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& A i - JASBE, FOLAF—5— MEF EBE L]

Amonafide N-acetyltransferase NATZ2 NAT2*5, NAT26A,
NAT2+7, NAT2*13,
NAT2*14

5-FU DPD DPYD DPYD*2A

Mercaptopurine TPMT TPMT TPMT 2, TPMT*3A,

Azathiopurine TPMT*3C

CPT-11 UDP-glucuronosyltransferase UGTT1A1 UGT1A128

CMF regimen *! MTHFR *¢ MTHFR CB77T

B RE

Digoxin, MDR 1 MDR1 C 34357, G 2877 {T,A)

fexofenadine *?

Pravastatin QATP-C QATP-C OATP-C*15

*!' CMF ! cyclophosphamide, methotrexate, 5-FU *? MTHFR ! methylenetetrahydrofclate reductase

IR EERE AL,

i
II'TPMT (thiopurine methyltransferase)
i
T AAHERIECH B 6- AN AT M7 ¥ {6-mer-
captopurine} %, TN FR KN T v 7 Thd THFA 7Y
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BRRERERTH L 73R F F  (pravastatin) OF
B2 U T T v XH OATP-C*15(Asn 130 Asp, Val174
ADDOT LN EREOACBWIERLET T4 Y, b
5 v AR— ¥ —OREFSUIPERICRR TOEYIHE
WESARIZLTWAI EAHE SR (I 2)Y. —&
2, Y RAE-F—OF RIEWERREREERD,
HEmHL Foflicb vy, Liod-T, FRAOEAR
R LTOAR LB RITTTiEESH Y, &
DHREMNLELEND,

BFHUIC

b, HigRoEmHEoMANESORELE 258
EFEROFAEIY Li¥. hboflis, EBROER
FERMETWBEILLVAEAAONBTH LY, £
Bzl EMOBENBEOIMERTER LML LI
h, 2ORNRIOENbs TV bDEBbNE, F
7=, TRTTIEHEMO SNP OAFRELEHIHASTS
EFRFRS R TH - 2208, Bk MDR1 OO L
(23580 SNPs % RIZHD 2 Lo X b $i/- iR ®
AL TEEELH D, FRLS TR I A TORNK
AEEBUT, in vitro, in vive DT HE G DOERNTEE
HEEEMR, ENOBFHCBTIRETEZROEEY
HaMroERMICHITL, BRTOFRACHEERTS
EEMSHER LR D2HE, IHHOHHEOE
fRIcEw, B IEI, HRETREDETFSHOREE
L2ofELBEE, #HROSEPLOREREEER
2 EFNAL L ARSI S 82 T 5 F ki O
WURBEEL-TL A THAILEZL TV,

X i
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etal . Human thiopurine methyltransferase pharmaco-
genetics | gene sequence polymorphisms. Clin Phar-
macol Ther 62 @ 60-73, 1997

2} Yates CR, Krynetski EY, Evans WE, et al ! Molecular

30 (364) MR - %03 - B8 Vol8 No.4 2003-10



2 R EL AT R BEESRE T D i me
TunLmr, TOHEBICEWTIDPD A4k
BLTHD. DPYD*2A 7 LN 0B EH, 5-FU
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Functional analysis of single nucleotide polymorphisms of
hepatic organic anion transporter OATP1B1 (OATP-C)

Megumi Iwai®, Hiroshi Suzuki?, Ichiro leiri®, Kenji Otsubo® and

Yuichi Sugiyama?®

Objective Two kinds of single nucleotide polymerphism
(SNP; Asn130Asp and Vall74Ala) are frequently observed
in the liver specific transporter, organic anion transporting
polypeptide 1B1 (OATP1B1/0ATP-C) gene. Although
these two SNPs occur independently in European-
Americans, Val174Ala is mostly associated with
Asn130Asp in Japanese, Qur 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. Cfin 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 transport activity were
analyzed in HEK293 cells stably expressing wild-type
OATP1B1 (OATP1B1*1a), OATP1B1"1b (Asn130Asp),
OATP1B1*5 (Val174Ala) and QATP1B1*15 (Asn130Asp and
Val174Ala), To characterize the intrinsic Ve, 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 178-estradiol 173-p-glucurcnide
(E217BG), 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 nucleotide polymorphisms
(SNPs), in the genes encoding drug metabolizing
enzymes and/or transporters [1,2]. Although the correla-
tion berween genotype and phenotype has been stud-
ied 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 (OATPIB1/OATP-
C), a basolaterally located transporter, which is respon-
sible for the hepatic uptake of a series of organic
anions, including 17B-estradiol  17B-D-glucuronide

0980-314X © 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 QATP1B1*5 (Val
174Ala) was similar to that of CATP1B1*1a.

Conclusions These results are consistent with the results
of our previous clinical studies. Itis thus suggested that in-
vivo disposition may be predicted from in-vitro results
using recombinant transporters. Pharmacogenetics
14:749-757 © 2004 Lippincott Williams & Wilkins
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(Ez17BG), esuone-3-sulfate (E;S), raurocholate, conju-
gated bilirubin, and anionic drugs such as pravastatin,
from the portal vein to hepatocytes [6-11].

At present, several kinds of SNP variants have been
identified in the human OATPIBI1 gene. As far as the
nomenclature of OATP1B1 variants is concerned, the
cDNA sequence reported by Konig e a/. [7] is desig-
nated as OATP1B1*1a. Recently, using stably trans-
fected MDCKIL cells, Michalski e 4/ [12] have
identified a naturally occurring mutation in the
OATPIB1 gene leading to an impairment of the
protein muration 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 er @/ [13] have identified the
SNPs in the OATPIBI gene in European-American
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and African-American subjects, and examined their
function by transfecting the ¢cDNAs into HeLa cells.
Although they found that the expression levels of
OATP1B1*3 (Val62Ala), OATPIB1*5 (Val174Ala),
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 Ez17pG and E;S has been observed
[13]. In contrast, using HEKZ293 cells transiently ex-
pressing OATP1B1, Nozawa e al. [14] reported that
the cellular localization and transport function of
OATP1B1*5 were no different from that of OATPI-
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 OATPIB1*5 is similar to that of
OATP1B1*1a {14].

Recently, Nozawa er /. [14] found a novel OATP1B1
allele, OATP1B1*15, possessing both Asnl30Asp and
Val174Ala variants in Japanese subjects. OATP1B1*15
is different from OATP1B1*1b which is associated with
Asn130Asp, but not with Vall74Ala, and OATP1B1*5
which is associated with Val174Ala, 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
Vall74Ala also have Asnl30Asp 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 OATP1B1*15. To investgate the
effect of SNPs on drug disposition, we recently reported
the disposition of pravastatin, an HMG-CoA reductase
inhibitor which is taken up by OATPI1BI, 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 HEKZ93 cells stably
expressing OATP1B1*1a, OATP1B1*1b, OATP1B1*5
and OATP1B1*15 and characterized their cellular locali-
zation and transport activity.

Material and methods

Materials

[*H] Ez178G (45.0 uCi/nmol) and [*H] E;S (46.0 pCi/
nmol) were purchased from New England Nuclear
(Boston, MA, USA). All other chemicals were commer-
cially available and of reagent grade.

Construction of CATP1B1 SNP variants expressed in
HEK293 cells

Human OATPIB1*1b (Asnl130Asp) 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 intreduction of the mutations was
verified by full sequencing. Wild-type and SNP variants
of OATPIBl in pcDNA31 were transfected rto
HEK?293 cells grown on a 12-well plate with Fugene 6
(Roche Diagnostics Corporation, Indianapolis, IN,
USA) according to the manufacturer’s instructions.
Then, HEKZ93 cells were selected by 200 pg/ml Zeo-
¢in and colonies were picked up and the colonies which
had the highest transport activities were used in the
functional analysis. HEK293 cells stably expressing
OATPIB1 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 sweptomycin (100 pg/ml),
zeocin (200 pg/ml) (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 expression of OATP1B1,

Immunocytochemical staining

HEK293 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
OATPIBI1 [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) diluted 250-fold
in PBS for 1 h, The localization of OATP1B! protein
was visualized by confocal lazer microscopy (Zeiss
LSM-510; Carl Zeiss Inc., Thornwood, NY, USA).

Cell surface biotinylation

HEK?Z93 cells stably expressing OATP1B1s were grown
on 24-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-$S-biotin
(1.5 mg/ml; 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 pi
lysis 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 30 min. To reduce the SDS
concentration, samples were diluted with 450 pl of lysis
buffer. Then, 50ul 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,
500mM NaCl, 5mM EDTA, 0.1% Triton-X-100,
pH 7.5), and once with low salt lysis buffer (50 mM
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 S min at 60°C. Samples for total cell lysates (15 pul)
and biotinylated proteins (2 pl) were subjected to the
Western blot analysis.

Western blotting

Membrane fractions were prepared from HEK?293 cells
stably expressing OATP1B1 as described previously
[17]. These crude membrane fractions were diluted
with 3X 8DS loading buffer and separated on 7% SDS-
polyacrylamide gel with a 4.4% stacking gel. Proteins
were transferred electrophoretically to a nitrocellulose
membrane (Millipore, Bedford, MA, USA} using a
blotter (Bio-Rad Laboratories, 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 {ILAS-1000 plus,
Fuji Film). The molecular weight was determined
using a prestained protein marker (New England
BicLabs, Beverly, MA).

Transport studies

Transport studies of [*H] E;17fG and [*H] E;S were
carricd out as described previously [18]. Uptake was
initiated after cells were washed twice and preincu-
bated with Krebs-Henseleic buffer at 37°C for 15 min.
The Krebs—Henseleit buffer consists of 118 mM NaCl,
23.8 mM NaHCO;, 4.83mM KCI, 0.96 mM KH,POy,
1.20 mM MgSQy, 12.5 mM HEPES, 5 mM glucese, and
1.53 mM CaCl;, adjusted to pH 7.4, After the removal
of the incubation buffer, the uptake was terminared at
designed times by adding ice-cold Krebs—Henseleit
buffer, dissolved in 500l 0.2N NaOH, and kept
overnight. Aliquots (450 pl) were transferred to scintil-
lation vials after adding 100 p} 1 N HCL The radio-
acrivity associated with the cells and medium was
determined in a liquid scintillation counter after addi-
tion of 2 ml scindllation fluid (NACALAI TESQUE,
Kyoto, Japan). The remaining 50 pl of the aliquots of
the cell lysate was-used to determine the protein
cencentration by the method of Lowry with bovine
serum albumin as a standard.
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Ligand uprake is given as the volume of distribution
(W/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 obrained by subtracting the uptake into
vector-transfected cells from the uptake into ¢cDNA-
transfected cells. Kinetic parameters were obtained
using the following equation,

Vipax X &
where v is the uptake velocity of the substrate (pmol/
min/mg of protein), § is the substrate concentration in
the medium (uM), K is the Michaelis—Menten con-
stant (M), Voax is the maximum uptake rate (pmol/
min/mg of protein) and Py is the nonspecific uptake
clearance (W/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 QATP1B1 SNP variants was inves-
tigated by immunocytochemical staining (Fig. 1). It has
been previously reported that the localization of
OATP1B1*1a and OATPIB1*1b is limited to the cell
surface in transiently transfected HEK293 cells [14). It
was found that OATP1B1*1a and OATPIBI1*1b 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*S5 and OATP1B1*15. No OATP1B1 derived
staining was observed in vector-transfected HEK?293
cells (Fig. 1).

The cellular localization of SNP variants was also
confirmed by the cell surface biotinylation method
(Fig. 2). The ratio of the biotinylated QATPIB! in the
cell surface fraction to that in the whole cell lysate was
analyzed by densitometric analysis. This ratio of
OATP1B1*1b, OATP1B1*S and OATPIB1*15 was
almost the same as that of OATP1B1*1a, and they
were 64, 98 and 103% of OATP1B1*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 OATPIB! band densities (Fig. 3).
Although the expression level of each SNP variant
differed, the molecular mass was approximately 80 kDa
(Fig. 3). OATP1B1*1b and OATP1B1*5 showed a
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Fig. 1

Immunolocalization of OATP1B1 allelic variants in HEK283 cells. OATP1B1 {green flucrescence} and nuclet (red fluorescence) were stained using
tha polyclonal antibody for OATP1B1 and propidium iodide, respectively. (a—e) represent the staining of vector-transfected, OATP1B1*1a-,
OATP1B1*1b-, OATP1B1*5- and OATP1B1*15-expressing HEK293 cells, respectively. Bars = 20 pm.
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Cell surface biotinylation of OATP1B1 allelic variants. Total cell lysate
protein containing both cell surface and intracellular protein (15 pl of
solution) (lsft panel) and biotinylated protein {2 ul of solution) {right
panel) was subjected to SDS-polyacylamide gel electrophoresis
{PAGE) (7%). The membrane was incubated with anti-OATP1B1
polyclonal antibody {top panel), After washing, the membrane was
incubated with anti-calnexin antibody (bottom panels). The band
density against OATP1B1 was quantified in a luminescent image
analyzer.

similar expression level to that of OATP1B1*1a (130%
and 140%, rtespectively). 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;17pG and
[FH] E;S by HEK293 cells stably expressing
OATPI1B1s are shown in Fig. 4. Significantly greater
uptake 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;17PG 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
due to the experimental deviations in the uptake
between the vector-transfected and OATP1B1 ¢DNA-
transfected cells. The X, values of OATPIB1*1a,
OATP1B1*1b, OATPIB1*5, and CATP1B1*15 were
comparable, and they were 4.26 +1.66, 3.96 = 1.29,
5.90 4 2.00 and 4.07 &+ 2.48 pM, respectively (Fig. 5).
The apparent Vyax values of these variants were
3574129, 49.3+£149, 4661+ 151 and 288 £ 16.1
pmol/min/mg cellular protein, respectively. In order to
determine the V. values for each QATP1B1 mole-
cule, it is essential to consider the cell surface expres-
sion level of OATP1Bl1s. Table 1 shows these values
obtained by dividing the Vg, values per mg cellular
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Quantification of the expression level of OATP1B1 in HEK293 cells.
Crude membrane obtained from HEK293 cells was separated by
SDS—-PAGE {7%). The applied amount of protein was 10 pg, 10 pg,
10 pg, 10 pg and 2.5 pg for OATP1B1*1a, OATP1B1*1b,
OATP1B1*5 and QATP1B1*15, respectively. OATP1B1 proteins were
detected using horseradish peroxidase-labeled anti-rabbit IgG after
incubation with the polyclonal antibody for OATP1B1 (a).
Quantification of the OATP1B1 expression level was performed ina
luminescent image analyzer. In (b}, each point and bar represents the
mean * SE of thres independent experiments, [J, CATP1B1*1a
expressing cells; A, OATP1B1*1b expressing cells; A, OATP1B1*5
expressing cells; @, OATP1B1*15 expressing cells.

protein by the OATP1B1 expression level estimated by
Western blotting (Fig. 3). For OATPIB1*15, the in-
trinsic Voaax value was reduced to 7.3% of OATP1B1*13,
whereas the V., values for OATPIBI*S and
OATPI1B1*1b were similar to OATP1B1*1a,

Transport properties of other OATP1B1*15 clones

In order to confirm the results that the transport
funcrion of OATPIB1*15 is reduced compared to the
wild-type rtransporter, further analysis was performed
by using two other OATP1B1*15 clones. The results of
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the Western blot analysis and uptake study using
OATPIB1*1a and other OATP1B1*15 clones
(OATP1B1*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
OATPIB1 *1a. OATP1B1*15'- and OATPIBI1*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
Asn130Asp and Vall74Ala SNP variants of human
OATPIBI1. The localization and transport activity were
analyzed for OATP1B1*1a, OATP1B1*1b (Asn130Asp),
OATPI1B1*5 (Vall74Ala) and OATPIB1*15 (Asn-
130Asp and Vall74Ala) using stably transfected
HEK293 cells. The presence of Asn130Asp and Val-
174Ala wvariations in the OATPIB1 gene 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 Vall74Ala
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 OATP1B1*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 [15]. In
addition, the same value in an QATP1B1*15/*15 sub-
ject was reduced to 14% of the control subjects [15]. It
is possible that the reduction in OATPIBI 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 factors: 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 OATPI1B1 from the standpoints described
above. The localization of SNP wvariants was analyzed
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Fig. 4
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Time-profiles for the transport of [3H] Ez1 78G and [*H] E4S by OATP1B1 SNP variants, Time-profiles for the uptake of [*H] Ex17BG (100 nw; a),
and [*H] E4 S (50 nM; b) were examined. Each point and vertical bar represents the mean £ SE of three independent determinations. Key: l; vector-
transfected cells, 03; OATP1B1*1a expressing cells, A; OATP1B1*1b expressing cells, &; CATP1B1*G expressing cells, ®@; OATP1B1*15

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 OATPI1-
B1*1a, OATPIB1*1b and OATPIBI*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
OATPIB1*15 was not much higher than that of
OATPI1B1*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 obraining the results shown in
Fig. 2, the applied amcount 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
OATPIB1*15 by using two other clones (Fig. 6) as
discussed later in detail.

To compare the intrinsic transport activity of SNP
variants of OATPI1B1, the uptake of typical substrates
was examined. The K, values for E;178G were similar,
indicating that the SNPs do not affect the affinity for

E;17BG (Fig. 3). The V. values for E;17G were
normalized by the protein expression level estimated
by Western blotting. Although the V,,x values defined
for the amount of cellular protein were almost identical
for OATP1B1*1a, OATP1B1*tb, OATPIB1*5 and
OATPI1B1*15, the intrinsic Vi, for OATP1B1*15,
defined for the expressed OATP1BI1 protein level, was
reduced to 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 OATPIBI*IS allele was re-
duced to 13% of that in QATP1B1*12 subjects [15];
the degree of reduction in the transport activity is
stmilar to the present in-vitro resules. In contrast to the
reduction in the transport activity of OATP1B1*15, no
significant difference was observed in the kinetic para-
meters between OATPIB1*1a, OATPIB1*1b and
OATPI1B1*5 (Fig. 5).

The results that the transport function of OATP1B1*1a
and *1b is similar for E;17fG is consistent with the
previous report by Michalski ¢ #/ [12]. In contrast,
they found that the transport function of OATP1B1*1b
is higher and lower for bromosulfophthalein and tauro-
cholic acid, respectively, compared o OATP1B1*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 OATP1B]
variants. Although we examined the uptake of pravasta-
tin, we could not detect any significant OATP1B1-
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' Eadie—Hofstee plot for OATP1R1-mediated uptake of [*H] E217BG. The transport velocity determined by examining the uptake of [PH] E;17BG for
2 min was determined in OATP1B1*1a (a), CATP1B1*1b (b}, QATP1B1*5 {c), and OATP1B1*15 (d) expressing HEK293 cells. Each point and bar
represents the mean + SE of three independent experiments, The solid fine represents the fitted line. The OATPIB1 mediated transports were
obtained by subtracting the transport velocity in vector-transfected cells from thase in OATP1B1 SNP variants-expressed cells.

Table 1 Kinetic parameters for the transport of [*H1 E;17pG

Vinax P Vinaxl Ko Expression amount Corrected Ve

K
Genotype (M) {pmol/min/mg protein)  {ul/min/mg protein} {pl/min/mg protein} (% of *1a) (% of “1a)
' DATP1B1*1a 43+1.7 357 +128% 0.644 £ 0.308 B33+ 446 100 100
OATP1B1*1b 4+13 493 + 149 0.222 + 0.344 124+ 55 130 110
OATP1B1*5 59+ 20 466 £ 1561 0.015 + 0.2762 79+3.7 140 93
- OATP1Bi*15 407+25 288+ 18641 0.738 £ 0.399 7.06 £ 584 1100 7.3

‘ Data shown in Fig. 5 were analyzed to determine the kinetic parameters. Moreover, the Vo, values were normalized by the expression level of OATP1B1 protein
determined by the Western blot analysis shown in Fig. 3. ’
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Fig. 6
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Woestern blot analysis and uptake study using other OATP181*15 clones, The uptake of E; 173G was examined using other two OATP1B1*15
clones. The expression level of OATP1B1 was also determined by the Western blot analysis. {a) Crude membrane (10 ug) obtained from HEK293
cells was separated by SDS-PAGE {7%). OATP1B1 proteins were detected using horseradish peroxidase-labeled anti-rabbit 19G after incubation
with the polyclonal antibody for OATP1B1. (b} HEK293 cells expressing CATP1B1%1a, GATP1B1*15 clones 1 and 2 were incubated for 2 min in
the presence of [*H] E;17pG with tracer {0.1 pi; closed bar) or excess (60 pM; open bar) concentration of unlabeled E317BG. Each peint and bar
represents the mean + SE of three independent experiments. (¢} The transport activity was obtained by subtracting the transport velocity in the
presence of excess amount of unlabeled Ez 178G from the transpart velocity in its absence shown in (b). Then, the normalized transport activity was
calculated by normalizing the transport activity by the OATP1B1 expression level estimated from (a).

mediated uptake of this drug due to the low transport
activity compared with the background level. This
result is consistent with our previous transcellular
transport studies with MDCK II menolayer expressing
the uptake (OATP1B1) and efflux (MRP2) transporters
on the basolateral and apical membrane, respectively;
the extent of the basal-to-apical transport of pravastatin
was less than 20% of that of E;178G [16]. It is
unfortunate that the transport of pravastatin was not
detectable under the present experimental conditions.
However, our previous in-vivo findings that the non-
renal clearance of pravastatin is much lower in
OATP1B1*15 subjects [15] is consistent with the
reduced transport function of OATPIB1*15 deter-
mined in the present study.

Focusing on the OATP1B1*5 allele, two groups have

reported contradictory results, Nozawa e a4l [14]
demonstrated that the localization and transport activ-
ity of OATP1B1*5 was similar to that of OATPI-
B1*1a wusing HEK293 as host cells, which is
consistent with the present resules (Fig. 1), In con-
trast, Tirona e @/ {13] used HeLa cells and observed
a reduction in the cell surface expression of
OATP1B1*3. This discrepancy may be due to a
difference in the membrane targeting mechanism be-
tween HEK293 and HeLa cells. Although we also
found the membrane localization of OATP1B1*15 in
our HEK 293 cells, we need to be careful in
expecting in-vivo cellular localization from the results
of in-vitro expression system. Indeed, the difference
in the cellular localization of transporters was reported
previously [20-23]. It is also difficult for us to
determine the in-vivo function of QATPIB1*5 from
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the drug disposition due to the low frequency of
OATP1B1*5 in Japanese subjects.

Finally, the expression level of SNP variants of
OATPI1BI needs to be discussed. The expression level
of the OATP1B1*15 clone analyzed in the present
study was 11 umes higher than that of OATP1B1*1a,
In order to demonstrate that this high expression is not
a unique characteristic of OATPIB1*1S and to confirm
that the transpore function of OATP1B1*15 is indeed
reduced compared with the wild-type OATPIBI1, we
determined the expression level and transport proper-
ties of OATP1B1*15 in other clones, which were
picked up during the selection in the presence of
zeocin. The OATPIBI*15 expression level in two
other clones was 75 and 180% that of OATP1B1*1a,
indicating that high expression is not necessarily asso-
ciated with the OATPIB1*15 variation (Fig. 6). In
addition, their intrinsic transport activity for E;17pG
was also reduced to 21 and 30% of OATP1Bi*1a (Fig.
6), after correction of their protein expression levels.
Using these two clones, it was confirmed that the
transport funcuion 1s indeed reduced in OATP1B1*15.

In conclusion, we analyzed the function of four
OATPIB1 SNPs vartants. Although all the SNP var-
iants examined in the present study were located on
the cellular membrane, the intrinsic V., value for
E;17BG in the OATPIB1*15 variant was reduced to
7.3% that in OATF1B1*1a. The degree of the reduc-
tion in I, 15 similar to that for the non-renal clearance
of pravastatin in healthy Japanese subjects with the
OATPIB1*15 allele [15]. These results suggest that in-
vitro transport experiments with cDNA-transfected
HEK?293 cells are useful tools for predicting the effects
of OATP1BI1 SNPs on in-vivo drug disposition.
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Purpose. The aim of the current study was to identify the effect of
single nucleotide polymorphisms (SNPs) in breast cancer resistance
protein {BCRP/ABCG2) on its localization, expression level, and
transport activity.

Methods, The cellular localization was identified using the wild type
and seven different SNP variants of BCRP {V12M, Q141K, A149P,
R163K, Q166E, P269S, and S441N BCRP) after transfection of their
¢DNAs in plasmid vector to LLC-PK1 cells, Their expression levels
and transport activities were determined using the membrane vesicles
from HEK293 cells infected with the recombinant adenoviruses con-
taining these kinds of BCRP ¢cDNAs.

Results. Wild type and six different SNP variants of BCRP other than
5441N BCRP were expressed on the apical membrane, whereas
5441N BCRP showed intracellular localization. The expression levels
of Q141K and S441N BCRP proteins were significantly lower com-
pared with the wild type and the other five variants. Furthermore, the
‘transport activity of E;S, DHEAS, MTX, and PAH normalized by
the expression level of BCRP protein was almost the same for the
wild type, V12M, Q141K, A149P, R163K, Q166E, and P269S BCRP.
Conclusions. These results suggest that Q141K SNPs may associate
with a lower expression level, and S441N SNPs may affect both the
expression level and cellular localization. It is possible that subjects
with these polymorphisms may have lower expression level of BCRP
protein and, consequently, a reduced ability to export these sub-
strates.

KEY WORDS: adenovirus; BCRE/ABCG?2; interindividual differ-
ence; SNPs.

INTRODUCTION

ABCG2, also referred to as breast cancer resistance pro-
tein (BCRP), mitoxantrone resistance-associated protein
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(MXR), and placenta-specific ATP-binding cassette trans-
porter (ABCP), is a member of the ATP-binding cassette
(ABC) transmembrane transporter family (1-3). BCRP
mRNA encodes a 72,6 kDa membrane protein composed of
655 amino acids (1,3,4). It has a single ATP binding domain at
the amino terminus (at amino acid 61-270) followed by six
transmembrane domains (at amino acids 394-416, 428-450,
478-499, 506-528, 533-555 and 629-651) (1,5). BCRP may form
a homodimer to become functionally active (6). In BCRP-
expressing cells, the intracellular concentration of substrate
anticancer drugs is reduced, suggesting its protective role
against drug toxicity (7). In normal human tissues, BCRP is
expressed on the apical membrane of enterocytes, tropho-
blast cells in the placenta, the bile canalicular membrane of
hepatocytes, and the apical membrane of lactiferous ducts in
the mammary gland (8). Current evidence indicates that
BCRP could contribute to the disposition of some substrates
(9,10). Moreover, it was recently shown that BCRP also trans-
ports some endogenous compounds such as sulfate conjugates
(11). It is also reported that some mutations in the open read-
ing frame of BCRP are associated with resistance to some
anticancer drugs. For example, an amino acid mutation at
position 482 affects the resistance to adriamycin and metho-
trexate (12,13). Therefore, it is possible that certain kinds of
single nucleotide polymorphisms (SNPs) of BCRP may alter
its function and, consequently, affect the disposition of sub-
strate drugs.

To date, some pieces of information about BCRP SNPs
have been reported. Recently, the SNPs of BCRP in 100
healthy Japanese subjects have been analyzed in 84 cell lines
established from clinically dissected human tumors and also
in 60 Japanese individuals who were given irinotecan, an anti-
cancer drug, for the treatment of various types of cancer (14).
On analyzing the specimens from the 100 Japanese volun-
teers, 7 kinds of SNPs were identified for the BCRP gene:
G34A (V1i2M), C376T (Q376Stop), C421A (Qi41K),
G1098A (E366E), G1322A (S441N), T1465C (F489L), and
C1515- (AFFVMS505-509ASSL Stop). The allele frequencies
of these SNPs are 18, 1, 36, 1, 0.5, 0.5, and 0.5%, respectively.
In the 84 cell lines, 7 kinds of SNPs were identified and their
frequency for G34A (VI2M), C376T (Q126S5top), C421A
(Q141K), G445C (A149P), G488A (R163K), C80ST (P2698S),
and G1098A (E366E) are 22, 3, 29, 1, 0.6, 0.6 and 2%, re-
spectively. In the present study, we focused on the 7 SNPs, 6
of which were found in Japanese samples and cell samples,
and 1 was reported in the NCBI database (rs1061017). We
constructed expression systems for the wild type and SNPs
variants of BCRP (V12M, Q141K, A149P, R163K, Q166E,
P269S, S441N BCRP) and examined whether these SNPs
variants of BCRP alter its localization, expression level, and
transport activity.

MATERIALS AND METHODS

Materials

[*H]Estrone-3-sulfate (E,S; 46 Ci/mmol), [*H]dehydro-
epiandrosterone sulfate (DHEAS; 79.1 Ci/mmol), and [*H]p-
aminohippuric acid (PAH; 4.51 Ci/mmol) were purchased
from PerkinElmer Life Science, Inc. (Boston, MA, USA).
{*H]Methotrexate (29 Ci/mmol) was purchased from Ameri-

0724-8741/04/1000-1895/0 © 2004 Springer Science+Business Media, Inc.
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can Radiolabeled Chemicals, INC. (St. Louis, MO, USA).
Unlabeled E,S, DHEAS, methotrexate, PAH, and ATP, cre-
atine phosphate, and creatine phosphokinase were purchased
from Sigma Chermical (St. Louis, MO, USA). All other chemi-
cals used were commercially available and of reagent grade.

LLC-PK1 and HEK293 cells were cultured in Medium
199 (GIBCO BRL, Gaithersburg, MD, USA) and Dulbecco’s
modified Eagle’s medium (GIBCO BRL), respectively, after
addition of 10% fetal bovine serum, and penicillin {100 U/ml)
and streptomycin {100 mg/ml).

Construction of BCRP-Containing Expression Vectors and
Recombinant Adenoviras

Wild-type BCRP cDNA was purchased from Invitrogen
Corp. (Carlsbad, CA, USA) (no. H24176). The complete
BCRP ¢cDNA was amplified with the primers containing Nhel
site and Kozak sequence attached at the 5'-end and that with
the Apal site at the 3'-end by PCR, and then was inserted into
pcDNA3.1 vector plasmid, resulting in wt BCRP/pcDNA3 1.
Using site-directed mutagenesis, SNP variants of BCRP
(V1ZM, Q141K, A149P, R163K, Q166E, P269S and S441N
BCRP) were constructed on pcDNA3.1 vector (SNPs type
BCRP/pcDNA3.1). V12M BCRP was amplified with 5'-
GTCGAAGTTTTTATCCCAATGTCACAAGGAAA-
CACCAATGGC-3" and -GCCATTGGTGTTTCCTTGT-
GACATTGGGATAAAAACTTCGAC3'. Q141K BCRP
was amplified with 5'-CGGTGAGAGAAAACT-
TAAAGTTCTCAGCAG-3' and -GCTGCTGAGAACTT-
TAAGTTTTCTCTCACCG-3'. A149P BCRP was amplified
with 5'-GCAGCTCTTCGGCITCCAACAACTATGACG-
3' and -CGTCATAGTTGTTGGAAGCCGAAGAGC-
TGC-3'. R163K BCRP was amplified with 5'-
CGAACGGATTAACAAGGTCATTCAAGAG-3' and 5'-
CTCTTGAATGACCTTGTTAATCCGTTCG-3'. Ql66E
BCRP was amplified with 5'-GATTAACAGGGTCATT-
GAAGAGTTAGGTCT-3" and 5'-CCAGACCTA-
ACTCTTCAATGACCCTGTTAA-3. P269S BCRFP was
amplified with 5'-GACTTATGTTCCACGGGTCTGCT-
CAGGAGGCCTTGGG-3" and 5-CCCAAGGCCTCCT-
GAGCAGACCCGTGGAACATAAGTC-3", S441N BCRP
was amplified with 5'-CCAACCAGTGTTTCAGCAAT-
GTTTCAGCCGTGGAACTC-3' and 5'-GAGTTCCACG-
GCTGAAACATTGCTGAAACACTGGTTGG-3'. From
these pcDNA3.1 vectors, BCRP ¢DNA was subcloned into
the Nhel and Apal sites of the pShuttle plasmid vector, trans-
ferred into Adeno-XTM Viral DNA using the Adenc-X Ex-
pression System (BD Biosciences, Palo Alto, CA, USA), re-
sulting in pAd-wt BCRP. To produce recombinant adenovi-
rus, pAd-wt BCRP was digested with Pacl, and transfected to
HEK293 cells by FuGENE6 {Roche Diagnostics Corpora-
tion, Indianapolis, IN, USA} according to the manufacturer’s
instructions. For SNPs type BCRPs, viruses were prepared in
the same way, resulting in the production of pAd-SNPs
BCRP (pAd-V12M, Q141K, A149P, R163K, Q166E, P2695,
and S441N BCRP). Recombinant viruses prepared as de-
scribed previously (Ad-wt BCRP and Ad-SNPs type BCRP)
(15) were purified by CsCl gradient centrifugation, dialyzed
with a solution containing 10 mM Tris (pH 7.5), 1 mM MgCl,,
and 10% glycerol, and stored in aliquots at -80°C. Then, the
resulting virus titer was determined as described previously
(16).
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Immunchistochemical Staining

For immunohistochemical staining, LLC-PK1 cells trans-
fected with wild-type BCRP or SNPs type BCRP in
pcDNA3.1 vector were plated at a density of 5 x 10° cells in
12-well dishes, 72 k prior to the experiments. After fixation
with 4% (w/v) paraformaldehyde for 10 min and permeabili-
zation in 1% TritonX-100 in PBS for 10 min, cells were incu-
bated with the monoclonal antibody against BCRP (BXP-21)
{Xamiya Biomedical Company, Seattle, WA, USA) for 1 h at
room temperature. Then, cells were washed three times with
PBS and incubated with Goat anti-mouse IgG Alexa 488
{Molecular Probes, Inc., Eugene, OR, USA) diluted 250-fold
in PBS for 1 h at room temperature, and mounted in
VECTASHIELD Mounitng Medium (Vector Laboratories,
Burlingame, CA, USA). The localization of BCRP protein
was visualized by confocal lazer microscopy (Zeiss LSM-510;
Carl Zeiss Inc., Thornwood, NY, USA).

Preparation of Membrane Vesicles

To prepare membrane vesicles, HEK293 cells were
plated at a density of 2 x 10° cells per 15 ¢ dish. After 72 h,
cells were infected with recombinant adenoviruses containing
the wild-type and SNPs type BCRP at 2 x 107 pfu per plate.
As a negative control, cells were infected with the virus con-
taining GFP cDNA (pAd-GFP). Cells were harvested at 48 h
after infection and then the membrane vesicles were isolated
using a standard method described previously in detail (17).
Briefly, cells were diluted 40-fold with hypotonic buffer (1
mM Tris-HCI, 0.1 mM EDTA, pH 7.4, at 4°C)} and stirred
gently for 1 h on ice in the presence of 2 mM phenylmethyl-
sulfonyl fluoride, 5 pg/ml leupeptin, 1 pg/ml pepstatin, and 5
p.g/ml aprotinin. The cell lysate was centrifuged at 100,000 x
g for 30 min at 4°C and the resulting pellet was suspended in
10 ml isotonic TS buffer (10 mM Tris-HCI, 250 mM sucrose,
pH 7.4 at 4°C) and homogenized in a Dounce B homogenizer
{glass/glass, tight pestle, 30 strokes). The crude membrane
fraction was layered on top of a 38% (w/v) sucrose solution in
5 mM Tris-HEPES, pH 7.4 at 4°C, and centrifuged in a Beck-
man SW41 rotor centrifuge at 280,000 x g for 45 min at 4°C.
The turbid layer at the interface was collected, dituted to 23
ml with TS buffer, and centrifuged at 100,000 x g for 30 min
at 4°C. The resulting pellet was suspended in 400 pl TS buffer.
Vesicles were formed by passing the suspension 30 times
through a 27-gauge needle using a syringe. The membrane
vesicles were finally frozen in liquid nitrogen and stored at
-80°C until required. Protein concentrations were determined
by the Lowry method.

Western Blot Analysis

For the Western blot analysis, membrane vesicles were
dissolved in 3 x SDS sample buffer (New England BioLabs,
Beverly, MA, USA), and separated on a 10% SDS-
polyacrylamide gel electrophoresis plate with a 4.4% stacking
gel. The molecular weight was determined using a prestained
protein marker (New England BioLabs). Proteins were trans-
ferred electrophoretically to a polyvinylidene diflouride
membrane (Pall, East Hills, NY, USA) using a blotter (Bio-
Rad Laboratories, Richmond, CA, USA)at 15V for1h The
membrane was blocked with PBS containing 5% skimmed
milk for 1 h at room temperature. After blocking, the mem-
brane was incubated for 1 h at room temperature in BXP-21
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(Kamiya Biomedical Company, Seattle, WA, USA) diluted
100-fold with 5% skimmed milk. Then, the membrane was
washed with PBS containing 0.1% Tween-20 and allowed to
bind to Alexa Fluor 680 goat anti-mouse IgG (Molecular
Probes, Inc. Eugene, OR, USA) which was diluted $,000-fold
with skimmed milk for 1 h to detect BCRP. Subsequently, the
fluorescence was measured in a densitometer (Odyssey,
ALOKA, Tokyo, Japan). The protein expression levels of
each SNPs variant of BCRP were determined by analyzing
the band density associated with three different applied
amount of the membrane vesicles on the Western blot analy-
sis.

Vesicle Transport Assays

The uptake study of [*H]E,S, [*"H]DHEAS, [*H]MTX,
[PH]PAH was performed as reported previously (18). Briefly,
the transpert medium (10 mM Tris, 250 mM sucrose and 10
mM MgCl,, pH 7.4) contained the ligands, 5 mM ATP and an
ATP-regenerating system (10 mM creatine phosphate and
100 mg/ | creatine phosphokinase). An aliquot of transport
medium (15 pl) was mixed rapidly with the vesicle suspension
(2 pg protein for [*H] E,S and 10 pg protein for others in 5
pl). The transport reaction was stopped by the addition of 1
ml ice-cold buffer containing 250 mM sucrose, 0.1 M NaCl
and 10 mM Tris-HCI (pH 7.4). 900 pl of the stopped reaction
mixture was passed through a 0.45 pm HA filter (Millipore
Corp., Bedford, MA, USA), and then washed twice with 5 ml
stop solution. The radioactivity retained on the filter was
measured in a liquid scintillation counter (LS 6000SE, Beck-
man Instruments, Fullerton, CA, USA) after the addition of
scintillation cocktail (Clear-sol I, Nacalai Tesque, Tokyo, Ja-
pan). The amount of ligand taken up into vesicles was nor-
malized in terms of the amount of membrane protein. The
uptake activity was defined as the amount of ligand divided
by the ligand concentration in the medium. The ATP-
dependent uptake of ligands was calculated by subtracting the
ligand uptake in the absence of ATP from that in its presence.
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RESULTS
Localization of Human BCRP in LLC-PK1 Cells

The localization of human BCRP was determined by im-
munochistochemical staining. Monoclonal antibody against
human BCRP (BXP-21) detected a high fluorescence signal
at the apical membrane of LLC-PK1 cells after transfection of
the wild type BCRP/pc DNA3.1 (Fig. 1}. No specific fluores-
cence signal was observed at the apical membrane or in the
cytoplasm after transfection of pcDNA3.1 plasmid vector
(data not shown). We also analyzed the cellular localization
of BCRP variants. In our experimental system, except for one
SNP variant of BCRP (8441N BCRP/pcDNA3.1), all variants
showed the same localization as the wild-type BCRP, at the
apical membrane of LLC-PK1 cells (Fig. 1). 441N BCRP
was expressed intracellularly (Fig. 1).

Expression Level of Human BCRP in HEK293 Cells Using
Recombinant Adenoviruses

The expression level of BCRP in the membrane fraction
isolated from the BCRP-expressing HEK293 cells was deter-
mined by Western blot analysis using an anti-human BCRP
menoclonal antibody (BXP-21). As previously reported,
BCRP was detected at an approximate molecular weight of 72
kDa (Fig. 2). In contrast, in the membrane vesicles from the
Ad-GFP infected cells, no BCRP was detected (Fig. 2). The
expression levels of wild-type BCRP and variants were esti-
mated from the band density. Except for two BCRP variants
(Q141K and S44IN BCRP), the expression levels of each
BCRP SNPs were approximately the same as that of the wild-
type BCRP (Fig. 2). The expression level of Q141K BCRP
was approximately 30-40% of the wild-type BCRP, whereas
that of S441N BCRP was much lower, and could not be de-
termined with any accuracy (Fig. 2).

Transport Activity of BCRP

Because we previously reported that [*H]E, S is taken up
into BCRP-expressing membrane vesicles in an ATP-

basal R4

S441N

apical o

basal

Fig. 1. Localization of BCRP in LLC-PK1 cells. The immunolocalization of BCRP molecules in the
LLC-PK1 cells transfected with BCRP cDNA was determined using monoclonal antibody against BCRP
(green). Nuclei were stained with PI (red). Figures show the Z-sectioning images, top side of the figure
shows the apical membrane, and bottom side is the basal membrane.
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Fig. 2. Expression level of BCRP in membrane vesicles. The expression level of the wild type and SNPs
variants of BCRP proteins was determined in the isolated membrane vesicles from HEK293 cells
infected with recombinant adenovirus using Western blot analysis. The expression levels of wild type
and S441N SNPs BCRY were also determined also in whole cell lysates.
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dependent manner (11), the effect of SNPs on the BCRP-
mediated transport of [*H]E,S was examined. In the current
study, we used the same batch of transfected cells for mea-
surement of the expression level and transport activity. Ad-wt
BCRP expressing membrane vesicles transported [*PH]E,S up
to approximately 0.5 nmol min? mg? membrane protein,
whereas no uptake of [*H]E,S was observed by the mem-
brane vesicles from Ad-GFP infected cells. Because the
amount of [PH]E,;S molecules taken up by 2 pg membrane
vesicles at 1 min (1 pmo!) is approximately 1/10 of that in the
incubation medium (10 pmol), [*H]E,S molecules were not
depleted from the incubation medium. Based on this consid-
eration, it is possible for us to determine the initial uptake
velocity from 1 min data. Indeed, we could find that the time
profile for the BCRP-mediated uptake of [PH]E,S was linear
up to 2 min.

Except for two SNP variants of BCRP (Q141K and
S441N BCRP), the ATP-dependent uptakes per mg mem-
brane protein of SNP variants (VI2M, Al149P, R163K,
Q166E, P269S BCRP) were similar to that of the wild-type
BCRP (Fig. 3a). The uptake activity of Q141K BCRP per mg
membrane protein was approximately 30-40% of the wild-
type BCRP, and that of S441N was almost the same as that of
the GFP-infected control cells. These uptake activities were in-
hibited by the excess amount of E,S, 100 pM (Fig. 3a).

Then, in order to compare the intrinsic transport activity
of the wild-type and SNP variants of BCRP, the uptake de-
termined per mg membrane protein (Fig. 3a) was normalized
relative to the expression levels estimated by Western blot
analysis (Fig. 2}, except for S441N BCRP the expression level
of which was extremely low (Fig. 2). As shown in Fig. 3b, the
transport activity of other SNP variants of BCRP (V12M,
Q141K, A149P, R163K, QI166E, and P269S BCRP) was al-
most identical to that of the wild-type BCRP.

As far as VI12M and Q141K BCRP were concerned,
these have a high allele frequency in Japanese and we deter-
mined the kinetic parameters for the transport of [PHJE,S. As
shown in Fig. 4, the ATP-dependent uptake of [*°H]E,S was
saturable, and the K,,, values were 11.6 + 4.79, 9.07 + 1.52, and
14.0 £ 7.27 pM, and the V_,  values were 13.3 + 3.3, 135 =
1.29, and 4.57 = 1.58 nmol min~! mg™! protein, for the wild
type, V12M, and Q141K BCRP, respectively. In addition to
PH]E,S, the transport of other BCRP substrates was exam-
ined. As previously reported, ATP-dependent uptake of
[*H]methotrexate and [PH]DHEAS was observed. The abso-
lute values of their transport activity were about at 7.5 pmol
2 min~' mg™' mebrane protein and 150 pmol 2 min~' mg™!
membrane protein, whereas GFP-expressing membrane
vesicles tranport them at about 0.5 pmol 2 min~' mg™ mem-
brane protein and 25 pmol 2 min™* mg~! membrane protein,
respectively. Moreover, BCRP-mediated transport of
[PH]PAH was also detectable, and the activity of this was 10
pmol 2 min~' mg~! membrane protein, whereas GFP-
expressing membrane vesicles tranport them at about 0.5
pmol 2 min~! mg™! membrane protein. Figure 5a shows the
ATP-dependent uptake of DHEAS, PAH, and MTX per mg
membrane protein for the wild-type and SNPs BCRP (V12M,
Q141K, Al149P, R163K, Q166E, P269S, and S441N BCRP).
Although Q141K BCRP exhibited a lower activity than wild
type BCRP, no significant transport was observed for S441N
BCRP (Fig. 5a). Figure 5b shows the intrinsic transport ac-
tivities normalized by the expression levels of BCRP protein.
There was no significant difference between wild type BCRP
and SNPs variants.

DISCUSSION

In the current study, we analyzed the function of BCRP
SNPs in terms of their localization, expression level, and
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