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Fi6. 4. Inhibition of the transport of taurocholate by cyclosporin A. Various concentrations of cyclosporin A were added to the apical and basal compartment of
LLC-NTCP/BSEP (A and B). After 30 min, the inhibitory effects of cyclosporin A (closed circles) and an excess (500 uM) of taurocholate (open circle) on the
basai-to-apical transport of [*H]taurocholate (1 uM) for 1 h across LLC-NTCP/BSEP cell monolayers were studied (A). Apical efflux clearance PS3 of taurocholate was
calculated versus the intracellular concentration of taurocholate determined at the end of the experiments (B). The inhibitory effects of cyclosporin A (closed circles) and
an excess (500 uM) of taurccholate (open circle) on the uptake of [*Hltaurocholate (1 uM) for 1 min into LLC-NTCP cells were studied (C).

the uptake of taurocholate by rat Ntcp to 60% of the total uptake
(Fattinger et al., 2000). However, in this study, after incubation with
100 M rifampicin and rifamycin SV, the reduction in C,,,; was not
as much as 60%. An increase by rifampicin and only a slight decrease
by rifamycin SV were observed (Fig. 3). If we hypothesize there is no
species difference in the inhibitory effect of these drugs between
humans and rats, this result indicates that the inhibition of NTCP and
BSEP balanced each other.

Captopril and cimetidine are reported to cause cholestasis (Mohi-
ud-din and Lewis, 2004). However, their interactions with bile acid
transporters have not been reported [cimetidine does not have a
significant inhibitory effect on BSEP (Wang et al., 2003)], and other
pathways are postulated as a possible mechanism. Corresponding to
this, both captopril and cimetidine did not affect the transcellular
transport and C, of taurocholate at 100 uM (Fig. 3, A-C).

The inhibitory effect of cyclosporin A, an inhibitor of both NTCP
and BSEP, was also examined as well as the inhibition kinetics of the
transcellular transport when both the uptake and efflux processes are
affected (Fig. 4). The basal-to-apical transport clearance PS,_, was
inhibited with a K; value of 1.0 = 0.2 (uM). The efflux clearance PS3
was inhibited depending on the medium concentration of cyclosporin
A. Although estimation of the exact K; value is difficult, it appeared
to be close to the reported K; value for the inhibition of the uptake of
taurocholate into human BSEP-expressing membrane vesicles by cy-
closporin A (9.5 uM) (Byrne et al., 2002)

The question that we must consider here is to what extent inhibition
of the uptake and efflux process affects the net transcellular transport.
It was estimated that the X; value for the inhibitory effect of cyclo-
sporin A on the uptake of taurocholate into human NTCP-expressing
LLC-PK1 cells was 0.27 = 0.06 (uM) (Fig. 4). This value is similar
to the K; value for PS,, ,, which suggests that the inhibition of PS, ,
reflects the inhibition of the uptake process mediated by NTCP.
Although we do not know whether NTCP or BSEP is important for
the cyclosporin A-induced cholestasis in physiological situations, the
result of this study and the following aspects support the importance
of NTCP. The transcellular transport clearance can be expressed as the
hybrid of each transmembrane transport clearance as described under
Data Analysis: PS,,_, = PS1- PS3/(PS2 + PS3). If the efflux clearance
across the apical membrane, PS3, is far greater than that across the
basal membrane, PS2, PS , is nearly equal to PS1. Thus, inhibition of
the uptake process, PS1, can lead to inhibition of transcellular trans-
port more easily than inhibition of the efflux process, PS3. The effect
of inhibition of the uptake and/or efflux process on the net transcel-
lular transport is simulated in Fig. 5. The ratio of PS2:PS3 is substi-

tuted by the measured value in the isolated rat liver perfusion studies:
PS3, 69.2 £ 6.3 (ul/min/g liver); PS2, 8.4 = 0.6 (ul/min/g liver)
(Akita et al., 2002). If the efficacy of the inhibitory effect of the drug
is similar for the uptake and efflux processes, inhibition of uptake is
more effective than that of efflux as far as the net transcellular
transport is concerned.

BSEP has been extensively studied as a target molecule of drug-
induced cholestasis because it plays a role in the regulation of the
concentration of bile acids in hepatocytes. Inhibition of BSEP leads to
an intracellular accumulation of bile acids, resulting in cellular dam-
age because of their cytotoxic effects. However, there should be some
cases where the inhibition of NTCP plays a major role in drug-
induced cholestasis, considering the importance of the uptake process
in the overall transcellular transport of bile acids as described above.
Cyclosporin A-induced cholestasis may be one of those. The plasma
bile salt concentration was increased in rats after administration of 10
mg/kg cyclosporin A (Stone et al., 1987), indicating that cyclosporin
A inhibits the uptake of bile acids from the portal blood into hepato-
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Fic. 5. Simulation of the inhibitory effect of the uptake and/or efflux process on the
net basal-to-apical transport of bile taurocholate across hepatocytes. The basal-to-
apical clearance PS, , of taurocholate across hepatocytes was calculated in the cases
where the influx clearance, PS1, the efflux clearance, PS3, or both were affected by
the inhibitor under the following conditions. The K, values of PS1 and PS3 are =
30 uM and 6 uM, respectively, according to the reported K, values for rat Ntcp and
rat Bsep (Schroeder et al., 1998; Hagenbuch et al., 1991; Gerloff et al., 1998; Akita
etal, 2001). The unbound concentrations of taurocholate in the basal compartment
and the intracellular compartment are smaller than these X, values (fixed at 1 uM).
The inhibition constant X, for both the influx and efflux clearance is K, = 1 puM;
PS2:PS3 = 1:8.2; PS, , = PS1 - PS3/(PS2 + PS3), according to the equation under
Data Analysis. PS,, = PS1 - PS3/(PS2 + PS3). The ratio of PS1:PS2:PS3 is
substituted by the measured value (PS1:PS2:PS3 = 1.0:0.7:6.0) in the isolated rat
liver perfusion studies cited from Akita et al. (2002).
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cytes. Moreover, there was no change in liver histology in the cho-
lestasis caused by cyclosporin A (Kukongvirivapan and Stacey,
1991), suggesting that the cytotoxicity brought about by intracellular
bile acids here is not very severe. These facts indicate the importance
of the inhibition of NTCP, at least in the case of cyclosporin A-in-
duced cholestasis. .

In conclusion, LLC-NTCP/BSEP cells were used for the detection
of the inhibitory effect of drugs on NTCP and/or BSEP, although the
quantitative evaluation of the inhibitory effect on BSEP appears to be
difficult at the present time, compared with transport studies using
membrane vesicles. Furthermore, to predict the effect of drugs under
physiological conditions, we must consider the drug metabolites,
which sometimes significantly inhibit BSEP (Funk et al., 2001).
Because there is only a minor quantity of hepatic enzymes involved in
drug metabolism in LLC-PK1 cells (Gonzalez and Tarloff, 2004), the
inhibitory effects observed in this study are speculated to be those
produced by drugs in their unchanged forms. The additional expres-
sion of such enzymes and uptake transporters of drugs, such as
OATPI1B1 and OATP1B3, will provide a more useful tool for quan-
titative measurement of the inhibitory effect on BSEP.
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ABSTRACT:

Valsartan is a highly selective angiotensin Il AT1-receptor antago-
nist for the treatment of hypertension. Valsartan is mainly excreted
into the bile in unchanged form. Because valsartan has an anionic
carboxyl group, we hypothesized that a series of organic anion
transporters could be involved in its hepatic clearance. In this
study, to identify transporters that mediate the hepatic uptake and
biliary excretion of valsartan and estimate the contribution of each
transporter to the overall hepatic uptake and efflux, we character-
ized its transport using transporter-expressing systems, human
cryopreserved hepatocytes, and Mrp2-deficient Eisai hyperbiliru-
binemic rats (EHBRs). Valsartan was significantly taken up into
organic anion-transporting polypeptide (OATP) 1B1 (OATP2/OATP-
C)- and OATP1B3 {OATP8)-expressing HEK293 cells. We also ob-
served saturable uptake into human hepatocytes. Based on our
estimation, the relative contribution of OATP1B1 to the uptake of
valsartan in human hepatocytes depends on the batch, ranging

from 20 to 70%. Regarding efflux transporters, the ratio of basal-
to-apical transcellular transport of valsartan to that in the opposite
direction in OATP1B1/MRP2 (multidrug resistance-associated pro-
tein 2) double transfected cells was the highest among the three
kinds of double transfectants, OATP1B1/MRP2, OATP1B1/multi-
drug resistance 1, and OATP1B1/breast cancer resistance protein-
expressing MDCKII cells. We observed saturable ATP-dependent
transport into membrane vesicles expressing human MRP2. We
also found that the elimination of intravenously administered val-
sartan from plasma was markedly delayed, and the biliary excre-
tion was severely impaired in EHBR compared with normal
Sprague-Dawley rats. These results suggest that OATP1B1 and
OATP1B3 as the uptake transporters and MRP2 as the efflux trans-
porter are responsible for the efficient hepatobiliary transport of
valsartan.

Valsartan is an antihypertensive drug acting on angiotensin II AT1
receptors. It has been reported that approximately 70% of the total
clearance of valsartan is accounted for by hepatic clearance (Flesch et
al., 1997). Valsartan undergoes a minor degree of metabolism involv-
ing 4-hydroxylation, whereas 85% of orally administered valsartan is
excreted into feces in unchanged form (Waldmeier et al., 1997).
Considering that the bioavailability is approximately 40% and the
hepatic clearance is much less than the hepatic blood flow (Flesch et
al., 1997), most of the drug passing into the bile is in the unmetabo-
lized form. From these facts, valsartan is thought to be mainly ex-
creted into the bile in unchanged form. However, the molecular
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mechanism of the hepatobiliary transport of valsartan has not been
elucidated.

When valsartan is given orally to rats, the hepatic concentration is
about 7 to 10 times higher than the plasma concentration, suggesting
that valsartan is selectively distributed to the liver (interview form of
Diovan tablet). Because valsartan is a hydrophilic compound with a
log D value (pH = 7.0) of —0.34 and it has an anionic carboxy] group,
it should have difficulty in crossing the plasma membrane. Therefore,
a number of organic amion transporters could be involved in the
hepatic transport of valsartan.

The organic anion-transporting polypeptide (OATP) family trans-
porters play an important role in the transport of organic anions
(Hagenbuch and Meier, 2004). Among them, OATP1B1 (OATP-C/
OATP2) and OATP1B3 (OATP8) are thought to be responsible for
the hepatic uptake of several organic anions in humans because of
their selective expression in liver and broad substrate specificities
(Hagenbuch and Meier, 2004). They can also accept a variety of
clinically used drugs, such as 3-hydroxy-3-methylglutaryl CoA reduc-
tase inhibitors, rifampin, and methotrexate (Hsiang et al., 1999; Abe

ABBREVIATIONS: OATP, organic anion-transporting polypeptide; AUC, area under the plasma concentration-time curve; BCRP, breast cancer
resistance protein; CCK-8, cholecystokinin octapeptide; E;S, estrone-3-sulfate; E,178G, estradiol-178-glucuronide; EHBR, Eisai hyperbiliru-
binemic rat; MRP2, multidrug resistance-associated protein 2; MDR1, multidrug resistance 1; PS, permeability surface; SD, Sprague-Dawley; CL,

clearance.
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et al., 2001; Nakai et al., 2001; Vavricka et al., 2002; Shitara et al.,
2003a; Hirano et al., 2004). CATP2B1 (OATP-B) is also expressed in
the basolateral membrane of human liver. Its substrate specificity is
relatively narrow compared with OATP1B1 and 1B3, but some of the
OATP1B1 and OATP1B3 substrates can also be recognized by
OATP2B1 (Tamai et al.,, 2000, Kullak-Ublick et al., 2001). Con-
versely, multidrug resistance 1 (MDR1), multidrug resistance-associ-
ated protein 2 (MRP2), and breast cancer resistance protein (BCRP)
can be involved in the hepatic efflux transport of organic anions
(Chandra and Brouwer, 2004).

In general, the substrate specificity of each transporter is very broad
and it is often very similar to that of other transporters, suggesting that
a substrate can be recognized by multiple transporters. Now we can
use human cryopreserved hepatocytes for the evaluation of transport-
er-mediated uptake. Shitara et al. (2003a) have succeeded in clarifying
the importance of OATP1B1-mediated inhibition in the clinical drug-
drug interaction between cerivastatin and cyclosporin A from in vitro
experiments using human cryopreserved hepatocytes and transporter
expression systems.

Hirano et al. (2004) have recently published their methodology for
estimating the quantitative contribution of OATP1B1 and OATP1B3
to the hepatic uptake of compounds. In one of their approaches, they
calculated the ratio of the uptake clearance of transporter-selective
substrates in human cryopreserved hepalocytes to that in transporter-
expression syslems, and then estimated the hepatic uptake of test
compounds mediated by certain transporters by multiplying that ratio
by the clearance of the lest compounds in transporter-expressing cells.
We applied this method to the calculation of the contribution of
OATP1B1 and OATP1B3 to the human hepatic uptake. To check the
involvement of efflux transporters in the biliary excretion of com-
pounds, Matsushima et al. (2005) have shown that OATP1B1/MDRI1,
OATPIB1/MRP2, and OATP1B1/BCRP double transfectants can be
used for the rapid identification of anionic bisubstrates of OATP1B1
and each efflux transporter by measuring the vectorial transport of
substrates across each monolayer. If valsartan is a substrate of
OATP1BI, these cell lines should help us to identify which transport-
ers are involved in its biliary excretion in humans.

In this study, we analyzed the involvement and relative contribution
of OATP1B1 and OATPI1B3 to the hepatic uptake of valsartan using
human cryopreserved hepatocytes and transporter-expressing cells
and identified the transporters responsible for the biliary excretion of
valsartan using double transfectants and transporier-expressing vesi-
cles. We also checked the involvement of MRP2 in the pharmacoki-
netics of valsartan in vivo using Eisai hyperbilirubinemic rats
(EHBR), in which Mrp2 is deficient.

Materials and Methods

Materials. [PH]Valsartan (80.9 Ci/mmol) and unlabeled valsartan were
kindly donated by Novartis Pharma K.K. (Basel, Switzerland). [*H]Estradiol-
17B-glucuronide (E,178G) (45 Ci/mmol) and [*H]estrone-3-sulfate (46 Ci/
mimol) were purchased from PerkinElmer Life and Analytical Sciences (Bos-
ton, MA), and [*H]cholecystokinin octapeptide (CCK-8) (77 Ci/mmol) was
purchased from GE Healthcare Bio-Sciences (Buckinghamshire, UK). Unla-
beled E,178G, estrone-3-sulfate, and CCK-8 were purchased from Sigma-
Aldrich (St. Louis, MO). All other chemicals were of analytical grade and
conunercially available.

Cell Culture. Transporter-expressing or vector-transfected HEK293 cells
and MDCKII cells were grown in Dulbecco’s modified Eagle’s medium low
glucose (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum
(Sigma, St. Louis, MO), 100 U/ml penicillin, 100 ug/ml streptomycin, and
0.25 pg/ml amphotericin B at 37°C with 5% CO, and 95% humidity. LLC-
PK1 cells were cultured in Medium 199 (Invitrogen) supplemented with 10%
fetal bovine serum (Sigma), 100 U/ml penicillin, and 100 pg/ml streptomycin.
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Transport Study Using Transporter Expression Systems. Cells were
seeded in 12-well plates coated with poly-L-lysine/poly-L-ornithine at a density
of 1.5 X 10° cells/well 72 h before transport assay. For the transport study, the
cell culture medium was replaced with culture medium supplemented with 5
mM sodium butyrate 24 h before transport assay to induce the expression of
OATP1B1, OATPIB3, or OATP2B1.

The transport study was carried out as described previously (Hirano et al.,
2004, 2006). Uptake was initiated by adding Krebs-Henseleit buffer containing
radiolabeled and unlabeled substrates after cells had been washed twice and
preincubated with Krebs-Henseleit buffer at 37°C for 15 min. The Krebs-
Henseleit buffer consisted of 118 mM NaCl, 23.8 mM NaHCO;, 4.8 mM KCl,
1.0 mM KH,PO,, 1.2 mM MgSO,, 12.5 mM HEPES, 5.0 mM glucose, and 1.5
mM CaCl, adjusted to pH 7.4. The uptake was terminated at designated times
by adding ice-cold Krebs-Henseleit buffer after removal of the incubation
buffer. Then, cells were washed twice with 1 ml of ice-cold Krebs-Henseleit
buffer, solubilized in 500 ul of 0.2 N NaOH, and kept overnight at 4°C.
Aliquots (500 pl) were transferred to scintillation vials after adding 250 pl of
0.4 N HCI. The radioactivity associated with the cells and incubation buffer
was measured in a liquid scintillation counter (L.S6000SE; Beckman Coulter,
Inc., Fullerton, CA) after adding 2 ml of scintillation fluid (Clear-sol I; Nacalai
Tesque, Kyoto, Japan) to the scintillation vials. The remaining 50 ul of cell
lysate was used to determine the protein concentration by the method of Lowry
et al. (1951) with bovine serum albumin as a standard.

Transport Stndy Using Homan Cryopreserved Hepatocytes. This ex-
periment was performed as described previously (Hirano et al., 2004). Cryo-
preserved human hepatocytes were purchased from In Vitro Technologies
(Baltimore, MD) (lot 094 and OCF) and from the Rescarch Institute for Liver
Disease (Shanghai, China) (lot 03-013). Immediately before the study, the
hepatocytes (1-mi suspension) were thawed at 37°C, then quickly suspended in
10 ml of ice-cold Krebs-Henseleit buffer and centrifuged (50g) for 2 min at
4°C, followed by removal of the supernatant. This procedure was repeated
once more to remove cryopreservation buffer, and then the cells were resus-
pended in the same buffer to give a cell density of 1.0 X 10° viable cells/ml
for the uptake study. The number of viable cells was determined by trypan blue
staining. Before the uptake studies, the cell suspensions were prewarmed in an
incubator at 37°C for 3 min. The uptake studics were initiated by adding an
equal volume of buffer containing labeled and unlabeled substrates to the cell
suspension. After incubation at 37°C for 0.5, 2, or 5 min, the reaction was
terminated by separating the cells from the substrate solution. For this purpose,
an aliquot of 80-pl incubation mixture was collected and placed in a centrifuge
tube (450 ul) containing 50 wpl of 2 N NaOH under a layer of 100 ul of oil
(density, 1.015; a mixture of silicone oil and mineral oil; Sigma-Aldrich), and
subsequently, the sample tube was centrifuged for 10 s using a tabletop
centrifuge (10,000g; Beckman Microfuge E; Beckman Coulter, Inc.). During
this process, hepatocytes passed through the oil layer into the alkaline solution.
After an overnight incubation in alkali to dissolve the hepatocytes, the centri-
fuge tube was cut and each compartment was transferred to a scintillation vial.
The compartment containing the dissolved cells was neutralized with 50 ul of
2 N HCI and mixed with scintillation cocktail, and the radioactivity was
measured in a liquid scintillation counter.

Transcellular Transport Study Using Double Transfected Cells. The
protocol has been described in detail previously (Matsushima et al,, 2005). In
brief, transfected MDCKII cells were seeded in a Transwell membrane insert
(6.5-mm diameter, 0.4-um pore size; Coming Costar, Cambridge, MA) at a
density of 1.4 X 10° cells per well 96 h before the transport study. Among a
series of cell lines we used in this experiment, human MDRI1, MRP2, and
OATPI1B1 were stably transfected into MDCKII cells as shown previously
(Evers et al.,, 1998; Matsushima et al., 2005). Human BCRP c¢cDNA was
transduced into MDCKII cells by the infection of recombinant adenovirus 48 h
before the transport study. The cell culture medium was replaced with culture
medium supplemented with 5 mM sodium butyrate 24 h before the transport
assay. For uptake studies, cells were washed three times and preincubated with
Krebs-Henseleit buffer. The experiment was initiated by replacing the medium
at either the apical or the basal side of the cell layer with complete medium
containing *H-labeled and unlabeled valsartan or E;178G (0.1 uM). The cells
were incubated at 37°C and aliquots of medium were taken from each com-
partment at several time points. Radioactivity in 100 ul of medium was
measured in a liquid scintillation counter after addition of 2 ml of scintillation
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fluid. At the end of the experiments, the cells were washed three times with 1.5
ml of ice-cold Krebs-Henseleit buffer and solubilized in 500 ul of 0.2 N
NaOH. After addition of 100 ul of 1 N HCI, 400-u1 aliquots were transferred
to scintillation vials. Then, 50-ul aliquots of cell lysate were used to determine
protein concentrations by the method of Lowry et al. (1951) with bovine serum
albumin as a standard.

Vesicle Transport Assay. The preparation procedure of the membrane
vesicles expressing human MRP2 was described previously (Hirouchi et al.,
2004). The transport medium (10 mM Tris, 250 mM sucrose, and 10 mM
MgCl,, pH 7.4) contained the labeled and unlabeled valsartan, 5 mM ATP, and
an ATP-regenerating system (10 mM creatine phosphate and 100 ug/ul
creatine phosphokinase). An aliquot of transport medium (15 ul) was mixed
rapidly with the vesicle suspension (5 ug of protein in 5 ul). The transport
reaction was stopped by the addition of 1 ml of ice-cold buffer containing 250
mM sucrose, 0.1 M NaCl, and 10 mM Tris-HCI buffer (pH 7.4). The stopped
reaction mixture was passed through a 0.45-um HA filter (Millipore Corp.,
Billerica, MA) and then washed twice with 5 ml of stop solution. The
radioactivity retained on the filter was measured in a liquid scintillation
counter after the addition of scintillation cocktail. Ligand uptake was normal-
ized in terms of the amount of membrane protein.

In Vivo Pharmacokinetic Study. Male Sprague-Dawley (SD) rats and
EHBRs (7-8 weeks old) were purchased from Nippon SLC (Shizuoka, Japan).
All animals were maintained under standard conditions with a reverse dark-
light cycle and were treated humanely. Food and water were available ad
libitum. This study was carried out in accordance with the guidelines provided
by the Institutional Animal Care Committee (Graduate School of Pharmaceu-
tical Sciences, The University of Tokyo, Tokyo, Japan). SD rats and EHBRs
were anesthetized by inhalation of diethyl ether. The abdomen was opened
with a midline incision and the common bile duct was cannulated with a
polyethylene tube (Becton Dickinson Primary Care Diagnostics, Sparks, MD).
The phosphate-buffered saline containing [*H]valsartan (8 pCi/ml) and unla-
beled valsartan (1 mg/ml) was injected into a femoral vein (1 ml/kg body
weight). Blood samples were collected from a femoral artery and bile samples
were collected in preweighed tubes at designated times. The total radioactivity
in plasma and bile samples was measured in a liquid scintillation counter.

Kinetic Analyses of Uptake Transporters. Ligand uptake was expressed
as the uptake volume [ul/mg protein], given as the amount of radiocactivity
associated with the cells [dpm/mg protein] divided by its concentration in the
incubation medium [dpm/ul]. Specific uptake was obtained by subtracting the
uptake into vector-transfected cells from the uptake into cDNA-transfected
cells. Kinetic parameters were obtained using the following equation:

Vmax'S
K.+ S

v = + Pyg+ S 0
where v is the uptake velocity of the substrate (pmol/min/mg protein), S is the
substrate concentration in the medium (uM), K, is the Michaelis constant
(uM), V., is the maximum uptake rate (pmol/min/mg protein), and P is the
nonsaturable uptake clearance (ul/min/mg protein). Fitting was performed by
the nonlinear least-squares method using a MULTI program (Yamaoka et al.,
1981), and the Damping Gauss-Newton Method algorithm was used for curve
fitting. The input data were weighted as the reciprocal of the observed values.
To determine the saturable hepatic uptake clearance in human hepatocytes, we
first determined the hepatic uptuke clearance (CLg g 0.5 miny) (l/min/10° cells)
by calculating the slope of the uptake volume (V,) (ul/10° cells) between 0.5 and
2 min (eq. 2). The saturable component of the hepatic uptake clearance (CLyep)
was determined by subtracting CL; 1,0, miny it the presence of 100 uM substrate
(excess) from that in the presence of 1 uM substrate (tracer quantity) (eq. 3).

Vd,2 min — Vd,D.S min

2-05 @

CLG min-0.5 mimy =

CLh:p = CL(z min—0.5 min)tracer CL(z min~0.5 min),cxcess (3)

where CLo minos mim, wacer @00 CLo minos min), excess TEPresent the
CL(; min-0.5 miny Values estimated in the presence of 1 and 100 uM substrate,
respectively.

Estimation of the Relative Contribution of Each Transporter to the
Hepatic Uptake. This method for estimating the contribution of OATP1B1
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Fie. 1. Time profiles of the uptake of valsartan by OATP1B1- and OATP1B3-
expressing HEK293 cells. Squares, triangles, and circles represent the uptake in
OATP1B1- and OATP1B3-expressing cells and vector-contro} cells, respectively.
Each point represents the mean + S.E. (2 = 3).

and OATPI1B3 to the overall hepatic uptake has been used previously (Hirano
et al,, 2004). In this analysis, estrone-3-sulfate and CCK-8 were chosen as
transporter-selective substrates of OATP1B1 and OATP1B3, respectively. The
ratio of the uptake clearance of the reference compounds in human hepatocytes
to that in the expression system was calculated and defined as R,., oarpis; and
R,... oateips. The uptake clearance mediated by OATP1B1 and OATP1B3
in human hepatocytes was separately calculated by multiplying the uptake
clearance of valsartan in transporter-expressing cells (CLoarpi), s and
CLoamiss, ws) DY Race, oaTpi1 304 Roer, oarpinss Tespectively, as described in
the following equations:

_ CLHcp.E1S
Ruc0atPinl = TP 4)
OATPIBLE:S
_ Clyep cok-s
Raet0aTPIBS = Clmmoime o &)
OATPIB3,CCK-8

CLhep,xesx.OATPlBl = CLOATPIB],(csl * Ry ,0aTPIBL (6)
CLhep.tcst,OATPlBS = CLoamm B3est " Ractoatrins )]

Kinetic Analyses of Efflux Transporters. The basal-to-apical transcellular
clearance (CL,,,,) Was calculated by dividing the steady-state efflux velocity
for the transcellular transport (V) by the ligand concentration in the
incubation buffer on the basal side, whereas the efflux clearance across the
apical membrane (PS,;;..,) in double transfected cells was obtained by dividing
Vipica by the intracellular concentration of ligand at 120 min. In the vesicle
transport assay, ATP-dependent transporter-specific uptake was calculated by
subtracting the uptake in the presence of AMP from that in the presence of
ATP. The saturation kinetics of CL,. PS,jicq, and ATP-dependent uptake
into vesicles were calculated using eq. 1 by the curve-fitting procedure de-
scribed above.

Pharmacokinetic Analysis. The plasma concentration-time profile was
fitted to a biexponential equation and the AUC, ., was estimated by integration
up to infinity. The initial distribution volume (V) was calculated by dividing
the dose by the initial plasma concentration estimated from the fitted bi-
exponential equation. The plasma clearance (CL,) was calculated as Dose/
AUC, ... The biliary clearance (CL,;,) was calculated as the ratio of the
cumulative excreted amount in bile over 120 min to the AUC over 120 min
(AUC

0-120 mm)

Results

Uptake of Valsartan by OATP Transporter-Expressing Cells.
Valsartan was significantly taken up into OATP1B1- and OATP1B3-
expressing HEK293 cells compared with vector-transfected cells in a
time-dependent manner (Fig. 1). The saturation kinetics of valsartan
by OATP1B1- and OATP1B3-expressing cells and vector-transfected
HEK293 was evaluated by the uptake for 5 min, over which time the
uptake of valsartan remained linear, and shown as Eadie-Hofstee plots
(Fig. 2). The concentration dependence of the uptake of valsartan
could be explained by a one-saturable and one-nonsaturable compo-
nent. Their kinetic parameters are sumnmarized in Table 1. In contrast,
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Fi6. 2. Eadie-Hofstee plots of the uptake of valsartan by OATPIBI- and
OATP1B3-expressing HEK293 cells. The concentration dependence of OATP1B1
(a)- and OATP1B3 (b)-mediated uptake of valsartan is shown as Eadie-Hofstee
plots. The uptake of valsartan for 5 min was determined at various concentrations
(0.1-300 pM). Each point represents the mean = S.E. (n = 3).

TABLE 1

Kinetic paramelters of the uptake of valsartan by OATP1BI- and OATPIB3-
expressing HEK293 cells
Data shown in Fig. 2 were used to determine these parameters calculated by nonlinear

regression analysis as described under Materials and Methods. Each parameter represents the
mean * computer-calculated S$.D.

K, Vs Pt

M pmol/min/mg protein ml/min/img protein
OATP1BI1 139 £0.24 3.85 £ 0.46 0.747 = 0.022
OATP1B3 182*59 135 £ 40 0.680 + 0.223

valsartan was not significantly transported in OATP2B1-expressing
HEK293 cells [0.627 = 0.092 ul/min/mg protein (OATP2B1-ex-
pressing HEK?293 cells) versus 0.552 * 0.081 pl/min/mg protein
(vector-control cells); mean = S.E.].

Uptake of Estrone-3-Sulfate, CCK-8, and Valsartan by Human
Cryopreserved Hepatocytes. Typical time profiles of the uptake of
estrone-3-sulfate, CCK-8, and valsartan in one batch of human hepa-
tocytes (lot OCF) are shown in Fig. 3. The uptake of labeled valsartan
by human hepalocytes was inhibited by unlabeled 100 uM valsartan
in a concentration-dependent manner (Fig. 4). Time-dependent uptake
of all ligands was observed at 1 uM, and this was reduced in the
presence of 100 uM unlabeled ligands in all batches of hepatocytes
examined in the present study (data not shown). The uptake clearance
of these substrates in each baich is listed in Table 2. Based on the data
in Table 2, following the method for estimating the contribution of
OATPIBI1 and OATPIB3 to the overall hepatic uptake described
previously (Hirano et al., 2004), we calculated the estimated clearance
of valsartan mediated by OATP1B1 and OATP1B3 and the quantita-
tive contribution of these transporters to the hepatic uptake in three

batches of human hepatocytes. Our estimation indicated that the-

relative contribution of OATP1IB1 and OATPIB3 depends on
the batch of human hepatocytes, ranging from 20% to 70% (as the
contribution of OATPIB1) (Table 3).

Transcellular Transport of Valsartan across MDCKII Mono-
layers. To identify the efflux transporters involved in the biliary
excretion of valsartan, we investigated the transcellular transport of
valsartan across the MDCKII monolayers expressing uptake and
efflux transporters. We could not see any significant vectorial trans-
cellular transport of valsartan in single transfected MDCKII cells
expressing OATP1B1, MDR1, MRP2, and BCRP, and vector-trans-
fected control cells. In contrast, as shown in Fig. 5, the basal-to-apical
transcellular transport of valsartan in OATP1B1/MRP2 double trans-
fected cells was the largest among three kinds of double transfectants,
OATP1BI/MRP2, OATP1B1/MDR1, and OATP1B1/BCRP. In par-
allel, we also checked the transcellular transport of E,178G, whose
basal-to-apical transport was reported to be observed in three kinds of
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Fi1G. 3. Typical time profiles of the uptake of estrone-3-sulfate, CCK-8, and val-
sartan by human hepatocytes (lot OCF). The uptake of estrone-3-sulfate (a), CCK-8
(b), and valsartan (c) for 0.5, 2, and 5 min was determined at two concentrations
(squares, 1 pM; triangles, 100 uM) at 37°C. Each point represents the mean = S.E.
(n=13).

125
100 8.

2
< o

% of control

P
L]

<

10 100

valsarian congentration {uhi}

Fi. 4. Concentration dependence of uptake of valsartan by human hepatocytes.
The uptake of valsartan for 0.5 and 2 min was determined at three concentrations (1,
10, and 100 puM) at 37°C. The uptuke clearance was obtained by subtracting the
uptake at 0.5 min from that at 2 min, and the uptake clearance at 1 uM valsartan is
defined as 100%. Circles, squares, and triangles represent the uptake in lots OCF,
03-013, and 094, respectively. Each point represents the mean = SE. (n = 3).

TABLE 2

Uptake clearance of reference compounds (E,S and CCK-8) and valsartan in
expression systems and human hepatocytes

Transporter-Expressing Cells Human Hepatocytes

CLoATPIBI CLoaTPIBS OCF 094 03-013
ul/min/mg protein wl/min/10° cells
E;S 84.6 93.0 98.7 452
CCK-8 10.3 17.7 71.6 3.65
valsartan 1.56 0.96 3.55 17.1 6.15

double transfectants we tested (Fig. 5, a~c). The basal-to-apical trans-
port of E,17BG was 36, 8.9, and 6.1 times larger than that in the
opposite direction in OATP1BI/MRP2, OATP1BI/MDR1, and
OATP1B1/BCRP double transfectants, respectively, which is almost
comparable to the previous results (Matsushima et al., 2005). Then,
we studied the concentration dependence of the transcellular transport
of valsartan in OATP1B1/MRP2-expressing cells (Fig. 6a), and the
efflux clearance across the apical membrane (PS,;.,) was determined
by measuring the cellular accumulation of valsartan at 120 min (Fig.
6b). The K value of transcellular transport of valsartan (27.5 pM)
was smaller than that for PSS, (99.0 uM) (Table. 4).
ATP-Dependent Uptake of Valsartan in Human MRP2-Ex-
pressing Membrane Vesicles. To confirm that valsartan is a substrate
of human MRP2, the time-dependent uptake of [*H]valsartan by
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TABLE 3

Contribution of CATP1BI and OATPI1B3 to the hepatic uptake of valsartan in
each batch of human hepatocytes

In the column 'Estimated Clearance of Valsartan,’ the lower row shows the percentage of
OATP1Bl- or OATPIB3-mediated uptake clearance relative to the sum of the estimated
clearance mediated by OATPIB1 and OATP1B3. The details of this estimation are described
under Materials and Methods.

Ratio of Uptake Clearance Estimated Clearance of
CL

Lot 'CLransporter Valsartan
Racoatpis R.contpiB3 OATP1B1 OATP1B3
pulhmin/10° cells

OCF 1.10 1.72 1.72 1.65
51.0% 49.0%

094 1.17 6.95 1.83 6.67
21.5% 78.5%

03-013 0.53 0.35 0.827 0.336
71.1% 28.9%

membrane vesicles prepared from MRP2-expressing LLC-PK1 cells
was examined. [*H]Valsartan was significantly taken up into the
membrane vesicles expressing MRP2 in an ATP-dependent manner
(Fig. 7a), and this uptake could be saturated with K, V..., and P,
values of 30.4 = 17.7 uM, 895 * 578 pmol/min/mg protein, and
8.88 = 3.05 ul/min/mg protein, respectively.

Pharmacokinetics of Valsartan in SD Rats and EHBRs. After
i.v. administration of 1 mg of valsartan per kg of body weight, we
compared the plasma concentration and the biliary excretion of val-
sartan in SD rats and EHBRs. The plasma concentration was signif-
icantly higher in EHBRs compared with SD rats (Fig. 8a). After 2 h,
70% of the total radioactivity injected was excreted into bile in SD
rats, whereas in EHBRs, only 15% was excreted (Fig. 8b). The
pharmacokinetic parameters of valsartan after i.v. administration in
SD rats and EHBRs are summarized in Table. 5. The plasma AUC,

a OATP1B1/MDRA1

b OATP1B1/MRP2
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TABLE 4

Kinetic parameters of the transcellular transport of vaisartan in
OATPI1BI/MRP2 double transfectant

Data shown in Fig. 6 were used to determine these parameters calculated by nonlinear
regression analysis as described under Materials and Methods. Each parameter represents the
mean * computer-calculated §.D.

wM pmol g protein I/minfmg protein
Transcellular transport ~ 27.5 = 4.1 164 = 24 0.937 £ 0.123
PS il 99.0 £51.1 461 =275 0.120 = 0.610

of EHBRs was 17 times higher than that of SD rats, and the total body
plasma clearance and biliary clearance were markedly decreased in
EHBRs to 6% and 2% of control SD rats, respectively.

Discussion

In humans, valsartan is mainly excreted into bile, mostly in the
unchanged form without any significant metabolism (Waldmeier et
al., 1997). Considering this physicochemical property, we hypothe-
sized that a series of transporters of organic anions could be involved
in the hepatic transport of valsartan. Therefore, in this study, we
identified transporters that mediate the hepatic uptake and biliary
excretion of valsartan in humans.

First, we performed uptake experiments using OATPIB1 and
OATPI1B3 expression systems. These transporters are thought to be
important for the transport of organic anions in human liver because
they are selectively expressed in the liver and can accept a wide
variety of compounds. We found that valsartan can be taken up via
both OATP1B1 and OATP1B3. In contrast, no significant uptake of
valsartan was observed in OATP2B1-expressing cells compared with
vector-transfected control cells, suggesting that the contribution of

¢ OATP1B1/BCRP
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Fi6. 5. Time profiles of the transcellular transport of valsartan across MDCKII monolayers expressing transporters. Transcellular transport of valsartan (0.1 uM) across
MDCKII monolayers expressing OATP1B1/MDRI1 (a), OATPIBI/MRP2 (b), and OATP1BI1/BCRP (c) was observed. Open circles and closed circles represent the
transcellular transport in the apical-to-basal and basal-to-apical directions, respectively. Each point represents the mean * S.E. (n = 3).
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FiG. 6. Concentration dependence of the transcellular clearance (a) and intrinsic clearance across the apical membrane (b) in OATP1B 1/MRP2-expressing MDCKII cells.
The transcellular transport of valsartan across OATP1B1/MRP2 MDCKII monolayer was observed for 2 h at 37°C (a). The intrinsic clearance for the transport of valsartan
across the apical membrane (PS,;.q) Was determined by dividing the transcellular transport velocity of valsartan determined over 2 h by the cellular concentration
determined at the end of the experiments (2 h) (b). Triangles and squares represent the transcellular transport across OATP1B1/MRP2 double transfectants and
vector-transfected control cells, respectively. Each point represents the mean = SE. (n = 3).
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FiG. 7. The ATP-dependent transport of valsartan in MRP2-expressing LLC-PK1 cells. Time profiles for the uptake of valsartan were measured in isolated membrane
vesicles prepared from LLC-PK1 cells expressing MRP2 (a). Membrane vesicles were incubated at 37°C with valsartan (0.1 uM) in the medium in the presence of ATP
(closed symbols) or AMP (open symbols) for designated periods (0.5, 1, 2, 5, or 10 min). Squares and circles represent the uptake of membrane vesicles expressing MRP2
and control vesicles infected only with adenovirus containing tetracycline-responsive transcriptional activator, respectively. The concentration dependence of MRP2-
mediated uptake of valsartan is shown as Eadie-Hofstee plots (b). The uptake of valsartan for 2 min was determined at various concentrations (0.3-300 wM). Each point

represents the mean * SE. (n = 3).

.. @ T

£ 100 g

£ 40 g é

g o o % :

2 o1k, 30

S 'K%\"“‘\',} ..... " . g

£ 0.1 - 20

g 56 400 150 150

Time {min)

Fic. 8. Biliary elimination of valsartan in male SD rats and EHBRs. Rats were
injected with valsartan (1 mg/kg body weight dissolved in phosphate-buffered
saline) into a femoral vein after cannulation of the bile duct. The time profiles of the
plasma concentration (a) and cumulative biliary excretion (b) of valsartan in SD rats
{open circles) and EHBRs (closed circles) are shown. Each point represents the
mean = S.E. (n = 3).

OATP2BI1 is negligible as far as hepatic uptake is concerned. To
understand the relative importance of OATP1B1 and OATP1B3 in the
hepatic uptake of valsartan, we cannot easily compare the uptake
clearance of OATP1B1 and OATP1B3 in transporter expression sys-
tems because the relative expression level of OATPIB1 and
OATPI1B3 is different in human hepalocytes and expression systems.
To overcome this problem, Hirano et al. (2004) established a meth-
odology for estimating the contribution of OATP1B1 and OATP1B3
to the hepatic uptake of compounds. We used the approach called the
relative activity factor (RAF) method (Hirano et al., 2004), in which
we use transporter-specific ligands (estrone-3-sulfate for OATP1BI,
CCK-8 for OATP1B3). To determine the contribution of transporters,
we used three different batches of human hepatocytes prepared from
independent donors because Shitara et al. (2003b) reported that there
were large interbatch differences in uptake activity in human cryo-
preserved hepatocytes. Valsartan was taken up by all batches of
human hepatocytes in a saturable manner. In the presence of 100 uM
valsartan, the time course of the uptake of valsartan was almost flat for
5 min, whereas the uptake of 1 uM valsartan was clearly observed by
2 min, indicating that 100 uM valsartan is enough to saturate the
transporter-mediated uptake. This is consistent with our results show-
ing that the K values of OATP1B1 and OATP1B3 were much lower
than 100 uM. We observed the self-saturation of the uptake of
valsartan in human hepatocytes at three concentrations (1, 10, and 100
M), and the uptake clearance at 10 uM was decreased to half of that
at 1 uM (Fig. 4).

According to the manufacturer’s interview form, the maximum
plasma concentration (C_,,,) and AUC are directly proportional to the
dose in Japanese healthy male subjects. After oral administration of

160 mg of valsartan, the C,, is 12 M and the plasma unbound
fraction is 5 to 7% (Colussi et al., 1997), indicating that the unbound
plasma concentration of valsartan is 0.60 to 0.84 uM. This value is
lower than the K, values obtained from OATP-expressing systems
and human hepatocytes. This is consistent with the fact that valsartan
exhibits linear pharmacokinetics over the clinical dose range. The
absolute value of the uptake clearance of reference compounds in each
batch of hepatocytes was different from the reported values (Hirano et
al., 2004). We have sometimes experienced that the viability of the
hepatocytes and the uplake clearance of compounds are different
between the individual tubes even when they are prepared from the
same human liver. To overcome this problem, we always check the
uptake clearance of reference compounds such as E,178G in parallel
with the test compounds and the relative values of the uptake clear-
ance of reference compounds and test compounds can be discussed.

Regarding the contribution of OATP1B1 and OATPIB3 to the
hepatic uptake of valsartan, our results indicate that both OATP1B1
and OATP1B3 are involved in the uptake of valsartan in human
hepatocytes, although the estimated contribution of each batch of
hepatocytes was different (Table. 3). Previous reports suggest that
pitavastatin, a novel 3-hydroxy-3-methylglutaryl CoA reductase in-
hibitor, and estradiol-178-glucuronide, a typical substrate of both
OATP1B1 and OATPIB3, are taken up into hepatocytes predomi-
nantly via OATP1B1 (Hirano et al., 2004), whereas the hepatic uptake
of fexofenadine, an H,-receptor antagonist, is thought to be mainly via
OATP1B3 rather than OATP1B1 (Shimizu et al., 2005). Therefore,
although OATPIB1 is generally believed to be responsible for the
hepatic uptake of several kinds of drugs, we think that the relative
importance of OATP1B1 and OATP1B3 depends on the drugs them-
selves, and this estimation method is useful for predicting their con-
tribution to hepatic clearance. Very recently, we found that telmisar-
tan is recognized exclusively by OATPIB3, and not OATPIB1
(Ishiguro et al., 2006). So, even within the same category of drugs, the
relative contribution of OATP1B1 and OATP1B3 is different. This
might result in differences in the pharmacokinetics and subsequent
pharmacological effects when the function of certain transporters is
changed by a variety of conditions, such as genetic polymorphism
(e.g., OATP1B1*15) (Nishizato et al., 2003). Therefore, we think that
it is important to evaluate the contribution of each transporter to the
hepatic elimination of drugs because we can then estimate the change
in the overall hepatic clearance quantitatively when the expression
level and/or transport function of certain transporters is changed by
pathophysiological conditions, single-nucleotide polymorphisms, and
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TABLE 5

Summary for the pharmacokinetic parameters of valsartan in SD rats and EHBRs

Pharmacokinetic parameters are expressed as mean + SE. (n = 3).

AUCpe Vi CLy Coné:l:’nefaﬁon Claie
g - min/ml mifkg mifmintkg ng/g liver mi/minfkg
SD rat 589 +9.1 763 +7.0 17.8+25 141 £0.22 125+1.0
EHBR 991 £ 32%* 49.0 = 0.8* 1.01 £ 0.03%* 3.45 £ 0.19%* 0.283 = 0.010%*

* P <005, *P < 0.0L

transporter-mediated drug-drug interactions. This kind of information
may make it possible to predict the pharmacokinetics and subsequent
pharmacological effects and side effects of drugs under certain con-
ditions.

Next, to identify which transporters are involved in the biliary
elimination of valsartan, we investigated the transcellular transport of
valsartan in MDCKII cells coexpressing OATP1B1/MDRI,
OATPIB1I/MRP2, and OATPIB1/BCRP. As a result, the basal-to-
apical transcellular transport of valsartan in OATP1B1/MRP2 double
transfectant was the largest among three kinds of double transfected
cells, whereas that in OATPIBI/MDRI1 transfectant was slightly
observed, and any significant transport could not be observed in
OATP1B1/BCRP transfectant (Fig. 5). In parallel, we observed
significant vectorial transport of estradiol-178-glucuronide in
OATP1B1/MDRI1, OATPIB1/MRP2, and OATP1B1/BCRP double
transfected cells at the same level as in a previous report (Matsushima
et al., 2005). The ratio of the basal-to-apical transport to that in the
opposite direction in OATP1B1/MRP2 cells was the highest among
these double transfeclants in the case of estradiol-178-glucuronide
and pravastatin (Matsushima et al., 2005), which were reported to be
excreted mainly via MRP2, judged from the impairment of the biliary
excretion in EHBR, an Mrp2-deficient rat (Yamazaki et al., 1997;
Morikawa et al., 2000). These results suggest that valsartan is also
mainly excreted by MRP2. We observed the saturation of transcellular
transport in OATP1B1/MRP2 double transfectants with a K, value of
27.5 uM (Fig. 6a; Table. 4). This K, value is smaller than that of the
efflux transport across the apical membrane (PS,;.,1) (99.0 uM) (Fig.
6b; Table. 4). From a kinetic viewpoint, if the intrinsic efflux clear-
ance across the apical membrane, on which efflux transporters are
over-expressed in MDCKII cells, is larger than that across the basal
membrane, the transcellular clearance is almost equal to the uptake
clearance. Therefore, the K, value of transcellular transport repre-
sents that of OATPIB1-mediated uptake clearance. From our results,
the K., value of transcellular transport was greater than that of uptake
by OATP1B1 in HEK293 cells. This discrepancy may be due to the
fact that the host cells are different or the uptake process is not a
rate-limiting step for the transcellular transport of valsartan. We also
checked the ATP-dependent uptake of valsartan in MRP2-expressing
membrane vesicles and found time-dependent saturable uptake (Fig.
7). The K, value obtained from membrane vesicles is smaller than
that of PS,,; in OATPIBI/MRP2 double transfectants. This is
reasonable because we did not estimate the unbound intracellular
concentration of valsartan in double transfectants, and the K value
normalized by the unbound concentration should be lower than the
current value.

In addition, we examined the biliary excretion of intravenously
administered valsartan in SD rats and EHBRs, in which the MRP2
expression is hereditarily defective. The elimination of valsartan from
blood was drastically delayed in EHBRs compared with SD rats, and
the biliary excretion clearance in EHBRs was 44 times lower than that
in 8D rats (Fig. 8), indicating that MRP2 is responsible for the biliary

excretion of valsartan, at least in rats. The contribution of transporters
might show a species difference. However, taking the results of the
transcellular transport in double transfected cells and the ATP-depen-
dent uptake in MRP2-expressing membrane vesicles into consider-
ation, it appears that MRP2 also plays an important role in the biliary
excretion in humans.

Further investigations will be required to determine the contribution
of efflux transporters to the overall biliary excretion in humans by
quantitative comparison of the relative expression levels of each
transporter in double transfectants and human liver samples. Informa-
tion about the contribution of each transporter to hepatic drug trans-
port will be provided by clinical studies investigating the effect of
genetic polymorphisms in certain transporters on the pharmacokinet-
ics of different drugs.

In conclusion, we bave demonstrated that both OATP1B1 and
OATP1B3 are responsible transporters for the hepatic uptake of
valsartan, and the efflux clearance of valsartan is mainly via MRP2.
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ABSTRACT

Human organic anion transporter 3 (hOAT3/SLC22A8) is pre-
dominantly expressed in the proximal tubules of the kidney and
plays a major role in the urinary excretion of a variety of organic
anions. The promoter region of hOAT3 was characterized to
elucidate the mechanism underlying the tissue-specific expres-
sion of hOAT3. The minimal promoter of hOAT3 was identified
to be located approximately 300 base pairs upstream of the
transcriptional start site, where there are canonical TATA and
hepatocyte nuclear factor (HNF1) binding motifs, which are
conserved in the rodent Oat3 genes. Transactivation assays
revealed that HNF1a and HNF18 markedly increased hOAT3
promoter activity, where the transactivation potency of HNF1
was lower than that of HNF1a. Mutations in the HNF1 binding
motif prevented the transactivation. Electrophoretic mobility
shift assays demonstrated binding of the HNF1a/HNF1a ho-

modimer or HNF1a/HNF18 heterodimer to the hOAT3 pro-
moter. It was also demonstrated that the promoter activity of
hOATS3 is repressed by DNA methylation. Moreover, the ex-
pression of hOAT3 was activated de novo by forced expression
of HNF1a alone or both HNF1a and HNF18 together with the
concomitant DNA demethylation in human embryonic kidney
293 cells that lack expression of endogenous HNF1a and
HNF18, whereas forced expression of HNF18 alone could not
activate the expression of hOAT3. This suggests a synergistic
action of the HNF1a/HNF1a homodimer or HNF1«/HNF18 het-
erodimer and DNA demethylation for the constitutive expres-
sion of hOAT3. These resuilts indicate that the tissue-specific
expression of hOAT3 might be regulated by the concerted
effect of genetic (HNF1a and HNF18) and epigenetic (DNA
methylation) factors.

Tubular secretion plays a significant role in the urinary
excretion of many compounds together with filtration in the
glomeruli. Camulative evidence suggests that organic anion
transporter 1 (OAT1/SLC22A6) and organic anijon trans-
porter 3 (OAT3/SLC22A8) are predominantly involved in the
tubular secretion of anionic drugs and drug metabolites as
well as endobiotics at the basolateral membrane of the kid-
ney proximal tubules (Van Aubel et al., 2000; Hasegawa et
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al., 2002, 2003; Robertson and Rankin, 2005; Sekine et al.,
2006). Generation of Oatl and Oat3 null mice confirmed an
essential role for these transporters in the renal transport
(Sweet et al., 2002; Eraly et al., 2008). In contrast to the
functional characterization of these transporters, the regula-
tory mechanism of the basal expression of OAT1 and OAT3
remains to be elucidated.

In the present study, we focused on hepatocyte nuclear
factor 1 (HNF1), consisting of two isoforms, HNFla and
HNF1B, as a key regulator of OATS expression. HNF1 is a
homeodomain-containing factor that is expressed in the epi-
thelia of a variety of organs, including liver, kidney, intes-
tine, stomach, and pancreas (Blumenfeld et al., 1991; Mendel
and Crabtree, 1991; Tronche and Yaniv, 1992). In the kidney,
expression of HNF1a is confined to the proximal tubules,

ABBREVIATIONS: OAT, organic anion transporter; HNF1, hepatocyte nuclear factor 1; h, human; PCR, polymerase chain reaction; m, mouse;
EMSA, electrophoretic mobility shift assay; HEK, human embryonic kidney; DTT, dithiothreitol; 5azadC, 5-aza-2'-deoxycytidine; wt, wild-type
HNF1 sequence; per, perfect consensus sequence; mut, mutated consensus sequence; RT, reverse transcription; GAPDH, glyceraldshyde-3-
phosphate dehydrogenase; TBS-T, Tris-buffered saline/0.05% Tween 20; nt, nucleotide(s).
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whereas that of HNF18 is observed along the tubular epithe-
lial cells throughout the entire nephron (Lazzaro et al., 1992;
Pontoglio et al., 1996). HNF1 is functionally composed of
three domains: an N-terminal dimerization domain, a ho-
meobox-like DNA-binding domain, and a C-terminal trans-
activation domain. Both the dimerization domain and the
DNA-binding domain of HNFla and HNF18 show high ho-
mologies, enabling them to form heterodimers as well as
homodimers and to recognize the same DNA sequences (Men-
del et al., 1991). In contrast, their transactivation domains
are more divergent, and HNF1a is a more potent transacti-
vator than HNF18 (Rey-Campos et al., 1991).

HNF1ais involved in the regulation of a number of hepatic
genes, including albumin, al-antitrypsin, and «- and B-fi-
brinogen (Mendel and Crabtree, 1991; Tronche and Yaniv,
1992), and also some of the transporters expressed predom-
inantly in liver (Jung et al., 2001; Shih et al., 2001). The
importance of HNF1a in kidney proximal tubules has become
apparent after studies using two lines of HNF1la-null mice as
well as conventional in vitro studies (Pontoglio et al., 1996;
Lee et al., 1998). One line of HNFla-null mice suffers from
renal Fanconi syndrome, a defect in renal proximal tubule
reabsorption, leading to glucosuria, aminoaciduria, phospha-
turia, and polyuria. Indeed, HNF1a plays an essential role in
the expression of sodium glucose cotransporter 2 and sodium/
phosphate cotransporter 1, which are involved in the reab-
sorption of filtered glucose and phosphate from the urine,
respectively (Pontoglio et al., 2000; Cheret et al., 2002).

In contrast to HNF1q, the role of HNF18 in adult animals
remains unclear, because the homologous inactivation of the
HNF183 gene results in embryonic lethality at embryonic day
7.5 as a result of a defect in visceral endoderm differentiation
(Barbacci et al., 1999; Coffinier et al., 1999). However, more
recently, HNF18 was shown to be essential for the formation
of a functional bile duct system and several hepatic metabolic
functions, by means of the conditional gene-targeting tech-
nique (Coffinier et al., 2002). HNF18 is also involved in the
regulation of kidney-specific Ksp-cadherin promoter (Bai et
al., 2002), and kidney-specific inactivation of HNF1p leads to
a renal polycystic phenotype (Gresh et al., 2004).
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Because multiple CpG dinucleotides, primary targets of
DNA methylation in the vertebrate genome, are located in
the putative promoter region of hOAT3 (Fig. 1), we also
focused on the role of DNA methylation in regulation of
hOAT3 expression. DNA methylation is one of the mecha-
nisms underlying the epigenetic control of gene expression
(Bird, 2002). Methylation of the CpG dinucleotides in the
promoter region can evoke the condensed structure of chro-
matin in the neighboring region through the recruitment of
chromatin remodeling factors, such as methyl CpG binding
proteins and histone deacetylases, which prevents transacti-
vation by most of the transcription factors. Therefore, there
is an inverse correlation between gene expression and DNA
methylation in the promoter region. During the last decade,
the role of DNA methylation in mammalian embryogenesis,
differentiation, and progression of cancer has been high-
lighted. More recently, DNA methylation has been recog-
nized to regulate the tissue-specific expression of many genes
(Shiota, 2004). Whether these epigenetic mechanisms are
involved in the regulation of transporter genes has remained
largely unknown.

In the present study, we report the isolation of the hOAT3
promoter and demonstrate the involvement of HNF1a and
HNF1p in basal transcriptional activity. In addition, these
studies revealed that DNA methylation is involved in the
gene suppression of hOATS3, and transcriptional activation of
hOAT3 by HNFla and HNF1p requires concomitant DNA
demethylation of the promoter.

Materials and Methods

Materials. All reagents were purchased from Wako Pure Chem-
icals (Osaka, Japan) unless stated otherwise.

Isolation of the 5'-Flanking Region of the hOAT3 and
mOat3 Gene. The transcriptional start site of the hOATS gene was
identified using the public database Database of Transcriptional
Start Sites (http:/dbiss.hgejp/), with the ref sequence identification
for hOAT8 (GenBank accession number NM_004254). DNA frag-
ments of varying length from the 5'-flanking region of the hOAT3
gene were generated by polymerase chain reaction (PCR) using hu-
man genomic DNA as a template and the following primer sets:

ﬁGﬁGJ&:«?@

Fig. 1. Multiple alignment of the pu-
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forward, —1471, —644, or —308, and reverse +6 (Table 1). The
primers were designed according to the sequence of the 5'-flanking
region of the hOATS3 gene, and the number indicates the position of
the primers relative to the transcriptional start site. The forward
primers contained an artificial Kpnl site and the reverse primers
contained an artificial HindIII site. The resulting PCR products
(—1471/+6, —644/+6, and —308/+86) were digested with Kpnl and
HindIII after subcloning into pGEM-T Easy vector (Promega, Mad-
ison, WI) and ligated into pGL3-Basic vector (Promega) predigested
with Kpnl and HindIIl, yielding the following promoter constructs:
—1471/+6-Luc, —644/-+6-Luc, and —308/+6-Luc. The —35/+6-Luc
construct was generated by in vitro annealing of the sense (—35/+6)
and antisense (+6/—35) oligonucleotides (Table 1) followed by liga-
tion into the pGL3-Basic vector that had been predigested with Kpnl
and HindIII. The mOat3 promoter fragment was PCR-amplified
from mouse genomic DNA using the following primers: forward
(—156) and reverse (+86) (Table 1). The amplified product was ligated
into the pGL3-Basic vector as in the case of hOATS, yielding the
mOat3-Luc promoter construct. The sequence identity of all the
constructs with the respective genomic sequences was verified by
DNA sequencing. Plasmid DNA was prepared using the GenElute
Plasmid Midiprep kit (Sigma-Aldrich, St. Louis, MO).

Plasmid Constructions. To generate HNFle and HNF18 ex-
pression vectors, the coding regions of human HNF1e and HNF18
were amplified by PCR using primers containing HindIIl and EcoRI
restriction sites and inserted into the same sites of pcDNA3.1(+)
vector (Invitrogen, Carlsbad, CA). The sequences of primers used for
the amplification of HNFle and HNF1B are listed in Table 1. The
entire sequences were verified by DNA sequencing.

Site-Directed Mutagenesis. The mutated promoter fragment
(—308/+6-HNFImut) having a 4-base pair disrupted HNF1 motif
was generaled using the QuikChange XL site-directed mutagenesis
kit (Stratagene, La Jolla, CA) using internal mutated oligonucleo-

TABLE 1
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tides (Table 1). The introduction of the mutations was verified by
DNA sequencing.

In Vitro Methylation of Plasmid DNA. Reporter constructs of
the hOAT3 promoter were methylated in vitro with 3 U of Sssl
methylase (New England Biolabs, Beverly, MA) for each microgram
of DNA in the presence of 160 uM S-adenosylmethionine at 37°C for
3 h. Completion of the methylation was confirmed by resistance to
Hpall digestion (data not shown).

Cell Culture and Transfections. HepG2 and Caco-2 cell lines
were maintained in a culture medium consisting of Dulbecco’s mod-
ified Eagle’s medium with 4500 mg/l glucose (Invitrogen) supple-
mented with 10% fetal bovine serum (Sigma-Aldrich), nonessential
amino acids, 100 U/ml penicillin, and 100 pg/ml streptomycin (In-
vitrogen). The HEK293 cell line was maintained in a culture meditm
consisting of Dulbecco’s modified Eagle’s medium with 1000 mg/l
glucose supplemented with 10% fetal bovine serum, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin. Cells were seeded in 24-well
culture plates (0.5 X 10° cells/well) 1 day before transfection. HepG2
and Caco-2 cells were transfected with 0.5 ug of the corresponding
promoter construct and 0.05 ug of the internal standard pRL-SV40
vector (Promega) to normalize the transfection efficiency using Li-
pofectamine 2000 (Invitrogen) according to the manufacturer’s in-
structions. HEK293 cells were transfected with 0.5 ug of the corre-
sponding promoter and 0.05 ug of pRL-SV40 using FuGENE 6
(Roche Diagnostics, Indianapolis, IN). For cotransfection assays with
HEK?293 cells, 0 to 0.5 pg of HNFle and HNF18 expression vectors
or empty pcDNAS3.1(+) vector was added to the transfection reaction.
Then, 48 h after transfection, cells were lysed with passive lysis
buffer, and the luciferase activities were assayed using the dual-
luciferase reporter system (Promega) and quantified in a Lumat LB
9507 luminometer (Berthold, Bad Wildbad, Germany). The promoter
activity was measured as the relative light units of firefly luciferase
per unit of Renilla reniformis luciferase.

Oligonucleotides used for the production of promoter fragments, plasmid construction, mobility shift assays, site-directed mutagenesis, RT-PCR,

and quantitative PCR

Regarding the oligonucleotides used for the mobility shift assays and site-directed mutagenesis, the HNF1 recognition motif in the hOAT3 prometer region is underlined.
Bold type indicates the difference in the sequence of the per and mut compared with wt sequence found in the hOAT3 promoter.

Oligonucleotide Orientation

Sequence (5’ to 3')

Primers and oligonucleotides used for cloning of 5'-flanking regions

hOAT3
-1471 Forward CGGGGTACCGGAACAGAGAGGTAAAGGC
—B644 Forward CGGGGTACCGAGAGAAGCCTGTCCATTG
-308 Forward CGGGGTACCGATTCCTTCCCAGAATCTCC
+6 Reverse CCCAAGCTTCRAGCTGTGTTTGTGCCTCC
—35/+6 Sense CCCTTATATAAGCCCCCCTGEGGGAGGCACAAACACAGCTTGA
+6/—-35 Antisense AGCTTCAAGCTGTGTTTGTGCCTCCCCCAGGEGGGCTTATATARGGGGTAC
mOQat3
—156 Forward CGGGGTACCATCAACAGCCTTGGCTGAGG
+6 Reverse CCCAAGCTTCAAGCTGTTTGTGTCTCC
Primers used for cloning of HNF1« and HNF18
HNFle Forward AAGCTTGCCATGGTTTCTAAACTGAGCC
Reverse GAATTCTGCTTACTGGGAGGARGAGGCC
HNF1B Forward AAGCTTGAAAATGGTGTCCAAGCTCACG
Reverse GAATTCGGCATCACCAGGCTTGTAGAGG

Oligonucleotides used for construction of EMSA probe and competitor or site-directed mutagenesis
wt Sense CGCAAAAGAAAGTCAAACATTAGCCCGGGAAACAGC

per Sense CGCAAAAGAAAGTTAATCATTAACCCGGGARACAGC
mut Sense CGCAAAAGAAAGTCACACATCGCCCCGGGAAACAGC

Primers used for RT-PCR or quantitative PCR

hOAT3 Forward GGCAGGTATACTGATTGGAG
Reverse TCCACCAGGATGATAGGAAG
HNFla Forward TGGGTCCTACGTTCACCAAC
Reverse TCTGCACAGGTGGCATGAGC
HNF1g Forward TGCACAAAGCCTCAACACCT
Reverse GTTGGTGAGTGTACTGATGC
GAPDH Forward AATGACCCCTTCATTGAC
Reverse TCCACGACGTACTCAGCGC
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Preparation of Nuclear Extracts. Nuclear extracts were pre-
pared from 1.0 X 107 of HepG2, Caco-2, and HEK293 cells. Cell
centrifugation and the subsequent steps to recover the nuclear pro-
teins were all performed at 4°C. Cells were scraped off the plates,
suspended in 0.5 ml of phosphate-buffered saline, and centrifuged at
1500g for 5 min. The cellular pellet was resuspended in 150 pul of
buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.2 mM EDTA, 0.4%
Nonidet P-40, 1 mM DTT, 0.5 mM phenylmethylsulfony! fluoride,
and 1% protease inhibitor cocktail; Sigma-Aldrich). After a 10-min
incubation on ice, cells were centrifuged at 4°C and 3000 rpm for 5
min. The pellet was resuspended in 150 ul of buffer A and centri-
fuged at 4°C and 3000 rpm for 5 min, and this process was repeated
twice. The supernatant was removed, and the nuclear pellet was
resuspended in 200 ul of buffer B (20 mM HEPES, pH 7.9, 400 mM
Na(Cl, 2 mM EDTA, 1 mM DTT, 0.5 mM phenylmethylsulfonyl flu-
oride, and 1% protease inhibitor cocktail) and incubated on ice for 30
min. The tube was centrifuged at 4°C and 10,0600 rpm for 20 min, and
the supernatant was recovered as the nuclear extract. Protein con-
centrations were measured by the method of Lowry et al. (1951).

Electrophoretic Mobility Shift Assay. The double-stranded
oligonucleotide probes were obtained by hybridizing single-stranded
complementary oligonucleotides with sense sequences as shown in
Table 1. Digoxigenin-11-ddUTP was incorporated into each 3’ end
using a Dig Gel Shift kit, 2nd- Generation (Roche Diagnostics). Se-
quence wt corresponds to the wild-type HNF1 sequence found in the
hOATS promoter, and per corresponds to the perfect consensus se-
quence for HNF1, whereas mut denotes the wild-type sequence mu-
tated within the HNF1 recognition motif. For EMSA, 5 ug of nuclear
extracts from HepG2, Caco-2, and HEK293 cells was incubated at
room temperature for 15 min with 80 fmol of digoxigenin-labeled
probe, 2 ug of poly(dI-dC), and 0.1 ug of poly-L-lysine in 20 ul of 20
mM HEPES, pH 7.6, 1 mM EDTA, 10 mM (NH,),SO,, 1 mM DTT,
2% (wiv) Tween 20, and 30 mM KCl. For competition assays, a
25-fold excess of unlabeled dimerized oligonucleotides was added.
For supershifl experiments, 1 pug of antibody against HNFla or
HNF18 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was added
to the reaction mixture. Reactions were analyzed by electrophoresis
through Novex 6% DNA retardation gels (Invitrogen). After electro-
transfer to a positively charged nylon membrane (Roche Diagnos-
tics), bands were detected nonisotopically with a Dig Gel Shift kit,
2nd Generation, according to the manufacturer’s instructions.

5-Aza-2'-deoxycytidine Treatment and Analysis of hOAT3
Expression by Reverse Transcription-PCR. Before the treat-
ment with 5-aza-2'-deoxyceytidine (5azadC) (DNA methylation inhib-
itor; Sigma-Aldrich), HepG2, Caco-2, and HEK293 cells were precul-
tured for 24 h and then cultured for 72 h in mediwm containing 0, 1,
10, or 100 uM bazadC. To examine the synergetic effect of the
expression of HNF1la or HNF15 and DNA demethylation, HEK293
cells were plated in 24-well plates (0.5 X 10° cells/well) 1 day before
transient transfection of 0 to 0.5 ug of HNFl« expression vector,
HNF1p expression vector, or empty pcDNA3.1(+) vector. The trans-
fection was performed using FuGENE 6 according to the manufac-
turer’s instructions. After 12 h, the cells were treated with 0 or 100
uM bazadC, cultured for 48 h, and then subjected to RNA isolation.
Total RNA was prepared from cells by a single-step guanidium
thiocyanate procedure using ISOGEN (Nippon Gene, Toyama, Ja-
pan). The RNA was then reverse-transcribed using a random-
nonamer primer (Takara, Shiga, Japan). PCR was performed with
the forward and reverse primers listed in Table 1 to detect the partial
fragments of hOAT3, HNF1e, HNF18, and GAPDH ¢DNA. PCR was
performed under the following conditions: 94°C for 2 min; 40 cycles
for hOAT3, 30 cycles for HNFla and HNF18, and 25 cycles for
GAPDH of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min; final
extension 72°C for 5 min.

Quantitative PCR. To quantify the mRNA expression of HNF1a
and HNF18 in HepG2, Caco-2, and HEK293 cells, real-time quanti-
tative PCR was performed using a LightCycler and the appropriate
software (version 8.53; Roche Diagnostics) according to the manu-

facturer’s instructions. ¢cDNA used for the quantification was pre-
pared as described above. Primers for HNFla and HNF18 used in
this study are shown in Table 1.

PCR was performed using a SYBR Premix Ex Tag (perfect real
time) (Takara). The protocol for PCR was as follows: 95°C for 30 s, 40
cycles of 95°C for 5 s, 55°C for 10 s, and 72°C for 15 s. A standard
curve was generated by dilutions of the target PCR product, which
had been purified and had its concentration measured. To confirm
the amplification specificity, the PCR products were subjected to a
melting curve analysis. The mRNA expression of HNFla and
HNF13 in each cell line was normalized by the mRNA expression of
GAPDH.

Western Blotting. Nuclear extracts prepared from HepG2 or
Caco-2 cells were subjected to Western blot analysis to confirm the
expression of HNF1la and HNF1p at protein levels. In this, 30 ug of
nuclear proteins was electrophoresed on 10% SDS-polyacrylamide
gel with a 4.4% stacking gel. Separated proteins were transferred to
a polyvinylidene difluoride membrane using a blotter at 15 V for 1 h.
The membrane was blocked with Tris-buffered saline/0.05% Tween
20 (TBS-T) and 5% skimmed milk for 1 h at room temperature and
subsequently incubated with an antibody against HNF1la or HNF13
(1:2000) at 4°C overnight. After washing three times with TBS-T for
5 min, the membrane was allowed to bind a horseradish peroxidase-
labeled donkey anti-goat IgG (Chemicon International, Temecula,
CA) diluted 1:5000 in TBS-T for 1 h at room temperature and
detected using ECL Plus (GE Healthcare, Little Chalfont, Bucking-
hamshire, UK).

Results

Computational Analysis of the Potential Transcrip-
tion Factor Binding Sites in hOAT3, mQOat3, and rOat3
Minimal Promoters. Sequence homologies to known gene
regulatory elements in the hOAT3 5'-flanking region up to
approximately nt —300 relative to the transcription start site
were identified by a computer-based approach using Mat
Inspector (http//www.genomatix.de/) (Fig. 1). Several poten-
tial transcription factor recognition sites were found in this
region, including a TATA motif at nt —32 to —27, an HNF1
binding motif at nt —65 to —53, a cAMP response element-
binding protein binding motif at nt —87 to —80, and a signal
transducer and activator of transcription 5 binding motif at
nt —302 to —294. In addition, there are 13 CpG dinucleotides
in this region, which may be potential DNA methylation sites
(Fig. 1). A homologous sequence to the hOAT3 5'-flanking
region in the mouse and rat Oat3 genomic locus was obtained
from the National Center for Biotechnology Information ge-
nome database. The transcriptional start site of mOat3 and
rOat3 gene was suggested based on the high homology (ap-
proximately 70%) to the hOAT3 5'-flanking region (Fig. 1).
The TATA motif and HNF1 motif were also found in the
mOat3 and rOat3 putative promoters.

Analysis of Basal hOAT3 Gene Promoter Activity. To
determine the minimal region of the hOAT3 proximal pro-
moter required for its promoter activity, a series of deleted
promoter constructs (—1471/+6-Luc, —644/+6-Luc, —308/
+6-Luc, and —35/+6-Luc) were transfected into three kinds
of human-derived cell lines (HepG2, Caco-2, and HEK293),
and the luciferase activity in each cell line was measured
(Fig. 2). The transfection of —1471/+6, —644/+6, and
—308/+6 constructs resulted in increased luciferase activity
compared with the promoterless pGL3-Basic plasmid in all
cell lines, whereas no significant luciferase activity was ob-
served after transfection of the —35/+6 construct. These



results suggest that —308 to +6 of the hOAT3 5'-flanking
region can act as a minimal promoter. The luciferase activity
of the —644/+6 construct was much lower than that of the
—308/+6 construct only in HepG2 cells, suggesting the exis-
tence of some negative regulatory elements between —644
and —308 in this liver-derived tumor cell line.

Expression Level of HNF1a and HNF18 in HepG2,
Caco-2, and HEK293 Cells. Real-time quantitative PCR
revealed that the expression level of HNF18 in HepG2 cells
was 27% that of HNF1a (Fig. 3A). The levels of HNF1a and
HNF18 mRNA in Caco-2 cells were 73 and 55% that of
HNFla in HepG2 cells, respectively. In contrast, neither
HNF1la nor HNF13 was detected in HEK293 cells. Western
blot analysis with nuclear extracts from HepG2 or Caco-2
cells demonstrated that in HepG2 cells, HNFl« is predomi-
nantly expressed at the protein level, whereas in Caco-2 cells,
both HNF1a and HNF18 are expressed (Fig. 3B).

Mutagenesis of the HNF1 Binding Motif. To investi-
gate the functional importance of the HNF1 binding motif in
the hOAT3 promoter region for the basal promoter activity,
mutations in this motif were introduced into the —308/+6-
Luc construct, and the reporter activity was measured after
transfection into HepG2, Caco-2, and HEK293 cells (Fig. 4).
Mutations in the HNF1 binding motif attenuated the lucif-
erase activity by approximately 50% compared with the wild-
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type construct in HepG2 and Caco-2 cells where endogenous
HNF1la and HNF18 were detected by real-time quantitative
PCR. In contrast, HNF1 motif disruption by site-directed
mutagenesis had no effect on the transcriptional activity in
HNF1la- and HNF1B-deficient HEK293 cells. These results
confirm that the HNF1 binding motif in the hOAT3 promoter
is functional.

Transactivation of the Promoter Activity by Exoge-
nous Expression of HNF1la and/or HNF18. The effect of
exogenously expressed HNF1la and HNF18 on the hOAT3
promoter activity was investigated by cotransfection assays
in HEK293 cells. As shown in Fig. 5, independent or simul-
taneous transfection of HNF1la and HNF18 enhanced the
luciferase activity of the hOAT3 —308/+6 wild-type re-
porter construct (—308/+6-HNF1wt) compared with the
pcDNAS.1(+)-transfected control. The luciferase activities of
the promoterless pGL3-Basic or hOAT3 —308/+6 HNF1-mu-
tated reporter construct (—308/+6-HNF 1mut) were not stim-
ulated by transfection of the HNF1la and/or HNF18 expres-
sion vectors. These results provide clear evidence that both
HNFla and HNF1pB can transactivate the basal promoter
activity of hOAT3 and that the effect is mediated by the
intact HNF1 binding motif in the hOAT3 promoter. The
luciferase activity of the wild-type reporter construct with
the independent transfection of HNF1e« is higher than that

Fig. 2. Analysis of hOAT3 pro-

moter function. HepG2 (white
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with the independent transfection of HNF18, indicating that
the transactivation potency of HNF18 is lower than that of
HNFla. Simultaneous transfection of HNF1la and HNF13
yielded intermediate luciferase activity, which may be ex-
plained by the formation of a HNF1o/HNF18 heterodimer
that enhances the promoter activity to the lesser degree than
the HNF1o/HNF1a homodimer.

HNF1 Binds to the hOAT3 Promoter. EMSA was per-
formed using the oligonucleotide probe corresponding to the
—76/—41 region of the hOAT3 promoter, which includes the
HNF1 binding motif and the nuclear extracts from HepG2,
Caco-2, and HEK293 cells to show direct binding of HNF1a
or HNF18 to the promoter (Fig. 6A). Incubation of the —76/
—41 oligonucleotide probe with nuclear extracts from three
cell lines resulted in three shifted bands (a, b, and ¢). The
band a was observed when the probe was incubated with the
nuclear extract from HepG2 cells (lane 2), and an additional
band (band b) showing faster mobility was detected when the
probe was incubated with the nuclear extracts from Caco-2
cells (lane 5). Band ¢ was produced by incubation with the
nuclear extract from each cell line (lanes 2, 5, and 8). The
formation of bands @ and b was abolished by an excess of
unlabeled HNF1 consensus oligonucleotide (per) (lanes 8 and
6), but it was unaffected by the mutated oligonucleotide
(mut) (lanes 4 and 7). These results suggest that the bands a
and b can be ascribed to the binding of HNF1a or HNF13 to
the —76/—41 oligonucleotide probe.

To confirm the specificity of HNF1 binding, supershift
analysis was performed with HepG2 and Caco-2 nuclear ex-
tracts using a specific antibody to HNFla or HNF18 (Fig.
6B). Band a was supershifted by the addition of an antibody
to HNF1a but not by an antibody to HNF13 (lanes 3, 4, 6, and
7), whereas band b observed only in Caco-2 cells was super-
shifted by the addition of either of the antibodies (lanes 6 and
7). Thus, band a corresponds to HNF1o/HNF1a homodimer,
and band b corresponds to HNF1o/HNF13 heterodimer. A
previous report has shown that HNF18/HNF18 homodimer
migrating faster than HNF1o/HNF18 heterodimer may exist
when both isoforms are present (Rey-Campos et al., 1991).
However, in the present study, the formation of HNF1g/
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Fig. 4. Effect of mutations in the HNF1 binding motif on the hOAT3
promoter activity. HepG2 (white bars), Caco-2 (gray bars), and HEK293
cells (black bars) were transfected with wild-type (—308/+6-HNF1wt) or
mutated (—308/+6-HNF1mut) promoter construct, and the luciferase
activity was measured as described under Materials and Methods. The
relative luciferase activity of the mutated construct is shown as a per-
centage of the wild-type construct in each cell line. Results are presented
as the mean * S.E. of triplicate samples.

HNF18 homodimer was not clearly observed in Caco-2 cells
where both isoforms were detected. The band c is aseribed to
some nonspecific binding to the labeled probe, because this
band was not abolished by the addition of unlabeled oligonu-
cleotides. Taken together, these data suggest that the protein
complex binding to the hOAT3 HNF1 motif in HepG2 cells is
HNF1/HNF1a homodimer and those in Caco-2 cells include
HNF1«&/HNF1 heterodimer as well as HNF1«/HNF1a ho-
modimer. The difference in the band pattern is probably due
to the different protein expression pattern of HNFla and
HNF1B in the two cell lines (Fig. 3B).

Transcriptional Activation of mOat3 Promoter by
HNF1a and HNF18. To investigate whether HNF1la or
HNF18 is also involved in the promoter activity of mOat3,
the proximal putative promoter of mQOat3 was cloned into
pGL3-Basic vector using the PCR-based approach, and the
promoter activity of this reporter construct was measured in
HepG2, Caco-2, and HEK293 cells. The luciferase activity of
the mOat3 —156/+6 promoter construct (mOat3-Luc) was
6.5- and 3.6-fold higher than the promoterless pGL3-Basic
plasmid in HepG2 and Caco-2 cells, respectively, whereas the
activity in HEK293 cells was not significant (Supplemental
Data A). Exogenous expression of HNFlae or HNF18 in
HEK293 cells enhanced the promoter activity of mOat3 (Sup-
plemental Data B). These observations suggest that the func-
tional importance of HNFla and HNF18 for the basal tran-
scription of OAT3 genes is conserved among species.

Repression of hOAT3 Promoter Activity by DNA
Methylation. To investigate the possible role of DNA meth-
ylation on the transcriptional repression of hOAT3, hOAT3
—308/+6 promoter construct was methylated in vitro; trans-
fected into HepG2, Caco-2, and HEK293 cells; and the lucif-
erase activity was measured. The transcriptional activity of
hOAT3 was dramatically reduced by in vitro methylation of
the promoter construct (Fig. 7). These data indicate that the
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Fig. 5. Effect of exogenously expressed HNF1a and HNF18 on hOAT3
promoter function in HEK293 cells. HEK293 cells were transfected with
wild type (—308/+6-HNF1wt) or mutated (—308/+6-HNF1mut) promoter
construct, or a promoterless pGL3-Basic plasmid, together with 0.5 pg/
well empty pcDNA3.1(+) vector (white bars), 0.5 pg/well HNFiq expres-
sion vector (black bars), 0.25 pg/well HNFla and HNF1B expression
vectors (gray bars), or 0.5 ug/well HNF18 expression vector (light gray
bars). The luciferase activity was measured as described under Materials
and Methods and was shown as the factor of induction over background
activity measured in cells transfected with pGL3-Basic together with
pcDNAS3.1(+). Results are presented as the mean = S.E. of triplicate
samples.



expression of hOAT3 can be suppressed at a transcriptional
level by DNA methylation.

Activation of hOAT3 Transcription by 5azadC Treat-
ment in Nonexpressing Cell Lines. Expression of the
endogenous hOAT3 gene in HepG2, Caco-2, and HEK293
cells is below the detection limit. To investigate whether the
hOATS gene could be activated by DNA demethylation in
these nonexpressing cell lines, the total RNA from each cell
line treated with 5azadC, an inhibitor for DNA methyltrans-
ferases, was subjected to RT-PCR analysis. hOATS mRNA
became detectable in Caco-2 cells after treatment with
5azadC in a concentration-dependent manner (Fig. 8A),
whereas no induction of hOAT3 mRNA was observed in
HepG2 or HEK293 cells (data not shown). In HEK?293 cells,
however, transient transfection of HNF1la alone or cotrans-
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fection of HNF1la and HNF1p followed by treatment with 100
uM 5azadC elicited de novo expression of hOAT3 mRNA,
whereas transfection of HNF18 alone was not sufficient to
induce hOAT3 expression (Fig. 8B). These data suggest that
the repression mechanism of the hOAT3 gene in hOATS3-
nonexpressing cells involves DNA methylation and that syn-
ergism between HNF1a or HNF1p expression and DNA de-
methylation may be required for the transcription of this
gene.

Discussion

In the present study, the transcriptional regulation of the
hOAT3 gene was characterized for the first time. The pro-
moter region required for basal promoter activity was deter-
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£F s
B B

£ el

free probe ~—2-

tme 1 2 3 4 5 6 7

Fig. 6. Electrophoretic mobility shift assay using the oligonucleotide probe corresponding to the —76/—41 region and nuclear extracts from HepG2,
Caco-2, and HEK293 cells. A, competition assays. Digoxigenin-labeled probe (Table 1) was incubated with nuclear extracts from HepG2, Caco-2, and
HEK?293 cells in the presence or absence of a 25-fold excess of unlabeled competitor (per or mut) as indicated. B, supershift analysis. The probe was
incubated with nuclear extracts from HepG2 and Caco-2 cells in the presence or absence of a specific antibody against HNFla () or HNF1B () as
indicated. The DNA-protein complex was detected as described under Materials and Methods.
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ation in each cell line. Results are presented as the
mean * S.E. of triplicate samples.
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mined using a series of deleted promoter-reporter constructs
(Fig. 2), and the region extending from —308 to +6 relative to
the transcriptional start site was found to be important for
promoter activity. An almost 70% homologous sequence over
300 base pairs to the hOAT3 minimal promoter was found in
the mouse and rat Oat3 genomic locus. A database search
with Mat Inspector revealed that the TATA motif and HNF1
motif are conserved among species as depicted in Fig. 1,
suggesting the importance of these elements in the regula-
tion of OAT3 genes.

The contribution of HNFla and HNF18 to the basal pro-
moter activity of the hOAT3 gene was demonstrated by
several in vitro studies. Mutations in the hOAT3 minimal
promoter HNF1 motif resulted in an approximately 50%
reduction in the luciferase activity compared with the wild-
type construct in HepG2 and Caco-2 cells, but not in HEK293
cells (Fig. 4), which is consistent with the different expres-
sion pattern of HNFla and HNF13 in these cell lines (Fig. 3).
The residual activity of the mutated construct may be as-
cribed to the transactivation by other factors, the binding of
which is also affected by DNA methylation, because in vitro
methylation of the minimal promoter construct almost abol-
ished its activity (Fig. 7). The amount or contribution of these
unknown factors in HEK293 cells may be higher than that in
Caco-2 cells, because the luciferase activity of the hOAT3
minimal promoter in HEK293 cells is similar to that in
Caco-2 cells regardless of the absence of HNF 1o and HNF18.
Further studies will be required to identify these factors that
are also required for the transcription of hOAT3. Cotransfec-
tion of HNFla and/or HNF1p3 dramatically enhanced the
hOAT3 wild-type promoter-driven luciferase activity in
HEK293 cells, whereas the luciferase activity driven by the
mutated promoter was unaffected (Fig. 5). Binding of HNF1a
or HNF13 to the HNF1 binding motif in the hOATS3 promoter
was confirmed by electrophoretic mobility shift assays (Fig.
6A). Supershift analysis using specific antibodies for HNFla
and HNF18 suggested that the protein complex binding to
this region is HNF1o/HNF 1a homodimer or HNF1o/HNF13
heterodimer (Fig. 6B). These data indicate that HNF1a,
HNF1p, or both are critical for hOAT3 gene expression, al-
though the transactivation potency of HNF1p is lower than
that of HNFla (Fig. 5). It seems that the transcription of
mOat3 is also under the control of HNFla and HNF18. The
involvement of HNF1la and HNF18 in regulation of the OAT3
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gene is conserved among species, further supporting a criti-
cal role for these transcription factors in the regulation of the
hOAT3 and mOat3 genes.

hOATS3 is predominantly expressed in the kidney and only
weakly in the brain and skeletal muscle (Cha et al., 2001;
Alebouyeh et al., 2003). Moreover, in the kidney, the expres-
sion is restricted to the proximal tubules. Consistent with the
distribution of hOATS3 in the kidney, HNF1la expression is
primarily detected in the proximal tubules, whereas HNF1p
is expressed throughout all segments of the nephron, from
the proximal tubules to the collecting ducts (Lazzaro et al.,
1992; Pontoglio et al., 1996). However, it should be noted that
the tissue distribution of HNFla and HNF183 is much wider
than that of hOAT3 (Blumenfeld et al., 1991; Rey-Campos et
al., 1991). In addition to the kidney, they are expressed in the
liver, intestine, stomach, and pancreas where hOATS3 is not
expressed. Therefore, the tissue-specific and region-re-
stricted expression of hOAT3 cannot be accounted for only by
HNF1a and/or HNF1p3, and other mechanisms must be in-
volved in the regulation of hOAT3 expression.

Because multiple CpG dinucleotides are located in the
hOAT3 minimal promoter region (Fig. 1), the involvement of
DNA methylation in the regulation of hOAT3 expression was
investigated. The transcriptional activity of the hOAT3 min-
imal promoter was suppressed by in vitro methylation of the
reporter construct (Fig. 7). The expression of hOAT3, nor-
mally silent in Caco-2 and HEK293 cells, was activated de
novo by DNA demethylation in Caco-2 cells, and by the
transient transfection of HNF1la or cotransfection of HNF1la
and HNF1p together with the DNA demethylation in
HEK293 cells (Fig. 8). However, the expression of hOAT3 in
HEK293 cells transfected with HNF13 alone followed by
DNA demethylation with 5azadC was below the detection
limit, although independent transfection of HNF18 enhanced
the luciferase activity of hOAT3 wild-type reporter construct
(Fig. 5). This could be due to the lower transactivation po-
tency of the HNF1g/HNF18 homodimer. On the other hand,
there was no induction of hOAT3 mRNA in HepG2 cells by
5azadC treatment, regardless of the presence of endogenous
HNF1lea and HNF18. The lack of inducibility of hOAT3 ex-
pression in HepG2 may be accounted for by the presence
of negative regulatory factors observed predominantly in
HepG2 cells in the luciferase assays (Fig. 2) and/or the ab-
sence of other transcription factors necessary for de novo
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Fig. 8. Reactivation of the hOAT3 expression in hOATS-negative cells. A, expression profile of hOAT3 mRNA in 5azadC-treated Caco-2 cells. The
expression of GAPDH and hOAT3 mRNA was determined by RT-PCR in Caco-2 cells cultured for 72 h with 0, 1, 10, or 100 M 5azadC. B, expression
profile of hOAT3 mRNA in HEK293 cells transfected with HNF1« and/or HNF18 together with 5azadC treatment. The expression of GAPDH, HNF1a,
HNF18, and hOAT3 mRNA was determined by RT-PCR in HEK293 cells transiently transfected with 0.5 pg/well pcDNA3.1(+), 0.5 pg/well HNFlq,
0.25 pg/well HNFla and HNF18, or 0.5 pg/well HNF18, followed by treatment with 0 or 100 uM 5azadC for 48 h. Results with the PCR templates
with reverse transcription (RT +) are shown. No amplified products were detected from the templates without reverse transcription (data not shown).



expression of hOAT3. Further analysis will be required for
the identification of these factors. Taken together, these ob-
servations indicate that the expression of hOATS3 is nega-
tively regulated by DNA methylation.

There have been several reports regarding the involvement
of DNA methylation in tissue-specific gene expression (Cho
et al., 2001; Imamura et al.,, 2001; Futscher et al., 2002;
Hattori et al., 2004; Jin et al., 2005). It is possible that the
minimal promoter region of hOAT8 is hypermethylated in
the tissues where the expression of hOATS is not detected,
such as liver and intestine. The hypermethylation of the
promoter region may render the neighboring chromatin
structure inaccessible for many transcription factors, includ-
ing HNF1la and HNF1B, through deacetylation of histones.
Thus, regardless of the expression of HNF1la and HNF18, the
expression of hOATS3 is suppressed in those tissues.

The mechanism underlying the proximal tubule-restricted
expression of hOAT3 in the kidney is more complicated. The
nuclear extracts from the kidney normally contain HNF1a/
HNF1p heterodimers and HNF18/HNF18 homodimers (Pon-
toglio et al., 1996), and the results of the supershift experi-
ments suggest that the protein complex binding to the HNF1
motif of hOAT3 might be the HNF1o/HNF1a homodimer or
HNF1o/HNF1B heterodimer (Fig. 6B). It is likely that the
promoter region of hOATS is hypomethylated in the kidney
proximal tubules, enabling the HNF1o/HNF18 heterodimers
to bind to their recognition sites. This model is supported by
the results showing that the expression of hOATS was in-
duced by cotransfection of HNFla and HNF18 with the con-
comitant DNA demethylation in HEK293 cells (Fig. 8B). The
methylation status in the other nephron segments is debat-
able. The promoter region may be hypermethylated in the
whole nephron except for the proximal tubules, resulting in
the suppression of hOAT3 expression. A second possibility is
that although the promoter region is not highly methylated,
interaction with the HNF18/HNF18 homodimer is not suffi-
cient to evoke the hOATS3 expression as observed in Fig. 8B.

Taking all these findings into consideration, it seems that
the tissue specificity of the expression of hOAT3 may be
explained by the coordinated action of genetic (HNFla and
HNF1B) and epigenetic (DNA methylation) mechanisms.
Analysis of the Oat3 expression in HNF1a-null mice (Ponto-
glio et al.,, 1996; Lee et al., 1998) will show the relative
contribution of HNF1la in vivo. In addition, direct demonstra-
tion of the difference in the DNA methylation and chromatin
status in the hOAT3 promoter region among in vivo tissues/
cells will be required in future studies.

The tissue distribution of mOat3 and rOat3 is not consis-
tent with that of hOAT3: they are expressed not only in the
kidney but also in the liver and the brain (Kusuhara et al.,
1999; Kikuchi et al., 2003; Ohtsuki et al., 2004). It is note-
worthy that the positions of the CpG dinucleotides in the
hOAT3 promoter are not conserved in the corresponding
region of mouse and rat Oat3 (Fig. 1). The difference in the
contribution of epigenetic factors to the regulation of OATS3
gene expression may explain the species difference in the
expression patterns, because the contribution of genetic fac-
tors seems to be comparable as far as HNFla and HNF18 are
concerned.

Despite the numerous studies of the genes regulated by
HNF1la or HNF 1B, there are few reports regarding the mech-
anism whereby these homeodomain proteins can bind to the
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promoter region of their target genes or transactivate the
expression in a tissue-specific manner. Here, we have pro-
vided the first evidence suggesting that the methylation pro-
file of the promoter or the chromatin configuration of the
target genes determines the accessibility of HNFla and
HNF1B. The synergistic action of the chromatin structure in
the promoter region and binding of HNF1la and HNF18 could
be a critical clue to the further understanding of the tissue-
specific gene regulation by these two transcription factors.
Future studies are needed to investigate whether this
scheme is applicable to other genes.

In conclusion, the present study provides a clear demon-
stration that the expression of hOATS3 is positively regulated
by HNFla and HNF18 and negatively regulated by DNA
methylation. This is the first demonstration of the impor-
tance of HNFlo and HNF18 in the regulation of genes indis-
pensable for detoxification in the kidney. Furthermore, it is
also suggested that the coordinated action of genetic and
epigenetic factors might explain the tissue-specific expres-
sion of hOATS3.
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