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Purpose. Multidrug resistance—associated protein 2 (MRP2/ABCC2) is predominantly expressed in the
liver canalicular membrane and plays an important role in the biliary excretion of organic anions
including glucuronide and glutathione conjugates. The purpose of this study is to construct a new
evaluation system for human MRP2 by expressing human MRP2 in Eisai hyperbilirubinemic rat
(EHBR) liver, the rat Mrp2 function of which is hereditarily defective.

Methods. In order to express human MRP2 in liver, we used the Tet-off adenovirus expression system.
After 72 h infection, we evaluated the protein expression and localization in the liver and the transport
activity of [°’H]E,178G and [’H]DNP-SG by preparing canalicular membrane vesicles (CMVs). We also
evaluated the biliary excretion and plasma concentration of DBSP after bolus administration and the
plasma concentration of endogenous direct and indirect bilirubin.

Results. The localization of human MRP2 in EHBR liver was found to be at the bile canalicular
membrane. Clear ATP-dependent uptake of [°’H]E,178G and [PH]DNP-SG into CMVs was observed by
using the CMVs prepared from the liver where human MRP2 was transfected. Furthermore, the blood
to bile clearance of DBSP increased approximately 3-fold after expression of human MRP2. In addition,
the plasma direct bilirubin level in EHBR was reduced by the expression of human MRP2.
Conclusion. These results suggest that this evaluation system for human MRP2 may be useful for

evaluating the function of human MRP2.
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INTRODUCTION

Multidrug resistance-associated protein 2 (MRP2/
ABCCQC2) is a glycosylated integral plasma membrane protein
belonging to the ATP-binding cassette transporter family. Its
function has been studied extensively by comparing the trans-
port across the bile canalicular membrane between normal
and Mrp2-deficient mutant rats such as Eisai hyperbilirubin-
emic rats (EHBRs). Now, it is established that Mrp2 is mainly
located on the bile canalicular membrane and the apical
membrane of enterocytes and plays a primary role in biliary
excretion and in restricting the oral absorption of its sub-
strates, including anionic drugs and glutathione and glucuro-
nide conjugates of xenobiotics (1-7). It has also been estab-
lished that mutations in the MRP2 gene are responsible for
the pathogenesis of Dubin-Johnson syndrome (DJS), char-
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acterized by a defect in the biliary excretion of bilirubin
glucuronides (7-9). We have recently focused on the SNPs
variants/mutants of MRP2, because, due to the fact that some
MRP2 mutations found in DJS patients are associated with a
loss of transport activity and/or the ability to traffick to the
apical membrane by the single amino acid alteration (10,11),
it is possible that the MRP2 SNPs may also be associated with
alterations in function and, consequently, may be responsible
for the inter-individual differences in the disposition of sub-
strate drugs. Previously, we have characterized the function of
SNPs variants/mutants of MRP2 using LLC-PK1 cells (12).
Although the wild-type MRP2 was exclusively localized at the
apical membrane, S789F and A1450T MRP2 were located not
only at the apical membrane but also in the intracellular com-
partment, suggesting that the in vivo function of these two
kinds of variants may be lower than wild type MRP2 (12).
However, there are some reports which suggest that the
localization of some membrane proteins in cultured cells does
not necessarily reflect the localization in tissues. For example,
rat Oat-K1 is localized at the apical membrane in the proxi-
mal tubules (13), whereas this transporter localizes at the
basolateral membrane in LLC-PK1 cells, derived from por-
cine kidney (14). Moreover, rat serotonin transporter and
norepinephrine transporter are known to be sorted to the
apical compartment (axolemmal domain) of neuronal cells,
whereas these transporters are sorted to the basolateral mem-
brane in MDCK cells, derived from canine kidney (15). One
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of the hypotheses for these alterations of the cellular local-
ization is that some proteins which are necessary for the api-
cal targeting under physiologic conditions are deficient in cul-
tured cells. Concerning this point, it is essential to determine
the localization of SNPs variants/mutants of MRP2 in human
liver, although such determination is quite difficult. There-
fore, we have planned to construct an in vitro evaluation sys-
tem which may reflect the cellular localization under physi-
ologic conditions. Thus, we have focused on using the Eisai
hyperbilirubinemic rat (EHBR), as the mutation in the Mrp2
gene leads to the absence of Mrp2 protein in this mutant
strain (16,17).

The purpose of this study is to establish a new system for
evaluating the function of human MRP2 by expressing this
transporter on the canalicular membrane of EHBR liver. To
express human MRP2 in EHBR liver, we used Tet-off recom-
binant adenovirus systems. The expression level, localization
and the transport function of human MRP2 in EHBR liver
were analyzed.

MATERIALS AND METHODS

Materials

[PH]E,178G (51.0 wCi/nmol) with a purity of 98.5% was
purchased from New England Nuclear (Boston, MA, USA).
Unlabeled and [*H]labeled 2,4-dinitrophenyl-S-glutathione
(PH]DNP-SG, 44.8 p.Ci/nmol) were synthesized as described
previously (18). ATP, creatine phosphate, creatine phospho-
kinase, acivicin, and glutathione S-transferase were purchased
from Sigma Chemical (St. Louis, MO, USA). All other chemi-
cals used were commercially available and of reagent grade.
Sprague-Dawley rats (normal rats) and EHBR weighing ap-
proximately 180 g were used throughout the experiments.

Construction of Recombinant Adenoviruses
Containing MRP2

Human MRP2 cDNA located between the Not I and Nco
I sites of pBluescript SK(-) (Stratagene, La Jolla, CA, USA)
was provided by Dr. Kuwano (Kyushu University School of
Medicine). The MRP2 ¢cDNA was subcloned into the Not I
and Nco I sites of the pTRE shuttle, resulting in the produc-
tion of pTRE shuttle-MRP2. pTRE shuttle-MRP2 has I-Ceul
and PI-Scel sites upstream and downstream of the MRP2
expression cassette, respectively. The I-Ceul / PI-Scel di-
gested fragments of pTRE shuttle-MRP2 were ligated with
I-Ceul / PI-Scel digested Adeno-X Viral DNA (BD Biosci-
ences, Palo Alto, CA, USA), resulting in pAd-MRP2. pAd
containing tetracycline-responsive transcriptional activator
(tTA) (pAd-tTA) was purchased from Clontech (Palo Alto,
CA, USA).

To generate the recombinant viruses, both pAd-MRP2
and pAd-tTA were digested with Pacl. Linearized DNAs
were transfected to HEK293 cells grown on a 12-well dish
with Fugene 6 (Roche Diagnostics Corp., Tokyo, Japan) ac-
cording to the manufacturer’s instructions. Viruses (Ad-
MRP2 and Ad-tTA) were prepared as described previously
(19). Recombinant viruses were purified by CsCl gradient
centrifugation, dialyzed with a solution containing 10 mM
Tris (pH 7.5), 1 mM MgCl,, and 10% glycerol, and stored in
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aliquots at —80°C. Then, the resulting virus titer was deter-
mined as described previously (20).

Infection of Recombinant Adenovirus and the Preparation
of Canalicular Membrane Vesicles

The adenoviruses were injected to EHBR via the tail
vein. EHBR were infected with both Ad-MRP2 and Ad-tTA
to express human MRP2 (MRP2-EHBR). For the negative
control, EHBR were infected only with Ad-tTA (control
EHBR). CMVs were prepared from EHBR liver 72 h after
adenovirus infection as described previously (18) and kept as
a suspension in 50 mM Tris buffer (pH 7.4) containing 250
mM sucrose. The membrane vesicles were frozen in liquid N,
and stored at —80°C until required. The activity of the CMVs
was checked by measuring the ATP-dependent uptake of
standard substrates, [’ H]E,178G (400 nM) and [*’H]DNP-SG
(1 wM) for a 5-min incubation at 37°C. Protein concentrations
were determined by the Lowry method.

Immunoblots

For the Western blot analysis, CMVs were dissolved in
3x SDS sample buffer (New England BioLabs, Beverly, MA,
USA) and subjected to electrophoresis on a 7% SDS-
polyacrylamide gel with a 4.4% stacking gel. The molecular
weight was determined using a prestained protein marker
(New England BioLabs). Proteins were transferred electro-
phoretically to a nitrocellulose membrane (Millipore, Bed-
ford, MA, USA) using a blotter (Bio-Rad Laboratories, Rich-
mond, CA, USA) at 15 V for 1 h The membrane was blocked
with 2.5% skimmed milk for 1 h at room temperature. Then,
the membrane was incubated for 40 min at room temperature
with anti-MRP2 rabbit serum, diluted with skimmed milk
(1:500), which was raised against 12 amino acids at the carboxyl
terminus of the deduced MRP2 sequence (EAGIENVNSTKEF).
For the detection of MRP2, the membrane was allowed
to bind to Alexa Fluor 680 goat anti-rabbit IgG (H+L) (Mo-
lecular Probes, Inc., Eugene, OR, USA). The fluorescence
was assessed in a densitometer (Odyssey, ALOKA, Tokyo,
Japan).

Immunofluorescence

For the immunofluorescence, liver from MRP2-EHBR
and control-EHBR was removed 72 h after infection. Cryo-
stat sections (5 pwm in thickness) were fixed in methanol at
—20°C for 10 min, washed three times with PBS, and blocked
with 1% BSA/PBS at room temperature for 15 min. Then,
slices were incubated with the monoclonal antibody against
MRP2 (M2-6 (Molecular Probes Inc., Eugene, OR, USA),
diluted 40-fold in PBS) for 1 h at room temperature. Follow-
ing this, slices were washed three times with PBS and incu-
bated with goat anti-mouse IgG Alexa 488 (Molecular
Probes, Inc.) diluted 250-fold in PBS for 1 h at room tem-
perature, and mounted in VECTASHIELD Mounting Me-
dium (Vector Laboratories, Burlingame, CA, USA). The lo-
calization of the MRP2 protein was visualized by confocal
laser microscopy (Zeiss LSM-510; Carl Zeiss Inc., Thorn-
wood, NY, USA).
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Vesicle Transport Assays

The uptake study of [PH]E,178G (400 nM) and
[PH]DNP-SG (1 pM) was performed as reported previously
(21). Briefly, the transport medium (10 mM Tris, 250 mM
sucrose and 10 mM MgCl, - 6H,O, pH 7.4) contained the
ligands, 5 mM ATP, and an ATP-regenerating system (10 mM
creatine phosphate and 100 pg/ml of creatine phosphoki-
nase). An aliquot of transport medium (17-18 pl) was mixed
rapidly with the vesicle suspension (5 pg protein in 2-3 pl).
The transport reaction was stopped by the addition of 1 ml
ice-cold buffer containing 250 mM sucrose, 0.1 M NaCl and 10
mM Tris-HCI1 (pH 7.4). The stopped reaction mixture was
filtered through 0.45-pum HA filters (Millipore Corp.) and
then washed twice with 5 ml of the stop solution. The radio-
activity retained on the filter was measured in a liquid scin-
tillation counter (LS 6000SE, Beckman Instruments, Fuller-
ton, CA, USA) after the addition of scintillation cocktail
(Clear-sol I, Nacarai Tesque, Tokyo, Japan). Ligand uptake
was normalized in terms of the amount of membrane protein.

Blood and Bile Sampling

Sprague-Dawley rats (normal rats) and EHBR were kept
under ether anesthesia and then the femoral artery and vein
were cannulated with polyethylene tubing (PE-50) for ligand
administration and blood sampling, respectively. The com-
mon bile duct was also cannulated with PE-10. DBSP (10
pmol/kg) in saline was administered intravenously through
the femoral vein cannula. Blood samples were obtained at
given times. The rectal temperature was maintained at 37°C =
0.5°C with a heat lamp.

Analysis of Specimens Obtained from in Vivo Experiments

To determine the DBSP concentrations, plasma and bile
specimens were diluted with 50 mM Tris-HCI buffer (pH 7.4)
free from bovine serum albumin, and then made alkaline by
the addition of NaOH. Concentrations of DBSP in the diluted
specimens were determined in a dual-wave length spectro-
photometer (Hitachi Ltd., Tokyo, Japan) at a wavelength of
575 nm/620 nm. Direct and indirect bilirubin concentrations
of some specimens were also determined using a test kit (Bil-
irubin BII-Test Wako, Wako Pure Chemical Industries, Ltd.,
Tokyo, Japan). Bile volume was measured gravimetrically,
assuming a density of 1.0 for bile specimens.

RESULTS

Expression Level of MRP2 Protein in EHBR Liver

To determine the appropriate amount of adenoviruses
for the protein expression of human MRP2 in EHBR liver,
1x10%,7.5 x 10°, 1 x 10*°, and 2.5 x 10*° plaque-forming units
(pfu) of both Ad-MRP2 and Ad-tTA were injected to EHBR
through the tail vein. Presumably due to the liver toxicity of
the viruses, EHBR infected with 1 x 10'° and 2.5 x 10 pfu
died soon after injection. The expression level of human
MRP?2 in the canalicular membrane fraction isolated from
EHBR liver was examined by Western blot analysis. It was
found that the human MRP2 antibody recognized the band
with an approximate molecular weight of 190 kDa (Fig. 1),
which is consistent with a previous report (22). When infected
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Fig. 1. Expression of human MRP2 in CMVs. Expression of the hu-
man MRP2 protein was determined in CMVs (5 ng) isolated from
control-EHBR and MRP2-EHBR by Western blot analysis.

with 7.5 x 10° pfu, the band density of MRP2 was approxi-
mately 5-fold higher compared with that in EHBR infected
with 1 x 10° pfu (Fig. 1).

Localization of Human MRP2 in EHBR Liver

The localization of human MRP2 in EHBR liver was
determined by immunofluorescence. Using an antibody
against MRP2, the fluorescence signal was detected exclu-
sively at the bile canalicular membrane of EHBR liver after
simultaneous infection of Ad-tTA and Ad-MRP2 (Fig. 2). No

EHBR-hMRP2

EHBR-1TA

Fig. 2. Localization of human MRP2 in EHBR liver. The immuno-
localization of MRP2 molecules in MRP2-EHBR was determined
using a monoclonal antibody for human MRP2 (green). Nuclei were
stained with PI (red).



664

specific fluorescence signal of MRP2 was observed in the
EHBR liver after infection of only Ad-tTA (Fig. 2).

Transport Activity Associated with the Isolated CMVs

After confirming the protein expression level of MRP2,
the uptake of MRP2 substrates was examined using thr iso-
lated CMVs. Typical substrates of MRP2, [?’H]E,178G and
[PH]DNP-SG, were clearly taken up into CMVs prepared
from MRP2-EHBR in an ATP-dependent manner (Fig. 3). In
particular, the ATP-dependent uptake of CMVs was higher
when infected with 7.5 x 10 pfu than with 1.0 x 10° pfu, which
is consistent with the result of the Western blot analysis
(Fig. 1). Moreover, the extent of the uptake of [*H]E,17RG
and [PH]DNP-SG was almost identical to that of the CMVs
prepared from normal SD rats when infected with 7.5 x 10°
pfu of Ad-MRP2 (Fig. 3).

Biliary Excretion of DBSP

The plasma disappearance of DBSP was compared be-
tween control-EHBR and MRP2-EHBR. Figure 4A shows
that the plasma disappearance curves for DBSP after i.v. ad-
ministration were similar for control-EHBR and MRP2-
EHBR up to 21 min. In contrast, the maximum biliary excre-
tion rate in MRP2-EHBR was approximately 3-fold higher
than that in control-EHBR (Fig. 4B). The cumulative amount
of DBSP excreted into the bile up to 2 h in MRP2-EHBR was
greater than that in control-EHBR (Fig. 4C). The biliary ex-
cretion clearance value, defined by dividing the total amount
excreted into bile by AUC of DBSP, in MRP2-EHBR in
creased 3-fold compared with that in control-EHBR (Table I).

Bilirubin Concentration in Serum and Bile

The concentration of both direct and indirect bilirubin in
the serum of normal rats, EHBR, control-EHBR, and MRP2-
EHBR was also measured. The concentration of both direct
and indirect bilirubin in the serum was significantly lower in
MRP2-EHBR compared with control-EHBR (7.1 mg/ml vs.
97.4 mg/ml) (Table I). The decrease in direct bilirubin after
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Fig. 3. Transport activity of human MRP2 in CMVs. [*H|E,178G and
[PH]DNP-SG uptake was measured in CMVs from MRP2-EHBR
and control-EHBR. CMVs were incubated at 37°C with PH]E,178G
(400 nM) and [*’H]DNP-SG (500 nM) in the medium containing ATP
(solid bar) and AMP (open bar) for 5 min. The results are shown as
the mean + SE of triplicate determinations.
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Fig. 4. Biliary excretion of DBSP. DBSP (10 pmol/kg) was adminis-
tered intravenously as a bolus to MRP2-EHBR (@) and control-
EHBR (O). (A) shows the plasma disappearance curves for DBSP.
(B) and (C) show the time-course for the biliary excretion rate and
that for cumulative biliary excretion, respectively. Each point and bar
represents the mean + SE of 3 rats.

human MRP2 expression was much greater than that in indi-
rect bilirubin (from 97.4 mg/ml to 7.1 mg/ml, vs. 10.8 mg/ml to
4.9 mg/ml) (Table I), presumably because the direct bilirubin
can be excreted into bile via human MRP2 (23). However, the
concentration of direct bilirubin in control-EHBR plasma was
much greater than that in untreated EHBR (97.4 mg/ml vs.
30.1 mg/ml) (Table I). In our preliminary results, infection of
adenoviruses induced the expression of Mrp3, which is ex-
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Table I. Bile Flow Rate, Concentration of Bilirubin in Serum, and the Biliary Excretion Clear-
ance of DBSP

SD rat MRP2-EHBR Control-EHBR EHBR
Bile flow rate (pul min~' g liver™) 1.14+0.10  1.08 +0.13 0.79 = 0.10 0.79 + 0.08
Serum bilirubin (nM)
Direct 1.0+0.5 7.1 £0.9%* 97.4£82 30.1£4.5
Indirect 1.1+£05 49+23 10.8 +1.7 62+32
CLy; (ml min~' kg™") 321+78 32+0.5% 1.1+£02 24+02

The biliary excretion clearance of DBSP are analyzed from the data of Fig. 4.
*p < 0.05 vs. control-EHBR; #**p < 0.01 vs. control-EHBR by student’s t-test.

pressed at the sinusoidal membrane of the liver. Since direct
bilirubin can be excreted into blood via Mrp3 (24), the in-
crease in the plasma direct bilirubin levels in control-EHBR
may be accounted for by the increase of sinusoidal Mrp3
expression induced by adenovirus infection.

DISCUSSION

The function of Mrp2/MRP2 has been studied exten-
sively by comparing the transport across the bile canalicular
membrane between normal and Mrp2-deficient rats (such as
Groningen Yellow (GY), transport deficient (TR-), and Eisai
hyperbilirubinemic rats (EHBRs)) (16,17,25,26). Further-
more, MRP2 function has been characterized by using the
cDNA-transfected cells (1,3,6,22). The canalicular localiza-
tion of MRP2 (23) has been reflected by the apical localiza-
tion in polarized mammalian cell lines (22). It is also reported
that the pathogenesis of some DJS is accounted for by the
lack in the normal apical sorting of MRP2 molecules (10,11).
The localization of MRP2 have been characterized by the
polarized mammalian cell lines (22), and by the liver sample
from DIJS patients (10,11). Moreover, we have analyzed the
function of MRP2 SNPs variants/mutants using the LLC-PK1
cell line, and found that some variants were localized not only
at the apical membrane but also in the intracellular compart-
ment of this polarized cell line (12). Since the SNPs/mutations
of MRP2 may have an effect on drug disposition, identifica-
tion of the in vivo localization of MRP2 variants is quite
important. In the current study, we have constructed a model
for evaluating the function of human MRP2 using EHBR.

We first investigated whether the localization of human
MRP2 in liver is preserved in EHBR or not. The human
MRP2 was expressed on the canalicular membrane after the
adenovirus infection (Fig. 2), which is consistent with the
physiologic localization of rat and human MRP2 (23), sug-
gesting that the sorting mechanism of human MRP2 is also
present in rat liver. Although we were unable to compare the
absolute value of MRP2 protein expression between normal
rats (rat MRP2) and MRP2-EHBR (human MRP2), the
transport activity of CMVs from normal rats and MRP2-
EHBR infected with 7.5 x 10° pfu was almost identical after
the normalization of the membrane protein amount of CMVs
(Fig. 3), suggesting that the expression level of human MPR2
may be enough for performing the in vivo experiments.

From the uptake study with CMVs, we are only able to
estimate the drug transport from the liver across the bile can-
alicular membrane, whereas by performing the in vivo study,
we are also able to evaluate the vectorical transport of drugs
from blood to bile, which is essential for estimating the in vivo

human biliary excretion. We have previously suggested that
the biliary excretion of DBSP is reduced in EHBR compared
with that in normal rats in vivo (27). Moreover, from the
kinetic analysis, the reduction in the biliary excretion of or-
ganic anions may be due to a defect in the transport carriers
on the bile canalicular membrane (27), suggesting that DBSP
is predominantly excreted into bile via MRP2. Therefore, we
selected DBSP as a model compound for examining its biliary
excretion in a bolus infusion study. After iv injection of
DBSP, the plasma concentration was similar between control-
EHBR and MRP2-EHBR (Fig. 4A). Because the initial elimi-
nation of DBSP from plasma represents the hepatic uptake of
this dye (27), this result suggests that the hepatic uptake ac-
tivity is comparable between control-EHBR and MRP2-
EHBR. However, a significant difference in the biliary excre-
tion rate and that in the cumulative excretion were observed
(Figs. 4B and 4C), suggesting that human MRP2 introduced
by adenovirus recognizes DBSP as a substrate, and excretes
DBSP from liver to bile via human MRP2. Moreover, the
serum concentration of direct bilirubin was greatly reduced in
MRP2-EHBR compared with that in control EHBR (Table
I). This result suggests that human MRP2 excretes direct bil-
irubin into bile, resulting in an improvement of the symptoms
of hyperbilirubinemia. However, the biliary excretion clear-
ance in DBSP by MRP2-EHBR was only 3-fold of that of
control-EHBR (Table I). It was in contrast to the fact that the
biliary excretion clearance of DBSP was 10-fold higher in
normal rats than that in EHBR, which is consistent with our
previous result (27). Because the result of the in vitro trans-
port activity for E,178G and DNP-SG indicated that the ex-
pression level of human MRP2 is high enough (Fig. 3), we
expected that the biliary excretion clearance of DBSP would
be comparable between normal rats and MRP2-EHBR. This
unexpected finding can be explained by considering the in-
duction of sinusoidal Mrp3 by the adenovirus infection. It is
possible that DBSP is excreted into blood via Mrp3, as a
similar substrate specificity of Mrp2 and Mrp3 has been re-
ported (28-30). The fact that the serum concentration of di-
rect bilirubin was much greater in control-EHBR than that in
untreated EHBR (97.4 mg/ml vs. 30.1 mg/ml) (Table I), may
also be explained by Mrp3 induction by infection with the
adenoviruses. Alternatively, the transport activity of DBSP
by human MRP2 is lower than that by rat Mrp2, resulting the
lower biliary excretion clearance of DBSP by MRP2-EHBR
compared with normal rats.

In conclusion, we have been able to express human
MRP?2 at the canalicular membrane in EHBR liver. By com-
paring the expression level of MRP2 between MRP2-EHBR
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and in human liver, this system may be useful in quantatively
predicting the in vivo human biliary excretion of human
MRP2 substrates. Moreover, because the wild-type human
MRP2 was expressed at the canalicular membrane of EHBR
liver, it may be possible to predict the localization and func-
tion of SNPs variants/mutants of human MRP2 in the intact
liver.
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