexa Fluor-conjugated secondary antibodies
(ThermoFisher Scientific). Nuclei were labeled using Hoechst 33342 (ThermoFisher Sci-
entific). Immunofluorescence images were acquired using a confocal microscope (Eclipse
TE-2000-Nikon-C2) equipped with a 60X objective, serial xy optical sections with a z-step
of 0.3 µm were acquired using Nikon NIS-Elements software version AR 4.50 with con-
stant settings (laser powers and correction of signal intensities) and treated using Adobe
Photoshop version 8.0.1.

Alternatively, for specific cell surface labeling of ABCB4, non-permeabilized HeLa
cells expressing ABCB4-FLAG were incubated 1 h with polyclonal anti-FLAG antibodies
(F7425, Sigma) prior to fixation. Then, after fixation and permeabilization, total vs. cell
surface ABCB4 were revealed using the standard procedure described above. A cell by cell
quantification of cell surface vs. total ABCB4 signal intensities was performed as follows:
individual ABCB4-expressing cells were randomly selected and delineated in ImageJ soft-
ware, version 1.50i using the total ABCB4 signal. For each segmented cell, the fluorescence
intensities associated with total ABCB4 (shown in blue) or plasma membrane ABCB4
(shown in red) were measured in each channel using the ‘Measure’ function of ImageJ.
Then, after background subtraction (measured in areas with no apparent fluorescence) for
each fluorescence intensity, plasma membrane over total ABCB4 fluorescence ratios were
expressed as percentages of the mean ratio calculated for the reference condition (control).

The measurement of ABCB4-mediated PC secretion using a fluoro-enzymatic assay
was performed as described [49] and results were analyzed as published [45].

4.5. Statistical Analyses

Graphics and one-way ANOVA tests were performed using Prism version 7.00 (Graph-
Pad Software, La Jolla, CA, USA). A p value of less than 0.05 was considered significant
with *: p < 0.05; **: p < 0.01; ***: p < 0.005; ns: not significant. Symbols always indicate the
comparison between the control and the other tested conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22137087/s1. Figure S1: Co-immunoprecipitation of ABCB4 and RAB10 in HEK cells.
HEK cells co-expressing RAB10-GFP and ABCB4 were used. GFP (A) and ABCB4 (B) were im-
munoprecipitated using specific antibodies. Controls were performed using unspecific antibodies
(unspe.). After SDS-PAGE, the presence of ABCB4 and RAB10-GFP in the lysates (Input) and the
immunoprecipitates (IP) was detected by immunoblot (IB) as indicated. Molecular weight markers
(in kDa) are shown. These panels are representative of three independent experiments per condition.
Figure S2: Full immunoblots related to Figure 1A,B. Results shown in Figure 1A,B are delineated by
dotted rectangles. MW (in kDa) are indicated. Figure S3: Phosphatidylcholine efflux after RAB10-WT
expression. The phosphatidylcholine efflux from HEK cells expressing ABCB4-WT or RAB10-WT-
GFP was measured as in Figure 2C. Note that for these experiments, means could not be normalized
to ABCB4 expression levels. Means (± SD) of three independent experiments are shown. Figure
S4: Full immunoblots related to Figure 2A. Results shown in Figure 2A are delineated by dotted
rectangles. MW (in kDa) are indicated. Figure S5: ABCB4 immunolocalization in HepG2 cells.
ABCB4 and the indicated forms of RAB10-GFP (GFP alone as control, ctrl) were co-expressed in
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HepG2 cells. Total ABCB4 and RAB10-GFP localization was analyzed as in Figure 3B. This figure
is representative of three independent experiments. Bars: 10 µm. Figure S6: ABCB4-I541F-FLAG
immunolocalization in HeLa cells. ABCB4-WT-FLAG or ABCB4-I541F-FLAG were expressed in
HeLa cells. After treatment with vehicle (DMSO) or 10 µM cyclosporin A, cell surface and total
ABCB4 were immunolabeled and visualized as in Figure 3B. This figure is representative of three
independent experiments. Bars: 10 µm. Figure S7: Full immunoblots related to Figures 4A and
5A. Results shown in Figures 4A and 5A are delineated by dotted rectangles. MW (in kDa) are
indicated. Figure S8: ABCB4 expression after RAB10 knockdown. Cell lysates from HeLa cells (A)
and HEK cells (B) treated as in Figures 4 and 5, respectively, were analyzed by immunoblot using the
indicated antibodies (upper panels). MW (in kDa) are indicated. These panels are representative of
three independent experiments per condition. ABCB4 signal intensities were quantified and means
(± SD) of three independent experiments are shown (lower panels). Figure S9: Confocal microscopy
analysis of RAB10-WT subcellular localization in HeLa cells. HeLa cells were transfected with a
RAB10-WT-GFP-encoding construct (green) and the following intracellular compartments were
immunolabeled (red): calnexin for endoplasmic reticulum, giantin for the Golgi apparatus, EAA1 for
early endosomes, LAMP1 for late endosomes and lysosomes. This figure is representative of three
independent experiments. Bars: 10 µm.

Author Contributions: A.B.S., V.V., and T.F. designed the study. A.B.S., V.V., E.B., A.-M.D.-S. and
T.F. performed the experiments. A.B.S., V.V., M.L., E.M., A.-M.D.-S., A.B., J.-L.D., E.G., C.H., T.A.-S.,
F.G., E.J. and T.F. analyzed the data and provided significant intellectual contribution. A.B.S. and T.F.
wrote the manuscript, which was reviewed and approved by all authors. All authors have read and
agreed to the published version of the manuscript.

Funding: A.B.S. and E.M. were supported by the « Ministère de l’Enseignement Supérieur, de la
Recherche et de l’Innovation ». T.F. was supported by grants from the Agence Nationale de la
Recherche (ANR-15-CE14-0008-01), the French Association for the Study of the Liver (AFEF) and
FILFOIE (Filière de santé des maladies rares du foie, Paris, France). T.A.-S. was supported by grants
from the Association Mucoviscidose-ABCF2, Fondation pour la Recherche Médicale (EQU2020-
03010517) and FILFOIE. The Orbitrap Fusion mass spectrometer was acquired with funds from
the FEDER through the «Operational Programme for Competitiveness Factors and employment
2007-2013», and from the «Cancéropôle Ile-de-France».

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: We are grateful to FILFOIE, AMFE (Association Maladie Foie Enfants, Malakoff,
France), MLD (Monaco Liver Disorder, Monaco), Association “Pour Louis 1000 Foie Merci” (Fournet-
Luisans, France), Association “Il était un foie” (Plouescat, France) and Fondation Rumsey-Cartier
(Genève, Switzerland) for their financial support. We also thank Mark McNiven (Department of
Biochemistry and Molecular Biology, Mayo Clinic, Rochester, USA) for providing RAB10-encoding
plasmids, Wadih Ghattas and Charles Skarbek (Institut de Chimie Moléculaire et des Matériaux
d’Orsay, Université Paris-Saclay, Orsay, France) for their help with multiplate fluorescence read-
ing, as well as Lynda Aoudjehane (Human HepCell–ICAN, Saint-Antoine Research Center, Paris,
France) for providing primary human hepatocytes, Jérémie Gautheron (Saint-Antoine Research
Center, Paris, France) for his help with the CRISPR/Cas9 strategy and Isabelle Garcin (UMR_S 1193
Inserm/Université Paris-Saclay, Orsay, France) for her help with imaging studies.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.



Int. J. Mol. Sci. 2021, 22, 7087 13 of 15

Abbreviations

ABC: ATP-Binding Cassette; AP-MS: Affinity Purification-Mass Spectrometry; HEK: Human
Embryonic Kidney; KO: KnockOut; PC: PhosphatidylCholine; RAB: RAs-related in Brain; siRNA:
small interfering RNA; WT: Wild Type

References
1. Kroll, T.; Prescher, M.; Smits, S.H.J.; Schmitt, L. Structure and function of hepatobiliary atp binding cassette transporters. Chem.

Rev. 2020, 121, 5240–5288. [CrossRef]
2. Falguières, T.; Aït-Slimane, T.; Housset, C.; Maurice, M. Abcb4: Insights from pathobiology into therapy. Clin. Res. Hepatol.

Gastroenterol. 2014, 38, 557–563. [CrossRef]
3. Boyer, J.L. Bile formation and secretion. Compr. Physiol. 2013, 3, 1035–1078. [PubMed]
4. 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, 134–146. [CrossRef]
5. Stättermayer, A.F.; Halilbasic, E.; Wrba, F.; Ferenci, P.; Trauner, M. Variants in abcb4 (mdr3) across the spectrum of cholestatic liver

diseases in adults. J. Hepatol. 2020, 73, 651–663. [CrossRef]
6. Jacquemin, E.; Hermans, D.; Myara, A.; Habes, D.; Debray, D.; Hadchouel, M.; Sokal, E.M.; Bernard, O. Ursodeoxycholic acid

therapy in pediatric patients with progressive familial intrahepatic cholestasis. Hepatology 1997, 25, 519–523. [CrossRef] [PubMed]
7. Poupon, R. Ursodeoxycholic acid and bile-acid mimetics as therapeutic agents for cholestatic liver diseases: An overview of their

mechanisms of action. Clin. Res. Hepatol. Gastroenterol. 2012, 36 (Suppl. 1), S3–S12. [CrossRef]
8. Delaunay, J.L.; Bruneau, A.; Hoffmann, B.; Durand-Schneider, A.M.; Barbu, V.; Jacquemin, E.; Maurice, M.; Housset, C.; Callebaut,

I.; Ait-Slimane, T. Functional defect of variants in the adenosine triphosphate-binding sites of abcb4 and their rescue by the cystic
fibrosis transmembrane conductance regulator potentiator, ivacaftor (vx-770). Hepatology 2017, 65, 560–570. [CrossRef] [PubMed]

9. Vauthier, V.; Ben Saad, A.; Elie, J.; Oumata, N.; Durand-Schneider, A.M.; Bruneau, A.; Delaunay, J.L.; Housset, C.; Aït-Slimane, T.;
Meijer, L.; et al. Structural analogues of roscovitine rescue the intracellular traffic and the function of er-retained abcb4 variants in
cell models. Sci. Rep. 2019, 9, 6653. [CrossRef]

10. Aronson, S.J.; Bakker, R.S.; Shi, X.; Duijst, S.; Ten Bloemendaal, L.; de Waart, D.R.; Verheij, J.; Elferink, R.P.O.; Beuers, U.; Paulusma,
C.C.; et al. Liver-directed gene therapy results in long term correction of progressive familial intrahepatic cholestasis type 3 in
mice. J. Hepatol. 2019, 71, 153–162. [CrossRef]

11. Siew, S.M.; Cunningham, S.C.; Zhu, E.; Tay, S.S.; Venuti, E.; Bolitho, C.; Alexander, I.E. Prevention of cholestatic liver disease and
reduced tumorigenicity in a murine model of pfic type 3 using hybrid aav-piggybac gene therapy. Hepatology 2019, 70, 2047–2061.
[CrossRef]

12. Weber, N.D.; Odriozola, L.; Martínez-García, J.; Ferrer, V.; Douar, A.; Bénichou, B.; González-Aseguinolaza, G.; Smerdou, C. Gene
therapy for progressive familial intrahepatic cholestasis type 3 in a clinically relevant mouse model. Nat. Commun. 2019, 10, 5694.
[CrossRef] [PubMed]

13. Wei, G.; Cao, J.; Huang, P.; An, P.; Badlani, D.; Vaid, K.A.; Zhao, S.; Wang, D.Q.; Zhuo, J.; Yin, L.; et al. Synthetic human abcb4
mrna therapy rescues severe liver disease phenotype in a balb/c.Abcb4(-/-) mouse model of pfic3. J. Hepatol. 2020, 74, 1416–1428.
[CrossRef] [PubMed]

14. Ortiz, D.F.; Moseley, J.; Calderon, G.; Swift, A.L.; Li, S.; Arias, I.M. Identification of hax-1 as a protein that binds bile salt export
protein and regulates its abundance in the apical membrane of madin-darby canine kidney cells. J. Biol. Chem. 2004, 279,
32761–32770. [CrossRef] [PubMed]

15. Chan, W.; Calderon, G.; Swift, A.L.; Moseley, J.; Li, S.; Hosoya, H.; Arias, I.M.; Ortiz, D.F. Myosin ii regulatory light chain is
required for trafficking of bile salt export protein to the apical membrane in madin-darby canine kidney cells. J. Biol. Chem. 2005,
280, 23741–23747. [CrossRef]

16. Ikebuchi, Y.; Takada, T.; Ito, K.; Yoshikado, T.; Anzai, N.; Kanai, Y.; Suzuki, H. Receptor for activated c-kinase 1 regulates the
cellular localization and function of abcb4. Hepatol. Res. 2009, 39, 1091–1107. [CrossRef]

17. Venot, Q.; Delaunay, J.L.; Fouassier, L.; Delautier, D.; Falguieres, T.; Housset, C.; Maurice, M.; Ait-Slimane, T. A pdz-like motif in
the biliary transporter abcb4 interacts with the scaffold protein ebp50 and regulates abcb4 cell surface expression. PLoS ONE
2016, 11, e0146962. [CrossRef]

18. Ben Saad, A.; Bruneau, A.; Mareux, E.; Lapalus, M.; Delaunay, J.L.; Gonzales, E.; Jacquemin, E.; Aït-Slimane, T.; Falguières, T.
Molecular regulation of canalicular abc transporters. Int. J. Mol. Sci. 2021, 22, 2113. [CrossRef]

19. Stenmark, H. Rab gtpases as coordinators of vesicle traffic. Nat. Rev. Mol. Cell Biol. 2009, 10, 513–525. [CrossRef]
20. Homma, Y.; Hiragi, S.; Fukuda, M. Rab family of small gtpases: An updated view on their regulation and functions. FEBS J. 2021,

288, 36–55. [CrossRef]
21. Chavrier, P.; Vingron, M.; Sander, C.; Simons, K.; Zerial, M. Molecular cloning of ypt1/sec4-related cdnas from an epithelial cell

line. Mol. Cell Biol. 1990, 10, 6578–6585. [CrossRef] [PubMed]
22. Chua, C.E.L.; Tang, B.L. Rab 10-a traffic controller in multiple cellular pathways and locations. J. Cell Physiol. 2018, 233, 6483–6494.

[CrossRef] [PubMed]

http://doi.org/10.1021/acs.chemrev.0c00659
http://doi.org/10.1016/j.clinre.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23897680
http://doi.org/10.1055/s-0030-1253223
http://doi.org/10.1016/j.jhep.2020.04.036
http://doi.org/10.1002/hep.510250303
http://www.ncbi.nlm.nih.gov/pubmed/9049190
http://doi.org/10.1016/S2210-7401(12)70015-3
http://doi.org/10.1002/hep.28929
http://www.ncbi.nlm.nih.gov/pubmed/28012258
http://doi.org/10.1038/s41598-019-43111-y
http://doi.org/10.1016/j.jhep.2019.03.021
http://doi.org/10.1002/hep.30773
http://doi.org/10.1038/s41467-019-13614-3
http://www.ncbi.nlm.nih.gov/pubmed/31836711
http://doi.org/10.1016/j.jhep.2020.12.010
http://www.ncbi.nlm.nih.gov/pubmed/33340584
http://doi.org/10.1074/jbc.M404337200
http://www.ncbi.nlm.nih.gov/pubmed/15159385
http://doi.org/10.1074/jbc.M502767200
http://doi.org/10.1111/j.1872-034X.2009.00544.x
http://doi.org/10.1371/journal.pone.0146962
http://doi.org/10.3390/ijms22042113
http://doi.org/10.1038/nrm2728
http://doi.org/10.1111/febs.15453
http://doi.org/10.1128/MCB.10.12.6578
http://www.ncbi.nlm.nih.gov/pubmed/2123294
http://doi.org/10.1002/jcp.26503
http://www.ncbi.nlm.nih.gov/pubmed/29377137


Int. J. Mol. Sci. 2021, 22, 7087 14 of 15

23. Wang, D.; Lou, J.; Ouyang, C.; Chen, W.; Liu, Y.; Liu, X.; Cao, X.; Wang, J.; Lu, L. Ras-related protein rab10 facilitates tlr4 signaling
by promoting replenishment of tlr4 onto the plasma membrane. Proc. Natl. Acad. Sci. USA 2010, 107, 13806–13811. [CrossRef]
[PubMed]

24. Chen, Y.; Lippincott-Schwartz, J. Rab10 delivers glut4 storage vesicles to the plasma membrane. Commun. Integr. Biol. 2013,
6, e23779. [CrossRef] [PubMed]

25. Lam, P.; Pearson, C.L.; Soroka, C.J.; Xu, S.; Mennone, A.; Boyer, J.L. Levels of plasma membrane expression in progressive and
benign mutations of the bile salt export pump (bsep/abcb11) correlate with severity of cholestatic diseases. Am. J. Physiol. Cell
Physiol. 2007, 293, C1709–C1716. [CrossRef]

26. Szeri, F.; Niaziorimi, F.; Donnelly, S.; Orndorff, J.; van de Wetering, K. Generation of fully functional fluorescent fusion proteins to
gain insights into abcc6 biology. FEBS Lett. 2020, 595, 799–810. [CrossRef]

27. Wakabayashi, Y.; Lippincott-Schwartz, J.; Arias, I.M. Intracellular trafficking of bile salt export pump (abcb11) in polarized hepatic
cells: Constitutive cycling between the canalicular membrane and rab11-positive endosomes. Mol. Biol. Cell 2004, 15, 3485–3496.
[CrossRef]

28. Delaunay, J.L.; Durand-Schneider, A.M.; Delautier, D.; Rada, A.; Gautherot, J.; Jacquemin, E.; Ait-Slimane, T.; Maurice, M. A
missense mutation in abcb4 gene involved in progressive familial intrahepatic cholestasis type 3 leads to a folding defect that can
be rescued by low temperature. Hepatology 2009, 49, 1218–1227. [CrossRef]

29. Gautherot, J.; Durand-Schneider, A.M.; Delautier, D.; Delaunay, J.L.; Rada, A.; Gabillet, J.; Housset, C.; Maurice, M.; Aït-Slimane,
T. Effects of cellular, chemical and pharmacological chaperones on the rescue of a trafficking-defective mutant of the atp-binding
cassette transporters abcb1/abcb4. J. Biol. Chem. 2012, 287, 5070–5078. [CrossRef]

30. Przybylla, S.; Stindt, J.; Kleinschrodt, D.; Schulte Am Esch, J.; Haussinger, D.; Keitel, V.; Smits, S.H.; Schmitt, L. Analysis of the
bile salt export pump (abcb11) interactome employing complementary approaches. PLoS ONE 2016, 11, e0159778. [CrossRef]

31. Park, S.W.; Schonhoff, C.M.; Webster, C.R.; Anwer, M.S. Rab11, but not rab4, facilitates cyclic amp- and tauroursodeoxycholate-
induced mrp2 translocation to the plasma membrane. Am. J. Physiol. Gastrointest. Liver Physiol. 2014, 307, G863–G870. [CrossRef]

32. Fu, D.; van Dam, E.M.; Brymora, A.; Duggin, I.G.; Robinson, P.J.; Roufogalis, B.D. The small gtpases rab5 and rala regulate
intracellular traffic of p-glycoprotein. Biochim. Biophys. Acta 2007, 1773, 1062–1072. [CrossRef] [PubMed]

33. Ferrándiz-Huertas, C.; Fernández-Carvajal, A.; Ferrer-Montiel, A. Rab4 interacts with the human p-glycoprotein and modulates
its surface expression in multidrug resistant k562 cells. Int. J. Cancer 2011, 128, 192–205. [CrossRef] [PubMed]

34. Farinha, C.M.; Matos, P. Rab gtpases regulate the trafficking of channels and transporters—A focus on cystic fibrosis. Small
GTPases 2018, 9, 136–144. [CrossRef]

35. Lucken-Ardjomande Häsler, S.; Vallis, Y.; Pasche, M.; McMahon, H.T. Graf2, wdr44, and mical1 mediate rab8/10/11-dependent
export of e-cadherin, mmp14, and cftr δf508. J. Cell Biol. 2020, 219, e201811014. [CrossRef]

36. Schuck, S.; Gerl, M.J.; Ang, A.; Manninen, A.; Keller, P.; Mellman, I.; Simons, K. Rab10 is involved in basolateral transport in
polarized madin-darby canine kidney cells. Traffic 2007, 8, 47–60. [CrossRef]

37. Morita, S.Y.; Tsuda, T.; Horikami, M.; Teraoka, R.; Kitagawa, S.; Terada, T. Bile salt-stimulated phospholipid efflux mediated by
abcb4 localized in nonraft membranes. J. Lipid Res. 2013, 54, 1221–1230. [CrossRef]

38. Gissen, P.; Johnson, C.A.; Morgan, N.V.; Stapelbroek, J.M.; Forshew, T.; Cooper, W.N.; McKiernan, P.J.; Klomp, L.W.; Morris, A.A.;
Wraith, J.E.; et al. Mutations in vps33b, encoding a regulator of snare-dependent membrane fusion, cause arthrogryposis-renal
dysfunction-cholestasis (arc) syndrome. Nat. Genet. 2004, 36, 400–404. [CrossRef]

39. Cullinane, A.R.; Straatman-Iwanowska, A.; Zaucker, A.; Wakabayashi, Y.; Bruce, C.K.; Luo, G.; Rahman, F.; Gürakan, F.; Utine,
E.; Ozkan, T.B.; et al. Mutations in vipar cause an arthrogryposis, renal dysfunction and cholestasis syndrome phenotype with
defects in epithelial polarization. Nat. Genet. 2010, 42, 303–312. [CrossRef]

40. Gonzales, E.; Taylor, S.A.; Davit-Spraul, A.; Thébaut, A.; Thomassin, N.; Guettier, C.; Whitington, P.F.; Jacquemin, E. Myo5b
mutations cause cholestasis with normal serum gamma-glutamyl transferase activity in children without microvillous inclusion
disease. Hepatology 2017, 65, 164–173. [CrossRef] [PubMed]

41. Li, Q.; Sun, Y.; van Ijzendoorn, S.C. A link between intrahepatic cholestasis and genetic variations in intracellular trafficking
regulators. Biology 2021, 10, 119. [CrossRef] [PubMed]

42. He, H.; Dai, F.; Yu, L.; She, X.; Zhao, Y.; Jiang, J.; Chen, X.; Zhao, S. Identification and characterization of nine novel human small
gtpases showing variable expressions in liver cancer tissues. Gene Expr. 2002, 10, 231–242. [CrossRef]

43. Li, Z.; Schulze, R.J.; Weller, S.G.; Krueger, E.W.; Schott, M.B.; Zhang, X.; Casey, C.A.; Liu, J.; Stöckli, J.; James, D.E.; et al. A novel
rab10-ehbp1-ehd2 complex essential for the autophagic engulfment of lipid droplets. Sci. Adv. 2016, 2, e1601470. [CrossRef]

44. Aoudjehane, L.; Gautheron, J.; Le Goff, W.; Goumard, C.; Gilaizeau, J.; Nget, C.S.; Savier, E.; Atif, M.; Lesnik, P.; Morichon, R.;
et al. Novel defatting strategies reduce lipid accumulation in primary human culture models of liver steatosis. Dis. Models Mech.
2020, 13, dmm042663. [CrossRef]

45. Ben Saad, A.; Vauthier, V.; Tóth, Á.; Janaszkiewicz, A.; Durand-Schneider, A.M.; Bruneau, A.; Delaunay, J.L.; Lapalus, M.; Mareux,
E.; Garcin, I.; et al. Effect of cftr correctors on the traffic and the function of intracellularly retained abcb4 variants. Liver Int. 2021,
41, 1344–1357. [CrossRef]

46. Ran, F.A.; Hsu, P.D.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using the crispr-cas9 system. Nat. Protoc.
2013, 8, 2281–2308. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1009428107
http://www.ncbi.nlm.nih.gov/pubmed/20643919
http://doi.org/10.4161/cib.23779
http://www.ncbi.nlm.nih.gov/pubmed/23713133
http://doi.org/10.1152/ajpcell.00327.2007
http://doi.org/10.1002/1873-3468.13957
http://doi.org/10.1091/mbc.e03-10-0737
http://doi.org/10.1002/hep.22775
http://doi.org/10.1074/jbc.M111.275438
http://doi.org/10.1371/journal.pone.0159778
http://doi.org/10.1152/ajpgi.00457.2013
http://doi.org/10.1016/j.bbamcr.2007.03.023
http://www.ncbi.nlm.nih.gov/pubmed/17524504
http://doi.org/10.1002/ijc.25310
http://www.ncbi.nlm.nih.gov/pubmed/20209493
http://doi.org/10.1080/21541248.2017.1317700
http://doi.org/10.1083/jcb.201811014
http://doi.org/10.1111/j.1600-0854.2006.00506.x
http://doi.org/10.1194/jlr.M032425
http://doi.org/10.1038/ng1325
http://doi.org/10.1038/ng.538
http://doi.org/10.1002/hep.28779
http://www.ncbi.nlm.nih.gov/pubmed/27532546
http://doi.org/10.3390/biology10020119
http://www.ncbi.nlm.nih.gov/pubmed/33557414
http://doi.org/10.3727/000000002783992406
http://doi.org/10.1126/sciadv.1601470
http://doi.org/10.1242/dmm.042663
http://doi.org/10.1111/liv.14839
http://doi.org/10.1038/nprot.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24157548


Int. J. Mol. Sci. 2021, 22, 7087 15 of 15
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