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Functional analysis of single nucleotide polymorphisms of |

hepatic organic anion transporter OATP1B1 (OATP-C)
Megumi lwai®, Hiroshi Suzuki®, Ichiro leiri®, Kenji Otsubo® and

Yuichi Sugiyama®

Objective Two kinds of single nucleotide polymorphism
(SNP; Asn130Asp and Val174Ala) are frequently observed
in the liver specific transporter, organic anion transporting
polypeptide 1B1 (DATP1B1/0ATP-C) gene. Although
these two SNPs occur independently in European-
Americans, Val174Ala is mostly associated with
Asn130Asp in Japanese. Our previous in-vivo studies in
Japanese subjects indicated that the non-renal clearance
of pravastatin was decreased to 13% of that in wild-type
subjects (Nishizato et al. Clin Pharmacol Ther
2003;73(6):554-564). The purpose of the present study is
to characterize the function of SNPs variants of OATP1B1
in cDNA transfected cells.

Methods The localization and transponrt activity were
analyzed in HEK293 cells stably expressing wild-type
OATP1B1 (OATP1B1*1a), OATP1B1*1b (Asn130Asp),
OATP1B1*5 (Val174Ala) and CATP1B1*15 (Asn130Asp and
Val174A4la). To characterize the intrinsic Vpnax. observed
Vnax in uptake study were normalized by the expression
level estimated from Western blotting.

Results All SNP variants are predominantly located on the
cell surface. No significant alteration was observed in K,
values for the transport of 173-estradiol 17§-D-glucuronide
(E217fG), a typical substrate of QATP1B1, among these
SNP variants. However, the normalized V..« value for

Introduction

The administration of the same amount of certain drugs
to individuals often results in variability in drug disposi-
tion. This is partly due to the presence of hereditary
differences, such as single nucleoride polymorphisms
(SNPs), in the genes encoding drug metabolizing
enzymes and/or transporters [1,2]. Although the correla-
tion between genotype and phenotype has been stud-
1ed extensively as far as drug metabolizing enzymes are
concerned {3,4], only limited information is available on
the SNPs of the genes of drug transporters which are
responsible for drug disposition [5].

Some pieces of information are available on organic
anion transporting polypeptide 1B1 (OATP1B1/OATP-
C), a basolaterally located transporter, which is respon-
sible for the hepatic uptake of a series of organic
anions, including 17B-estradiol  17p-D-glucuronide

0960-314X © 2004 Lippincott Williams & Wilkins

OATP1B1*15 was drastically decreased to less than 30%
compared with OATP1B1*1a. In contrast, the transport
activity of OATP1B1*1b (Asn130Asp) and CATP1B1*5 (Val
174Ala) was similar to that of OATP1B1*1a.

Conclusions These results are consistent with the results
of our previous clinical studies. It is thus suggested that in-
vivo disposition may be predicted from in-vitro resufts
using recombinant transporters. Pharmacogenetics
14:749-757 © 2004 Lippincott Williams & Wilkins
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(Ez17pG), estrone-3-sulfate (E,S), taurocholate, conju-
gated bilirubin, and anionic drugs such as pravastatin,

" from the portal vein to hepatocytes [6-11].

At present, several kinds of SNP wvariants have been
identified in the human OATP1B1 gene. As far as the
nomenclature of OATP1B1 variants is concerned, the
c¢DNA sequence reported by Konig e @/, [7] is desig-
nated as OATP1B1*1a. Recently, using stably trans-
fected MDCKII cells, Michalski e &/ [12] have
identified a naturafly occurring muration in the
OATP1B1 gene leading to an impairment of the
protein mutation with reduced localization and abol-
ished transport activity. The missorting to the mem-
brane surface was also confirmed by intracellular
localization of the mutant protein in the cryosections of
human liver [12]. Tirona & @/. [13] have identified the
SNPs in the OATPIB1 gene in European-American
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and African-American subjects, and examined their
function by cransfecting the ¢DINAs into Hel.a cells,
Although they found that the expression levels of
OATP1B1*3 (Val62Ala), OATPIB1*5 (Vall74Ala),
OATPI1B1*6 (11e353Thr) and OATP1B1*9 (Gly488Ala)
were similar to that of OATP1B1*1a by Western blot
analysis of cell lysate, their degree of expression on the
cell surface was reduced and consequently, a reduction
in the transport of E;17BG and ES has been observed
[13]. In contrast, using HEK293 cells transiently ex-
pressing OATP1BI, Nozawa e af. [14] reported that
the cellular localization and transport function of
OATPIB1*5 were no different from that of OATP1-
B1*1a, when E;S is used as a ligand. The cells used to
determine the function of OATP1B1 were different in
the two reports, and it remains to be clarified whether
the function of QATPI1B1*5 is similar to that of
OATP1B1*1a [14].

Recently, Nozawa ¢ 2/ [14) found a novel OATP1B1
allele, OATP1B1*15, possessing both Asnl130Asp and
Val174Ala variants in Japanese subjects. OATP1B1*15
is different from OATPIB1*1b which is associated with
Asn130Asp, but not with Val174Ala, and OATP1B1*5
which is associated with Vall74Ala, but not with As-
n130Asp. Although the allelic frequency of OATP1B1*5
is 14% in European-Americans, no Japanese subjects
with this allele were found in our previous study [15]. In
contrast, most of the Japanese subjects who have
Val174Ala also have Asn130Asp and, therefore, a clear
ethnic difference was observed in the frequency of the
haplotype. However, no information is available on the
in-vitro function of OATPIB1*15. To investigate the
effect of SNPs on drug disposition, we recently reported
the disposition of pravastarin, an HMG-CoA reductase
inhibitor which is taken up by OATPI1B1, in healthy
Japanese subjects [15]. We found that the non-renal
clearance of pravastatin in healthy Japanese subjects
with the OATP1B1*15 allele is reduced to 13% of the
wild-type (OATP1B1*1a). However, in-vitro evidence
to support this in-vivo result is still lacking. In the
present study, we constructed HEKZ293 cells stably
expressing OATP1B1*1a, OATP1B1*1b, OATP1B1*3
and OATP1B1*15 and characterized their celtular locali-
zation and transport activity.

Material and methods

Materials

[*H] E;17BG (45.0 uCi/nmol) and [*H] E;S (46.0 uCi/
nmol) were purchased from New England Nuclear
{Boston, MA, USA). All other chemicals were commer-
cially available and of reagent grade.

Construction of OATP1B1 SNP variants expressed in
HEK293 cells

Human OATP1B1*1b (Asn130Asp) cDNA was sub-
cloned into pcDNA3.1 (+) (Zeocin) {Invitrogen, Carls-

bad, CA, USA). To construct the other SNP variants,
point mutations were introduced by using the Quick-
Change site-directed mutagenesis kit {Stratagene, La
Jolla, CA, USA). The introduction of the mutations was
verified by full sequencing. Wild-type and SNP variants
of OATPIB1 in pcDNA31 were transfected to
HEKZ293 cells grown on a 12-well plate with Fugene 6
(Roche Diagnostics Corporation, Indianapolis, IN,
USA) according to the manufacturer’s instructions.
Then, HEK293 cells were selected by 200 ug/ml Zeo-
cin and colonies were picked up and the colonies which
had the highest transport activities were used in the
functional analysis, HEKZ293 cells stably expressing
OATP1B1 were cultured in low-glucose Dulbecco’s
modified Eagle’s medium (GIBCO BRL, Gaithersburg,

" MD, USA) after addition of 10% fetal bovine serum,

penicillin (100 U/ml) and streptomycin {100 pgfmi),
zeocin (200 pg/mly (Invitrogen) at 37°C with 5% CO,,
and 95% humidity. Sodium butyrate (5 mM) was added
to the medium 24 hr before all experiments to induce
the expressiqn of OATP1B1.

Immunocytochemical staining .

HEK?Z293 cells stably expressing OATP1B1 were grown
on a poly-L-lysine coated cover glass (Micro cover glass,
18 X 18 mm and 0.12-0.17 mm thick, Matsunami Glass
Ind., Osaka, Japan). After fixation in —20°C methanol
for 10 min and permeabilization in 1% Triton-X in
phosphate-buffered saline (PBS) for 10 min, cells were
incubated with the polyclonal antibody against
OATP1B1 [16} diluted 50-fold in PBS for 1 h, washed
three times with PBS, and then incubated with goat
anti-rabbit immunoglobulin G (IgG; Alexa 488, Mole-
cular Probes, Inc., Eugene, OR, USA) dilured 250-fold
in PBS for 1h. The localization of OATP1B1 protein
was visualized by confocal lazer microscopy (Zeiss
L.8M-510; Carl Zeiss Inc., Thomwood, NY, USA).

Cell surface biotinylation

HEKZ293 cells stably expressing OATP1B1s were grown
on Z4-well plates. Cells were washed with ice-cold PBS
containing 0.1 mM CaCl; and 1 mM MgCl, (PBS-Ca/
Mg), then incubated twice with NHS-SS-biotin
(1.5 mgfml; Pierce Biotechnology, Inc., Rockford, IL.,
USA) at 4°C for 20 min. Then, the cells were washed
with PBS Ca**/Mg?* containing glycine (100 mM) and
incubated with the same buffer for 20 min at 4°C. After
removing the buffer, cells were disrupted with 50 pl
lysts buffer (50 mM Tris, 150 mM NaCl, 5 mM ethyle-
nediaminetetraacetic acid (EDTA), 1% Triton-X-100,
pH 7.5) containing 1% sodium dodecyl sulfate (SDS)
and protease inhibitor (0.1 mM phenylmethylsulfonyl
fluoride) at 4°C for 30min. To reduce the SDS
concentration, samples were diluted with 450 Wl of lysis
buffer. Then, 30l of streptavidin-agarose beads
(Pierce) was added to the lysate, and incubated at 4°C
overnight with end-over-end rotation. Following centri-




fugation, the beads were washed three times with lysis
buffer, twice with high salt lysis buffer (50 mM Tris,
500 mM NaCl, -5mM EDTA, 0.1% Triton-X-100,
pH 7.5), and once with low sale lysis buffer (50 m\(
Tris, pH 7.5). The biotinylated proteins were released
by incubation with 40pl 3X SDS loading buffer
(BioLabs, Hitchin, UK) diluted to 1X SDS with PBS
for 5 min at 60°C. Samples for total cell lysates (15 pl)
and biotinylated proteins (2 ul) were subjected to the
Western blot analysis.

Western blotting

Membrane fractions were prepared from HEKZ93 cells
stably expressing OATPIB1 as described previously
{17]. These crude membrane fractions were diluted
with 3X 5DS loading buffer and separated on 7% SDS-
polyacrytamide gel with a 4.4% stacking gel. Proteins
were transferred electrophoretically to a nitrocellulose
membrane (Millipore, Bedford, MA, USA) using a
blotter (Bio-Rad Laborarories, Richmond, CA, USA) at
15V for 1 h. The membrane was blocked with 2.5%
skimmed milk for 1 h at room temperature. Then, the
membrane was incubated for 1 hr at room temperature
with 500-fold diluted anti-OATP1B1 rabbit serum. For
the detection of OATP1B1, the membrane was allowed
to bind to 5000-fold ‘diluted horseradish peroxidase-
labeled anti-rabbit IgG antibody (Amersham Pharmacia
Biotech, Amersham, UK) for 1 h at room temperature.
The enzyme activity was assessed using ECL Plus
Western blotting Starter Kit (Amersham Biosciences,
Inc.} with luminescent image analyzer (LAS-1000 plus,
Fuji Film). The molecular weight was determined
using a prestained protein marker (New England
BioLabs, Beverly, MA).

Transport studies

Transport studies of [*H] E;17pG and [*H] E;S were
carried out as described previously [18). Uptake was
initiated after cells were washed twice and preincu-
bated with Krebs~Henseleit buffer at 37°C for 15 min.
The Krebs—Henseleit buffer consists of 118 mM NaCl,
23.8 mM NaHCQOj;, 4.83mM KCl, 0.96 mM KH,PQO,,
1.20 mM MgSQ,, 12.5 mM HEPES, 5 mM glucose, and
[.53 mM CaCl;, adjusted to pH 7.4, After the removal
of the incubation buffer, the uptake was terminated at
designed times by adding ice-cold Krebs—Henseleit
buffer, dissolved in 500 ul 0.2N NaOH, and kept
overnight. Aliquots (450 pul) were transferred o scintil-
lation wvials after adding 100 ul 1 N HCI. The radio-
activity associated with the cells and medium was
determined in a liquid scintillation counter after addi-
tion of 2 ml scintillation fluid (NACALAI TESQUE,
Kyote, Japan). The remaining 50 pl of the aliquots of
the cell lysate was used to determine the protein
concentration by the method of Lowry with bovine
serum albumin as a standard.

Functional aﬁa!ysis of SNPs variants of OATP1B1 lwai etal. 751

Ligand uptake is given as the volume of distribution
(pl/mg of protein) determined as the amount of ligand
associated with the cells (pmol/mg of protein) divided
by the medium concentration (pmol/pl). Specific up-
take 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 X S
= K, 18 +P(;UrXS
where ¢ is the uptake velocity of the substrate (pmol/
min/mg of protein}, § is the substrate concentration in
the medium (pM), K, is the Michaelis~Menten con-
stant (pM), Vpac is the maximum uptake rate (pmol/
min/mg of protein) and Pyyr is the nonspecific uptake
clearance (pl/min/mg of protein). Fitting was performed
by the nonlinear least-squares method using MULTI
program [19] with the Damping Gauss Newton Method
algorithm. ‘

Results

Cellular localization of human OATP1B1

The localization of OATP1B1 SNP variants was inves-
tigated by immunocytochemical staining (Fig. 1), It has
been previously reported that the localization of
OATP1B1*1a and OATP1B1*1b is limited to the cell
surface in transiently transfected HEK293 cells [14). It
was found that OATP1B1*1a and OATPIB1*1tb are
localized on the cell surface in HEK293 cells (Fig. 1),
which is consistent with the previous report {14]. More-
over, cellular surface localization was identified for
OATP1B1*5 and OATP1B1*15. No OATPI1B1 derived
staining was observed in vector-transfected HEK293
cells (Fig. 1),

The cellular localization of SNP wvariants was also
confirmed by the cell surface biotinylation method
(Fig. 2). The ratio of the biotinylated OATP1B1 in the
cell surface fraction to that in the whole cell lysate was
analyzed by densitometric analysis. This ratio of
OATP1B1*1b, OATP1B1*5 and OATPIB1*15 was
almost the same as that of OATP1B1*1a, and they
were 64, 98 and 103% of OATPI1B1*1a, respectively
(Fig. 2). The efficiency of fractionation of cell surface
protein was confirmed by an immunodetectable intra-
cellular protein {calnexin).

Western blotting

Western blotting was performed using crude membrane
from HEK293 transfectants, and the protein expression
level of each OATP1B1 SNP variant was estimated by
quantifying the OATPIBI 'band densities (Fig. 3).
Although the expression level of each SNP wvariant
differed, the molecular mass was approximately 80 kDa
(Fig. 3). OATPI1B1*1b and OATPIB1*5 showed a
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Fig.1

Immunolocalization of OATP1B1 allelic variants in HEK293 cells. OATP1B1 {green fuorescence) and nuclei (red fluorescence) were stained using
the polyclonal antibody for OATP1B1 and propidium icdide, respectively. (a—e) represent the staining of vector-transfected, OATP1B1*1a-,
OATP1B1*1b-, OATP1B1*5- and OATP1B1*15-expressing HEK293 cells, respectively. Bars = 20 pym.

Fig. 2
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Cell surface biotinylation of OATP1B1 allelic variants. Total cell lysate
protein containing both cell surface and intracellular protein {15 il of
solution) {left panel) and bictinylated protein (2 p! of solution} {right
panel) was subjected to SDS-palyacylamide gel electrophoresis
(PAGE)} (7%). The membrane was incubated with anti-OATP1B1
polycional antibody {top panel). After washing, the membrane was
incubated with anti-calnexin antibody (bottom panels). The band
density against OATP1B1 was guantified in a luminescent image
analyzer.

similar expression level to that of OATP1B1*1a (130%
and 140%, respectively). In contrast, the expression
level of OATP1B1*15 was approximately 11-fold high-
er than that of OATP1B1*1a. These values were used
to normalize the transport activities of each OATP1B1
variant.

Uptake experiments

The time-profiles for the uptake of [*H] E;178G and
[*H] E;S by HEK293 cells stably expressing
OATPI1Bl1s are shown in Fig. 4. Significantly greater
uprake of these compounds was observed in the
cDNA-transfected cells compared with vector-transfec-
tant (Fig. 4). Morcover, kinetic parameters were ana-
lyzed using [*H] E;17BG as a substrate {Fig. 5). The
data for the saturation studies (Fig. 5) are given after
correcting the uptake into vector-transfected cells.
However, even after subtracting the transport into the
vector-transfected cells, it was necessary for us to
assume the presence of Py for the analysis, presumably
duc to the experimental deviations in the uptake
between the vector-transfected and OATPI1B1 ¢cDNA-
transfected cells. The K, wvalues of OATP1B1*1a,
OATPIB1*1b, OATP1B1*5, and OATP1B1*15 were
comparable, and they were 4.26 + 1.66, 3.96 £ 1.29,
5.90 £2.00 and 4.07 & 2.48 pM, respectively (Fig. 5).
The apparent Vy,x values of these variants were
3571129, 493 £ 149, 466+ 151 and 288+ 16.1
pmol/min/mg cellular protein, respectively. In order to
determine the Vo, values for each OATP1B1 mole-
cule, it is essential to consider the cell surface expres-
sion level of OATP1B1s. Table 1 shows these values
obtained by dividing the V., values per mg cellular
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Quantification of the expression level of OATP1B1 in HEK283 cells.
Crude membrane obtained from HEK293 cells was separated by
SDS-PAGE {7%), The applied amount of protein was 10 pg, 10 pg,
10 ug, 10 pg and 2.5 pug for OATP1B1*1a, CATP1B1*1b,
OATP1B1*5 and OATP1B1*15, respectively, OATP1B1 proteins were
detected using horseradish peroxidase-labeled anti-rabbit IgG after
incubation with the palyclonal antibody for CATP1B1 (a).
Quantification of the OATP1B1 expression level was performed in a
luminescent image analyzer. In (b}, each point and bar represents the
mean * SE of three independent experiments, O, OATP1B1*1a
expressing cells; A, OATP1B1*1b expressing cells; &, OATP1B1*S
expressing cells; @, QATP1B1*15 expressing cells,

protein by the OATP1B1 expression level estimated by
Western blotting (Fig. 3). For OATP1B1*15, the in-
trinsic Vpay value was reduced to 7.3% of OATPIB1*1a,
whereas the Vg, values for OATP1B1*5 and
OATP1B1*1b were similar to OATP1B1*1a.

Transport properties of other QATP1B1*15 clones

In order tw confirm the results that the transport
function of QATPIB1*15 is reduced compared to the
wild-type transporter, further analysis was performed
by using two other OATP1B1*15 clones. The results of

Functional analysis of SNPs variants of OATP1B1 Iwai etal. 753

the Western blot analysis and uptake study using
OATP1B1*1la and other OATPIB1*15 clones
(OATPIB1*15" and OATP1B1*15") are shown in Fig.
6. The expression level of OATPIB1*15’ and
OATP1B1*15"" clones were 75 and 180% that of
OATP1B1 *1a. OATPiB1*15'- and OATP1B1*15"-
mediated transport was reduced to 21 and 30% of
OATP1B1*1a, respectively, after correction of their
protein expression levels (Fig. 6).

Discussion

In the present report, we focused on the function of
Asnl30Asp and Vall74Ala SNP wvariants of human
OATPI1BI. The localization and transport activity were
analyzed for OATP1B1*1a, OATP1B1*1b (Asn130Asp),
OATPIB1*5 (Val174Ala) and OATPIB1*15 (Asn-
130Asp and Vall74Ala) using stably transfected
HEK293 cells. The presence of Asn130Asp and Val-
174Ala variations in the OATP1B1 pgene has been

" reported in several ethnic groups. Among the SNP

variations, Asnl30Asp is observed at the highest fre-
quency in European-Americans, African-Americans and
Japanese and allelic frequencies of 30%, 74% and
60~63%, respectively [13-15]. Although Val174Ala
commonly appeared in European-Americans and Japa-
nese with an allele frequency of 14% and 11~16%,
respectively, the frequency in African-Americans is
relatively low (2%) [13]. Interestingly, the allelic fre-
quency of OATPIB1*5, which has only the Vall74Ala
variation, is relatively low in Japanese (0~0.7%), which
is in contrast to the high frequency of OATP1B1*5 in
European-Americans (14.0%) [13-15]. "The Japanese
subjects with Vall74Ala also have Asnl30Asp, and
therefore, the presence of an interethnic difference in
haplotype formation has been demonstrated between
European-Americans and Japanese [13-15].

We recently reported that the non-renal clearance of
pravastatin, an OATP1B1 substrate, in the Japanese
subjects with the OATP1B1*15/*1b allele was reduced
to 55% that in OATPIB1*1b/*1b subjects [I5]. In
addition, the same value in an OATP1B1*15/*15 sub-
ject was reduced to 14% of the control subjects [15). It
is possible that the reduction in OATP1B1 function by
SNP variations is responsible for this functional altera-
tion. The reduction in the function of membrane
transporters may be accounted for by considering
several facrors: such as (1) the reduction in the intrinsic
activity per transporter molecule, due to the reduced
affinity for substrates andfor the reduction in the
translocation ability; (2) altered protein expression due
to the altered stability of mRNA and/or protein; and (3)
impairment of the membrane sorting.

In the present study, we have characterized the SNP
variants of OATP1B1 from the standpoints described
above. The localization of SNP variants was analyzed
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Fig. 4
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expressing cells.

by immunocytochemical staining and cell surface bioti-
nylation methods. As shown in Fig. 1, most of the SNP
variant molecules were located on the plasma mem-
brane. In addition, these results were confirmed by the
biotinylation assay (Fig. 2). The fact that OATPI-
Bl1*1a, OATPIB1*1b and OATPIB1*5 are mostly
located on the plasma membrane is consistent with the
previous results reported in transiently transfected
HEK293 cells. However, the band density of
OATP1B1*15 was not much higher than that of
OATP1B1*1a/1b in Fig. 2. At the present moment, we
do not have any good reason for this discrepancy
between Figs 2 and 3. In obtaining the results shown in
Fig. 2, the applied amount was not normalized with
respect to the amount of lysate protein due to the
difficulties in measuring the protein concentrations in
the lysate solution containing SDS as a detergent. It is
still possible that the applied amount differs between
clones, although experiments were performed under
the same conditions for all OATP1B1 variants. Since
the degree of expression of OATP1B1 proteins is quite
important in the interpretation of the experimental
results, we also examined the transport mediated by
QATP1B1*15 by using two other clones (Fig. 6) as
discussed later in detail.

To compare the intrinsic transport activity of SNP
variants of QOATP1B1, the uptake of typical substrates
was examined. The Ky, values for E; 178G were similar,
indicating that the S8NPs do not affect the affinity for

E 178G (Fig. 5). The V,, values for E;178G were
normalized by the protein expression level estimated
by Western blotting. Although the V., values defined
for the amount of cellular protein were almost identical
for OATP1Bi*1a, OATPiBI1*1b, OATPIBI*5 and
OATPI1BI1*15, the intrinsic V.., for OATPIB1*15,
defined for the expressed OATPIB1 protein level, was
reduced 1o 7.3% of OATP1B1*1a (Table 1). Since the
non-renal clearance of pravastatin, which is largely
accounted for by biliary excretion clearance, in Japa-
nese subjects with the OATP1B1*15 allele was re-
duced to 13% of that in OATP1B1*1a subjects [15],
the degree of reduction in the transport activity is
similar to the present in-vitro results. In contrast to the
reduction in the transport activity of OATP1BI*15, no
significant difference was observed in the kinetic para-
meters between OATP1B1*ia, OATP1Bi1*1b and
OATP1IBI*5 (Fig. 5).

The results that the transport function of OATP1B1*1a
and *1b is similar for E;17BG is consistent with the
previous report by Michalski e a4/ [12). In contrast,
they found that the transport function of OATP1B1*1b
is higher and lower for bromosulfophthalein and tauro-
cholic acid, respectively, compared to QATPIB1*1a
[12]. Since it is possible that the effect of SNPs on the
transport activity is substrate-specific, it is important for
us to examine the transport of pravastatin by OATP1B1
variants. Although we examined the uptake of pravasta-
tin, we could not detect any significant QATP1B1-




