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Members of the organic anion transporting polypeptide
(OATP) family are involved in various pharmacological,
pathophysiological, and physiological processes, such as
hepatic drug uptake, progress of cancer, or transport of hor-
mones. Although variability in expression and function of
OATPs has been investigated in detail, data concerning reg-
ulation are rather limited. Here, we report a novel mechanism
for rapid regulation of OATP2B1 mediated by protein kinase
C (PKC) resulting in significant changes of transport activity.
PKC activation by the phorbol ester (phorbol 12-myristate
13-acetate, PMA) resulted in increased phosphorylation of
OATP2B1 as well as reduced OATP2B1 transport activity
with a decrease in Vmax of E1S uptake (288 � 21 (control)
versus 165 � 16 pmol/min/mg of protein (PMA)). This effect
was sensitive to the PKC inhibitor bisindolylmaleimide I
(BIM-I). Confocal microscopy, fluorescence-based internal-
ization assay, and live-cell imaging using green fluorescent
protein-tagged OATP2B1 revealed that transport inhibition
was due to internalization of the transporter. Furthermore,
colocalization with LAMP-2 and chloroquine-sensitive deg-
radation of OATP2B1 suggest that the internalized protein
is targeted to a lysosomal degradation pathway. With regard
to the underlying mechanism inhibition of caveolin/lipid
raft-mediated endocytosis failed to prevent OATP2B1 inter-
nalization, whereas inhibition of clathrin-mediated pro-
cesses blocked OATP2B1 sequestration. However, small
interfering RNA-mediated clathrin knock-down affected
general trafficking of OATP2B1 and resulted in intracellular
accumulation in the absence of PMA. In conclusion, our data
demonstrate that OATP2B1 function is regulated by PKC-
mediated, clathrin-dependent internalization and followed
by lysosomal degradation. Furthermore, internalization
could be shown in an ex vivo placenta perfusion. Our findings
represent a new, rapid mechanism in regulation of human
OATPs.

Organic anion transporting polypeptides (OATPs)2 belong to
the solute carrier (SLC)-superfamily, and are involved in the cellu-
lar uptake of endo- and exogenous compounds. In general, OATP
transporters are expressed inavarietyof tissues, buthithertophar-
macological relevance has mainly been studied for the liver-en-
riched transporters of the OATP1B subclass thereby focusing on
hepatocellular drug uptake and elimination.
Several single nucleotide polymorphisms have been iden-

tified within the liver-enriched OATP1B1 transporter with
impact on transport function (1, 2). Some of those single
nucleotide polymorphisms are commonly occurring and
translate into alterations of drug disposition in humans. Due
to reduced hepatic accumulation of OATP1B1 substrates
such as statins, which exert their pharmacological function
on the 3-hydroxy-methylglutaryl-coenzyme A reductase in
hepatocytes, carriers of certain variants appear to exhibit
decreased cholesterol-lowering efficacy (3). Accordingly,
subjects carrying these OATP1B1 variants have an enhanced
risk of myotoxic side effects (4–6).
In addition to these pharmacokinetic effects, increasing evi-

dence suggests that members of the OATP family are associ-
ated with cancer development and progression. OATP1B3,
which is mainly expressed in hepatocytes under normal condi-
tions, was recently reported to be overexpressed in prostatic
cancer as well as colorectal adenocarcinomas. In prostatic can-
cer, the OATP1B3 334GG/699AA haplotype was associated
with a prolonged median survival, which was suggested to be
due to the impaired testosterone transport of this variant (7). In
colorectal cancer cell lines, OATP1B3 expression diminished
drug-induced apoptosis by reducing the transcriptional activity
of p53. Overexpression of a non-functional OATP1B3 variant
neither resulted in anti-apoptosis nor affected p53 transcrip-
tional activity suggesting that this effect is associated with
transport activity (8).
In contrast to the predominant liver-enriched expression of

OATP1B1 and -1B3, other members of the OATP family dem-
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onstrate a wide tissue expression (for review, see Ref. 9). For
example, OATP2B1 is highly expressed in liver, intestine, heart,
placenta, and platelets (10–15) and acts as a cellular uptake
transporter for drugs including atorvastatin, pravastatin,
aliskiren, or glibenclamide as well as endogenous com-
pounds such as estrone-3-sulfate (E1S), dehydroepiandros-
terone sulfate (DHEAS), and pregnenolone sulfate (12–14,
16–20). Although clinical studies providing evidence of a
pharmacokinetic impact of OATP2B1 are still limited, its
expression in organs like placenta or mammary gland sug-
gests an important role in uptake of precursor molecules for
steroid hormone synthesis.
Although the impact of inherited modifications of OATPs

has been studied in detail, functional modulation by altered
expression or other modifications have been addressed only in
few studies. Recently, gender-dependent differences and regu-
lation of OATP expression by nuclear receptors (e.g. farnesoid
X, liver X, and pregnane X receptor) have been described for
human as well as rodent OATPs (21–24). These effects are
tightly controlled on a transcriptional level, dependent on
mRNA as well as protein turnover and hence represent a slow
mode of response. We hypothesize that physiological mecha-
nisms exist that enable a fast, local and transient adaptation of
OATP expression to altered external conditions to guarantee
cellular homoeostasis. Several signaling pathways comprising
different second messenger and protein kinase/phosphatase
systems have been identified to affect protein modification. So
far, activation of protein kinase A or C (PKA and PKC, respec-
tively) has been associated with alterations of transporter func-
tion and/or their presence in the plasma membrane as their
primary site of action. For example, such short-term regulation
has been reported for the human organic anion transporter 1
(OAT1); here, PKC-induceddown-regulationof transport activity
was achieved through carrier retrieval (25, 26). In the case of
OATPs such rapid effects have been described for rodent proteins
(27). Recently, PKA activation has been shown to stimulatemem-
brane localization of a green fluorescent protein (GFP)-tagged
OATP1B1 and to enhance E1S uptake by �20% (28).

In the present study we describe a rapid regulation of
OATP2B1 function and localization by PKC activation in
MDCKII-OATP2B1 and Caco-2 cells as well as human pla-
centa. Fast intracellular accumulation of the transporter result-
ing in altered substrate kinetics was confirmed by immunofluo-
rescence and live-cell imaging of GFP-tagged OATP2B1. This
process was mediated by clathrin-dependent retrieval into
intracellular vesicles, and subsequent lysosomal degradation of
OATP2B1.

EXPERIMENTAL PROCEDURES

Cell Culture and Materials—Madin-Darby canine kidney
(MDCKII) cells were stably transfected with human OATP2B1
and characterized as described previously (17). MDCKII-
OATP2B1, the parental cell line as well as Caco-2 cells were
grown in 75-cm2 cell culture flasks in Dulbecco’s modified
Eagle’smedium supplementedwith 2mM L-glutamine, 1%min-
imal essential medium nonessential amino acids, 10% fetal calf
serum, 100 units/ml of penicillin, and 100 �g/ml of streptomy-
cin. Except for the experiments, the transfected cell line was

maintained in medium containing 350 �g/ml of hygromycin B.
Caco-2 cells were seeded at an initial density of 6 � 104 cells/
cm2 andmediumwas changed every other day. Cells were incu-
bated at 37 °C in a humidified atmosphere containing 5% CO2.

[3H]E1S (specific activity, 50 Ci/mmol) and [3H]DHEAS
(specific activity, 63 Ci/mmol) were obtained from Hartmann
Analytic (Braunschweig, Germany) and Biotrend (Cologne,
Germany), respectively. Bisindolylmaleimide-I (BIM-I) was
from Tocris (Bristol, United Kingdom), PMA was from Alexis
Biochemicals (San Diego, CA). Sulfo-NHS-SS-biotin and fluo-
rescein isothiocyanate-labeled streptavidin were purchased
from ThermoFisher Scientific (Rockford, IL). All other chemi-
cals were purchased from standard suppliers. Mouse mono-
clonal anti-caveolin-1 and anti-E-cadherin antibodies were
from BD Bioscience, anti-phospho-Ser/Thr/Tyr from Anaspec
(San Jose, CA), anti-glyceraldehyde-3-phosphate dehydrogen-
ase from Biodesign (Saco, MA), anti-clathrin heavy chain
(CHC) monoclonal antibody TD.1 and anti-LAMP-2 were
from Santa Cruz (Santa Cruz, CA). For detection of OATP2B1
a guinea pig polyclonal antibody raised against amino acids
25–41 of OATP2B1 (OATP2B1/gp) as well as a rabbit poly-
clonal antibody raised against the 15 C-terminal amino acids of
OATP2B1 (OATP2B1/r) were used.
Cloning and Transfection—The transporter cDNA fragment

from the pcDNA3.1/Hygro-OATP2B1-construct, which has
previously been described (29), was amplified using the follow-
ing primers containing NheI and SacII cleavage sites (bold):
forward primer (SacII) 5�-tgctccgcggctgcactccagcagtcatg and
reverse primer (NheI) 5�-agacgctagccactcgggaatcctctgg and
cloned to the N terminus of the GFP in themammalian expres-
sion vector pQBI-25-fC3 (MP Biomedicals Europe, Illkirch,
France). The sequence was verified against the reference
sequence (accession number AB026256) and MDCKII cells
were transfected with the OATP2B1/vector-construct using
FuGENE 6 Transfection Reagent (Roche Applied Science).
Cells were selected for antibiotic resistance using 0.6 mg/ml
of neomycin (Invitrogen) and resistant cell clones were char-
acterized for OATP2B1-GFP expression using immunofluo-
rescence microscopy.
To generate a phosphorylation site defective pcDNA3.1/

Hygro-OATP2B1 construct, amino acids Thr22, Thr28, Ser34,
Ser43, Thr318, Ser320, Ser328, Ser330, Ser333, Ser337, Thr338,
Thr367, Ser685, Ser687, Ser688, Ser698, and Ser707 were simulta-
neously substituted by alanine using a multisite-directed
mutagenesis kit (Stratagene, La Jolla, CA).
The human transferrin receptor (hTfR) was amplified from

human placenta-derived cDNA using primers 5�-atgatggat-
caagctagatca (forward primer) and 5�-ttaaaactcattgtcaatgtcc
(reverse primer) and cloned to the N terminus of yellow fluo-
rescent protein into the pcDNA6.2-YFP vector (Invitrogen).
The sequence was verified against the reference sequence
(accession number NM_003234.2). This vector construct was
transiently transfected into MDCKII-OATP2B1 cells using
Lipofectamine 2000 (Invitrogen).
Transport Assays—For transport studies cells were seeded in

24-well dishes and cultured to confluence. Cells were preincu-
bated for the times indicated in the respective sections or figure
legends at 37 °C with 500 �l of medium/well containing pro-
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tein kinase activators, inhibitors, or internalization inhibitors.
Afterward the medium was removed, cells were washed twice
with prewarmed PBS, and incubated at 37 °C with a transport
buffer containing 140mMNaCl2, 5 mM KCl, 1 mMKH2PO4, 1.5
mM CaCl2, 5 mM glucose, and 12.5 mMHEPES (pH 7.4) and the
respective substances. At specified time points the transport
buffer was rapidly aspirated and cells were washed four times
with ice-cold PBS. Cells were solubilized in 0.2% SDS contain-
ing 0.5 mM EDTA, an aliquot was dissolved in 2 ml of scintilla-
tion mixture (Rotiszint, Roth, Karlsruhe, Germany) and mea-
sured in a scintillation �-counter (type 1409, LKB-Wallac,
Turku, Finland). Determination of kinetic parameters (Km and
Vmax) of E1S uptake in the presence or absence of PMA was
obtained by incubating the cells with increasing concentrations
of E1S.
Immunohistological Analyses—For immunohistological an-

alyses cells were grown to confluence on coverslips in 12-well
plates. Cells were fixed for 10min with ethanol (99.9%), perme-
abilized with Triton X-100 (0.1%) for 5 min at room tempera-
ture, and blocked with 5% fetal calf serum in PBS. Staining was
carried out using the OATP2B1/r antibody for 2 h at room tem-
perature as described previously (17). The secondary AlexaFluor�
488-conjugated goat anti-rabbit antibody (Invitrogen)was used
for fluorescence detection. For LAMP-2-costaining, cells were
incubated with the OATP2B1/r (1:200) and LAMP-2 (1:50)
antibodies. The secondary antibodies used were goat anti-rab-
bit AlexaFluor� 568 and chicken anti-rabbit AlexaFluor 488
(1:200 each). The cells were washed as mentioned before and
mounted on glass slides with Fluorescent Mounting Medium
(DakoCytomation, Carpinteria, CA).
Phosphorylation Assay—Following treatment, cells were

lysed in RIPA buffer (1% (w/w) Nonidet P-40, 1% (w/v) sodium
deoxycholate, 0.1% (w/v) SDS, 0.15 M NaCl, 0.01 M sodium
phosphate, pH 7.2, 2 mM EDTA, 1.0 mM sodium vanadate, 0.1
mM phenylmethylsulfonyl fluoride, 0.3 �M aprotinin, 0.1 �M

pepstatin and phosphatase inhibitor mixture 1 (Sigma)) for 1 h
on ice. Lysates were precleared with Fast-Flow protein
G-Sepharose (100 �l/ml of cell lysate) for 10 min, followed by
immunoprecipitation of 100 �g of protein using the
OATP2B1/gp antibody and Fast-Flow protein G-Sepharose.
The complexes were washed with RIPA buffer and proteins
were eluted with 4� Laemmli before subjecting the samples to
a 7.5% SDS-polyacrylamide gel. Western blotting was per-
formed using an anti-phospho-Ser/Thr/Tyr antibody as well as
the OATP2B1/r antibody. For quantitation, densitometric val-
ues of the phosphorylated protein were normalized to the
amount of immunoblotted OATP2B1.
Time-lapse Analyses—OATP2B1-GFP-expressing cells were

seeded into LabTekIITM chambered coverglass (Nunc,Wiesba-
den, Germany) and incubated in normal tissue culturemedium
in a Pekon incubator (Pekon, Germany) at 37 °C in an atmo-
sphere containing 5% CO2. Imaging was performed with the
Zeiss LSM 510 confocal laser scanning microscope (Carl Zeiss
GmbH, Jena, Germany) equippedwith an argon-ion laser. Cells
were examined with a 63 � 1.2 NA Zeiss water immersion
c-apochromate objective in phenol red-free medium. GFP fluo-
rescence was detected using the 488 nm emission line of the
argon laser. The beampath contained a 488-nm main dichroic

mirror and a 505-nm longpass filter. The images represent
0.8-�m thick confocal slices. For time-lapse experiments
sequential images were acquired every minute.
Placenta Perfusion—Immediately after delivery, the fetal and

maternal sides of three placentas were perfused as described
recently (30). The flow rate was 12 ml/min in the maternal
circuit and 4ml/min in the fetal circuit with an arterial pressure
between 25 and 40 mmHg. The total perfusion volume in each
circuit was 140ml. Following an open loop perfusion for 30min
to remove blood, a close-loop perfusion for 1 h was performed
for stabilization and detection of leakage or noncongruent
maternal and fetal perfusion. Afterward, 100 nMPMAdissolved
in circulation medium was given to the maternal and fetal cir-
culation and perfused for 1 h. Tissue samples were dissected
from an unperfused cotyledon before and from the perfused
cotyledon after perfusion with PMA. After staining with the
OATP2B1/r and E-cadherin antibody the colocalization coeffi-
cient of OATP2B1 with E-cadherin in confocal images was cal-
culated by dividing the number of pixels of theOATP2B1 chan-
nel that colocalized with signals of the E-cadherin channel by
the total number of OATP2B1 pixels. For qualitative analysis
colocalizing pixels of both channels were subtracted from the
original OATP2B1 signal using the LSM Image Browser (Carl
Zeiss GmbH, Jena, Germany) and the resulting images were
presented in false color.
Cell Surface Biotinylation and Fluorescence-based Internal-

ization Assay—The origin of the internalized OATP2B1 was
investigated using themembrane-impermeable sulfo-NHS-SS-
biotin. For cell surface biotinylation, cells were seeded in
12-well dishes, treated with PMA or DMSO, washed three
times with ice-cold PBS/CM (138 mM NaCl, 2.7 mM KCl, 1.5
mM KH2PO4, 0.1 mM CaCl2, and 1 mM MgCl2), and incubated
with sulfo-NHS-SS-biotin (1 mg/ml in PBS/CM) at 4 °C. After
1 h, each well was rinsed three times with PBS/CM containing
100 mM glycine and then incubated for 20 min in the same
solution at 4 °C to ensure complete quenching of unreacted
biotin. Afterward, cells were lysed for 1 hwith buffer containing
10 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton
X-100 (pH 7.4). Following centrifugation for 5 min at 13,000 �
g, 100�g of the supernatant proteinwas incubatedwith 33�l of
Neutravidin beads (ThermoScientific) overnight in a total vol-
ume of 133 �l. After three washings with lysis buffer, proteins
were eluted by incubationwith 4�Laemmli buffer for 10min at
95 °C and subjected to Western blot analysis.
For the fluorescence-based internalization assay, biotin-

ylated cells were incubated in prewarmed medium containing
either DMSOor PMA for 1 h at 37 °C to initiate internalization.
Residual cell surface biotin was cleaved off by incubating the
cells three times for 20 min at 4 °C with glutathione stripping
solution (50 mM glutathione, 75 mM NaCl, 1 mM EDTA, 1%
bovine serum albumin, 0.75% (v/v) 10 N NaOH). Bovine serum
albumin andNaOHwere added just before use. Afterward, cells
were rinsed three times with ice-cold PBS. Efficiency of strip-
ping was determined on biotinylated cells incubated in parallel
on ice. Following fixation with ethanol (99.9%) and permeabi-
lization with Triton X-100 (0.1%) cells were probed with fluo-
rescein isothiocyanate-labeled streptavidin at a concentration
of 40 �g/ml (30 min at 37 °C) and the OATP2B1/r antibody.
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Western Blot Analyses—Samples were lysed in a buffer con-
taining 50mMTris, 100mMNaCl, 0.1%TritonX-100, and 5mM

EDTA supplemented with protease inhibitors (0.1 mM phenyl-
methylsulfonyl fluoride, 0.3 �M aprotinin, and 0.1 �M pepsta-
tin). After 1 h on ice and occasional vortexing, samples were
centrifuged at 3,000 � g for 5 min to remove cell debris. After
determination of the protein content using the BCA method
equal amounts of protein were loaded on 7.5 or 12% SDS-poly-
acrylamide gels. After separation and transfer to polyvinylidene
membranes, blots were probed with OATP2B1/r (31) (1:2000),
Cav1 (1:1000), CHC (1:1000), glyceraldehyde-3-phosphate
dehydrogenase (1:1000), or phospho-Ser/Thr/Tyr (1:200) anti-
bodies. Immunoreactivity was visualized using an enhanced
chemiluminescence system (GE Healthcare). To block lysoso-
mal acidification and lysosomal protease activity the cells were
cultured in the presence of 100 �M chloroquine in regular
medium.
Clathrin and Caveolin Knock-down—Cells were transfected

using siRNA duplexes (Invitrogen) directed against canine
caveolin-1 (Gi:50979109; Cav1_314, AUUGGGAUGCCAAA-
GAGGGTT; Cav1_385, GCAGUUGUGCCGUGCAUUATT;
and Cav1_503, AUGUUGAUGCGGAUAUUGCTT) and
canine clathrin heavy chain (Gi:73966640; CHC_2077,
GCAGUUUGCCCAAAUGUUATT). siRNA (20 nM each for
caveolin-1 and 45 nM for CHC) was transfected with Lipo-
fectamineTM RNAiMAX applying the reverse transfection
protocol.
Inhibition of Clathrin- or Caveolin/Lipid Raft-mediated

Endocytosis—MDCKII-OATP2B1 as well as hTfR-transfected
MDCKII-OATP2B1 cells were subjected to various conditions
inhibiting clathrin- or caveolae/lipid raft-mediated endocyto-
sis. To block internalization mediated via clathrin-dependent
mechanisms cells were preincubated with either hypertonic
medium (0.45 M sucrose in culture medium) for 30 min or with
10 mM acetic acid in culture medium (pH 5.0) for 10 min as
described previously (32). To disrupt caveolin-mediated endo-
cytosis, preincubation with either filipin (5 �g/ml) or nystatin
(25 �M) for 30 min was performed (33). Following these treat-
ments, cells were either incubated with DMSO or PMA in
medium for 1 h and immunostained as described above.
In Silico Analyses, Statistics, and Imaging Analysis—Phos-

phorylation sites of the OATP2B1 were predicted using phos-
phorylation site prediction programs NetPhos 2.0 (34),
Disphos1.3 (35), and GPS2.1 (36). Amino acids located intra-
cellularly with a score higher than 0.5 (NetPhos 2.0, Disphos) as
well as amino acids identified in GPS prediction using a high
threshold were investigated further.
Experimental data are presented as mean � standard devia-

tion (S.D.). Graphs and statistical analyses were performedwith
Excel or GraphPad Prism 5.01. To determine statistical signifi-
cance Student’s t test was used. For phosphorylation experi-
ments the Wilcoxon signed-rank test was performed. When
more than two groups were present, data were compared by
one-way analysis of variance using Bonferroni’s multiple com-
parison test. Differences were considered significant at p �
0.05. The kinetic parameters Km and Vmax were determined
with GraphPad Prism 5.01 using nonlinear regression analysis
employing the following equation: Y � (Vmax � X)/(Km � X),

where Y is transport velocity per time and X is substrate con-
centration. For determination of internalization the ratio
between intracellular and plasma membrane expression was
calculated by definition of regions of interest in the LSM Image
Browser and computing of the mean intensities.

RESULTS

Effect of Protein Kinase Activators on OATP2B1 Function—
To evaluate the influence of PKA and PKC activation on
OATP2B1-mediated transport, activators of the respective
kinases were used. For this purpose MDCKII-OATP2B1 cells
were treated with cell-permeable PKA activators 8-bromo-
cAMP and dibutyryl-cAMP (100 �M each) as well as the indi-
rect PKA activator forskolin (10 �M) and the PKC activator
PMA (10 �M) for 1 h. After washing with prewarmed PBS,
[3H]E1S uptake (1 �M, 0.25 �Ci/ml of incubation buffer, 5 min)
was measured. Activation of PKC by 10 �M PMA reduced the
OATP2B1-mediated E1S uptake to 37� 1% of control, whereas
PKA activation had no effect (Fig. 1A), even in concentrations
ranging from 0.316 �M to 1 mM (data not shown). Similar
results were obtained for [3H]DHEAS uptake (data not shown).

To further analyze the inhibitory effect of PMA on
OATP2B1-mediated transport, MDCKII-OATP2B1 as well as
MDCKII cells were incubated with PMA concentrations rang-
ing from 10 pM to 10 �M. In OATP2B1-overexpressing cells,
PMA suppressed the E1S uptake in a concentration-dependent
manner, whereas transport into control cells remained un-
changed. The half-maximal inhibitory concentration (IC50) of
PMA was calculated to 7.7 � 4.3 nM for the E1S (Fig. 1B) and
1.3� 1.1 nM forDHEAS transport (data not shown). Incubation
of MDCKII-OATP2B1 cells with 100 nM PMA for various time
intervals (5 min to 24 h) prior to the uptake assay revealed a
time-dependent effect. E1S uptake was significantly reduced in
as little as 20 min with a maximal effect of 83.2 � 2.2% inhibi-
tion after 2 h. Incubation periods exceeding this time point
resulted in a lower inhibition rate: cells exposed to PMA for 24 h
exhibited an E1S transport of 50 � 2% compared with control
(Fig. 1C). To test whether the PMA effect is reversible, cells
were treatedwith PMA for only 1 h followed by incubationwith
PMA-free medium for the indicated times. Although up to
11.5 h no difference was observed compared with cells incu-
bated in the continuous presence of PMA, transport was
restored to 100 � 8% (versus non-PMA treated cells) after
26.5 h (Fig. 1C, dotted line).
To further determine whether the PMA-induced transport

inhibition was PKC-mediated, cells were preincubated with the
PKC inhibitor BIM-I (1 �M) 20 min before and during PMA
(100 nM) treatment. Although BIM-I incubation alone did not
affect OATP2B1 transport activity, coincubation of BIM-I and
PMA resulted in almost complete reversal of the PMA-medi-
ated suppression of OATP2B1-mediated E1S uptake (BIM-I
alone 97� 24%; PMAalone 16� 3%; PMAplus BIM-I 78� 9%;
control 100 � 15%, n � 3) (Fig. 1D).
Kinetic Analyses and Immunofluorescence—PKC activation

may inhibit OATP2B1 function through changes of substrate
affinity, modulation of protein surface expression, and/or
altered turnover rate. To elucidate the underlying mechanism,
we determinedKm andVmax for E1S uptake in the presence and
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absence of PMA (100 nM). Nonlinear regression analysis
revealed that PMA treatment significantly reduced Vmax from
288 � 20.7 pmol/min/mg of protein (control) to 164.5 � 15.8
pmol/min/mg of protein (PMA), whereas the affinity toward
the transporter was not significantly altered (9.5 � 1.5 and
13.2 � 2.6 �M, respectively), suggesting that the observed
effectsmight be due to an alteredOATP2B1 plasmamembrane
expression (supplemental Fig. S1).
Therefore, we analyzed the subcellular localization of

OATP2B1. Indeed, incubationwith PMA led to a redistribution
of OATP2B1 to subcellular compartments. Although staining
ofMDCKII-OATP2B1 in the absence of PMA revealed a strong
basolateral signal, which was still present after a 10-min incu-
bation with 100 nM PMA, the transporter was also detected
within intracellular vesicles after a 1-h incubation (Fig. 2,A–C).
Prolonged incubation periods up to 72 h resulted in a decline of
intracellular OATP2B1 and enhanced plasma membrane ver-
sus intracellular localization (supplemental Fig. S2).

To exclude generalized effects on plasma membrane pro-
teins we co-stained E-cadherin, an adhesion molecule mainly
expressed in the basolateral plasma membrane of MDCKII
cells. Quantitation of immunofluoresence revealed that there is

a 3-fold increase in intracellular
OATP2B1 after a 1-h incubation.
For E-cadherin we observed a slight
increase in intracellular localization
following PKC activation; however,
this did not reach statistical signifi-
cance (Fig. 2, D–F).
In accordance with transport

experiments (see Fig. 1D), we could
verify the involvement of PKC in
enhanced intracellular accumula-
tion mediated by PMA. Incubation
with 1�MBIM-I prior to and during
PMA treatment prevented intracel-
lular retrieval ofOATP2B1,whereas
BIM-I alone had no effect on the
localization of the protein (supple-
mental Fig. S3).
EstablishmentofaGFP-OATP2B1-

expressing Cell Line and Time-lapse
Analysis—To further analyze the
altered localization of OATP2B1 in
response to PKC stimulation, a sta-
ble cell line overexpressing GFP-
tagged OATP2B1 was established
by transfection of MDCKII cells
with the OATP2B1-GFP pQBI vec-
tor construct and subsequent neo-
mycin selection. The OATP2B1-
GFP fusion protein did not differ
from the native OATP2B1 protein
with regard to localization and
apparent Km values (data not
shown). Using time-lapse analysis
we demonstrate enhanced retrieval
of OATP2B1 into intracellular vesi-

cles starting around 15min after addition of 100 nMPMA. Live-
cell images thus confirmed the effect of PMA on altered
OATP2B1 localization obtained by immunofluorescence (see
Fig. 2G for video snapshots). A time-lapse analysis of this proc-
ess is provided as supplemental Movie S1.
Internalization of OATP2B1 in Caco-2 Cells—To exclude

that the observed processes are artifacts of the overexpression,
Caco-2 cells, which endogenously express OATP2B1, were
subjected to PMA treatment. After 30min a significant amount
of protein resided intracellularly, whereas 1 h of incubation
with PMA resulted in nearly complete intracellular accumula-
tion of OATP2B1. Control-treated cells exhibited a strong
expression of OATP2B1 in the plasmamembrane (Fig. 2,H–J).
Internalization of OATP2B1 in a Placenta Perfusion Model—

To answer the question whether PKC-mediated OATP2B1
internalization also plays a role in the biological system, we
performed human placenta perfusion studies, a model system
that is often used to investigate feto-maternal drug transport
and vice versa (30). Using this system we could demonstrate an
internalization of OATP2B1 following PMA perfusion (Fig. 3).
Quantitation of immunofluorescence of three independent
experiments revealed a significant decrease of the colocaliza-

FIGURE 1. Influence of PK activation on OATP2B1-mediated E1S uptake. A, uptake of [3H]E1S (0.25 �Ci/ml,
1 �M, 5 min) in MDCKII-OATP2B1 cells was determined after a 1-h incubation with solvent (0.1% DMSO), 10 �M

forskolin, 100 �M 8-bromo-cAMP (8-Br-cAMP), 100 �M dibutyryl-cAMP (DB-cAMP), and 10 �M PMA at 37 °C.
Statistical significance against vehicle-incubated cells was determined by Student’s t test. B, concentration
dependence of the PMA effect: MDCKII (Œ) and MDCKII-OATP2B1 (�) cells were incubated in medium supple-
mented with increasing concentrations of PMA (10 pM to 10 �M) for 1 h before measuring [3H]E1S uptake.
C, time dependence and reversibility of the PMA effect: uptake of [3H]E1S was measured after treatment with
100 nM PMA (f) for 0 –26.5 h or after incubation with PMA for 1 h followed by incubation with PMA-free
medium (E) (n � 3 of three independent experiments). D, involvement of PKC in down-regulation of OATP2B1-
mediated E1S transport: MDCKII-OATP2B1 cells were incubated with the PKC inhibitor BIM-I (1 �M) or control
(0.1% DMSO) 20 min prior and during incubation with 100 nM PMA or 0.1% DMSO for 60 min followed by
[3H]E1S accumulation assay. Data are shown as percentages of the MDCKII-OATP2B1 cells incubated in the
absence of PMA. Data were compared by one-way analysis of variance using Bonferroni’s multiple comparison
test. Values of all experiments represent mean � S.D., n � 3. **, p � 0.01; *** p � 0.001. n.s., not significant.
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tion coefficient of OATP2B1 with the basolateral membrane
protein E-cadherin from 0.67 � 0.16 (pre-perfusion) to 0.38 �
0.14 (PMA).
Phosphorylation Analyses—To test whether internalization

is accompanied by OATP2B1 phosphorylation, MDCKII-
OATP2B1 cells were treated with PMAorDMSO, respectively,

and subjected to immunoprecipitation and Western blot anal-
yses. To quantify the level of OATP2B1 phosphorylation, the
densitometric values of the phosphorylated protein were nor-
malized to the whole amount of OATP2B1. These analyses
revealed a basal phosphorylation of OATP2B1, however, PMA
treatment increased the phosphorylation about 2-fold (p �

FIGURE 2. PMA-induced internalization of OATP2B1 in MDCKII-OATP2B1 and Caco-2 cells. A–C, MDCKII-OATP2B1 cells were treated with 100 nM PMA for
0 (A), 10 (B), and 60 min (C), fixed, and probed with the OATP2B1/r antibody as described under “Experimental Procedures.” D–F, DMSO (D)- and PMA (E)-treated
cells were probed for OATP2B1 (green) and E-cadherin (red) and expression was quantified for plasma membrane and cytosolic localization (F). Values of
quantitation are shown as the ratio between intracellular and plasma membrane expression (mean � S.D., n � 18 cells). ***, p � 0.001. G, time course of
PMA-mediated internalization of GFP-tagged OATP2B1 in MDCKII cells. Live-cell confocal imaging implies internalization of the protein after stimulation with
100 nM PMA. Fluorescence of GFP was recorded as described under “Experimental Procedures.” The “zero” time point indicates the addition of PMA to the cell
culture medium. Data are representative for at least three independent experiments. The complete time lapse is provided in supplemental Movie 1. H–J, Caco-2
cells were incubated with 100 nM PMA for 0 (H), 30 (I), and 60 min (J), fixed, and probed with the OATP2B1/r antibody. The bar represents 50 �m.
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0.05) (Fig. 4). Because these studies rely on the specificity of
immunoprecipitation we also performed additional experi-
ments with control antisera and omission of the immuno-
precipitating antibody. In these experiments neither OATP2B1
nor phosphorylated protein could be detected (data not
shown).
To demonstrate an association between phosphorylation

and internalization, 17 predicted phosphorylation sites were
simultaneouslymutated to alanine.However, this construct did
not demonstrate an altered response to PKC activation by PMA
(data not shown), suggesting that phosphorylation at these sites
is not a prerequisite for OATP2B1 internalization.
Sequestration of OATP2B1 from the Cell Surface—Next, we

determined whether OATP2B1 is sequestered from the cell
surface or if its intracellular accumulation is a result of de-

creased trafficking toward the
plasma membrane. Therefore, a
surface biotinylation assay as well as
a fluorescence-based internaliza-
tion assay was performed.
Biotinylation of cell surface pro-

teins followed by purification of bi-
otinylated proteins and OATP2B1
Western blot analysis correlated
with the inhibition of transport
activity and revealed a time-depen-
dent decrease in the plasma mem-
brane expression of OATP2B1 (Fig.
5A). To distinguish between cell
surface sequestration and decreased
cell surface trafficking a fluores-
cence-based internalization assay
was performed. Therefore, MDCKII-
OATP2B1 as well as Caco-2 cells
were reversibly biotinylated with
Sulfo-NHS-SS-biotin. After treat-
ment with PMA or DMSO residual
cell surface biotin was cleaved off

using glutathione. Following fixation, biotin as well as OATP2B1
were stained using fluorescein isothiocyanate-labeled streptavidin
or a fluorochrome-labeled secondary antibody, respectively. As
expected, OATP2B1 was localized at the plasma membrane in
DMSO-treated MDCKII-OATP2B1 as well as Caco-2 cells,
whereas biotinylated proteins were exclusively found intracellu-
larly. In PMA-treated cells, OATP2B1 and biotinylated protein
colocalized intracellularly in both cell lines suggesting a sequestra-
tion from the plasmamembrane (Fig. 5B).
Protein Degradation—After internalization membrane pro-

teins either recycle back to the plasma membrane or are tar-
geted to lysosomal or proteosomal degradation (37). To analyze
the fate of the internalized OATP2B1 we tested for colocaliza-
tionwith lysosomes. Therefore, PMA-treated cells were stained
for OATP2B1 and the lysosomal marker LAMP-2. The ob-
served colocalization of both proteins suggests a lysosomal deg-
radation of OATP2B1 (Fig. 5C). Indeed, Western blot analysis
revealed a decline in the protein amount after incubation with
PMA: after 4 h amarked decrease ofOATP2B1 in PMA-treated
cells comparedwith 0 h and control cells was observed. In addi-
tion, cotreatment with chloroquine, which disrupts the normal
lysosomal function by increasing the intralysosomal pH (38),
completely prevented this degradation, whereas chloroquine
alone did not affect OATP2B1 protein content (Fig. 5D).
Mechanism of OATP2B1 Internalization—Several pathways

have been implicated in internalization of plasma membrane
proteins. The main and thus most extensively studied endo-
cytotic routes are caveolin/lipid raft and clathrin-mediated
pathways. To investigate the involvement of these processes
in PMA-induced OATP2B1 internalization a siRNA-based
knock-down of the main contributors of these processes,
caveolin-1 (Cav1) and CHC, was performed. Western blot
analyses confirmed the knock-down (Cav1, 20 � 9% of control
after 48 h; CHC, 26 � 9% of control after 72 h) (Fig. 6A). Con-
focal microscopy analyses demonstrated that depletion of

FIGURE 3. PMA-induced internalization of OATP2B1 in human placenta. Three human placentas were
perfused with 100 nM PMA in fetal and maternal circulation as described under “Experimental Procedures.”
Paraffin-embedded tissue sections before (A) and after (B) PMA perfusion were probed with the OATP2B1/r and
E-cadherin (Cad) antibody (1:200 and 1:1000, respectively). OATP2B1 is given in green, E-cadherin in red. In the
merge colocalized pixels of OATP2B1 and E-cadherin are highlighted in yellow. In the subtraction mode,
OATP2B1 pixels that colocalized with E-cadherin pixels were subtracted from the original OATP2B1 signal. The
resulting OATP2B1 signal is presented in false color from blue to red (low versus high intensity, respectively).
Note the strong intracellular signal of OATB2B1 in the subtraction channel after PMA stimulation (B). Data are
representative of at least three independent experiments.

FIGURE 4. Effect of PMA on OATP2B1 phosphorylation. For detection of
phosphorylated OATP2B1, MDCKII-OATP2B1 were treated with PMA (100 nM)
or DMSO, respectively, and subjected to immunoprecipitation using the
OATP2B1/gp antibody. Western blot was probed with an antibody against
phospho-Tyr/Thr/Ser and OATP2B1/r. Quantitation of phosphorylation was
performed as described under “Experimental Procedures.” Blots are repre-
sentative for five independent experiments; quantitation data represent the
mean � S.D. of all experiments. Wilcoxon signed-rank test was used to deter-
mine statistical significance. *, p � 0.05.
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Cav-1 did not affect OATP2B1
localization as well as intracellular
accumulation following PMA treat-
ment. However, CHC knock-down
dramatically impairedplasmamem-
brane localization even in the
absence of PMA, suggesting that
CHC is involved in general traffick-
ing processes ofOATP2B1 (Fig. 6B).
This general finding for CHC
knock-down could be verified by
Western blot analysis of the cell
surface fraction as well as on a
functional level (Fig. 6C). None of
these treatments had an effect on
E-cadherin, which was studied as a
control plasma membrane protein
(data not shown).
Although these findings indi-

cated an involvement of CHC in
trafficking of OATP2B1 they also
demonstrated that the knock-down
is not useful to study the involvement
of CHC in PKC-mediated inter-
nalization of OATP2B1. Therefore,
we used another approach to differ-
entiate between caveolin/lipid raft-
dependent and clathrin-mediated
mechanismsbasedon their sensitivity
to pharmacological inhibition. To
disrupt caveolin-mediated endocyto-
sis MDCKII-OATP2B1 cells were
preincubated with the cholesterol-
disrupting agents filipin and nystatin,
which have previously been de-
monstrated to inhibit caveolin-

FIGURE 5. Fate of OATP2B1. A, for cell surface biotinylation, MDCKII-OATP2B1 cells were treated with PMA (100
nM) at 37 °C for the indicated times and biotinylated for 1 h at 4 °C. After cell lysis biotinylated proteins were
pulled down by Neutravidin-agarose and analyzed for OATP2B1 expression by Western blot (inset). Arbitrary
units were calculated from two independent experiments. Data represent mean � S.D. B, fluorescence-based
internalization assay: MDCKII-OATP2B1 cells as well as Caco-2 cells were reversibly biotinylated. Following
treatment with solvent or PMA (100 nM, 1 h) cell surface biotin was cleaved off using glutathione. After fixation
cells were probed with the OATP2B1/r antibody (green) and intracellular biotin was stained with fluorescein
isothiocyanate-labeled streptavidin (red) as described under “Experimental Procedures.” C, colocalization with
LAMP-2. Immunofluorescence staining of OATP2B1 and LAMP-2 performed in MDCKII-OATP2B1 cells after a
2-h treatment with 100 nM PMA showed partial colocalization of OATP2B1 and LAMP-2 (yellow fluorescence).
D, lysosomal degradation of OATP2B1 following PMA treatment. MDCKII-OATP2B1 cells were preincubated
with 100 �M chloroquine (CHL), which inhibits lysosomal degradation by increasing the intralysosomal pH, or
DMSO for 30 min, before cells were treated with 100 nM PMA or vehicle in the continuous presence of prein-
cubation agent for the time intervals indicated. Afterward, cells were lysed and 50 �g of protein were loaded on
a 7.5% SDS-PAGE gel. Representative immunoblots of OATP2B1 in total cell lysates are shown. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) staining is given for incubation with 100 nM PMA.

FIGURE 6. Influence of caveolin and clathrin knock-down on OATP2B1 internalization. A, knock-down of clathrin heavy chain and caveolin-1: MDCKII-
OATP2B1 cells transfected with or without CHC and Cav1 siRNA for 72 or 48 h, respectively, were lysed and subjected to immunoblot assays. Detection of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a control for protein loading. B, control as well as Cav1- and CHC-depleted MDCKII-
OATP2B1 cells were incubated for 1 h at 37 °C in the presence or absence of PMA (100 nM), fixed, and probed with the OATP2B1/r antibody. Data shown are
representative for three independent experiments. The bar represents 20 �M. C, influence of CHC knock-down on function and localization of OATP2B1:
MDCKII-OATP2B1 cells were transfected with CHC siRNA and cell surface biotinylation (upper panel) as well as analysis of E1S uptake (lower panel) were
performed as described in the legends to Figs. 1A and 4A. Data represent two independent experiments (mean � S.D.).
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and lipid raft-dependent endocytosis in MDCKII cells (33).
Inhibition of clathrin-mediated processeswas achieved by acid-
ification of the cytosol by acetic acid or incubation with hyper-
tonic medium, which prevent proper formation or budding of

the clathrin lattice at the plasma membrane (39). To demon-
strate the effect of these internalization inhibitors on endocy-
tosis we transiently transfected MDCKII-OATP2B1 cells with
the hTfR, which is constitutively internalized via clathrin-de-

pendent processes (40). As ex-
pected, calculation of the ratio
between expression in the plasma
membrane and the cytoplasmatic
compartment revealed that only
sucrose and acetic acid treatment
were able to prevent internalization
of the hTfR.While in control, nysta-
tin-, and filipin-treated cells about
60% of the hTfR was localized intra-
cellularly, inhibition of clathrin-me-
diated endocytosis decreased the
intracellular accumulation to 20%
(Fig. 7, A and B). Furthermore, fol-
lowing PMA stimulation we
observed a colocalization of hTfR and
OATP2B1 in the intracellular com-
partments, suggesting that the trans-
port protein is internalized via clath-
rin-coated pits. (Fig. 7C).

As expected from caveolin
knock-down experiments neither
filipin nor nystatin affected endocy-
tosis of OATP2B1 after PMA stim-
ulus, whereas inhibition of clathrin-
dependent endocytosis prevented
the PMA-mediated retrieval of
OATP2B1 from the plasma mem-
brane but not of E-cadherin. None
of the substances itself altered
plasma membrane localization of
the transporter (Fig. 8A). Quantita-
tion of these immunofluorescence

FIGURE 7. Inhibition of caveolin- or clathrin-mediated endocytosis on hTfR expression. A, to demonstrate
an effect of internalization inhibitors, MDCKII-OATP2B1 cells cotransfected with YFP-tagged transferrin recep-
tor (hTfR) were subjected to chemical or pharmacological treatment influencing endocytotic processes. To
inhibit caveolin-mediated endocytosis MDCKII-OATP2B1 cells were incubated with 5 �g/ml of filipin or 25 �M

nystatin for 30 min in growth medium; to inhibit clathrin-mediated endocytosis cells were treated with 0.45 M

sucrose for 30 min or with 10 mM acetic acid in growth medium for 10 min prior to treatment with PMA (100 nM)
or vehicle in the continuous presence of the inhibitors for 1 h. Afterward, cells were fixed and stained with the
OATP2B1/r antibody. B, hTfR receptor expression in the plasma membrane and cytosol after treatment with
inhibitors of clathrin- and caveolin-mediated endocytosis was quantitated using the LSM510 image browser
(mean � S.D., n � 18 cells). C, colocalization of hTfR and OATP2B1: hTfR-transfected MDCKII-OATP2B1 cells
were treated with PMA (100 nM) or DMSO for 1 h and probed with the OATP2B1/r antibody. hTfR is given in red,
OATP2B1 in green. Colocalization of both proteins is highlighted in yellow.

FIGURE 8. Effect of internalization inhibitors on OATP2B1 localization. A, MDCKII-OATP2B1 cells were incubated with 100 nM PMA or DMSO in the presence
of internalization inhibitors for 1 h as described in the legend to Fig. 7A. Afterward, cells were fixed and stained with the OATP2B1/r and E-cadherin antibody.
E-cadherin is given in red, OATP2B1 in green. The bar represents 10 �M. B, OATP2B1 expression in PMA or control-treated cells was quantified for intracellular
accumulation. Values of are given as the ratio between intracellular and plasma membrane expression (mean � S.D., n � 18 cells). ***, p � 0.001.
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data demonstrated that sucrose and acetic acid treatment, but
not inhibition of caveolin-dependent processes, were able to
reduce intracellular accumulation of OATP2B1 to control lev-
els following PKC activation (Fig. 8B).

DISCUSSION

The function of drug transporters of the ABC or SLC super-
family is mainly determined by the amount of carrier protein
expressed at the plasmamembrane. Aside fromwell character-
ized transcriptional modifications, transport activity can be
influenced by post-translational modifications resulting in
altered localization and/or activity of the carrier protein. In the
present study, we describe a rapid regulation of the organic
anion transporting polypeptide 2B1 (OATP2B1) by internaliza-
tion following PKC activation.
OATP2B1 is a cellular uptake carrier for a growing number

of drugs including statins or the oral antidiabetic gliben-
clamide, but it is also involved in the transport of endogenous
compounds like sulfated steroid conjugates (12–14, 18–20). Its
ubiquitous expression in association with a wide spectrum of
substrates implicates physiological, as well as pharmacological
relevance for distribution of both drugs and endogenous
compounds.
While neither direct nor indirect activation of PKA affected

transport activity, treatment with the PKC activator PMA
resulted in decreased OATP2B1-mediated transport. This
effect was time-dependent with a rapid onset (significant
effects after 20 min) and a maximum after 2 h. Interestingly,
prolonged incubation resulted in a lower inhibition. Similar
recovery phenomena after long-term treatment with phorbol
esters have been described for the activity of the human cation
transporter hCAT1, as well as PMA-mediated multidrug resis-
tance related protein 2 retrieval from the apical membrane of
HepG2 cells (41). Several mechanisms have been proposed to
explain those time profiles including transcriptional down-reg-
ulation, degradation, as well as altered distribution and hence
activity of PKC (42–44). This involvement of PKC in regulation
of transport proteins is consistent with our finding that PKC is
involved in decreased OATP2B1-mediated transport as dem-
onstrated by a partial reversal of the PMA-mediated inhibition
by pretreatment with the PKC inhibitor BIM-I (45).
In the present study we show that inhibition of OATP2B1-

mediated E1S transport by PMA is kinetically revealed as a
change inVmax. Because substrate affinity remained statistically
unchanged, this suggests either attenuated plasma membrane
expression by changes of localization and/or protein synthesis
or even a direct effect on the transporters mode of action.
For a number of biologically important proteins including
the epidermal growth factor receptor (46) or chemokine
receptors (46), as well as many neurotransmitter transport-
ers (reviewed in Ref. 47), inhibition of transport function was
associated with a significant loss of cell surface expression.
Indeed, we observed a decreased plasma membrane and
enhanced intracellular localization of OATP2B1. Interest-
ingly, prolonged incubation with PMA resulted in a recovery
of plasma membrane OATP2B1 supporting the notion of a
desensitization against PKC stimulation and recovery of
function.

Because even a 20-min exposure to PMA resulted in a signif-
icant inhibition of OATP2B1 transport activity we assumed
that internalization rather than inhibition of protein synthesis
is the underlying mechanism. This is supported by immunofluo-
rescence stainings, biotinylation experiments, and live-cell
image analysis, which correlated with the observed decrease of
OATP2B1 transport activity following PKC activation. Taken
together, these approaches reveal that stimulation by PMA
results in sequestration of the protein from the plasma mem-
brane into intracellular compartments. Colocalization studies
with internalized biotin-labeled plasma membrane proteins
indicate that OATP2B1 is internalized from the plasma mem-
brane rather than accumulated by decreased trafficking to the
plasma membrane.
Similar internalization effects were obtained for Caco-2 cells,

which have previously been shown to endogenously express
OATP2B1 (48, 49), as well as human placenta employing an ex
vivo perfusion study. Therefore, the internalization was not cell
type-specific or due to protein overexpression.
Because several studies indicate that the internalization of

proteins following PKC activation is associated with phosphor-
ylation, we tested whether OATP2B1 is phosphorylated in
response to PMA treatment. Our data demonstrate that
OATP2B1 in MDCKII cells is already phosphorylated under
basal conditions. Although internalization of OATP2B1 in
response to PKC activation was accompanied by a 2-fold
increase in phosphorylation,mutation of 17 putative phosphor-
ylation sites did not inhibit PMA-mediated internalization,
suggesting that phosphorylation of these amino acids is not the
underlying reason for PKC-mediated internalization. There-
fore, other mechanism like dileucine- or tyrosine-based traf-
ficking motifs as well as adaptor proteins or atypical phosphor-
ylation sites might be involved in this process. Although it is a
prevailing assumption that phosphorylation is required for
PMA-induced internalization, several studies also demonstrate
PMA-activated PKC-mediated internalization of plasmamem-
brane proteins independent of putative phosphorylation sites
(25, 50).
Following internalization, OATP2B1 can either recycle back

to the plasmamembrane or undergo proteosomal or lysosomal
degradation. The observation that OATP2B1 colocalizes with
LAMP-2 and the total transporter expression decreases time
dependently suggests the latter pathway. This assumption
could be verified by Western blot analysis employing chloro-
quine, which inhibits lysosomal degradation by elevating
intralysosomal pH (38) and was able to prevent degradation of
OATP2B1. Degradation processes also explain that recovery of
OATP2B1-mediated transport inhibition by PKC modulation
required more than 10 h in washout experiments.
We further addressed the question, whether the internaliza-

tion of OATP2B1 is mediated by clathrin- or caveolae/lipid
raft-mediated processes, which both have been described in
intracellular retrieval of transport proteins like the dopamine
transporter DAT (51) or the norepinephrine transporter hNET
(52), respectively.
In our study, neither Cav1 knock-down nor inhibition of

caveolae/lipid raft-mediated endocytosis by filipin or nysta-
tin blocked the PMA-mediated alteration of OATP2B1
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localization. Interestingly, knock-down of CHC resulted in
an intracellular OATP2B1 accumulation independent from
PMA treatment, whereas the control plasmamembrane pro-
tein E-cadherin was not affected. As expected, the disturbed
plasma membrane expression of OATP2B1 resulted in
decreased transport function of the protein.
To circumvent the effects of the CHC knock-down on

OATP2B1 trafficking and sorting, we used a second approach
to inhibit clathrin-dependent endocytosis. Acidification of the
cytosol with acetic acid or incubationwith hypertonicmedium,
which prevent formation of the clathrin lattice at the plasma
membrane and inhibit internalization of a number of mem-
brane proteins (32, 39, 53, 54) almost completely abolished the
PMA-mediated retrieval of OATP2B1 from the plasma mem-
brane. Endocytosis of the transferrin receptor, which is a
marker for clathrin-mediated endocytosis, was also inhibited
under these conditions, but not by inhibitors of caveolin-medi-
ated processes as mentioned before.
The divergent results of CHC knock-down and chemical

interference are contradictory at first sight; however, clathrin-
coated vesicles are not only major carriers from the plasma
membrane but are also involved in trafficking of proteins from
the trans-Golgi network to the plasma membrane. A recent
study by Deborde et al. (55) highlighted the role of clathrin in
trafficking of basolateral proteins demonstrating that clathrin
heavy chain depletion in MDCK cells slows the exit of basolat-
eral proteins from the Golgi and leads to a missorting into api-
cal vesicles. Taken together, our data indicate that CHC is not
only involved in PKC-mediated internalization but also in gen-
eral trafficking of OATP2B1.
PKC activation has been described in response to various

stimuli and under numerous pathophysiological conditions.
For example, it has been shown that PKC isozymes are com-
monly dysregulated in prostate, breast, colon, pancreatic, liver,
and kidney cancer (reviewed in Ref. 56). This expression also
serves as a predictor of treatment outcome (57, 58). Taken into
account that OATP expression has been demonstrated in can-
cer (7, 8, 10, 59) and several anti-cancer drugs like irinotecan,
methotrexate, or paclitaxel are substrates of human OATPs
(reviewed in Ref. 9), modulation of transport activity by PKC
may affect the intracellular concentration of these substances
and hence treatment outcome.
Regulation of protein function by post-translational modifi-

cations may also be of special importance in platelets, because
these anucleated cells only have limited means to regulate pro-
tein expression on a transcriptional level. Indeed, it has been
shown that PKC is involved in key steps in platelet activation
and aggregation. Only recently, we detectedOATP2B1 in these
structures and could demonstrate the uptake of the OATP2B1
substrate atorvastatin (11).
The idea that PKC activation influences transport processes

is highlighted by a recent publication of Crocenzi et al. (60),
which investigated the influence of protein kinase C isoforms
on estradiol 17�-D-glucuronide (E2G)-induced acute cholesta-
sis. They demonstrated that E2G activates PKC� in primary
cultured rat hepatocytes and induces retrieval of Mrp2 and
Bsep from the apical membrane, which normally provide the
driving force for osmotic bile formation. E2G-induced decrease

in bile flow as well as altered localization of the transport pro-
teins could be prevented by PKC inhibition.
Furthermore, it has been shown that besides E2G, other ste-

roid hormones like DHEA are also able to activate PKC (61).
The sulfated metabolite of DHEA, DHEAS, serves as a major
precursor molecule for the production of estrogens in the pla-
centa. In contrast to the ovaries, which are able to generate
estrogens by direct transformation of cholesterol, the placenta
is highly dependent on uptake of precursor molecules from
fetal or maternal circulation due to the lack of CYP17, which
converts progesterone to DHEA (62). Recently, it has been
shown that DHEAS is a substrate of OATP2B1, and it has
been suggested by us and others that OATP2B1, which is
expressed in the basolateral membrane of the placenta, is
involved in uptake of this precursor molecule (29, 63).
Down-regulation of OATP2B1 transport by PKC-mediated
internalization as shown in the placenta employing an ex
vivo perfusion model could therefore serve as a negative
feedback mechanism limiting the uptake of precursors and
hence the production of estrogens.
Taken together, the present study provides information on a

new, rapid regulatory mechanism for human OATP-mediated
transport processes, which can influence physiological as well
as pharmacokinetic functions of this transport protein. Ex vivo
perfusion of human placenta suggests that our in vitro findings
also translate into biological systems.
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