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Background & Aims: The multidrug resistance protein
(MRP) functions as an organic anion efflux carrier. Re-
cent studies suggest that hepatocytes contain two mrp
homologues, named mrpl and mrp2, localized on the
lateral and canalicular membrane, respectively. The
aim of this study was to evaluate the role of MRP1.
Protein levels and localization of MRP1 in human hepa-
tocytes, HepG2 hepatoma cells, and SV40 large T anti-
gen—immortalized human hepatocytes were studied.
Methods: Using specific antibodies, MRP1 protein lev-
els and cellular localization were examined by Western
blotting and fluorescence confocal microscopy, respec-
tively. In addition, a fluorescent substrate, glutathione-
methylfluorescein, was used to measure plasma mem-
brane transport activity and to observe intracellular
transport activity. Results: The level of MRP1 in normal
hepatocytes is very low. In contrast, MRP1 is highly
increased in both HepG2 and immortalized hepato-
cytes. In these cells MRP1 is localized in lateral mem-
branes of adjacent cells. Plasma membrane staining is
absent in separate cells. Glutathione-methylfluorescein
is transported in the medium and intracellular vesicles.
Conclusions: MRP1 protein level is greatly increased
in the lateral membrane of proliferating hepatocyte-de-
rived cells. The presence of a lateral domain seems
necessary for plasma membrane localization. These re-
sults suggest that MRP1-mediated organic anion trans-
port is important in proliferating hepatocytes, but not
in quiescent cells.

he multidrug resistance protein (MRP) is an efflux

pump involved in multidrug resistance (MDR).
Like MDR1 P-glycoprotein (Pgp), MRP is a member of
the adenosine triphosphate (ATP)-binding cassette su-
perfamily." However, homology between MDR1/Pgp
and MRP is very low. The MRP gene has been isolated
first by Cole et al.” from the doxorubicin-resistant small
cell lung cancer cell line that shows non—Pgp-mediated
multidrug resistance. MRP is a 1531 —amino acid, 190-
kilodalton, N-glycosylated integral membrane protein,
encoded by a 6.5-kilobase messenger RNA.** Recently,

it has been shown that MRP transports anionic glutathi-
one S—conjugates in an ATP-dependent fashion.*~® Sub-
strates include leukotriene C4 and glutathione-dinitro-
phenyl. Immunocytochemical studies performed in MRP
complementary DNA-—transfected Hela cells and
SW1573 lung carcinoma cells, and in drug-induced
MRP-overexpressing cells such as the human small cell
lung cancer cell line GLC4/ADR,’™” show that MRP is
localized mainly in the plasma membrane. However,
these are all nonpolarized cells. A recent study by Mayer
et al."” indicates that localization of MRP may be differ-
ent in polarized cells. The investigators show that MRP/
mrp is present in both human and rat hepatocytes, and
it is localized in the canalicular as well as the lateral
membrane. The canalicular membrane of the hepatocyte
contains an ATP-dependent organic anion efflux pump
named canalicular multispecific organic anion transporter
(cMOAT)."" This carrier is responsible for the transport
of a wide variety of organic anions into bile, such as
glutathione S—conjugates and bilirubin diglucuronides.
Until recently, this carrier was only functionally charac-
terized by the absence of its transport activity in the
TR™ (transport deficient) rat. This mutant rat strain is
deficient in canalicular organic anion transport.'””'® The
substrate specificity of cMOAT is very similar to that of
MRP.*~¢ This suggests that cMOAT may be similar or
identical to rat mrp. However, organic anion transporters
on both the canalicular and lateral membrane of the
hepatocyte seem incompatible with vectorial transport of
its substrates into bile. A recent study by Paulusma et
al."” reports that a homologue of mrp, called mrp2, is
absent in the TR™ rat. This suggests that mrp2 may
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fluorescein isothiocyanate; GS-MF, glutathione-methylfluorescein;
MDR, multidrug resistance; MRP, multidrug resistance protein; Pgp,
P-glycoprotein; TRITC, tetramethylrhodamine isothiocyanate.

© 1997 by the American Gastroenterological Association
0016-5085,/97/$3.00



512 ROELOFSEN ET AL.

be identical to the canalicular organic anion transporter
cMOAT. Therefore, probably two mrps are present in
the rat hepatocyte, one lateral form (mrpl) and one apical
form (mrp2 or cMOAT).

If it can be confirmed that mrp2 is identical to
cMOAT, its function clearly is the transport of organic
anions from liver to bile. On the other hand, the function
of mrpl needs to be defined. Abundance, localization,
and function of MRP1 in HepG2 hepatoma cells, human
hepatocytes immortalized by transfection with the SV40
large T antigen, and normal human hepatocytes were
studied to examine this in human hepatocytes. The
HepG2 cell line is well differentiated and has retained
many hepatocyte-specific functions such as albumin and
bile acid synthesis.'®'” Furthermore, in a monolayer, a
certain fraction of HepG2 cells is polarized, with micro-
villi-lined vacuoles between adjacent cells resembling
bile canaliculi. These vacuoles contain apical markers,
stain for actin, fodrin, and villin, and are sealed by tight
junctions and desmosomes.””*! Furthermore, it has been
both rhodamine-labeled phosphatidyl-

ethanolamine and 7 -nitrobenz-2-oxa-1,3-diazole—labeled
2

shown that

ceramide accumulate in these microvilli-lined vacuoles.
To study expression and localization of MRP protein in
these cells, a polyclonal antibody was developed that
proved specific for both rat and human MRP1. For com-
parison, the localization of Pgp protein was determined
in these cells. Pgp is known to be localized in the canalic-
ular membrane of the hepatocyte.” Also the localization
of MRP transport activity was studied by using the fluo-
rescent glutathione conjugate glutathione-methylfluo-
rescein (GS-MF), which is formed intracellularly from
chloromethylfluorescein diacetate (CMFDA) by the ac-
tion of esterase and glutathione S—transferase. A previous
study indicates that GS-MF is a substrate for MRP/mrp
(Roelofsen et al., unpublished data).

The MRP1 level is significantly increased in HepG2
and immortalized human hepatocytes compared with nor-
mal human hepatocytes. MRP1 is confined mainly to the
lateral membranes of adjacent cells in both cell lines and
is not detectable in the plasma membrane of separate cells.

Materials and Methods
Materials

The rabbit MRP1
(MRPKkS) was raised against a 15—amino acid peptide of the
carboxyl end of human MRP1.** Monoclonal antibodies
MRPrl, MRPmG,® and JSB-1 were kindly provided by Dr.
R. J. Scheper (Free University, Amsterdam, The Netherlands).
The monoclonal antibody against mrp2 was obtained from
Dr. Oude Elferink (Academic Medical Centre, University of
Amsterdam, Amsterdam, The Netherlands). The mouse mono-

polyclonal antibody against
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clonal antibody C219 against Pgps was obtained from Centocor
(Antwerp, Belgium). Tetramethylrhodamine isothiocyanate
(TRITC)- and fluorescein isothiocyanate (FITC)-labeled phal-
loidin, FITC-labeled goat anti—mouse immunoglobulin (Ig)
G, and TRITC-labeled goat anti—rabbit and rabbit anti—rat
IgG were from Sigma (St. Louis, MO). TRITC-labeled rabbit
anti—mouse IgG, polyclonals rabbit anti—human albumin, and
rabbit anti—human fibrinogen were from Dako (Glostrup,
Denmark). Polyclonal anti—human apolipoprotein B was from
Calbiochem (San Diego, CA). Monoclonal anti—human apoli-
poprotein B was from Pierce (Rockford, IL), and the mono-
clonal anti—human albumin and anti—human fibrinogen were
from Cedarlane (Hornby, Ontario, Canada). Prolong Antifade
mounting medium and CMFDA were from Molecular Probes
Europe (Leiden, The Netherlands). Complete protease inhibi-
tor set, containing antipain-hydrochloride, bestatin, chymo-
statin, E-64, leupeptin, pepstatin, phosphoramidon, pefabloc
SC, ethylenediaminetetraacetic acid, and aprotinin, was from
Boehringer (Almere, The Netherlands).

Cell Culture and Immortalization of Human
Hepatocytes

The human hepatoma cell line HepG2'® was cultured
on glass coverslips or culture dishes in Williams’ medium E
with glutamax (Gibco, Breda, The Netherlands) supplemented
with 5% fetal calf serum, 200 U/mL penicillin G, and 200
Ug/mL streptomycin.

To obtain human immortalized hepatocytes, tumor-free hu-
man liver tissue was excised from tissue obtained after partial
hepatectomy. The patient was a 59-year-old man, with a single
colon cancer metastasis. Human hepatocytes were isolated from
this tissue by collagenase perfusion as described previously.”
Cells were seeded on six-well plates, precoated with collagen
R, at a density of 2.5 X 10° cells/well in complete Williams’
medium E containing 10% fetal calf serum, 2 mmol/L gluta-
mine, 20 mU/mL insulin, 50 nmol/L dexamethasone, 100 U/
mL penicillin, and 100 Llg/mL streptomycin as described pre-
viously.” Twelve hours after seeding, cells were washed and
transfected with a SV40 large T antigen—containing plasmid®®
(provided by B. Klein, Sylvius Laboratory, Leiden) by means
of Lipofectin (Gibco) according to the method by Willems et
al.”” Transfected cells were subsequently cultured in a hormon-
ally defined medium,”” but without 10 mmol/L nicotinamide.
After 2 months, cells were trypsinized (0.05% trypsin and
0.02% ethylenediaminetetraacetic acid) and growing cell lines
were selected and subcultured in complete Williams’ medium
E with 10% fetal calf serum. Human-specific sandwich en-
zyme-linked immunosorbent assay techniques revealed that
these cell lines produced albumin, fibrinogen, and apolipopro-
tein B. All procedures were performed in accordance with the
regulations of the Medical Ethical Committee of the Gro-
ningen Institute for Drug Studies.

Preparation of Crude Membrane Fractions
and Immunoblot Analysis

Cultured human cells were washed twice by phosphate-
buffered saline (PBS) that contained 140 mmol/L sodium chlo-



February 1997

ride, 9.0 mmol/L Na,PO,, and 1.3 mmol/L NaH,PO,. Then
the cells were harvested from the culture flasks using a rubber
policeman and subsequently centrifuged at 5000g. Cells were
permeabilized in the presence of a cocktail of protease inhibi-
tors (Complete, 1:10 wt/vol) in 5 mmol/L HEPES/KOH at
pH 7.4 by freezing (—180°C) and rapid thawing. The cell
homogenates were centrifuged at 10,000¢ and the resulting
pellets were used as crude membrane fractions. Human hepato-
cytes were taken from the same cell preparation used for im-
mortalization, as described previously. Membrane fractions of
human hepatocytes were prepared as described for cultured
cells. Mixed plasma membranes from liver homogenates of
control (TR™) and TR rats were prepared according to Meier
et al.”® Equal amounts of proteins were size fractionated on a
7.5% sodium dodecyl sulfate—polyacrylamide gel electropho-
resis. MRP was detected using the antibodies MRPmG,
MRPrl, and MRPkS. Pgps were detected with the monoclonal
antibody C219. For detection, the enhanced chemilumines-
cence kit from Amersham (Den Bosch, The Netherlands) was
used.

Immunofluorescence Microscopy

HepG2 cells grown on glass coverslips and ~75%
confluent were used for immunolocalization of MRP and Pgp.
Cells were fixed for 10 minutes in acetone at —20°C, washed
with PBS for 15 minutes, incubated with the primary antibod-
ies diluted in 1% bovine serum albumin in PBS for 20 hours
at 10°C, and then incubated for 1 hour at 37°C in a humidified
chamber. Cells were then washed three times for 10 minutes
with PBS and incubated for 30 minutes with the secondary
antibody diluted in 1% bovine serum albumin in PBS. For
Pgp detection, FITC-labeled goat anti—mouse IgG was used.
For MRP detection, TRITC-labeled goat anti—rabbit IgG
(MRPKS), rabbit anti—rat IgG (MRPrl), or rabbit anti—mouse
IgG (MRPmO) was used. After the second incubation, cells
were washed three times for 10 minutes with PBS and mounted
in Prolong Antifade mounting medium. Control stainings
were performed by omitting the primary antibody.

For actin staining, cells were fixed for 20 minutes in 4%
paraformaldehyde in a cytoskeleton-stabilizing buffer con-
taining 100 mmol/L 1,4-piperazinebis(ethane sulfonic acid), 5
mmol/L ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-
tetraacetic acid, and 2 mmol/L MgCl, at pH 6.8. After washing
with PBS, cells were permeabilized with 0.2% Triton X-100
(Sigma) in PBS for 5 minutes and washed three times for 5
minutes with PBS. Subsequently, cells were incubated with
TRITC-labeled phalloidin (final concentration, 1 Lg/mL) for
30 minutes and washed three times for 10 minutes and then
mounted.

Images were taken with a confocal scanning laser microscope
(True Confocal Scanner 4D; Leica, Heidelberg, Germany)
equipped with an argon-krypton laser and coupled to a Leitz
DM IRB inverted microscope (Leica). Double-label images
were taken sequentially at 488 and 562 nm to avoid bleed-
through into the other channel.
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Detection and Measurement of Transport
Activity

For the detection of intracellular MRP activity, the
fluorescent glutathione conjugate GS-MF was used. This is
formed intracellularly by the action of esterase and glutathione
S—transferase, from the nonfluorescent compound CMFDA.
The latter compound is taken up by diffusion. Cells grown on
coverslips were incubated with 2.5 pumol/L CMFDA for 15
minutes at 37°C. Coverslips were then transferred to HEPES-
buffered medium containing 130 mmol/L NaCl, 5 mmol/L
KCI, 1 mmol/L MgSOy, 1.3 mmol/L CaCl,, 1.2 mmol/L
KH,POy,, 19.7 mmol/L HEPES, and 5 mmol/L D-glucose at
pH 7.4, and then the coverslips were put on ice. For examina-
tion, a small chamber was constructed by putting a coverslip
on top of the coverslip to which the cells were attached. The
two coverslips were separated by spacers and kept together
with silicon grease. The intracellular accumulation of the sub-
strate was observed by confocal microscopy.

For measurement of MRP-mediated transport out of the
cells, cells cultured in six-well plates were loaded with 10
Wwmol/L. CMFDA for 60 minutes at 10°C. Thereafter, cells
were washed once with ice-cold HEPES-buffered medium and
stored on ice in HEPES medium. GS-MF efflux from the cells
was measured at 37°C or 10°C by adding media of 37°C or
10°C, respectively. At certain time intervals, 200-UL samples
were removed and fluorescence was measured with a fluores-
cence enzyme-linked immunosorbent assay—plate reader (Ti-
tertek Fluoroskan II; ICN Biomedicals, Zoetermeer, The Neth-
erlands) (excitation, 490 nm;emission, 520 nm).

Uptake of CMFDA by the cells was assessed by lysing the
cells with 0.5% Triton X-100 in PBS after the 60-minute
uptake period and subsequent washes. Fluorescence of the ho-
mogenate was determined.

To quantify the amount of fluorescence, a 25 Wmol/L GS-
MF standard was prepared as follows: 5 U of esterase, 5 U of
glutathione S—transferase, 250 pmol/L reduced glutathione,
and 25 umol/L CMFDA were dissolved in 1 mL HEPES me-
dium and incubated at 37°C until no increase in fluorescence
was observed. A calibration curve of 0.1-1.0 Wmol/L GS-MF
was constructed in the linear range to which the fluorescence
of the samples was correlated.

Results

Levels of MRP1 in Human Liver, HepG2,
and Immortalized Human Hepatocytes

A polyclonal antibody was raised against a syn-
thetic peptide consisting of the last 15 amino acids of
the carboxyl terminal end of human MRP. Specificity of
this antibody, MRPkS, for human and rat MRP1/mrpl
was tested by Western blot (Figure 1). For this reason,
membrane fractions of the MRP1-overexpressing human
lung cancer cell line GLC4/ADR® and the MRPI-trans-
fected cell line SI/MRP1® were used and compared with
their parental cell lines GLC4 and SW1573/S1, respec-
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tively. Furthermore, mixed membranes of both normal
(TR*) and TR rat livers were compared with membrane
fractions of HepG2 and human erythrocytes. MRPkS
recognizes a protein of =190 kilodaltons in the parental
cell lines SW1573/S1 and GLC4, which is much more
abundant in the MRP1-overexpressing cell lines SI/MRP
and GLC4/ADR, respectively. The bands of =70 kilodal-
tons in S1/MRP and GLC4/ADR are caused by the break-
down of MRP1. MRPI is known to be very prone to
breakdown.” The molecular mass of 190 kilodaltons cor-
responds to that previously reported for human MRP.*"
Furthermore, the antibody reacts with a band of £190
kilodaltons in HepG2 and human erythrocytes and reacts
with a slightly lower band of £170 kilodaltons in both
normal and TR™ rat liver membranes with equal inten-
sity. The molecular mass of ~170 kilodaltons for rat
liver mrp was also reported by Mayer et al."’ It has been
shown that mrp2 is not present in the TR rat liver.'"”"’
Therefore, a greater mrp-related signal in membranes
from normal livers would be expected if MRPkS recog-
nizes both mrpl and mrp2. However, the mrp detection
signal is similar in both normal and TR™ livers. This
suggests that the MRPkS5 antibody is specific for the
mrpl homologue.

With this antibody and the two monoclonal antibodies
MRPm6 and MRPr1,? the level of MRP1 in human liver
cells was studied. Crude membranes were isolated from
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Figure 1. Detection of MRP1/mrpl in membrane fractions of different
human cell lines and rat hepatocytes using the MRPk5 antibody. Mem-
branes were prepared from HepG2, human erythrocytes, MRP-overex-
pressing cell lines S1/MRP and GLC4/ADR, and their parental cell
lines SW1573/S1 (S1) and GLC4, respectively. The mixed membrane
fraction of normal (TR*) and mutant TR~ rat livers were used. Equal
amounts of protein (30 ug), S1/MRP, and GLC4/ADR (GLC4/A, 3
ug), were separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred to nitrocellulose by electroblotting.
The nitrocellulose blots were incubated with the polyclonal antibody
MRPK5, and protein was observed using a chemiluminescence detec-
tion system.
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human liver, isolated human hepatocytes, two sublines of
human SV40 large T antigen—immortalized hepatocytes
(IH1 and IH2), and the human hepatoma cell line
HepG?2. For comparison, membranes of erythrocytes were
also investigated. All three antibodies recognized a band
corresponding to 190 kilodaltons in both the immortal-
ized hepatocyte sublines and in HepG2, similar to that
found in the erythrocytes (Figure 2). In the particulate
fraction of whole liver, no MRP1 is detectable, whereas
in the membrane fraction prepared from isolated human
hepatocytes, a weak signal is detected with MRPr1 (Fig-
ure 2). Both immortalized hepatocyte sublines and
HepG2 cells show a similar level of MRP1, which is
greater than that of erythrocytes. This indicates that
MRP1 is present at a low level in quiescent hepatocytes
and is up-regulated in immortalized hepatocytes and
HepG2. No difference in Pgp level is observed, in these
cell types.

Localization of MRP1 and Pgps

MRPkS5 was used to localize the mrpl protein in
frozen sections of rat and human liver. However, no label-
ing of hepatocytes was detected (data not shown). On
Western blot, MRP1 is detectable in a membrane frac-
tion prepared from isolated hepatocytes (Figure 2), which
must be caused by the relatively low expression of the
protein. The localization of MRP1 was also studied in
HepG?2 cells. Part of the HepG2 cells form microvilli-
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Figure 2. Immunoblot analysis of levels of MRP1 and Pgps in human
hepatocytes, immortalized hepatocytes, and HepG2 cells. Crude
membrane fractions were prepared from homogenates of human liver
(HL), isolated human hepatocytes (HH), immortalized hepatocyte sub-
lines (IH1 and IH2), and HepG2 cells. Membranes of human erythro-
cytes (Ery) were used for comparison. MRP1 was detected on immu-
noblot with the antibodies MRPk5, MRPmM6, and MRPr1, respectively.
The migration positions of MRP1 (190 kilodaltons) and Pgps (170
kilodaltons), detected by C219 antibody, are indicated.
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Figure 3. Detection of microvilli-lined apical vacuoles in HepG2 cells
by actin labeling. HepG2 cells were fixed with 4% paraformaldehyde
and processed for labeling with TRITC-labeled phalloidin. Images were
taken with a confocal microscope. Next to the plasma membrane,
several vacuolar structures (arrows) mostly located between two adja-
cent cells, were densely labeled. A higher magnification of such a
vacuole (inset) shows that it contains numerous actin fibers repre-
senting microvilli.

lined apical vacuoles.”>”' To study this, cells were stained
for actin using TRITC-phalloidin. Some cells have
formed large vacuolar structures, mostly asymmetrically
situated in the cell membrane between two adjacent cells
(Figure 3). Under greater magnification (Figure 3, insert),
actin containing microvilli can be observed in these vacu-
oles. To determine whether Pgps, which are located api-
cally in normal hepatocytes, are also present in these
apical vacuoles, HepG2 cells were labeled for actin (Fig-
ure 4A ) and Pgps (C219 antibody; Figure 4B). Colocal-
ization of actin-positive vacuoles and Pgps is evident
(Figure 4A and B). Also, a punctate staining in the
cytoplasm was visible, probably representing Pgps lo-
cated in the membranes of intracellular vesicles. No
staining of the plasma membrane was apparent. This
indicates that Pgps are almost exclusively present in api-
cal vacuoles. To determine the localization of MRP1,
HepG2 cells were labeled for MDR1-Pgp (JSB-1 anti-
body) and MRP1 (MRPkS5 antibody) (Figure 4C and D).
The results indicate that MRP1 is located in the lateral
membrane of adjacent cells. Furthermore, 37% of
MDR1-Pgp positive vacuoles (n = 150) also labeled for
MRP1. No staining of the basal membrane, the mem-
brane that is in contact with the medium, is apparent.
Immortalized human hepatocytes show a similar labeling
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pattern for MDR1-Pgp and MRP1 (Figure 4E and F).
MDR1-Pgp is mainly present in large (apical) vacuoles
(Figure 4E). In contrast, MRP1 is located mainly in
lateral membranes (Figure 4F). Similar results in both
cell types were observed with the monoclonal anti—MRP
antibodies MRPm6 and MRPr1 (data not shown).

Both lateral membranes of adjacent HepG?2 cells con-
tain MRP1 (Figure 5). Furthermore, punctate intracellu-
lar staining can be observed. This probably represents
MRP1 located in vesicular membranes. Also, with this
magnification, no labeling of the basal membrane is de-
tected. This indicates that strong lateral staining cannot
be explained by an additive effect of fluorescent signals
from the lateral membranes of two adjacent cells. In
contrast to Pgp, the occasionally observed MRP1 staining
of apical vacuoles in HepG2 does not completely sur-
round the entire circumference of the vacuole within the
plane of focus, as is also apparent from Figure 4D. On
a compiled three-dimensional z-series image of an apical
vacuole stained for both MRP1 (MRPkS5) and Pgps
(C219), it seems that MRP is confined to a belt-like
region around the vacuole (Figure 6). In contrast, the
vacuole seems uniformly stained for Pgps. This staining
pattern may represent a ring in which the lateral mem-
brane makes contact with the apical vacuole. This shows
that MRP1 is not located in the apical membrane. To
determine whether MRP1 will only localize on the
plasma membrane when a defined lateral domain is avail-
able, MRP1 localization in separate cells was studied.
Therefore, HepG2 cells were double-labeled with acri-
dine orange (to stain nuclei) and MRPk5. No staining
of the plasma membrane of separate cells is detected
while in the same preparation the lateral membranes of
adjacent cells are strongly labeled (Figure 7). This sug-
gests that defined lateral domains are a prerequisite for
the appearance of MRP1 at the plasma membrane.

Localization of MRP Transport Activity

To compare the localization of MRP1 with MRP
activity, the efflux rate of the fluorescent glutathione—
conjugate GS-MF into the medium was determined. To
determine efflux of GS-MF, cells were loaded with 10
umol/L CMFDA at 10°C for 60 minutes. Under these
conditions, 45% of CMFDA is taken up by the cells as
measured in cell homogenates. The efflux of GS-MF from
HepG2 cells at 37°C is £5-fold greater than at 10°C
(Figure 8). This temperature dependency of GS-MF efflux
indicates involvement of a carrier-mediated process. The
initial efflux rate of GS-MF was 289 *= 28 pmol*
min~ ' *mg protein~' (n = 5), as determined during the
first 2.5 minutes.

GS-MF was also used to observe intracellular (vesicu-
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lar) MRP transport activity. HepG2 cells grown on cov-
erslips were incubated for 15 minutes with 2.5 [mol/L
CMFDA. After washing, the cells were put on ice to
reduce transport activity. Vesicular accumulation of the
substrate was observed using confocal microscopy. GS-
MF accumulates in randomly distributed intracellular
vesicles and in large vacuolar structures, probably repre-
senting apical vacuoles (Figure 9A and B). This indicates
that MRP activity is present in these structures. Because
no MRPI staining was found on apical vacuoles, trans-
port of GS-MF into apical vacuoles may be mediated by
MRP2. This was confirmed with a monoclonal antibody
raised against rat mrp2. With this antibody, clear stain-
ing of apical vacuoles in HepG2 can be observed (data
not shown), suggesting that MRP2 is present in these
vacuoles and thus may be responsible for the observed
GS-MF accumulation. GS-MF-accumulating vesicles
predominantly have a round appearance, although in
some cells, tubular structures are found (Figure 9B).
Furthermore, GS-MF—negative vesicles can be observed
(Figure 9B), indicating that these vesicles do not contain
MRP activity. GS-MF accumulating vesicles were also
observed in immortalized hepatocytes (data not shown).

Discussion

MRP was first described as a protein involved in
multidrug resistance® and shown to function as an ATP-
dependent glutathione S—conjugate efflux pump.*~® In
a recent paper, Mayer et al.'’ presented data that indicate
MRP/mrp is localized in the canalicular as well as the
lateral membrane of human and rat hepatocytes. In the
latter study, no apical staining was found in livers of the
mutant TR rat, which lacks canalicular organic anion
transport activity mediated by cMOAT."' Recently, Pau-
lusma et al."” reported that in rats, apical mrp represents
a homologue of mrp, named mrp2, which is mutated in
the TR rat. This suggests that mrp2 is probably identi-
cal to cMOAT. The function of the mrpl/MRP1 is not
known. Organic anion transporters on both the canalicu-
lar and lateral membranes of the hepatocyte seem incom-
patible with the vectorial transport of organic anions into
bile, unless the level of mrpl/MRP1 is very low com-
pared with mrp2/MRP2.

To study the function of human MRP1, the abundance
of MRP1 in human hepatocytes was compared with that
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in proliferating liver cell lines, such as HepG2 hepatoma
cells and human hepatocytes, immortalized by transfec-
tion with the SV40 large T antigen. To determine levels
of MRP1 in these cells, a polyclonal antibody (MRPkS)
against an MRP1-derived synthetic peptide was raised.
On Western blot, MRPkS recognizes a protein of £190
kilodaltons, which is highly abundant in the human
MRP1 —overexpressing cell lines SI/MRP and GLC4/
ADR compared with their parental cell lines. Further-
more, MRPk5 detects mrpl with a molecular weight
of £170 kilodaltons in both normal and TR™ rat liver
membranes. This slightly lower molecular mass in rat
liver has previously been reported by Mayer et al.'* and
was attributed to a difference in glycosylation. The simi-
lar amounts of mrp detected in both normal and TR™
hepatocyte membranes indicate that MRPkS does not
significantly cross-react with mrp2. These results indi-
cate that MRPKkS specifically recognizes MRP1/mrpl in
both human and rat.

MRP1 is barely detectable in whole human liver or in
isolated human hepatocytes. In contrast, relatively high
levels of MRP1 were found in HepG2 cells. Also, when
proliferation of human hepatocytes is induced by trans-
fection with SV40 large T antigen, the level of MRP1
is highly increased to a similar level as in HepG2. Levels
of Pgps did not differ between these three cell types.
This indicates that MRP1 appears up-regulated in prolif-
erating hepatocytes.

The localization of MRP1 and Pgps was compared in
HepG2 cells. HepG2 cells form apical vacuoles lined by
microvilli according to previous studies.”>*" This study
shows that Pgps are localized in these apical vacuoles as
well as in intracellular vesicles. This indicates that Pgps,
which in normal hepatocytes are located apically,” are
also sorted apically in HepG2 cells. In contrast, MRP1
is localized mainly in the lateral membrane, i.e., the
domain where the two membranes of adjacent cells meet.
Although 37% of the Pgp-positive apical vacuoles also
label for MRP1, labeling never uniformly surrounded
the entire circumference of the vacuole in the plane of
focus. When several focal planes of a MRP1-stained api-
cal vacuole were merged with a single focal plane of the
Pgp label in a composite three-dimensional image,
MRP1 appears to be confined to a belt-like region around
the Pgp-positive vacuole. This distribution pattern is

»

|

Figure 4. Localization of MRP1 and Pgps in HepG2 cells and immortalized human hepatocytes. To determine localization of Pgps in HepG2,
cells were labeled for (A) actin (FITC-phalloidin) and (B) Pgps (C219 monoclonal antibody). Pgps (arrows) are predominantly present in actin-
positive apical vacuoles and in intracellular punctate structures. Double labeling of HepG2 cells for (C) MDR1-Pgp (JSB-1 monoclonal antibody)
and (D) MRP1 (MRPk5 polyclonal antibody) revealed that MRP1 is present mainly on the membrane between adjacent cells. Thirty-seven percent
of Pgp-positive apical vacuoles also labeled for MRP1 (arrow). Double labeling of immortalized hepatocytes for (E) MDR1-Pgp (JSB-1 monoclonal
antibody) and (F) MRP1 (MRPk5 polyclonal antibody) also showed predominant staining for MRP1 of membranes between adjacent cells,

whereas Pgp was mainly present in apical vacuoles (arrow).



February 1997 INCREASED LEVELS OF MRP1 IN HEPATOMA CELLS 517




518 ROELOFSEN ET AL.

Figure 5. MRP1 is localized on both lateral membranes of adjacent
cells. HepG2 cells were labeled for MRP1 with the polyclonal antibody
MRPK5. A high magnification image was taken using confocal micros-
copy. Both membranes of adjacent cells (arrows) that border the lat-
eral intercellular space contain MRP1. In contrast, no MRP1 is detect-
able on membranes directed to the medium (arrowhead).

Figure 6. MRP1 localized on apical vacuoles is confined to a beltlike
region. To study the occasionally observed MRP1 labeling of apical vacu-
oles in more detail, HepG2 cells were double labeled for Pgps (C219
monoclonal antibody) and MRP1 (MRPk5 polyclonal antibody). The image
of a Pgp-stained apical vacuole (green) was merged with a compilation
of six zseries images of MRP1 labeling (red). Arrows indicate that MRP1
is confined to a belt-like region running around the Pgp-stained vacuole.
This belt-like distribution of MRP1 on apical vacuoles probably represents
a ring of contact sites with the lateral membrane.

GASTROENTEROLOGY Vol. 112, No. 2

Figure 7. MRP1 is not detectable on the plasma membrane of single
cells. HepG2 cells were labeled with acridine orange (green) to stain
nuclei, and MRPkK5 to stain MRP1 (red). No MRP1 is detectable in
the plasma membrane of single cells (left cell), whereas a strong
labeling is observed between two adjacent cells (right cluster). This
suggests that cell-cell contact sites are a prerequisite for MRP1
localization in the plasma membrane.

similar to the distribution of the tight-junctional protein
ZO-1 on apical vacuoles, as described for WIF-B hepa-
toma cells,”” and may thus represent the sites where the
lateral membrane makes contact with the apical vacuole.
These results indicate that MRP1 is exclusively localized
on the lateral membrane. No labeling of the basal mem-
brane (the membrane directed to the medium) is detect-
able. Furthermore, no MRP1 is detected on the plasma
membrane of separate HepG2 cells. This suggests that
the presence of a lateral domain is necessary for localiza-
tion of MRP1 on the plasma membrane of these cells.
Like HepG2 cells, the immortalized hepatocytes also
form apical vacuoles, which are positive for Pgps, with
MRP1 specifically located at the lateral membrane. MRP
also seems to be localized laterally in normal liver as
reported recently for frozen sections of both rat and hu-
man livers.'” However, with the antibodies used in this
study, no mrp/MRP staining of hepatocytes in frozen rat
and human liver sections is detected. This is probably
caused by the low amount of MRP1 in normal liver.
The fluorescent glutathione S—conjugate GS-MF was
used to study the function of MRP1. GS-MF is formed
intracellularly from the nonfluorescent CMFDA by the
action of esterase and glutathione S—transferase. It was
previously shown that GS-MF is not excreted into the
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Figure 8. Excretion of the glutathione S—conjugate GS-MF by HepG2
cells. To determine whether MRP1 functions as an organic anion
transporter in HepG2, cells were loaded at 10°C with CMFDA. Subse-
quently, efflux of the intracellularly formed MRP-substrate GS-MF was
measured at 10°C and 37°C. e, GS-MF efflux at 37°C; O, efflux at
10°C. The temperature dependency of the GS-MF excretion indicates
carrier-mediated transport.

bile of the TR rat, indicating that GS-MF is a substrate
for cMOAT/mrp2 (Roelofsen et al., unpublished data).
Substrates tested for MRP are mainly glutathione S—

conjugates’~®'% and the substrate specificity is similar to

INCREASED LEVELS OF MRP1 IN HEPATOMA CELLS 519

that of cMOAT."" HepG?2 cells, loaded with CMFDA,
excrete GS-MF in a temperature-dependent fashion. This
indicates the involvement of a carrier-mediated process.
We were not able to directly show excretion of GS-MF
into the lateral intercellular space. However, the high
abundance of MRP1 on lateral membranes makes it
likely that a large part of the GS-MF efflux into the
medium is mediated by MRP1. Furthermore, evidence
from other studies indicate that, in other cell types, there
is organic anion transport in the lateral intercellular
space. In large dome-shaped polarized renal MDCK and
LLC-PK, cells, the organic anion 2',7"-bis(carboxyethyl)-
5(6)-carboxyfluorescein (BCECF), a fluorescein derivative
used as a pH indicator, is secreted into the lateral
space.’””" Evers et al.”” showed that MRPI is located
predominantly on lateral membranes in LLC-PK,, mak-
ing MRP1 a likely candidate for mediating BCECF ex-
cretion in the intercellular space of these cells. In addition
to excretion of GS-MF into the medium, GS-MF was
shown accumulating in small intracellular vesicles and
large apical vacuoles in living HepG2 cells. This indi-
cates that MRP-mediated transport activity is present in
these vesicles. As discussed previously, we did not find
specific staining of apical vacuoles for MRP1. However,
an antibody against mrp2 clearly stains apical vacuoles
in HepG2, suggesting that MRP2 is present in these
vacuoles and probably is responsible for the observed

18 um

Figure 9. Organic anion transport into intracellular vesicles and apical vacuoles. HepG2 cells, grown on coverslips, were loaded with 2.5 pmol/
L CMFDA for 15 minutes at 37°C. Cover slips were transferred to fresh medium and stored on ice. Intracellular accumulation of the MRP-
substrate GS-MF was observed by confocal microscopy. (A) GS-MF accumulates in small intracellular vesicles and large (apical) vacuoles,
indicating MRP transport activity is present there. (B) At higher magnification, differently shaped GS-MF accumulating vesicles can be observed:
large vacuoles (thick arrow), smaller vesicles (medium arrow), and tubular structures (thin arrow). There is also a population of vesicles that

does not take up GS-MF (arrowheads).
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accumulation of GS-MF. Thus, both MRP1 and MRP2
are present in HepG2 cells. Also in other polarized cell
types, excretion of organic anions over both the apical
and basolateral membrane has been observed. Collington
et al.”” reports that BCECF is excreted in an ATP-depen-
dent way in MDCK and Caco-2 cells with a threefold
higher excretion in the apical than in the basolateral
medium. Oude Elferink et al.** reported an ATP-depen-
dent secretion of glutathione-dinitrophenyl in polarized
Caco-2 cells. In this Caco-2 subline, the secretion rate
over the basolateral membrane was approximately two-
fold higher than that over the apical membrane. Al-
though no data on MRP expression are available, it may
well be that also in these cell lines, MRP1 and MRP2
are responsible for the respective (baso)lateral and apical
excretion of organic anions.

The increased level of MRP1 and the localization on
lateral membranes in proliferating hepatocytes suggest
that MRP1 may play a role during cell proliferation. In
previous studies, there is evidence for a correlation be-
tween MRPI expression and the expression of the myc
proto-oncogene, whose gene product functions as a tran-

.. 6
scription factor.”” Bordow et al.”®

reported a high correla-
tion between MRP and N-myc gene expression in neuro-
blastoma tumors and cell lines. Treatment of the cells
with retinoic acid, an inducer of cell differentiation, de-
creases both N-myc and MRP gene expression. In contrast,
MDR]1 gene expression increased by retinoic acid treat-
ment. Similar results were obtained by Ishikawa et al.”’
They report that glutathione-conjugate pump activity is
reduced by 50% in HL-60 leukemia cells during treat-
ment with retinoic acid, dimethylsulfoxide, or the phor-
bol ester 12-O-tetradecanoylphorbol 13-acetate, which
are all differentiation-promoting agents. This reduction
of transport activity is accompanied by a reduction of
c-myc levels. Also, HepG2 cells have a relatively high
constitutive expression of c-myc.”® These results together
with our data provide evidence for the hypothesis that
the abundance of MRP1 is linked to the proliferation
or differentiation state of epithelial cells. The question
remains: what is the role of MRP1 in proliferating epi-
thelial cells? Although speculative, the function of MRP1
as a glutathione-conjugate transporter may be important
in the protection of proliferating hepatocytes against oxi-
dative stress. In this respect, MRP1 may take over the
function of MRP2 when hepatocytes lose their polarized
phenotype during cell proliferation. For example, this
may occur during liver regeneration. Additionally, the
localization of MRP1 on the lateral membrane and its
function as an organic anion pump may be important
for the formation of a lateral space between the cells by
providing an osmotic driving force so that water can

GASTROENTEROLOGY Vol. 112, No. 2

enter and expand this intercellular space. At present, no
data are available for a role of organic anion transport in
the process of cell division.

Recapitulating, we found that MRP1 level is low in
normal hepatocytes and highly increased in proliferating
hepatocyte-derived cell lines. MRP1 is localized specifi-
cally in the lateral membrane of these cells where it is
probably responsible for the active transport of glutathi-
one S—conjugates into the medium. Furthermore, a well-
defined lateral domain seems necessary for the localiza-
tion of MRP1 on the plasma membrane. These results
indicate that the level of MRP1 is related to the prolifera-
tion state of the cell and suggest that MRP1 is of minor
importance in quiescent hepatocytes. The role of MRP1
in proliferating hepatocytes remains to be studied.
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