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Abstract

Background & Aims—Multidrug resistance—associated protein 2 (MRP2) excretes conjugated
organic anions including bilirubin and bile acids. Malfunction of MRP2 leads to jaundice in
patients. Studies in rodents indicate that Radixin plays a critical role in determining Mrp2
canalicular membrane expression. However, it is not known how human hepatic MRP2 expression
is regulated in cholestasis.

Methods—We assessed liver MRP2 expression in patients with obstructive cholestasis caused by
gallstone blockage of bile ducts, and investigated the regulatory mechanism in HepG2 cells.

Results—Western blot detected that liver MRP2 protein expression in obstructive cholestatic
patients (n=30) was significantly reduced to 25% of the non-cholestatic controls (n=23).
Immunoprecipitation identified Ezrin but not Radixin associating with MRP2 in human livers, and
the increased amount of phospho-Ezrin Thr567 was positively correlated with the amount of co-
precipitated MRP2 in cholestatic livers, whereas Ezrin and Radixin total protein levels were
unchanged in cholestasis. Further detailed studies indicate that Ezrin Thr567 phosphorylation
plays an important role in MRP2 internalization in HepG2 cells. Since increased expression of
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PKCa, & and & were detected in these cholestatic livers, we further confirmed that these PKCs
stimulated Ezrin phosphorylation and reduced MRP2 membrane expression in HepG2 cells.
Finally, we identified GP78 as the key ubiquitin ligase E3 involved in MRP2 proteasome
degradation.

Conclusions—Activation of liver PKCs during cholestasis leads to Ezrin Thr567
phosphorylation resulting in MRP2 internalization and degradation where ubiquitin ligase E3
GP78 is involved. This process provides a mechanistic explanation for jaundice seen in patients
with obstructive cholestasis.
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Introduction

Multidrug resistance—associated protein 2 (MRP2; ABCC2) is a member of the adenosine
triphosphate (ATP)-binding cassette (ABC) transporter superfamily [1]. It is widely
expressed in many human and rodents tissues, such as liver, kidney, intestine, brain, and
breast in humans and rodents [2-4]. MRP2/Mrp2 is localized on the apical membrane of
epithelial cells in these tissues [1-3]. Specifically, it is expressed at the canalicular
membrane of hepatocytes, the proximal tubule epithelial cells in kidney, and the brush-
border membrane in small intestine for excreting conjugated organic anions, including
bilirubin, bile acid divalent conjugates and drugs [1, 2]. In addition, MRP2/Mrp2 secretes
glutathione into bile and is the major determinant of bile acid-independent bile flow [2].
Dysfunction of MRP2/Mrp2 leads to jaundice and hyperbilirubinemia in patients with
Dubin-Johnson syndrome (DJS) and in GY/TR™ EHBR rats [3, 4]. Jaundice is also seen in
patients with obstructive cholestasis. Hepatic MRP2 mRNA expression was not changed in
these patients [5, 6], but how its protein expression is regulated remains uncertain.

Previous studies in cholestatic rodent models have found reduced hepatic Mrp2 protein
expression without changes in mMRNA expression [7-9], indicating that post-transcriptional
regulation most likely plays an important role in regulating Mrp2 function. Indeed, loss of
Mrp2 from bile canalicular membranes without altering its MRNA expression in Radixin
knockout mice and Radixin knockdown rat hepatocytes emphasized the importance of
Radixin in the expression and function of rodent Mrp2 at post-transcriptional levels [10, 11].
Radixin is a member of the ERM protein family that consists of two more closely related
proteins, i.e. Ezrin and Moesin [12]. ERM proteins are tether proteins, they connect certain
plasma membrane proteins with actin filaments in cells [12]. The expression of individual
ERM proteins varies in different tissues. Specifically, Radixin was abundantly expressed in
rat hepatocytes, where Ezrin was undetectable by immunofluorescent labeling [13]. Instead,
Ezrin was detected in biliary epithelia in the rat. Claperon et al. confirmed that Ezrin was
mainly detected in bile duct epithelial cells in young children [14]. Interestingly, they also
detected Ezrin at the canalicular membrane of hepatocytes in the livers of patients with
biliary atresia and neonatal sclerosing cholangitis. Furthermore, both Ezrin and Radixin
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were detected in human hepatoma HepG2 and Huh7 cells [15, 16]. However, it is not known
if Ezrin plays any role in MRP2 protein expression in human hepatocytes.

Studies from Caco2 cells and rat intestine tissue indicate that Ezrin regulates MRP2/Mrp2
membrane expression and function [17-19]. When the intestine was treated with the PKCa
specific activator Thymeleatoxin, Ezrin Thr567 phosphorylation, Mrp2 brush-border
membrane expression and efflux activity were reduced although the mechanism remained
unexplained [18]. In contrast, activation of PKCa stimulated Ezrin phosphorylation in
human breast carcinoma cells (MCF-7 cells) [20]. Elevated PKC activity, including PKCa,
8, and €, was also reported in cholestatic rodent liver [7, 21]. But it remains to be determined
if PKCs are involved in Ezrin phosphorylation in human cholestatic livers, and whether this
process alters MRP2 expression and function.

In this report, we investigated the molecular mechanism of MRP2 expression regulation in
the livers of patients with gallstone obstructive cholestasis. We found that hepatic MRP2
protein expression was significantly reduced in these patients. Immunoprecipitation
identified Ezrin but not Radixin as the ERM protein that interacted with MRP2 in human
livers. Phosphorylation of Ezrin positively correlated with its ability to associate with MRP2
protein but negatively correlated with the total amount of MRP2 protein expression. Further
studies in HepG2 cells indicated that phosphorylation of Thr567 in Ezrin by PKCs reduced
MRP2 membrane expression, whereas ubiquitin E3 GP78 controlled the degradation of
internalized MRP2 in human hepatic cells. Our findings provide a novel mechanistic
explanation for the pathogenesis of jaundice seen in patients with obstructive cholestasis and
possibly other forms of cholestasis. Understanding the regulation of human MRP2 protein
expression regulation may lead to new strategies for treating patients with various forms of
hyperbilirubinemia.

Materials and Methods

Patients and liver samples collection

This research has been carried out in accordance with the Declaration of Helsinki (2008) of
the World Medical Association, and has been approved by the Southwest Hospital
Institutional Ethics Review Board (Chongging, China). The corresponding written informed
consent was obtained from all patients. Cholestatic liver samples (n=30) were surgically
resected from patients with obstruction by biliary stones originating from the intrahepatic
bile duct and/or common bile duct within several days of admission because of severe
symptoms of biliary obstruction, such as jaundice. Neither ursodeoxycholic acid nor other
preoperative therapies were administered. Control liver samples were acquired by liver
biopsy and analyzed for exclusion of liver disease or staging of hematologic malignancy
(n=7); in addition, control liver tissue was also obtained from patients undergoing resection
of liver metastases without cholestasis (n=16; 6 colorectal, 7 colonic, and 3 rectal
metastases). Liver samples were immediately cut into small pieces and fixed in 4%
paraformaldehyde or stored in liquid nitrogen. The biochemical characteristics of patients
were described in Table 1.
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Plasmids construction, transfection, and stably transfected cell lines

Plasmids eGFP-Ezrin WT (Wild type), eGFP-Ezrin T576A (non phosphorylatable mutation
by changing Thr567 to Ala), eGFP-Ezrin T567D (simulating a constantly phosphorylated
status by changing Thr567 to Asp), pHACE-PKCa, PKCS and PKCe WT, pHACE-PKCa,
PKCS8, and PKCe DN (dominant negative mutation), pHACE-PKCa CAT (constitutively
active mutation), GFP-UbWT and GFP-UbKO (all seven lysine residues that are potentially
involved in polyubiquitination are replaced by arginines, but allow mono-ubiquitination)
were provided by Addgene (Cambridge, MA). Human MRP2 plasmid was kindly provided
by Dr. Dietrich Keppler (Division of Tumor Biochemistry, Deutsches
Krebsforschungszentrum, Heidelberg, Germany) [3]. Plasmids pPRNAT-GP78 shRNA#1,
shRNA#2 and shRNA#3 targeting knockdown of human GP78 were designed and generated
by GENCHEM (Shanghai, China). The sequences of these ShRNAs are listed in Table S1.
GP78 shRNA#3 construct demonstrated the best knockdown efficiency in HepG2 cells, and
therefore were used throughout this report. G418 (750ug/ml) or puromycin (2ug/ml) were
used to select stably transfected HepG2 cells.

RNA extraction, reverse transcription and real-time quantitative polymerase chain reaction

(gPCR)

Total RNA was extracted from tissues or cultured cells using Trizol reagent (Invitrogen; San
Diego, CA). The cDNA was prepared and analyzed using real-time qPCR as described
previously [6]. The primers used in this study are listed in Table S2 or as described in a
previous report [6].

Western blot analysis

Total cell lysate and enriched membrane protein were prepared as previously described [6,
22]. Cell surface protein biotinylation were performed according to the manufacturer’s
instruction (Thermo Scientific, MA). Protein samples were resolved using SDS-PAGE and
transferred to PVDF membrane. The sources of primary antibodies and their dilution are
listed in Table S3. In particular, to ensure Ezrin antibody’s specificity, we used an antibody
from Sigma-Aldrich that was raised against a region where it does not share any identity to
Radixin (Fig. S1).

Co-immunoprecipitation assay

The liver tissues were homogenized in RIPA buffer (Sigma-Aldrich) containing Complete
EDTA-free Protease and PhosSTOP Phosphatase inhibitors (Roche, Palo Alto, CA). The
homogenates were centrifuged at 8,000 x g for 10 min, and the resulting supernatant (1 mg
protein) was then incubated with Protein A-Sepharose CL-4Ba or Protein G on Sepharose
4B fast flow (Sigma-Aldrich) for 1h at 4°C to remove nonspecific binding protein to the
beads. Meanwhile, the primary antibodies (MRP2, Ezrin, or Radixin) were diluted with PBS
and incubated with protein A or G agarose beads in a new tube for 1h at room temperature.
Normal mouse or rabbit IgG was also used as negative control. After primary antibodies
bound to the beads, the bead pre-absorbed homogenate was added to the antibody-bound
beads and slowly rotated overnight at 4°C. The beads were spun down at 3,000 x g for 5 min
and washed four times with cold PBS containing protease and phosphatase inhibitors
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(Roche) at 4°C. Finally, 2 x loading buffer was added to strip the protein from agarose
beads, and then centrifuged at 10,000 x g for 1 min. The supernatant was subjected to SDS-
PAGE and followed by Western blot analysis.

Alkaline phosphatase treatment

The cholestatic liver tissue whole lysate containing protease and phosphatase inhibitors or
only containing protease inhibitor were treated with or without alkaline phosphatase (10ug
total protein/5U alkaline phosphatase) (Beyotime, Suzhou, China) at 37°C for 1 h, and used
for immunoprecipitation as described above.

Immunofluorescence analysis

Immunofluorescence (IF) and Immunohistochemistry (IHC) were performed as previously
described [6] with the dilution of the primary antibodies as described in Table S3.

Statistical analysis

All data were analyzed using the independent-samples Student’s t-test (two-tailed) and are
expressed as means * standard deviation (SD), using SPSS software (PASW Statistics 18,
IBM; SPSS, Inc., Chicago, IL). A value of p<0.05 was considered to be statistically
significant.

Results

MRP2 protein expression and canalicular membrane localization were reduced in the livers
of patients with obstructive cholestasis

Western blot analysis demonstrated that MRP2 protein expression in the membrane enriched
fraction and whole liver lysate from obstructive cholestatic livers were significantly lower
(only 25+19% and 32+27% respectively by setting control livers as 100%, p<0.01) than in
the control livers (Fig. 1A and Fig. S2), despite the lack of change in MRP2 mRNA as
previously reported ([6] and data not shown). Both immunohistochemistry (IHC) and
immunofluorescent (IF) labeling further confirmed that MRP2 canalicular membrane
expression in cholestatic livers was markedly lower when compared with control livers,
whereas intracellular MRP2 expression was enhanced in the cytoplasm of hepatocytes of
these cholestatic livers (Fig. 1B and 1C). In contrast, the amounts of MDR1 (ABCB1) and
BSEP (ABCBL11) protein expression were not changed in these cholestatic livers ([6] and
data not shown). Furthermore, in situ cell death analysis did not show substantially more
apoptotic cells in the cholestatic livers than in the control livers (Fig. S3). Together, these
results demonstrated that MRP2 protein expression and canalicular membrane localization
were reduced in obstructive cholestatic human livers.

MRP2 protein associates with Ezrin but not Radixin in human liver

To understand the molecular mechanism that leads to the reduction of MRP2 protein
expression in human cholestatic livers, we examined whether the membrane-cytoskeleton
linker proteins Radixin and Ezrin were involved since they were detected in the hepatocytes
of young children and in human hepatoma cells [14-16]. As shown in Figure 2A and 2B, we

J Hepatol. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chai et al.

Page 6

detected the expression of both Radixin and Ezrin mRNA and protein in human livers, but
there were no differences in their levels of expression between the control and cholestatic
livers. To test whether these two proteins are associated with MRP2 in human liver, we
performed protein immunoprecipitation using liver homogenates from both control and
cholestatic patients. Interestingly, when MRP2 protein was pulled down, we were able to
detect Ezrin, but not Radixin (Fig. 2C). To confirm this observation, we then pulled down
Ezrin and Radixin using their specific antibodies respectively. Again, MRP2 was detected in
Ezrin pull-down complexes (Fig. 2D). In contrast, neither MRP2 nor Ezrin were detected in
Radixin pull-down complexes (Fig. 2E). These results indicate that MRP2 protein is
associated with Ezrin but not Radixin in human liver. To check if Ezrin is also associated
with other canalicular transporters, we tested for BSEP and MDR1. However, neither
protein was detected in the complex (Fig. 2D and data not shown). Furthermore,
immunofluorescent labeling revealed that both MRP2 and Ezrin were colocalized at the
apical region in human hepatocytes, where Radixin was also detected (Fig. 2F and Fig. S4).
Together, these findings indicate that Ezrin is specifically associated with MRP2 in human
hepatocytes, suggesting that it may be involved in regulating MRP2 canalicular membrane
expression.

MRP2/Ezrin proteins association in human liver requires EzrinThr567 phosphorylation

To gain insights into how Ezrin might regulate MRP2 membrane expression, we examined
whether Ezrin Thr567 phosphorylation occurred in human livers since a previous study
suggested that phospho-Thr567 in Ezrin was required for its interaction with Mrp2 in rat
intestine [18]. As demonstrated in Figure 3A and 3B, Ezrin Thr567 phosphorylation was
markedly higher in the cholestatic livers than in the controls (6.5-fold, p<0.01) despite total
Ezrin protein remaining unchanged in these samples. Immunofluorescent labeling using
anti-phospho-Ezrin Thr567 antibody further confirmed increased Ezrin Thr567
phosphorylation in these cholestatic livers (Fig. 3C panel b vs e), with most labeling
localized in the intracellular region of the hepatocytes, where decreased canalicular
membrane labeling of MRP2 was also seen (Fig. 3C panel a vs d). To test if Ezrin Thr567
phosphorylation plays a role in interacting with MRP2 protein in human livers, we
immunoprecipitated Ezrin from both cholestatic and control livers. As shown in Figure 3D
and 3E, the increased amount of phospho-Ezrin Thr567 in cholestatic livers positively
correlated with the amount of co-precipitated MRP2 protein in the Ezrin pull-down complex
(r2=0.555, p=0.002). In contrast, the amount of total precipitated Ezrin protein from these
samples did not correlate with the amount of co-precipitated MRP2 protein (Figure S5A).
When we immunoprecipitated MRP2, we detected more phosphor-Ezrin and total Ezrin in
the complex (Fig. S5B). In addition, less MRP2 protein was pulled down with Ezrin protein
when Ezrin phosphorylation was reduced by alkaline phosphatase (ALP) treatment (Fig.
3F). Together, these findings indicate that it is the phosphorylated Ezrin that interacts with
MRP2 protein in human livers.

Ezrin Thr567 phosphorylation reduces MRP2 membrane expression in stably transfected

HepG2 cells

Since the amount of phospho-Thr567 Ezrin appears to be negatively correlated with the
amount of MRP2 protein expression (Fig 1A and 3D), we speculated that Ezrin
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phosphorylation may stimulate MRP2 internalization in human cholestatic liver. To test this
hypothesis, we selectively mutated Thr567 in human Ezrin and generated three lines of
HepG2 cells that were stably transfected with different Ezrin expression constructs, i.e. WT,
T567, and T567D. Biotinylation analysis of cell surface protein expression detected slightly
but significantly more MRP2 protein in the T567A mutant (1.4-fold of WT control, p<0.05,
n=4) whereas less MRP2 protein (64% of WT control, p<0.01, n=4) was expressed in the
T567D mutant transfected cells (Fig. 4A). In contrast, we detected more MRP2 protein in
the intracellular fraction in the T567D mutant cells (Fig. S6A). The corresponding enhanced
or diminished MRP2 plasma membrane expression in Ezrin T567A and T567D mutants
were further confirmed by immunofluorescent labeling (Fig. S6B). To further determine the
role of Ezrin p-T567 in the association of Ezrin with MRP2, we performed pull-down assay
using the lysate from these stably transfected HepG2 cells. As shown in Fig. 4B, the amount
of MRP2 in the eGFP-Ezrin complex was increased from the Ezrin T567D mutant while
decreased in Ezrin T567A mutant when compared with the WT. Together, these findings
indicate that Ezrin Thr567 phosphorylation plays an important role in regulating MRP2
membrane expression, most likely by stimulating its internalization.

Up-regulation of PKCs expression increased Ezrin Thr567 phosphorylation in human
cholestatic livers and HepG2 cells

Previous reports indicate that PKCs are responsible for Ezrin Thr567 phosphorylation in
human breast carcinoma cells (MCF-7 cells) and canine osteosarcoma cells [20, 23].
However, it is not known which PKC isoform can phosphorylate Ezrin Thr567 in human
hepatocytes. To address this question, we assessed the expression of PKCa, & and ¢ in liver
samples from both cholestatic and control patients. As shown in Figure 5A, the expression
of all three PKC mRNAs were significantly increased in human obstructive cholestatic liver
as compared to controls (2.4-fold, 1.5-fold, and 1.7-fold, respectively, p<0.01). Western-
blots also detected increased protein expression of these PKCs in the cholestatic livers (2.2-
fold, 2.0-fold, and 1.8-fold of controls, respectively, p<0.01, Fig. 5B and 5C). To test if
these PKCs interacted with Ezrin in human livers, we again performed immunoprecipitation
using an Ezrin specific antibody. As shown in Figure 5D-E, increased amounts of PKCaq, &
and e were co-precipitated with Ezrin from the cholestatic livers (2.1-fold, 2.4-fold, and 2.8-
fold over the controls, respectively, p<0.01), suggesting these PKCs may be responsible for
Ezrin phosphorylation in human liver. To test this hypothesis, we manipulated PKCa
expression and activity in stably transfected HepG2 cells. Overexpression of PKCa WT and
its mutants did not alter Ezrin protein expression in HepG2 cells (Fig. 5F). However, both
the WT and its constitutive active mutant (CAT) markedly increased Ezrin Thr567
phosphorylation, whereas its dominant negative (DN) mutant did not alter Ezrin
phosphorylation when compared with untransfected HepG2 control cells. In contrast, MRP2
protein expression was substantially lower in the WT transfected cells and nearly eliminated
in CAT mutant transfected cells (Fig. 5F). Similar results were obtained when HepG2 cells
were stably transfected with PKC8 and PKCe WT forms and their DN mutants (Fig. 5G and
H). Together, these findings indicate that increased expression and activity of PKCs in
human cholestatic livers may lead to Ezrin Thr567 phosphorylation, and result in MRP2
internalization from the canalicular membrane.
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Ubiquitin ligase (E3) GP78 plays an important role in MRP2 protein degradation

Because MRP2 protein expression was reduced in these obstructive cholestatic livers, we
hypothesized that the phospho-Ezrin mediated internalization of MRP2 protein was subject
to proteasome degradation. To examine this possibility, we first determined whether MRP2
is ubiquitinated in human liver. As demonstrated in Figure 6A, MRP2 ubiquitination was
markedly increased in the cholestatic liver compared to the control liver when we pulled
down MRP2 from liver homogenates and blotted with ubiquitin antibody. To further
confirm that MRP2 can be ubiquitinated in cells, we transiently transfected Hek293T cells
with human MRP2 expression construct along with GFP vector, GFP-UbWT, or GFP-UbKO
expression constructs. Of note, GFP-UbKX? only allows mono-ubiquitination so that the
target protein will not be subjected to polyubiquitination and subsequent degradation [24].
As shown in Figure 6B, when we immunoprecipitated GFP, we were able to detect ubiquitin
conjugated MRP2. Interestingly, substantially more ubiquitin conjugated MRP2 was
detected in cells cotransfected with GFP-UbK? than with GFP-UbWT, supporting that
polyubiquitination of MRP2 leads to its degradation [25]. As ubiquitin conjugation is the
rate limiting step in target protein degradation [26, 27], we examined which ubiquitin ligase
E3s was responsible for MRP2 ubiquitination in human cholestatic livers, i.e., GP78, TEB4
and HRD1. As shown in Figure 6C and D, only GP78 expression was significantly increased
at both mRNA and protein levels (2.1-flod, p<0.05 and 4.2-fold, p<0.01 of control livers,
respectively), whereas hepatic expression of TEB4 and HRD1 did not change. To test if
GP78 modulates MRP2 protein expression, we used a plasmid construct to knock down
GP78 expression. As shown in Figure 6E, knockdown of GP78 resulted in significant
increase in MRP2 protein expression (2.0-fold of control, p<0.05) in stably transfected
HepG2 cells, confirming that GP78 plays an important role in regulating the expression of
MRP2 protein.

Discussion

When jaundice develops in cholestatic patients, impaired function of MRP2 is thought to be
the cause. Previous studies in rodent models of cholestasis have demonstrated translocation
of Mrp2 from the canalicular membrane to the cytosol [28, 29]. Since hepatic MRP2 mMRNA
expression was not changed in patients with obstructive cholestasis [5, 6],
posttranscriptional mechanisms are likely involved. As described in this report, MRP2
protein expression was significantly reduced in livers of obstructive cholestatic patients
when compared to control patients. Further biochemical analysis revealed that phospho-
Ezrin binds to MRP2 in cholestatic human livers, where elevated levels of Ezrin
phosphorylation and PKCa, & and ¢ are also detected. The role for PKCs in Ezrin
phosphorylation and MRP2 membrane expression was further verified in vitro in stably
transfected HepG2 cells. Because Ezrin phosphorylation was negatively correlated with
MRP2 membrane expression, we propose that during cholestasis, PKCs activation
phosphorylates Ezrin resulting in MRP2 internalization from the canalicular membrane. The
internalized MRP2 protein is then subject to ubiquitination by GP78 and undergoes
proteasome degradation (Fig. 7). This process provides a novel mechanism for the
regulation of MRP2 protein expression and function in human cholestatic livers as well as
explaining why jaundice develops in these and possibly other patients with cholestasis.
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The mechanism by which PKCs are activated in these patients with obstructive jaundice
remains unclear. There are a number of possibilities. First, elevated levels of bile acids in the
liver during cholestasis may activate PKCs as indicated in previous reports [30-32]. Second,
TNFa signaling can also activate PKCs [33]. During cholestasis, elevated levels of TNFa
have been observed in both humans and rodents [6, 34, 35]. Activated PKCs can
phosphorylate Ezrin Thr567 and perhaps also MRP2 as previously reported [21]. This
phosphorylation enables Ezrin to interact with MRP2 presumably through PDZ domains,
and causes MRP2 internalization from the canalicular membrane. This speculation may also
explain why MDR1 and BSEP protein levels were not changed in the liver of these
obstructive cholestatic patients as these two proteins do not have binding motifs that interact
with PDZ domains. The internalized MRP2 may then be subject to proteasome degradation
if it is ubiquitinated by GP78. Alternatively, the internalized MRP2 may also recycle back to
the canalicular membrane if phosphorylated Ezrin is dephosphorylated before its
polyubiquitin proteasome degradation. These sequential events would provide a mechanistic
explanation for reduced MRP2 protein expression and function in these cholestatic livers.

Previous studies in rodent cholestatic models and hepatocytes established Radixin’s critical
role in Mrp2 protein expression as Ezrin was not detected in these cells [11, 13]. However,
the expression of ERM proteins appear to be tissue specific and also species specific. Indeed
Ezrin was first detected at the apical region of hepatocytes in children with cholestasis [14].
In this report, we were able to detect both Radixin and Ezrin at the apical region of
hepatocytes from both control and cholestatic patient livers. While Claperon’s studies did
not detect Ezrin in normal human liver, in contrast to our findings, their detection of Ezrin at
the canalicular region in pediatric cholestatic liver disorders is consistent with our findings
in adult patients with bile duct obstruction. Ezrin has also been detected in human hepatoma
cells [15, 16]. Most importantly, we found that it is phospho-Ezrin that associated with
MRP2 and causes its internalization and leads to subsequent degradation in human
hepatocytes. Yang et al. has reported that both Ezrin and Radixin can interact with MRP2 in
Caco?2 cells [17], although they did not examine whether phosphorylation affects their
binding abilities to MRP2 or not. In rat intestine, Nakanoet al. observed that a PKCa agonist
reduced Mrp2 membrane expression and function [18], in agreement with what we saw in
human livers and HepG2 cells. However, in that report, the authors detected reduced Ezrin
Thr567 phosphorylation but did not provide an explanation for why PKCa activation leads
to reduced phosphorylation of Ezrin in rat intestine cells. When PKC is activated, one would
expect an increase of phosphorylation of Ezrin as we have seen in human livers and HepG2
cells, and as described in human breast carcinoma cells [20]. However, it is also possible
that this discrepancy may be due to ERM proteins functioning differently in a tissue and
species specific manner.

Our current study did not address any functional role of Radixin in MRP2 membrane
expression in human hepatocytes as co-immunoprecipitation did not detect interaction
between Radixin and MRP2. It is possible that Radixin may only facilitate nascent MRP2
protein membrane trafficking in human hepatocytes as described in the Radixin knockout
mouse [11]. Because MRP2 protein has a relatively long half-life in hepatocytes (~ 30
hours) [36], human hepatocytes may only synthesize very small amount of nascent MRP2
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protein. Therefore, we may miss the interaction of MRP2 with Radixin in human liver by
co-immunoprecipitating these two proteins.

In summary, we detected reduced MRP2 protein expression in human cholestatic livers, and
found that Ezrin Thr567 phosphorylation was associated with MRP2 internalization and
subsequent degradation where PKCs and GP78 play important roles in this process. These
findings provide a novel explanation for the development of jaundice in some patients with
cholestasis. Understanding the molecular regulation of MRP2 expression may lead to new
strategies for therapeutic interventions.
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Figure 1. Reduced MRP2 protein expression in the liver of patients with obstructive cholestasis
(A) A representative Western blot of MRP2 protein in membrane enriched fraction, and the

quantitative analysis (% of control group, n=23 for control group, n=30 for obstructive
cholestatic group). (B) Immunohistochemistry labeling of MRP2 in the livers of a patient
with obstructive cholestasis (b) and a control patient (a). (C) Immunofluorescent labeling of
MRP2 protein (Red) and ZO-1 (Green) in a control liver (a—c) and a cholestatic liver (d-f).
Nuclei were stained with DAPI (blue). C1-C4, controls; O1-O5, obstructive cholestasis liver
samples. “p<0.01 versus controls. DAPI, 40,6-diamidino-2-phenylindole.
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Figure 2. MRP2 protein is associated with Ezrin but not Radixin protein in human liver
(A) Real-time gPCR detected unchanged mRNA expression of Radixin and Ezrin in the

livers of obstructive cholestatic patients (n=30) and control patients (n=23) (fold of control
group). (B) Representative Western blot of Radixin and Ezrin proteins expression and their
corresponding densitometry in patient livers (fold of control group, n=23 for control group,
n=30 for obstructive cholestatic group). (C-E), Western blots of MRP2, BSEP, Ezrin, and
Radixin after immunoprecipitation as indicated. (F) Immunofluorescent labeling of MRP2
protein (Red) and Ezrin (Green) in a control liver (a—c). Nuclei of hepatocytes from patients’
liver samples were stained with DAPI (blue). C1-C4, controls; O1-0O5, obstructive
cholestasis liver samples. DAPI, 40,6-diamidino-2- phenylindole.
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Figure 3. Phospho-Ezrin (p-Ezrin) Thr567 interacted with MRP2 in human obstructive
cholestatic livers

Western blot detection of Ezrin Thr567 phosphorylation (A) and their corresponding
densitometry analysis (B) (fold of control group, n=23 for control group, n=30 for
obstructive cholestatic group, “p< 0.01 to the control group). (C) Enhanced intracellular
labeling of MRP2 (Red) and Ezrin Thr567 phosphorylation (Green) were detected in the
cholestatic hepatocytes. a—c, the control liver; d—f, the obstructive cholestatic liver. Nuclei
were stained using DAPI (blue). (D) Western blot analysis of Ezrin Thr567 phosphorylation
and its interaction with MRP2 using immunoprecipitation. (E) The amount of co-
immunoprecipitated MRP2 protein was positively correlated to the amount of Ezrin Thr567
phosphorylation in the obstructive cholestatic livers (r2=0.555, p=0.002, n=21). (F) Alkaline
phosphatase (ALP) treatment reduced of Ezrin Thr567 phosphorylation and its association
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with MRP2 protein in cholestatic liver homogenates. C1-C4, controls; O1-05, obstructive
cholestasis liver samples. DAPI, 40, 6-diamidino-2-phenylindole.
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Figure 4. Ezrin Thr567 phosphorylation reduces MRP2 membrane expression in stably
transfected HepG2 cells

(A) Western blot detected altered cell surface expression of MRP2 protein in Ezrin mutants
stably transfected HepG2 cells and their corresponding densitometry analysis (fold of WT
control, n=4, *p< 0.01; #p< 0.05 to controls). WT (Wild type), T567A (non-
phosphorylatable mutation), and T567D (simulates a constitutively phosphorylated
mutation). (B) Ezrin phosphorylation enhanced its association with MRP2 in these stably
transfected HepG2 cells. Antibody against GFP was used to pull-down Ezrin WT and its
mutants from the lysates of these stably transfected HepG2 cells. Normal rabbit IgG was
used as the negative control.
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Figure 5. PKCa, 8 and & stimulate Ezrin Thr567 phosphorylation in human obstructive
cholestatic livers and HepG2 cells

(A) PKCa, 8, and e mRNA expression in the livers of obstructive cholestatic patients (n=30)
and control patients (n=23) (fold of control group). (B) A representative Western blot of
PKCaq, 8, and ¢ protein expression, and (C) their densitometry (fold of control group, n=23
for control group, n=30 for obstructive cholestatic group). (D) The increased PKCa, PKCS,
and PKCe proteins were detected in the Ezrin pull-down complex, and (E) their
corresponding densitometry analysis (fold of control group, n=15 for control group, n=21
for obstructive cholestatic group). (F)—-(G) Modulating PKCa, 8, and ¢ activities affected
Ezrin phosphorylation and MRP2 protein expression in stably transfected HepG2 cells. Cells
were transfected with PKC wild-type (WT), dominant negative mutant (DN) and
constitutively active mutant (CAT) constructs, or not transfected control (CTR). C1-C4,
controls; O1-05, obstructive cholestasis liver samples. “p< 0.01 versus controls.
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Figure 6. MRP2 protein ubiquitination and the role of ubiquitin ligase E3 GP78 in obstructive
cholestasis livers and HepG2 cells

(A) MRP2 was ubiquitinated in the livers of a cholestatic patient. Normal mouse IgG was
used as the negative control. (B) GFP tagged ubiquitin was conjugated to MRP2 in Hek293T
cells. Cells were transiently transfected with human MRP2 and GFP-control, GFP-UbWT, or
GFP-UbK0 expression constructs, and collected 48 hour after transfection. (C) Ubiquitin
ligase E3s GP78, TEB4 and HDR1 mRNA expression in the livers of obstructive cholestatic
patients (n=30) and the controls (n=23). (D) Representative Western blot of GP78, TEB4
and HDR1 protein expression, and their densitometry analyses (fold of control group, n=23
for control group, n=30 for obstructive cholestatic group). (E) Knockdown of GP78
expression increased MRP2 protein expression in HepG2 cells stably transfected with GP78
shRNA construct, and their corresponding densitometry analysis (% of control group, n=3).
C1-C4, controls; 01-05, obstructive cholestasis liver samples.”p< 0.01; #p< 0.01 to
controls.
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Figure 7. A proposed model for MRP2 canalicular membrane expression regulation in human
obstructive cholestasis

Increased PKC expression and activity phosphorylate Ezrin Thr567. The phosphorylated
Ezrin enhances its binding to canalicular membrane MRP2 and retrieves MRP2 from
canalicular membrane into cytosol. The internalized MRP2 is polyubiquitinated by ubiquitin
ligase E3 GP78, and then is degraded.
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