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Abstract 

     We previously showed that ubiquitination, a reversible post-translational modification, facil-

itates degradation of cell surface-resident bile salt export pump (BSEP) and multidrug re-

sistance-associated protein 2 (MRP2), ABC transporters that are expressed at the canalicular 

membrane (CM) of hepatocytes. In the current study, its underlying mechanism was investigated 

by evaluating the role of ubiquitination in the processes of internalization and subsequent degrada-

tion of cell surface-resident BSEP and MRP2. Cell surface biotinylation analysis using Flp-In 

T-REx 293 (293) cells showed that ectopic expression of UbGG, which is ubiquitin (Ub) lacking 

the two C-terminal glycines essential for the Ub conjugation reaction, inhibited the internalization 

of 3FLAG-BSEP, but not of MRP2, and the degradation of the internalized MRP2, but not of the 

internalized 3FLAG-BSEP. Its inhibitory effect on BSEP internalization was also indicated by a 

time-lapse imaging analysis using the rat hepatoma cell line McA-RH7777 in which UbGG de-

layed the loss of fluorescence from photoactivated Dronpa-BSEP on the CM. The effect of UbGG 

on BSEP internalization in these experiments was abrogated by treatment with chlorpromazine, an 

inhibitor of clathrin-mediated endocytosis, and the introduction of a Y1311A mutation into BSEP. 

This mutation eliminates the ability of BSEP to interact with the AP2 adaptor complex, an adaptor 

protein required for cargo selection in clathrin-mediated endocytosis. In conclusion, our data sug-

gests that ubiquitination facilitates clathrin-mediated endocytosis of BSEP and the degradation of 

internalized MRP2, leading to the degradation of the cell surface-resident form of both transport-

ers. 
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Introduction 

     Bile salt export pump (BSEP) and multidrug resistance-associated protein 2 (MRP2), are 

ABC transporters expressed at the canalicular membrane (CM) of hepatocytes that mediate the 

transport of bile acids and glutathione, respectively, across the CM (Borst et al., 2006; Hayashi et 

al., 2005b). Therefore, transport function of both transporters provides an osmotic driving force for 

bile flow formation. 

     Previous studies by us and other groups have shown that reduced expression of BSEP 

and/or MRP2 on the CM caused by disrupted posttranslational regulation contributes to the dys-

function of these transporters in patients with mutations in the gene of each transporter and with 

drug-induced liver injury, resulting in jaundice and intrahepatic cholestasis (IC), a disease state in 

which bile flow is diminished (Hayashi et al., 2005a; Zollner et al., 2001). Therefore, we focused 

on screening candidate therapeutic compounds against these disease states and showed that 

4-phenylbutyrate (4PB), a drug used to treat ornithine transcarbamylase deficiency, has an inhibi-

tory effect on degradation of CM-resident BSEP and MRP2 thereby increasing their expression, 

which is indicative of its potential efficacy in these types of IC and jaundice (Hayashi et al., 2012b; 

Hayashi and Sugiyama, 2007). Our analysis to clarify the mechanism underlying the effect of 4PB 

showed that ubiquitination of CM-resident BSEP and MRP2 facilitates their degradation and that 

4PB inhibits this ubiquitination (Hayashi et al., 2012b; Hayashi and Sugiyama, 2009), suggesting 

4PB delays the degradation of BSEP and MRP2 expressed on the CM by modulating their 

ubiquitination. To our knowledge, this was the first report to directly demonstrate the molecular 

mechanism responsible for the degradation of the CM-resident BSEP and MRP2. However, it re-
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mains unclear how ubiquitination facilitates the degradation of the CM-resident form of both 

transporters. 

     Ubiquitination is a post-translational modification that conjugates ubiquitin (Ub) to lysine 

residues of targeted proteins through sequential reactions mediated by three enzymes, a 

Ub-activating enzyme E1, a Ub-conjugating enzyme E2 and a Ub ligase E3, and determines their 

intracellular fate (d'Azzo et al., 2005). The canonical role of ubiquitination is to promote the 

proteasomal degradation of proteins that carry a single or polymeric chain of Ub. However, it has 

been shown recently that Ub modification has much broader and more diverse functions in cellular 

processes. One of these functions is to act as a signal for internalization from the cell surface 

and/or lysosomal degradation of receptors and channel proteins (Kamsteeg et al., 2006; Sharma et 

al., 2004). Adaptor proteins with Ub-binding domains (UBD) play an indispensable role in this 

degradation machinery through interacting with the ubiquitinated cargoes at the plasma membrane 

and early endosome and recruiting them to internalization and degradation (Mizuno et al., 2011; 

Sharma et al., 2004; Stang et al., 2004). 

     To understand the mechanism underlying ubiquitination-mediated degradation of 

CM-resident BSEP and MRP2, our current study investigated the role of ubiquitination in the pro-

cesses of endocytosis and subsequent degradation of both transporters.  
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Materials and Methods 

Materials 

     Antibodies against Ub (P4D1), HA (3F10), FLAG (M2), Transferrin receptor (TfR) (H68.4), 

and -actin (C4) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), Roche Diagnos-

tics Co. (Mannheim, Germany), Sigma-Aldrich (St. Louis, MO), Invitrogen (Carlsbad, CA), and 

ICN (Aurora, OH), respectively. Antiserum to MRP2 was raised in rabbits against an oligopeptide 

(the C-terminal of MRP2; EAGIENVNSTKF) (Hayashi et al., 2012b). [125I]-transferrin (Tf) was 

obtained from PerkinElmer (Boston, MA). All other chemicals were of analytical grade. 

 

Construction of plasmid vectors 

The cDNAs for human 3FLAG-BSEP, 3FLAG-BSEPY1311A, which incorporates a 

Y1311A mutation into 3FLAG-BSEP, and MRP2 were cloned into pShuttle (Clonetech, Palo Alto, 

CA) (pShuttle-3×FLAG-BSEP and pShuttle-3×FLAG-BSEPY1311A) and pcDNA3.1(+)-Neo (Invi-

trogen) (pcDNA3.1(+)-MRP2), respectively, as described previously (Hayashi et al., 2012a; 

Hayashi et al., 2012b). The cDNAs of rat BSEP and BSEPY1311A were cloned into the pDG1-MN1 

(MBL, Nagoya, Japan) (pDG1-BSEP and pDG1-BSEPY1311A) to construct chimeric protein of each 

BSEP with the photochromic fluorescent protein, Dronpa (Dronpa-BSEP and Dronpa-BSEPY1311A). 

The cDNA of UbGG, HA-UbGG , in which the last two glycines at the C-terminus of Ub were de-

leted, and HA-UbGG /I44A, which incorporates an I44A mutation into HA-UbGG, were constructed 

as described previously (Mizuno et al., 2011) and cloned into pDsRed (Clonetech) (pDsRed-UbGG) 

or pcDNA5/FRT/TO (Invitrogen) (pcDNA5-HA-UbGG and pcDNA5-HA-UbGG/I44A). 
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Cell culture and construction of cells stably expressing dominant negative form of Ub, 

Dronpa-BSEP, or Dronpa-BSEPY1311A 

Flp-In T-REx 293 (293) cells, a cell line exhibiting tetracycline-inducible gene expression 

from a specific genomic location, and McA-RH7777 cells were purchased from Invitrogen and the 

American Type Culture Collection (ATCC Number: CRL-1601) and cultured in Dulbecco’s modi-

fied Eagle’s medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS) at 

37 °C in 5% CO2 and 95% humidity. pcDNA5-HA-UbGG, pcDNA5-HA-UbGG /I44A, or empty 

vector (EV) was transfected into 293 cells with FuGENE 6 (Roche Diagnostics). pDG1-BSEP or 

pDG1-BSEPY1311A was transfected into McA-RH7777 cells with X-tremeGENE HP (Roche Diag-

nostics). After 48 h, transfected 293 cells and McA-RH7777 cells were selected with 100 μg/ml of 

hygromycin (Invitrogen) or 0.8 mg/mL of antibiotic G-418 (Promega, Madison, WI), respectively. 

Several clones were isolated, and the expression of HA-UbGG, HA-UbGG /I44A, Dronpa-BSEP, and 

Dronpa-BSEPY1311A was confirmed by immunoblot analysis with anti-HA and anti-BSEP antibodies 

(Abcam Inc., Cambridge, MA), respectively. 

 

Cell surface biotinylation to evaluate degradation and internalization of plasma membrane 

protein and degradation of internalized membrane protein 

     293 cells stably expressing EV, HA-UbΔGG, and HA-UbΔGG/I44A (EV, HA-UbΔGG, and 

HA-UbΔGG/I44A 293 cells) were seeded at a density of 6.0 × 105 cells per well in 6-well plates coated 

with poly-L-lysine and poly-L-ornithine and transfected with pShuttle-3×FLAG-BSEP, 
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pShuttle-3×FLAG-BSEPY1311A, or pcDNA3.1(+)-MRP2 using FuGENE HD (Roche Diagnostics) 

according to the manufacturer’s instructions. The cells were cultured for 48 h at 37 °C in DMEM 

with 10% FBS and 2 μM tetracycline to induce the expression of EV, HA-UbΔGG, and 

HA-UbΔGG/I44A and then subjected to cell surface biotinylation. The rate of degradation and internal-

ization of the cell surface-resident protein was determined using the biotinylated cells as described 

previously (Hayashi et al., 2012a; Hayashi et al., 2012b). 

When measuring the degradation rate of cell surface-resident protein following internalization, 

the biotinylated cells were initially incubated for 30 min at 37 °C to load endocytic vesicles with 

biotinylated proteins. Then, the cells were quickly placed on ice and incubated with stripping buffer 

(50 mM Tris, 100 mM NaCl, 25 mM 2-mercapto-ethanesulfonate, 25 mM dithiothreitol [pH 8.6]) at 

4 °C to reduce the disulfide bonds in the proteins biotinylated with sulfo-NHS-SS-biotin that re-

mained at the plasma membrane. Cells were then warmed again to 37 °C for various periods to al-

low the biotinylated protein in the intracellular compartment to be degraded. The remaining 

biotinylated proteins were isolated with streptavidin-agarose beads (Pierce Biotechnology Inc., 

Rockford, IL) and subjected to immunoblot analysis. 

 

Immunoprecipitation 

     Parent, EV, and HA-UbGG 293 cells were seeded in 6 cm culture dishes at 1.5 × 106 cells and 

transfected with pShuttle-3×FLAG-BSEP, pcDNA3.1(+)-MRP2, or EV using FuGENE HD ac-

cording to the manufacturer’s instructions. The cells were cultured for 48 h at 37 °C in DMEM with 

10% FBS in the absence (parent 293 cells) or presence (EV and HA-UbGG 293 cells) of 2 μM tet-
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racycline to induce the expression of EV and HA-UbΔGG and then harvested for preparation of crude 

membrane fractions. The crude membrane fractions were subjected to immunoprecipitation to 

evaluate the amount of ubiqutinated 3×FLAG-BSEP (3×FLAG-BSEP-Ub) and MRP2 (MRP2-Ub) 

as described previously (Hayashi et al., 2012b; Hayashi and Sugiyama, 2009), with the following 

minor modification: the composition of lysis buffer used in this study was 50 mmol/L Tris-HCl (pH 

7.5), 150 mmol/L NaCl, 0.1% NP-40, 0.05% sodium deoxycholate, 10 mmol/L N-ethylmaleimide, 

and a protease inhibitor cocktail tablet (Roche Diagnostics). 

 

Immunoblot analysis 

Specimens were loaded into wells of a 6% or 12.5% SDS–PAGE plate with a 3.75% stacking 

gel and subjected to immunoblot analysis as described previously (Hayashi et al., 2012c). 

Immunoreactivity was detected using an ECL Advance Western Blotting Detection Kit (GE 

Healthcare, Chalfont St Giles, UK). The signal intensity of the band was quantified using Multi 

Gauge software (version 2.0; Fujifilm, Tokyo, Japan). 

 

[125I]-Tf uptake study 

EV, HA-UbΔGG, and HA-UbΔGG/I44A 293 cells were seeded onto 24-well plates coated with 

poly-L-lysine and poly-L-ornithine at a density of 1.5 × 105 cells per well. The cells were cultured 

for 48 h at 37 °C in DMEM with 10% FBS and 2 μM of tetracycline to induce the expression of EV, 

HA-UbΔGG, and HA-UbΔGG/I44A and subjected to a [125I]-Tf uptake study as described previously 

(Hayashi et al., 2012a). The uptake of [125I]-Tf was expressed as radioactivity internalized into the 
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cells as a percentage relative to the total radioactivity in the cell surface, intracellular fraction, and 

media. 

 

Photoactivation and time-lapse fluorescence microscopy 

     McA-RH7777 cells expressing Dronpa-BSEP and Dronpa-BSEPY1311A (Dronpa-BSEP and 

Dronpa-BSEPY1311A McA-RH7777 cells) were cultured in 35 mm glass bottomed dishes (MatTek 

corporation, Ashland, MA) at 6 × 105 cells/plate and transfected with pDsRed or pDsRed-UbΔGG 

with X-tremeGENE HP. Twenty four hours after transfection, the prepared cells were overlain 

with ice-cold 0.25 mg/mL BD Matrigel (BD Biosciences, San Jose, CA) in DMEM supplemented 

with 10% FBS. After 48 h culture, the cells were treated with or without 33 M nocodazole for 5 

min and placed in a temperature-controlled chamber equipped with a Leica TCS SP5 II laser 

scanning confocal microscope (Leica, Solms, Germany) for live cell imaging. The cells were 

maintained at 37 °C in humidified 5% CO2 in DMEM (without phenol red) supplemented with 

10% FBS. 

     Photoactivation of Dronpa-BSEP and Dronpa-BSEPY1311A were performed as described 

previously (Hayashi et al., 2012a). Fluorescence intensity in the photoactivated region at each time 

point was manually determined by measuring the pixel sum using LAS AF (Leica). The time 

course of fluorescence decay in the photoactivated region was calculated as (pixel sum t=0  pixel 

sum t(min))/pixel sum t=0 × 100 (%). The fluorescence intensity in the same region just before 

photoactivation was subtracted as the background. To minimize a contribution of photobleaching 

and cell damage to the fluorescence decay over the time of imaging after photoactivation, the ex-
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citation laser power was reduced to the minimum. 

 

Statistical analysis 

     Experiments were repeated at least three times, and the data in the figures are presented as the 

mean ± S.E.. The significance of differences between two variables and between multiple variables 

was calculated at the 95% confidence level by Student’s t test and one-way analysis of variance with 

Dunnett’s test, respectively, using Prism software (GraphPad Software, Inc., La Jolla, CA). 
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Results 

Construction of an experimental system to evaluate the role of ubiquitination in the intra-

cellular transport of plasma membrane-associated BSEP and MRP2 

     Co-immunoprecipitation and subsequent immunoblot analysis showed that 3×FLAG-BSEP, 

which is trafficked to the plasma membrane as native BSEP and shows a degradation rate from the 

cell surface similar to that of native BSEP (Hayashi et al., 2012a), and MRP2 were both 

ubiquitinated in the same way in 293 cells as in rat hepatocytes, MDCKII cells, and McA-RH7777 

cells (Hayashi et al., 2012b; Hayashi and Sugiyama, 2009). Smeared bands around 190 kDa and 

210 kDa were detected by anti-Ub antibody in the immunoprecipitates from 293 cells expressing 

3×FLAG-BSEP and MRP2 with anti-FLAG and anti-MRP2 antibodies, respectively (Fig. 1A). 

     To explore the role of the ubiquitination-mediated transport process in the internalization 

and subsequent degradation of BSEP and MRP2, EV, HA-UbΔGG, and HA-UbΔGG/I44A 293 cells 

were constructed using a tetracycline-inducible expression system (Fig. 1B). The expression of 

HA-UbGG and HA-UbGG/I44A had no direct effect on the amount of ubiquitinated 

3×FLAG-BSEP and MRP2 (Fig. 1C) because both mutants lack the C-terminal glycines of Ub, 

amino acids essential for the Ub conjugation reaction. UbGG inhibits the function of the adaptor 

proteins with UBD that interact with ubiquitinated cargoes and escort them to internalization and 

degradation (Mizuno et al., 2011; Sharma et al., 2004; Stang et al., 2004), which results in a dis-

ruption of the ubiquitination-mediated transport pathway of membrane proteins without affecting 

their ubiquitination status. In contrast, because the isoleucine at amino acid position 44 of Ub is 

essential for the interaction with UBD, UbGG/I44A can be used as a negative control for UbGG 
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(Hayashi and Sugiyama, 2009; Mizuno et al., 2011; Sharma et al., 2004; Stang et al., 2004). A cell 

surface biotinylation study confirmed that the degradation rate of the plasma membrane-associated 

form of both transporters was delayed by the expression of HA-UbΔGG , but not by that of 

HA-UbΔGG/I44A in 293 cells (Fig. 2, left and middle) as well as in MDCKII cells (Hayashi et al., 

2012b; Hayashi and Sugiyama, 2009). Although the amount of biotinylated MRP2 remaining 12 h 

and 24 h after incubation was not significantly different between EV and HA-UbΔGG 293 cells due 

to the large variation in HA-UbΔGG 293 cells at 12 h and the intensity of band representing MRP2 

in EV 293 cells at 24 h being too weak for a reliable quantification, it tends to be higher in 

HA-UbΔGG 293 cells than in EV 293 cells (Fig. 2, middle). 

     Uptake of [125I]-Tf and degradation of TfR at the plasma membrane, both of which have 

been reported to be regulated by a Ub-independent mechanism (Raiborg et al., 2002; Stang et al., 

2004), were not affected by expression of HA-UbΔGG and HA-UbΔGG/I44A (Fig. 1D and Fig. 2, 

right), indicating that these Ub mutants have an effect only on the ubiquitination-mediated intra-

cellular transport process. 

 

Inhibitory effects of HA-UbΔGG on internalization of 3×FLAG-BSEP and degradation of in-

ternalized MRP2 

     A cell surface biotinylation study using 293 cells showed that the internalization of 

3×FLAG-BSEP, but not that of MRP2 was significantly inhibited by the expression of HA-UbΔGG 

(Fig. 3A). The amount of internalized 3×FLAG-BSEP after 3 min was 3.4-fold lower in 

HA-UbΔGG 293 cells than in EV 293 cells (Fig. 3A, left). 
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     The inhibitory effect of UbΔGG on BSEP internalization was also studied by a time-lapse flu-

orescence imaging of Dronpa-BSEP in McA-RH7777 cells, which develop a CM through the 

formation of couplets in the same way as hepatocytes. Dronpa-BSEP is trafficked to the CM and 

undergoes the same regulation for internalization as native BSEP (Hayashi et al., 2012a). In this 

assay, the internalization of Dronpa-BSEP contributes to the disappearance of fluorescence from 

the CM after photoactivation of the CM-resident Dronpa-BSEP (Fig. 3B). However, the fluores-

cence decay could also be facilitated by other factors like fluorescence quenching and cell damage. 

To evaluate the fluorescence decay caused by the internalization of Dronpa-BSEP, the 

photoactivation assay was done after treatment with or without nocodazole, the treatment of which 

has been reported to inhibit BSEP internalization (Wakabayashi et al., 2004). The disappearance of 

fluorescence on the CM 15 min after photoactivation was 47.6% of the initial fluorescence inten-

sity in Dronpa-BSEP McA-RH7777 cells with nocodazole treatment and 60.7% in cells without 

its treatment (Fig. 3C), indicating that the internalization of Dronpa-BSEP significantly contributed 

to the loss of fluorescence from the CM after photoactivation of the CM-resident Dronpa-BSEP. 

The expression of DsRed-UbΔGG significantly inhibited this fluorescence loss mediated by the in-

ternalization of Dronpa-BSEP, which was calculated by subtracting the fluorescence decay in the 

presence of nocodazole from that in its absence (Fig. 3D). The fluorescent decay by the internali-

zation of Dronpa-BSEP on the CM 15 min after photoactivation was 6.9% of the initial fluores-

cence intensity in Dronpa-BSEP McA-RH7777 cells with DsRed-UbΔGG and 13.1% in cells with 

DsRed. This result suggests that ubiquitination facilitates BSEP internalization in hepatocytes as 

well as in 293 cells. In this time-lapse imaging analysis, an increase in intracellular fluorescence 
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caused by internalization of Dronpa-BSEP was not observed. However, this could be because the 

fluorescence intensity by the internalized Dronpa-BSEP was much lower than that of the 

Dronpa-BSEP remaining at the CM, or because the internalized Dronpa-BSEP moved outside the 

focal plane of the microscope. 

By contrast, a cell surface biotinylation study in 293 cells demonstrated that degradation of 

the internalized MRP2, but not that of 3×FLAG-BSEP was significantly inhibited by the expres-

sion of HA-UbΔGG (Fig. 4A). The amount of internalized MRP2 remaining after 8 h was 3.5-fold 

higher in HA-UbΔGG 293 cells than in EV 293 cells (Fig. 4A, right). Consistent with the fact that 

the degradation of cell surface-resident 3×FLAG-BSEP is unaffected by the expression of 

HA-UbΔGG, no increase in BSEP expression was observed after treatment with the lysosome in-

hibitors NH4Cl and chloroquine (Fig. 4B). 

 

Elimination of the inhibitory effect of HA-UbΔGG on the internalization of 3×FLAG-BSEP 

by treatment with chlorpromazine (CPZ) and introduction of a Y1311A mutation 

     A cell surface biotinylation study using EV 293 cells showed that treatment with CPZ, an 

inhibitor of clathrin-mediated endocytosis that is the most widely studied endocytic pathways 

(McMahon and Boucrot, 2011), significantly inhibited the internalization of 3×FLAG-BSEP (Fig. 

5A). The expression of HA-UbΔGG decreased the amount of internalized 3×FLAG-BSEP to the 

same extent as did CPZ treatment. However, the combination of CPZ treatment and the expression 

of HA-UbΔGG showed no additive inhibitory effect on the internalization of 3×FLAG-BSEP (Fig. 

5A). The internalization of MRP2 was blocked by the treatment with dynasore (Dyn), a 
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cell-permeable inhibitor of dynamin that are principally involved in the scission of newly formed 

vesicles from the plasma membrane (Macia et al., 2006), but not with CPZ (Fig. 5B). Both CPZ 

and Dyn affected the internalization of TfR, which undergoes clathrin- and dynamin-dependent 

endocytosis (Macia et al., 2006; McMahon and Boucrot, 2011). 

     We have previously shown that a C-terminal tyrosine-based motif, 1311YKL1314V, of BSEP 

plays a dominant role in its internalization through interaction with the AP2 adaptor complex 

(AP2) that functions in cargo selection during clathrin-mediated endocytosis (Hayashi et al., 

2012a). To examine the mutual relationship between BSEP internalization mediated by 

ubiquitination and that mediated by clathrin-mediated endocytosis involving AP2, we studied the 

effect of UbΔGG on a mutated form of BSEP, BSEPY1311A, unable to interact with AP2 (Hayashi et 

al., 2012a). A cell surface biotinylation study using 293 cells showed that in contrast to the 

non-mutated form, the internalization of 3×FLAG-BSEPY1311A was unaffected by the expression 

of HA-UbΔGG (Fig. 5C). Consistent with this result, time-lapse fluorescence imaging in 

Dronpa-BSEPY1311A McA-RH7777 cells showed that DsRed-UbΔGG had no influence on the loss 

of fluorescence from the CM mediated by Dronpa-BSEPY1311A internalization after 

photoactivation of the CM-resident Dronpa-BSEPY1311A (Fig. 5D).  
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Discussion 

     The principal finding of this study is that the expression of UbΔGG extended the half-life of 

both BSEP and MRP2 expressed on the cell surface, but that the underlying mechanism of this 

effect is different for each transporter. UbΔGG inhibited the internalization of BSEP, but not of 

MRP2 (Fig. 3), and inhibited degradation of internalized MRP2, but not of internalized BSEP (Fig. 

4). These results suggest that ubiquitination recruits BSEP into the endocytic pathway at the CM 

and MRP2 into the lysosomal degradation pathway at the early endosome, respectively, facilitating 

the degradation of the CM-resident form of both transporters. The observations that internalization 

of BSEP was sensitive to treatment with CPZ (Fig. 5A) and that internalization of BSEPY1311A was 

unaffected by UbΔGG (Figs. 5C, D) suggest that ubiquitination of BSEP plays a role in its internali-

zation via the clathrin-mediated endocytosis. At present, we have no direct evidence to demon-

strate how the ubiquitination of BSEP drives its internalization via clathrin-mediated endocytosis, 

which involves AP2. However, a clue towards understanding this mechanism could be provided 

by a previous report of Ortiz et al., who studied the regulation of BSEP by epidermal growth factor 

receptor pathway substrate 15 (Eps15) (Ortiz et al., 2004). Eps15 contains binding sites for the 

-adaptin, subunit of AP2, and the two Ub-interacting motifs at the C-terminal domain. It is in-

volved in the initial steps of clathrin-coated pit formation through the recruitment of ubiquitinated 

receptors on the plasma membrane and through AP2 via each interacting site of Eps15 (Polo et al., 

2002). As the study of Ortiz et al. implicated Eps15 in BSEP internalization by showing that the 

dominant negative form of Eps15 increased expression of BSEP on the cell surface (Ortiz et al., 

2004), it is possible that BSEP is ubiquitinated on the CM and that the ubiquitinated BSEP is rec-
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ognized by Eps15, cross-linked to AP2 through the interaction motif of Eps15, and finally recruit-

ed to clathrin-coated pits (Fig. 6A). 

     A set of proteins called endosomal sorting complex required for transport (ESCRT) plays an 

essential role in this ubiquitination-mediated lysosomal degradation through the recognition of the 

ubiquitinated cargo at the early endosome and its recruitment to and incorporation into 

multivesicular bodies (MVBs), which leads to lysosomal degradation (Raiborg and Stenmark, 

2009). Considering our previous study demonstrating that the half-life of the cell surface-resident 

MRP2 is prolonged by treatment with chloroquine, a lysosome inhibitor (Hayashi et al., 2012b), 

and the finding in this study that the ubiquitination of MRP2 facilitates its degradation following 

internalization, it is possible that MRP2 is recruited into the lysosomal degradation pathway after 

its internalization through the ESCRT machinery (Fig. 6B). Although the detailed molecular 

mechanism underlying MRP2 internalization remains to be elucidated, scission of 

MRP2-containing vesicles from the CM seems to be mediated by dynamin (Fig. 5B). An earlier 

step than the vesicle scission in the internalization of MRP2 could implicate radixin, an 

ezrin/radixin/moesin family protein that tethers MRP2 to the CM via interaction with the PDZ 

domain (Kikuchi et al., 2002). In contrast to MRP2, the degradation of internalized BSEP is insen-

sitive to the expression of UbGG, consistent with the fact that BSEP expression is unaffected by 

treatment with lysosome inhibitors (Fig. 4B) (Kagawa et al., 2008; Wang et al., 2008). Further 

analysis is currently underway to investigate the molecular mechanism responsible for the inter-

nalization of MRP2 and the degradation of the cell surface-resident BSEP. 

Ub chains are formed through covalent binding of the C-terminal glycine of Ub to one of 
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the seven lysine residues, Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63, of another Ub (Xu 

et al., 2009). The intracellular function of ubiquitination depends on the lysine residues used for 

this reaction. Lys48- and Lys63-linked ubiquitination, the most typical and widely studied forms of 

Ub conjugation, mainly act in targeting proteins for proteasomal degradation and for internaliza-

tion, lysosomal degradation, intracellular signaling, and DNA repair, respectively (Clague and 

Urbe, 2010). Recent study showing the essential role of Lys11-linked ubiquitination in the inter-

nalization of major histocompatibility complex class 1 (Goto et al., 2010) also suggest that it func-

tions as a signal for internalization and/or degradation of membrane proteins. It is believed that 

these diverse functions of ubiquitination derived from the same molecule, but different forms of 

conjugation can be attributed to interaction with adaptor proteins containing a UBD that can rec-

ognize the structural differences between Ub conjugations (Raasi et al., 2005), and to 

deubiquitination by Ub-conjugation-type-specific deubiquitinating enzymes (Komander et al., 

2009). Therefore, the different types of ubiquitination of BSEP and MRP2 would make it possible 

for ubiquitination to regulate the intracellular transport of BSEP and MRP2 in distinct ways. 

     The findings of this study will contribute to the understanding of the pathology of IC and 

jaundice as well as of the mechanism underlying the intracellular transport of BSEP and MRP2 on 

the CM. The cell surface-resident forms of BSEP with E297G and D482G, both of which are the 

most frequently found mutations in patients with progressive familial intrahepatic cholestasis type 

2 (PFIC2), a genetic disorder caused by mutations in BSEP gene, are highly ubiquitinated 

(Hayashi and Sugiyama, 2009). Therefore, the acceleration of BSEP internalization by 

ubiquitination could be at least partly responsible for down-regulation of BSEP expression at the 
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CM in PFIC2 patients with these mutations. In addition, it is conceivable that 

ubiquitination-mediated intracellular transport is implicated in the reduced canalicular expression 

and abnormal canalicular localization of BSEP and MRP2 in patients with drug-induced liver in-

jury, alcoholic hepatitis and autoimmune hepatitis, as well as in animal models (Vos et al., 1998; 

Zollner et al., 2001). Historically, both transporters have been thought to share the same regulatory 

mechanism in part because canalicular immunolabeling of both is disrupted in patients with IC and 

jaundice and in the animal model of the disease (Vos et al., 1998; Zollner et al., 2001). However, 

co-localization of BSEP and MRP2 decreases over time in animals treated with factors inducing 

IC and jaundice (Zinchuk et al., 2005), suggesting that the regulatory mechanisms of both trans-

porters differ in the later stages of disease in these animals. Considering the distinct role of 

ubiquitination in the intracellular sorting of BSEP and MRP2 and the fact that the degradation 

pathway of cell surface-resident MRP2, but not BSEP, is sensitive to lysosome inhibitors (Fig. 4B) 

(Hayashi et al., 2012b; Kagawa et al., 2008; Wang et al., 2008), it can be hypothesized that under 

these disease conditions, both BSEP and MRP2 are highly ubiquitinated on the CM and undergo 

internalization and subsequent degradation by different mechanisms, resulting in the distinct local-

ization of each transporter. 

     In conclusion, our current study suggests that ubiquitination facilitates clathrin-mediated 

endocytosis of BSEP and the degradation of internalized MRP2, leading to the disappearance of 

the cell surface-resident forms of both transporters. This information should be helpful in better 

understanding the regulatory mechanism for the intracellular transport of CM-resident membrane 

proteins and the pathogenic mechanism of severe liver diseases associated with IC and jaundice, in 
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which the expression of BSEP and MRP2 at the CM is decreased.  
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Figure legends 

Fig. 1: Construction of the experimental system to investigate the role of ubiquitination in 

the intracellular transport mechanism of plasma membrane-resident BSEP and MRP2 

(A) Ubiquitination of BSEP and MRP2 in 293 cells. 293 cells transfected with 

pShuttle-3×FLAG-BSEP (left), pcDNA3.1(+)-MRP2 (right), or EV were immunoprecipitated by 

anti-FLAG (left) or anti-MRP2 (right) antibody. Immunoprecipitates were subjected to immunoblot 

analysis. Mouse (left) or rabbit (right) IgG served as a negative control. (B) Construction of 293 

cells stably expressing the Ub mutants. Cell lysates prepared from EV, HA-UbΔGG, or 

HA-UbΔGG/I44A 293 cells with 2 μM tetracycline were subjected to immunoblot analysis. (C) Effect 

of the Ub mutants on ubiquitination of BSEP and MRP2. Top, EV, HA-UbΔGG/I44A, and HA-UbΔGG 

293 cells were transfected with pShuttle-3×FLAG-BSEP (left) or pcDNA3.1(+)-MRP2 (right), 

treated with 2 μM tetracycline, and immunoprecipitated with anti-FLAG or anti-MRP2 antibodies, 

respectively. Immunoprecipitates were subjected to immunoblot analysis. Mouse (left) and rabbit 

(right) IgG served as negative controls. Bottom, Quantification of 3×FLAG-BSEP-Ub (left) and 

MRP2-Ub (right) normalized to 3×FLAG-BSEP and MRP2, respectively. The band intensities rep-

resenting 3×FLAG-BSEP, MRP2, and the ubiquitinated forms of each protein in the 

immunoprecipitates with anti-FLAG and anti-MRP2 antibodies were quantified. Each bar repre-

sents the mean  S.E. of three independent experiments. In (A–C), a representative gel image of 

three independent experiments is shown. (D) Uptake of [125I]-Tf. EV, HA-UbΔGG, and 

HA-UbΔGG/I44A 293 cells with 2 μM tetracycline were allowed to bind [125I]-Tf at 4 °C, and were 

then subjected to uptake studies. The percentage of [125I]-Tf internalized was calculated as described 
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in Materials and Methods. Each bar represents the mean ± S.E. of three independent experiments. 

IB, immunoblot; IP, immunoprecipitation; EV, empty vector. 

 

Fig. 2: Effect of Ub mutants on degradation of the cell surface-resident BSEP and MRP2 

Top, EV, HA-UbΔGG/I44A, and HA-UbΔGG 293 cells transfected with pShuttle-3×FLAG-BSEP (left) 

or pcDNA3.1(+)-MRP2 (middle) and non-transfected these cells (right) were treated with 2 μM tet-

racycline, biotinylated and incubated for the indicated time at 37 °C, as described in Materials and 

Methods. The remaining biotin-labeled proteins isolated with streptavidin beads were subjected to 

immunoblot analysis. A representative gel image of three independent experiments is shown. Bot-

tom, Quantification of the rate of degradation of 3×FLAG-BSEP (left), MRP2 (middle), and TfR 

(right) expressed on the plasma membrane. The intensity of the band shown in Top is expressed as a 

percentage of each protein present at 0 h. Each bar represents the mean ± S.E. of three independent 

experiments. *, p <0.05 vs. EV. IB, immunoblot; EV, empty vector; BQL, below quantification lim-

it. 

 

Fig. 3: Effect of Ub mutants on internalization of BSEP and MRP2 

(A) Determination of the internalization rate of BSEP and MRP2 in 293 cells. Top, EV and 

HA-UbΔGG 293 cells were transfected with pShuttle-3×FLAG-BSEP (left) and 

pcDNA3.1(+)-MRP2 (right), treated with 2 μM tetracycline, and subjected to an endocytosis assay, 

as described in Materials and Methods. The internalized sulfo-NHS-SS-biotin-labeled proteins 

were precipitated with streptavidin-agarose beads and analyzed by immunoblot analysis. A repre-
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sentative result of three independent experiments is shown. Bottom, Quantification of internalized 

3×FLAG-BSEP (left) and MRP2 (right) relative to the surface pool of each protein. The intensity 

of the band corresponding to 3×FLAG-BSEP (left) and MRP2 (right) shown in Top was quantified. 

Internalization at 0 min was normalized to 0%. Each bar represents the mean ± S.E. of three inde-

pendent experiments. *, p <0.05 vs. EV. IB, immunoblot; EV, empty vector. (B-D) Measurement 

of BSEP internalization in McA-RH7777 cells. (B) Photoactivation and fluorescence decay of 

Dronpa-BSEP on the CM. Dronpa-BSEP expressed on the CM of Dronpa-BSEP McA-RH7777 

cells was photoactivated, and phase contrast images and fluorescence images were acquired every 

1 min for 15 min at 37 °C using a laser-scanning confocal imaging system, as described in Materi-

als and Methods. Representative results of phase contrast images (left) and fluorescence images 

(right) for before and 0, 8, and 15 min after photoactivation from three independent experiments 

are shown. Scale bar: 10 m. (C) Quantification of the fluorescence disappearance of 

Dronpa-BSEP photoactivated on the CM. After treatment with or without 33 M nocodazole for 5 

min, Dronpa-BSEP McA-RH7777 cells were subjected to the photoactivation study as described 

in (B). The fluorescence decay in the photoactivated region was calculated as (pixel sum t=0  pixel 

sum t(min))/ pixel sum t=0 × 100 (%). Each point represents the mean ± S.E. of 12 cells obtained in 

three independent experiments. **, p <0.01; ***, p <0.001. (D) Quantification of the fluorescence 

disappearance from the CM by the internalization of Dronpa-BSEP following photoactivation of 

the CM-resident Dronpa-BSEP. Dronpa-BSEP McA-RH7777 cells transfected with pDsRed or 

pDsRed-UbΔGG were subjected to the photoactivation study as described in (C). The fluorescence 

decay in the photoactivated region by Dronpa-BSEP internalization was calculated by subtracting 
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the loss of fluorescence in the presence of nocodazole from that in its absence. Each point repre-

sents the mean ± S.E. of 12 cells obtained in three independent experiments. *, p <0.05; **, p 

<0.01; ***, p <0.001. 

 

Fig. 4: Effect of Ub mutants on degradation of internalized BSEP and MRP2 

(A) Determination of the degradation rate of internalized BSEP and MRP2 in 293 cells. Top, EV 

and HA-UbΔGG 293 cells were transfected with pShuttle-3×FLAG-BSEP (left) and 

pcDNA3.1(+)-MRP2 (right), treated with 2 μM tetracycline, biotinylated and then subjected to an 

assay to determine the degradation rate of internalized membrane protein, as described in Materi-

als and Methods. The remaining biotin-labeled proteins isolated with streptavidin beads were sub-

jected to immunoblot analysis. A representative result of three independent experiments is shown. 

Bottom, Quantification of the rate of degradation of internalized 3×FLAG-BSEP (left) and MRP2 

(right). The intensity of the band corresponding to 3×FLAG-BSEP (left) and MRP2 (right) shown 

in Top was quantified and expressed as a percentage of each protein present at 0 h. Each bar repre-

sents the mean ± S.E. of three independent experiments. *, p <0.05 vs. EV. IB, immunoblot; 

BQL, below quantification limit; EV, empty vector. (B) Top, Effect of lysosome inhibitors on 

BSEP expression. 293 cells were transfected with pShuttle-3×FLAG-BSEP, incubated for 48 h in 

the absence or presence of 5 mM NH4Cl or 25 M chloroquine for the last 12 h, and lysed. The 

prepared specimens were subjected to immunoblot analysis. Bottom, Quantification of 

3×FLAG-BSEP expression. The ratio of band intensity of 3×FLAG-BSEP to that of -actin 

shown in Top was quantified and expressed as a percentage of that under control conditions. Each 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 30, 2013 as DOI: 10.1124/mol.113.091090

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #91090 

35 
 

bar represents the mean ± S.E. of three independent experiments. CQ, chloroquine. 

 

Fig. 5: Effect of Ub mutants on the BSEP internalization through clathrin-mediated endo-

cytosis 

(AC) Determination of the internalization rate of BSEP (A) and MRP2 (B) in 293 cells treated 

with CPZ (A, B) or Dyn (B) and that of BSEPY1311A in 293 cells (C). Top, EV (AC) and 

HA-UbΔGG (A, C) 293 cells were transfected with pShuttle-3×FLAG-BSEP (A), 

pcDNA3.1(+)-MRP2 (B), or pShuttle-3×FLAG-BSEPY1311A (C), treated with 2 μM tetracycline, 

and then subjected to endocytosis assay and immunoblot analysis as described in Materials and 

Methods. In (A, B), the cells were treated with 28 M CPZ for 1 h or 80 μM Dyn for 30 min be-

fore the endocytosis assay. A representative result of three to six independent experiments is shown. 

Bottom, Quantification of internalized 3×FLAG-BSEP (A), MRP2 (B), and 3×FLAG-BSEPY1311A 

(C) relative to the surface pool of each protein. Data were analyzed as described in Fig. 3A. Each 

bar represents the mean ± S.E. of three to six independent experiments. **, p <0.01 vs. EV. IB, 

immunoblot; EV, empty vector; CPZ, chlorpromazine; Dyn, dynasore. (D) Quantification of the 

fluorescence disappearance from the CM by the internalization of Dronpa-BSEPY1311A following 

photoactivation of the CM-resident Dronpa-BSEPY1311A. Dronpa-BSEPY1311A McA-RH7777 cells 

transfected with pDsRed or pDsRed-UbΔGG was subjected to the photoactivation study and ana-

lyzed as described in Fig. 3(BD). Each point represents the mean ± S.E. of 12 (pDsRed) and 15 

cells (pDsRed-UbΔGG) obtained in three independent experiments. 
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Fig. 6: Proposed model illustrating the role of ubiquitination in the degradation of BSEP and 

MRP2 on the CM 

(A) Ubiquitination of BSEP on the CM possibly facilitates clathrin-mediated endocytosis, which 

involves AP2 and EPS15 (Hayashi et al., 2012a; Ortiz et al., 2004), thereby modulating the net 

degradation rate of the cell surface-resident BSEP. After internalization, BSEP is recycled to the 

CM in a Rab11-dependent manner (Wakabayashi et al., 2004) or degraded through an 

ubiquitination-independent and bafilomycin-insensitive pathway. (B) In the case of MRP2, 

ubiquitination could act as a sorting signal for lysosomal degradation in the early endosome, re-

sulting in accelerated degradation of the CM-resident MRP2. MRP2 internalization can be medi-

ated by dynamin, but the detailed molecular mechanism underlying this process remains to be elu-

cidated. 
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