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Abstract

To assess the contribution of QATP-C to the hepatobiliary transport of bilirubin, a pharmacogenomic evaluation with regard to polymor-
phisms of three candidate genes, OATP-C, MRP2, and UGTIA1, was performed. Serum total and direct (conjugated) bilirubin levels were
used as phenotypic indexes. Pharmacokinetic variables of pravastatin, a typical substrate for OATP-C, were obtained from our previous study.
Among 23 volunteers, two variants (Val4171le and Ser789Phe) were observed in the MRP2 gene. While there was no apparent effect of these
two variants and the UGTIA1*28 on direct bilirubin levels, the OATP-C variants were associated with differences in unconjugated bilirubin
levels. Subjects with the OATP-C*1J allele had higher bilirubin levels; unconjugated bilirubin levels in *1b/*1b (# = 3), *1b/*15 (n="7), ard
*15/*15 (n = 1) subjects were 0.40 & 0.10, 0.77 £ 0.35, and 0.70 (mg/dL), respectively. In addition, the correlation between unconjugated
bilirubin levels and pharmacokinetic parameters of pravastatin revealed that the subjects with higher bilirubin levels had lower non-renal
clearance values, and then higher serum concentrations of pravastatin. Large clinical studies are needed to confirm a role of QATP-C in the
carrier-mediated uptake of bilirubin in the human liver.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction by uridine diphosphate glucuronosyltransferase (UGT) iso-

form 1A1 (UGT1A1) [2,3], and then secreted into bile

After rapidly and selectively being taken up from blood
into the liver {1], bilirubin is conjugated with glucuronate

Abbreviations: UGT1AI, uridine diphosphate glucuronosyltransferase
1A1; MRP2, multidrug resistance-associated protein 2; QATP-C, organic
anion transponting polypeptide C; DIS, Dubin-Johnson syndrome; AUC,
area under the serum concentration—time curve; CLnr, non-renal clearance;
SSCFP, single-strand conformational polymorphism analysis
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across the canalicular membrane of hepatocytes by multidrug
resistance-associated protein 2 (MRP2, symbol ABCC2)
[4,5]. Although the mechanisms responsible for the uptake
of bilirubin by hepatocytes have not yet been well defined
in humans, passive diffusion and/or carrier-mediated trans-
port by specific membrane proteins have been proposed
[6-8]. Among known transporters expressed in the baso-
lateral membrane of human hepatocytes [9,10], a recent in
vitro study indicated that organic anion transporting polypep-
tide C {(OATP-C, also known as OATP2 and LST-1; symbol
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SLC21A6) may play a key role in the hepatocellular trans-
port of unconjugated bitirubin [11]. We have recently studied
in vivo the functional significance of genetic polymorphisms
of the human OATP-C gene to the disposition kinetics of
pravastatin (a substrate for OATP-C) and indicated that cer-
tain variants, such as Vall74Ala (OATP-C*15), are likely to
be associated with a reduction in hepatocellular uptake of
pravastatin, resulting in less non-renal clearance and higher
serum concentrations [12]. Thus, it is hypothesized that poly-
morphisms of the OATP-C gene could moedulate the hepatic
transport of unconjugated bilirubin. In contrast to the up-
take process-mediated predominantly by OATPs, MRP2 is
known to be involved in the hepatohiliary excretion of vari-
ous organic anions. A deficiency of MRP2 is known to cause
Dubin~Johnson syndrome (DJS), a rare autosomal recessive
liver disorder characterized by chronic conjugated hyper-
bilirubinemia [13—15), Although various causative mutations
for DIS have been identified in the MRP2 gene [13~-16}, no
study has examined the contribution of naturally occurring
and relatively frequently observed variants to bilirubin lev-
els. In contrast to transporter-mediated DIS, the molecular
defect in Gilbert's syndrome, a benign unconjugated hyper-
bilirubinemia, is reported to be the presence of an additional
TA repeat [(TA)sTAA — (TA);TAA] in the TATA sequence
of the UGTIAI gene [17], designated as UGTIAI*28 [18].
Thus, both transport and metabolism processes should be
taken into consideration, when examining the hepatobiliary
kinetics of bilirubin.

Itis useful to accumulate findings with regard to the factors
responsible for large inter-individual differences in hepatic
uptake and efflux processes of endogenous and xenobiotic
compounds not only for individualized drug therapy but also
for understanding the pathogenesis of liver disease. In the
present study, in order to gain further insight into the rela-
tionship between OATP-C polymorphism and hepatic biliru-
bin transport, we have re-evaluated our previously published
study [12], but have focused on the bilirubin transport capa-
bility. In addition, we examined the effects of certain muta-
tions of the MRP2 gene on direct bilirubin levels in serum.
This is the first in vivo preliminary report that unconjugated
bilirubin is likely to be taken up into the liver by OATP-C.

2. Subjects and methods
2.1. Subjects and study design

After approval by the ethics review board of Kyushu Phar-
macology Research Clinic and Tottori University Hospital,
23 healthy male volunteers (age, 21-40 years) gave written
informed consent to participate in the study. They were non-
smokers who had not taken any medication or alcohol in the
7 days before the study. Their health status was judged to be
normal on the basis of a physical examination with screening
of blood chemistries, a complete blood count and urinaly-
sis before the study. Hemolysis was excluded on the basis

of normal hemoglobin and haptoglobin values and reticu-
locyte counts. The pharmacokinetic variables of pravastatin
[area under the serum concentration—time curve {AUC) and
non-renal clearance (CLnr)] were obtained from our previ-
ous study [12]. In that study, the volunteers received a sin-
gle oral dose of 10mg of pravastatin (Mevalotin; Sankyo
Co. Ltd., Tokyo, Japan), after an overnight fast. Serial blood
samples were collected from time O to 24 h, after pravastatin
administration. In addition, urine samples were collected for
24 h. Serum concentrations of pravastatin and its chemical
degradation product, RMS-416, and urinary concentrations
of pravastatin were quantified by a highly specific and sensi-
tive HPLC-triple-quadrupole mass spectrometry {12].

2.2. Serum bilirubin concentrations

To examine whether certain mutations in the three genes
of interest alter transport activity, direct and unconjugated
bilirubin values were used as phenotypic indexes; the uncon-
jugated bilirubin value for each subject was calculated by
subtracting the direct bilirubin value in serum from the total
value. The samples were stored at 4 °C in the dark, and serum
bilirubin concentrations were measured using the vanadate
oxidation method within 12 h (Hitachi 7070; Hitachi, Tokyo,
Japan).

2.3. Genotyping of OATP-C, MRP2 and UGTIAI*28

DNA was isolated from blood samples using the Toyobo
blood kit on a Toyobo HMX-2000 robot (Toyobo, Osaka,
Japan). The genotype of MRP2 was identified by single-
strand conformational polymorphism (SSCP) analysis [19].
Details of the genotyping and haplotype analysis of the
OATP-C gene were described previously [12]. Among known
functional variants, a promoter variant of the UGTIAT gene,
UGTIA1*28, is the most common in Asian populations [20].
The genotype of UGTIAI*28 was determined by previously
described methods [21,22]. In the present study, alleles with
the GenBank™/EMBL accession numbers AB026257 and
AT132573, and U63970 were used as a reference for CATP-C
and MRP2, respectively.

2.4. Statistical analysis

The statistical analysis to evaluate differences between
groups was carried out using Mann-Whitney U-test. For ex-
amining the correlation between unconjugated bilirubin and
certain pharmacokinetic variables, Spearman’s rank correla-
tion test was used. P < 0.05 was considered as significant.

3. Results

In the MRP2 gene, two non-synonymous mutations,
1249G > A (Val417lle) in exon 10 and 2366C > T
(Ser789Phe) in exon 18, were observed; three were heterozy-
gotes for isoleucine at position 417, one was homozygote
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Table 1
Bilirubin values in healthy subjects with various MRP2, UGTIAI, and OATP-C genotypes .
Gene Genetype pattern n TBil (mg/dL) D_Bil {mg/dL) (T-D). Bil (mg/dL)
MRP2 '
No mutation 18 075+ 034 0.19£0.08 0.56 +0.27
Val417 > Ile Heterozygotes 3 083+£035 0.17+£0.06 0.67 £0.31
Homozygote 1 0.50 0.10 0.40
Ser789 > Phe 1 0.90 0.20 0.70
UGTIAL
(TA)/(TA)s 19 0.75+030 018 £ 0.06 0.56 £ 0.26
(TA)s/(TA)7 3 0574012 0.13 £ 0.06 (.43 £+ 0.06
(TAR/(TA) I* 1.50 0.40 1.10
OATP-C
OATP-C*la/*1b 2 0.30 0.20 0.60
OATP-C*ib/*1b 3 0.57+0.15 0.17 £ 0.06 0.4040.10
OATP-C*1b/*15 7 0.99 £ 0.40 0.21 £0.07 077 +£0.35
OATP-C*15/*15 1 0.90 0.20 0.70
OATP-C*1b/*16 2 0.60 0.20 0.40

Values are the mean =+ S.ID, *His OATP-C genotype was OATP-C*1b/*15, T.Bil, total bilirubin; D.Bil, direct bilirubin; (T-I)).Bil, unconjugated bilirubin.

for isoleucine, and one was heterozygote for phenylalanine
at position 789, There were no remarkable differences in the
mean direct bilirubin levels among the genotypic groups, and
values for all volunteers were within the normal range (i.e.,
0.1-0.3 mg/dL) (Table 1).

Among 23 healthy volunteers, three were heterozygous
and one was homozygous for the UGTIAI*28 allele. Al-
though the mean (£S5.D.) total (0.80 £ 0.48 versus 0.75 =
0.30) and unconjugated (0.60 £ 0.34 versus 0.56 & 0.26)
bilirubin levels were not significantly different between sub-
jects with (n = 4) and without the *28 allele (n = 19), one
homozygote for the *28 allele also having the OATP-C*15 al-
lele as heterozygosity, had the highest bilirubin values among
the study subjects.

Serurn bilirubin levels in various OATP-C genotypic
groups are also shown in Table 1. In this comparison, we
excluded subjects having either MRP2 or UGTIAI poly-
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morphisms in order to evaluate net in vivo effect of the
OATP-C gene polymorphism. The mean (£S.D.) unconju-
gated bilirubin levels in OATP-C*1a/*1b, #1bf*1b, *1b/*15,
and *15/*15 subjects were 0.6, 0.40 4= 0.10, 0.77 = 0.35 and
0.7, respectively; although the difference did not reach the
significant level, the mean value tended to be larger in het-
erozygotes for the *15 allele (*15/*15) than homozygotes for
the *1b allele (*1b/*1b).

To determine whether and to what extent QATP-C con-
tributes to the uptake of bilirubin, correlations between un-
conjugated bilirubin levels and pharmacokinetic parameters
of pravastatin were evaluated. These results are shown in
Fig. 1. There was a positive correlation of the AUC of pravas-
tatin with unconjugated bilirubin levels (r; = 0.26; P < 0.05).
In contrast, for the association between unconjugated biliru-
bin and non-renal clearance of pravastatin, there was a sig-
nificant negative trend (r; = 0.36; P < 0.05).

rs = 0.36 {p < 0.05)

o
0.0 0.2

Unconjugated bilirubin (mg/dL)

Fig. 1. Pharmacokinetic parameters of pravastatin and unconjugated bilirubin level. Spearman rank correlation (r;) between the unconjugated bilirubin level
and area under the serum concentration—time curve (AUC) (left panel), and non-renal clearance (CLnr) of pravastatin (right panel) after administration of a
single 10-mg dose in 23 healthy subjects. Open and closed circles indicate the subjects with and without the OATP-C*135 allele, respectively.
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4, Discussion

In the present study, two non-synonymous variants in the
MRP2 gene [ie., 1249G > A (Val417lle) and 2366C > T
(Ser789Phe)] were unlikely to be associated with changes
in the hepatic excretion of bilirubin. A deficiency of MRP2
is known to cause DIS, and several causative molecular al-
terations for DIS have now been identified [13-16]. Among
them, the Ser789Phe variant is reported to be an alteration
for DIS [14]. Previous studies have indicated that homozy-
gous carriers for these causative alterations suffer from the
syndrome, whereas heterozygous carriers have a moderately
elevated urinary coproporphyrin I fraction (~40%) with nor-
mal total and direct bilirubin values [13,15]. Thus, the lack of
an apparent effect of the two variants in the MRP2 gene can be
explained by the fact that all subjects having mutations in the
MRP2 gene were heterozygotes except one. Although the net
in vivo effect of these polymorphisms on the hepatic excretion
of bilirubin remains to be investigated, it is noteworthy that
total and direct bilirubin values in one homozygote for the
Tle417 variant were 0.5 mg/dL and 0.1 mg/dL, respectively,
and much lower than those reported in patients with DJS
(1.3-6.9 mg/dL for total bilirubin) and within normal ranges
[15]. The Val4171le variant is frequently observed in some
racial populations (allele frequency among Japanese subjects
is 0.125) [19,23); however, the present findings suggest that
this non-synonymous mutation is not associated with changes
in total or direct bilirubin levels in serum.

We have recently evaluated the functional significance of
- polymorphisms in the OATP-C gene to the pharmacokinetics
of pravastatin, and indicated that subjects with the OATP-
C*15 allele had significantly lower non-renal clearances,
which is probably due to a reduction in the hepatocellular
uptake of pravastatin [12]. Bilirubin is taken up {from blood
into hepatocytes by basolateral (sinusoidal) membrane trans-
porters and then excreted into bile mainly as bilirubin glu-
curonides. Although various mechanisms of bilirubin uptake
into hepatocytes have been proposed to date [7,8,24,25], there
has been a long-standing debate on the mechanism of trans-
port of unconjugated bilirubin in the basolateral membrane.
If OATP-C plays a role in the sinusoidal uptake of unconju-
gated bilirubin, subjects with the OATP-C*15 allele, a func-
tionally impaired allele, may have higher unconjugated and
total bilirubin levels. As would be expected, subjects with the
OATP-C*I5 allele had higher unconjugated bilirubin levels
than subjects without the allele. In addition, significant corre-
lations were observed between unconjugated bilirubin levels
and pharmacokinetic parameters of pravastatin, suggesting a
functional consequence of the *15 allele in the hepatic trans-
port of bilirubin.

Itis reasonable to assume that impaired function of OATP-
C due to *15 allele would reduce the hepatic uptake of pravas-
tatin and thus result in increased systemic exposure to pravas-
tatin (i.e., increased serum concentration) and in unconju-
gated hyperbilirubinemia. In such circumstances, because
pravastatin reduces cholesterol levels primarily by inhibit-

ing the hepatic HMG-CoA reductase, patients with an im-
paired OATP-C might show a reduced cholesterol-lowering
efficacy of pravastatin. Clinical studies are required to ad-
dress the question whetber OATP-C polymorphism affects
the efficacy of pravastatin.

Although no disease state that is associated with muta-
tions in the QATP-C gene has been identified so far, im-
paired OATP-C-mediated bile transport could be one possible
pathogenesis of Gilbert’s syndrome, a form of unconjugated
hyperbilirubinemia [26,27]. We found that one homozygous
carrier for the UGTIAI*28 allele had the highest bilirubin
levels among our study subjects. This finding was in keeping
with reports that the *28 allele is less efficient in binding reg-
ulatory proteins which control transcription of the UGTIAI
gene [17,28). However, this subject had the OATP-C*15 al-
lele as heterozygosity at the same time. Thus, the net in vivo
effect of the homozygous status of the *28 allele on bilirubin
levels remains unclear. Although, the CATP-C*] 5 allele does
not seem to be a causative molecular alteration, the genetic
characterization of OATP-C and UGTIAI in patients with
Gilbert’s syndrome is of interest. Indeed, some investigators
indicated that a mild reduction in the enzyme activity due to
the *28 allele is not always sufficient for the full manifestation
of the phenotypic bilirubin levels [17,29,30].

The results of the present study appear to be supportive
of previous in vitro findings indicating the involvement of
OATP-C in hepatic bilirubin transport [11,31]. However, as
shown in Fig. 1, the observed correlations were significant,
but weak. In addition, other authors have failed to observe
unconjugated bilirubin uptake by OATP-C using HeLa cells
and HEK293 cells as expression systems [32]. These results
suggest the involvement of additional carriers in this pro-
cess. For example, OATP-8, another basolateral hepatic trans-
porter, has been found to be able to transport unconjugated
and monoconjugated bilirubin, when expressed in Xenopus
laevis cocytes and HEK293 cells [11,31). The substrate speci-
ficity of most OATPs {eg, OATP-A, OATP-C and QATP-8)
is extremely broad and shows substantial overlap [14].

In conclusion, our results suggest that QATP-C plays a
role in the carrier-mediated uptake of bilirubin in the human
liver. Large clinical studies with regard to polymorphisms of
the OATP-C gene are needed to confirm these observations.
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ABSTRACT:

The aim of the present study was to assess the contribution of
polymorphisms in the breast cancer resistance protein/ATP-bind-
ing cassette transporter G2 (BCRP/ABCGZ2) gene to the placental
expression from a new perspective, allelic imbalance. Polymor-
phisms were screened by polymerase chain reaction (PCR}-single-
strand conformation polymorphism analysis followed by sequenc-
ing with DNA extractad from 100 placentas. To examine whether
polymorphisms of the BCRP gene correlate with the placental
BCRP expression, we determined mRNA and protein levels by
quantitative real-time PCR and Western blotting, respectively, In
placentas, G34A (Val'2Met) and C421A (GIn"*'Lys) were frequently
observed (18-36%), but C376T, which creates a stop codon (GIn'?®
stop codon}, was found with an allelic frequency of 1%. The mean

of the BCRP protein level was significantly lower (p < 0.05} in
homozygotes for tha A421 allele than in those for the 6421 allele,
and heterozygotes had an intermediate value. To evaluate whether
the C421A polymorphism acts as a cis-element in BCRP transcrip-
tion, allelic imbalance was determined using informative lympho-
blasts and 56 samples of placental cDNA, In most of the placental
samples we tested, the difference in expression levels between the
two alleles was small, and only two samples indicated a monoal-
lelic expression (i.e., preferential expression of one allele). These
results suggest that 1) the predominant allelic expression pattern
of BCRP in placental samples is biallelic, and 2) the mutation
C421A is not a genetic variant acting in cis, but is considerad to
influence the translation efficiency.

Breast cancer resistance protein (BCRP), also called mitoxantrone-
resistant protein, is the second member of the G family of ATP-
binding cassette transporters {ABCG2) (Allikmets et al., 1998; Doyle
et al., 1998; Miyake et al., 1999; Doyle and Ross, 2003). The BCRP
gene is located at 4g22 and encodes a 72-kDa membrane protein
composed of 655 amino acids (Allikmets et al., 1998; Doyle et al,,
15998; Allen et al., 1999; Bailey-Dell et al., 2001). In contrast to many
other ABC transporters, BCRP has only one ATP-binding region and
one transmembrane domain. Therefore, BCRP is referred to as a
half-transporter, and its homodimerization may be necessary to trans-
port substrates (Kage et al., 2002).

In normal human tissues, BCRP is highly expressed in the placenta,
colon, small intestine, and liver (Maliepaard et al., 2001). On the basis
of its tissue distribution and findings in knockout mice, BCRP is
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speculated to have a major influence on the pharmacokinetic and
pharmacodynamic profiles of certain xenobiotics and endogenous
substrates. For example, inhibition of mouse Berp 1 by GF120918, a
dual inhibitor for BCRP and P-glycoprotein, has been demonstrated to
increase the bioavailability of topotecan when GF120918 was admin-
istered orally to mdria/Ib(—/—) mice (Jonker et al, 2000). In a
clinical study, coadministration of GF120918 was also associated with
a marked increase in the bioavailability of and systemic exposure to
topotecan (Kruijtzer et al., 2002),

Recent clinical studies indicate that the large interindividuial vari-
ability in drug response occurs as a result of molecular alterations to
various proteins such as drug-metabolizing enzymes, drug targets and
receptors, and drug transporters. Most studies on molecular alterations
have focused on the impact of single-nucleotide polymorphisms
(SNPs) on the expression and function of these proteins (Evans and
Relling, 1999, Evans and Johnson, 2001). Several groups have re-
ported naturally occurring SNPs in the BCRP gene. G34A and C421 A
occur at relatively high frequency in most ethnic populations (Imai et
al., 2002; Backstrom et al., 2003; Zamber et al., 2003; Mizuarai et al.,

ABBREVIATIONS: BCRP, breast cancer resistance protein; ABC, ATP-binding cassette transporter; GF120918, N-(4-[2-(1,2,3,4-tetrahydro-6,7-
dimethoxy-2-isoquinclinyljethyl]-pheny!)-9,10-dihydro-5-methoxy-9-oxo-4-acridine carboxamide; RT, reverse transcriptase; PCR, polymerase
chain reaction; SSCP, single-strand conformation polymorphism; bp, pase pair{s); SNP, single-nuclectide polymorphism; PCR-RFLP, PCR-
restriction fragment length polymerphism; ALP, alkaline phosphatase; TPBS, 1% phosphate-buffered saline, 0.1% Tween 20; EB, Epstein-Barr.
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2004). Although effects of these SNPs on the drug resistance mech-
anism have not been well documented, the mutation C421A has been
reported to reduce BCRP protein levels in PA317 cells (Imai et al.,
2002). In contrast, no significant difference was observed in human
intestinal samples (Zamber et al., 2003). Since BCRP may function as
a maternal-fetal barrier, effects of these SNPs on expression levels in
the placenta are of interest.

Recently, it has been suggested that various gene expression mech-
anisms, such as genomic imprinting (Constancia et al., 1998; Brannan
and Bartolomei, 1999) and expression imbalance (Yan et al., 2002;
Bray et al., 2003), contribute to human diversity. Genomic imprinting
is an epigenetic modification leading to a functional inequality of
paternal and maternal genomes in somatic cells (McGrath and Solter,
1934; Surani et al,, 1984). In addition to epigenetic modifications,
cis-acting SNP(s) has been reported to be a causative factor for
mRNA expression imbalance. In that case, the cis-acting SNP(s) alters
the expression of the gene transcript from the chromosome carrying it,
resulting in an imbalance of expression between the two alleles. For
example, Wojnowski and Brockméller (2004) have recently indicated
a hepatic transcriptional imbalance of the CYP3A5 gene in CYP3AS*1A/3
heterozygous samples. In the CYP3A5 gene, cis-acting *1A variant,
which increases the expression of the CYP3AS5 gene transcript from the
allele carrying the variant, is a possible mechanism for the imbalance,
Thus, allelic expression imbalance is useful for assessing the functional
characterization of SNPs,

The initial aim of this study was to determine polymorphisms of the
BCRP gene using 100 JYapanese placentas and 420 genomic DNA
samples obtained from Japanese, Caucasian, and African-American
populations and then to compare the allelic frequency among these
three populations. The second and major aim of this study was to
cvaluate the substantial variability in placental BCRP expression from
two perspectives: genetic polymorphisms and expression imbalance.

Materials and Methods

Placentas and Lymphoblast Samples. Human full-term placentas (highly
enriched placental trophoblast populations) were obtained from 100 Japanese
patients at Tottori University Hospital. These tissues were immediately frozen
in liquid nitrogen and stored at —80°C for the preparation of DNA and RNA
(Tanabe et al., 2001). We also obtained 18 lymphoblast samples for which the
parental origin of the BCRP alleles was determined (Mitsuya et al., 1997). EB
virus-transformed lymphoblast cultures were obtained using standard proce-
dures. This study was approved by the Ethical Board of the Faculty of
Medicine, Tottori University, and informed consent was obtained from all
individuals.

RNA Extraction and ¢cDNA Synthesis. Total RNA extraction and RT-PCR
procedures for placental samples were previously deseribed (Tanabe et al.,
2001). For EB virus-transformed lymphoblasts, the RNeasy Kit (QIAGEN
GmbH, Hilden, Germany) was used to extract total RNA. Prior to RT, total
RNA samples were first treated with RNase-free DNase | and digested with
Bsrl (New England Biolabs, Beverly, MA). BstI digests the potential DNA
template, which would lead to the amplification of both alleles and thus mask
allelic imbalance. RT from total RNA was performed in a 20-ul reaction
mixture containing 5 ug of total RNA in I X First-strand Buffer, 25 mM DTT,
0.5 pg of the random primers (Promega, Madison, WI), a 2 mM concentration
of each deoxynucleoside-5'-triphosphate, and SuperScript I RNase H™ re-
verse transcriptase (Invitrogen, Carlsbad, CA). Samples were incubated at
42°C for 1 h. As a negative control, template RNA was processed without
reverse transcriptase. .

Screening of Variants in the BCRP Gene (PCR-SSCP). Genomic DNA
was isolated from placental samples using the QIAamp DNA Mini Kit (QIA-
GEN). The primer design was based on published sequences (GenBank ac-
cession number AC084732) of BCRP to avoid the amplification of sequences
from homologous genes. PCR. was carried out in a total volume of 25 ul in the
presence of 50 ng of DNA, a 0.25 M concentration of each of the forward and
reverse primers {(totally, 25 sets of primers were designed and presented in the

Appendix), 1X PCR buffer II, 1.5 mM MgCl,, a 0.2 mM concentration of each
deoxynucleoside-5'-triphosphate, and 0.625 U of AmpliTaq Gold DNA poly-
merase (Applied Biosystems, Foster City, CA). After an initial denaturation at
94°C for 5 min, 40 to 45 cycles of 0.5 to 1 min at 94°C, 0.5 to 1 min at
50-68°C, and I min at 72°C, as well as a final extension period of 5 min at
T72°C, were carried out. PCR products were analyzed on 3% agarose gels to
check both the size and specificity of the products. To screen variants of the
BCRP gene, SSCP analysis was performed. The details of the procedures were
described elsewhere (Tanabe et al., 2001).

DNA Sequence, All PCR products were sequenced either directly or after
subcloning on an ABI 3100 automatic sequencer {(Applied Biosystems) using
a Big-Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Bio-
systems). If the direct sequencing was incomplete, each amplified PCR product
was subcloned into the vector pGEM T-easy (Promega) and transformed into
competent JM109 cells (Promega). Before the sequencing, reaction mixtures
were purified with Sephadex G-50 (Amersham Biosciences AB, Uppsala,
Sweden). The sequencing primers were those used in the PCR amplifications.
The sequences of both strands were analyzed for products from at least two
independent PCR amplifications to ensure that the identified mutations were
not PCR-based artifacts.

Genotyping for BCRP in Three Ethnic Populations. We examined the
allelic frequencies of the G34A, C376T, and C421A mutations using genomic
DNA samples from unrelated Japanese {(n = 120), Caucasian {(n = 150), and
Alfrican-American (z = 150) volunteers. Genomic DNA was isolated from blood
samples with use of the Toyobo bloed kit on 2 Toyobo HMX-2000 rebot (Toyobo,
Osaka, Japan). The three polymorphisms were genotyped by the PCR-RFLP
method, The PCR conditions were the same as for PCR-8SCP, but mismatch
primers were designed for the genotyping of G34A and C421A. Primer sequences
were as follows: BseMI RFLP for G34A, forward, 5'-CAGTAATGTC-
GAAGTTTTTATCGCA-3' and reverse, 5'-AAATGTTCATAGCCAGTTTCT-
TGGA-3"; Afal RFLP for C376T, forward, 5'-ATAGCATGTGTTGGAGG-
GAAAAA-3 and reverse, 5-ATTGGTATCACTGTCCTTACAAG-3'; Taal
RFLP for C421A, forward, 5'-GTTGTGATGGGCACTCTGATGGT-3' and re-
verse, 5'-CAAGCCACTTTTCTCATTGTT-3'. After digestion with an appropri-
ate restriction enzyme, all RFLP products were analyzed on a 3% agarose pel.

Haplotype Analysis. In addition to the unphased SNP analysis, we per-
formed a haplotype analysis for the three major polymorphisms, G34A,
C376T, and C421A, using the following two approaches. 1) Haplotypes in
individuals who were homozygous at all SNP sites or heterozygous at no more
than one of the variable sites were assigned directly from the result of the
unphased SNP analysis; 2) haplotypes in the remaining multiheterozygous
subjects were determined by a combination of allele-specific PCR and RFLP
methods. For the allele-specific PCR, the BseMI RFLP forward primer and the
allele-specific reverse primers for the C421 allele or A421 allele were used: the
reverse primer for the C421 allele was 5'-GAAGAGCTGCTGAGAACTG-3'
and for the A421 allele was 5"-GAAGAGCTGCTGAGAACTT-3". All allele-
specific PCR products were digested with both BseMI (G34A) and Afal
(C376T).

Quantitative Real-Time PCR Analysis. The mRNA levels were measured
by TagMan quantitative real-time PCR with an ABI PRISM 7000 sequence
detection system (Applied Biosystems). The following primers and TagMan
probe were used for determining the BCRP mRNA: forward primer, 5'-
TTCTGCCCAGGACTCAATGC-3"; reverse, 5'-GCCACGTGATTCTTCCA-
CAA-3'; TagMan probe, 5'-FAM-CCAAATATTCTTCGCCAGTACATGT-
TGC-TAMRA-3'. The endogenous reference gene was determined using the
commercially available human GAPDH TagMan PreDevelopped Assay Re-
agent (Applied Biosystems). The quantitative PCR was carried out in a total
volume of 25 pl in the presence of 1 gl of cDNA, 200 nM each of the forward
and reverse primers, 100 nM of probe and 1XTagMan universal PCR master
mix (Applied Biosystems).

Assessment of Expression Imbalance. To assess the allelic imbalance of
BCRP, the BseMI RFLP (G34A, for lymphoblast and placental samples) and
Taal RFLP (C421A, for placental samples) were used. Primer sequences for
lymphoblast samples were as follows: forward and reverse primers for
genomic DNA were 5'-CAGTAATGTCGAAGTTTTTATCGCA-3' and 3'-
AAATGTTCATAGCCAGTTTCTTGGA-3', respectively; whereas those for
cDNA were 5'-CAGTAATGTCGAAGTTTTTATCGCA-3' and 5'-TAAC-
GAAGATTTGCCTCCACCTGTG-3", respectively. A 291-bp and a 259-bp
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TABLE 1
Genetic polymorphism in the BCRP gene in Japanese placentas (n = 100)

Genotype
Location Position® Reference Allele® Variant Allele Amino Acid Substitution —L Frequency of Variant Allele
. R/R RV Vv
5'-Flanking region —20445 gtctCctec gterTetee 98 2 0 0.010
-20296 agctAttaa agctGttaa 80 18 2 0.110
—-19781 aaaaAttat aaaaGttat 99 1 0

—19572_-1956% ctcaCTCAcaaa - ctca—-caaa 60 33 7 0.235
Exon 2 34 ccecaGtgte cccaAtgte Vall2Met 70 24 6 0.180
Intron 2 203 + 16 tttaAttta tttaGttta 70 24 6 0.180
Intron 3 263 + 10 tataldgaga tataGgaga 85 14 1 0.080
263 + 72 tEEtGhgtyg EELETGEGEG 99 1 0 0.005
Exon 4 376 ggtaCaagt ggtaTaagt Glnl26stop 98 2 1] 0.010
Exon 5 421 cttaCagtt cttadagtt Glnl41Lys 42 45 13 0.355
Intron 5 532-16 ttatAatat ttatGatat 99 1 0 0.005
Exon 9 1098 aggaGatca aggahatca Synonymous 93 2 0 0.010
Intron 10 1277 + 95 atagTgtaa atagAgtaa 97 3 0 0.015
Exon 11 1322 agcaGtgtt agcaAtgtt Serd41Asn 99 1 0 0.005
Intron 11 1367 + 20 ttetAggaa ttetGggaa 71 25 4 0.165
Exon 12 1465 tataTttac tataCttac Phe489Leu 99 - 1 0 0.005
Intron 12 1492 + 49 ctatGggtg ctatCggtyg d4 45 11 0.335
Exon 13 1515 atgeCtict atge-ttet Phe5065er 99 1 0 0.005

Phe507Leu

Val508Leu

Met509stop
Intron 13 164842 tgaalttac tgaaTttac : 99 1 0 0.005
1648-21 gactCttag gactTttag 71 25 4 0.165
Intron 14 1738-45 tcttiaaat tettGaaat 24 52 24 0.500
3-UTR 2332 cttcAgtet cttcTagtet 86 14 1] 0.070
2364 tgochttat tgcecCttat 99 1 0 0.005
2512 agaaCttac agaaTttac 99 - I 1] 0.005

R, reference allele; V, variant allele.
2 Position is in respect to the translation start site of the BCRP gene; the A in ATG is + 1
® Reference allele: GerBank/EMBL accession 0. ACOB4732.

PCR product were obtained from genomic DNA and cDNA samples, respec-
tively. Afier digestion of the PCR products from genomic DNA samples with
BseMI, homozygotes of the G allele yielded a 291-bp fragment, whereas
heterozygotes of the A allele yielded 291-, 261-, and 30-bp fragments. In
contrast to the genomic DNA, homozygotes of the G allele yielded a 259-bp
fragment, and heterozygotes of the A allele yielded 259-, 229-, and 30-bp
fragments in the PCR products from cDNA samples.

In placental samples, the primer sets for genomic DNA and cDNA were the
same: BseMI RFLP, forward, 5'-CAGTAATGTCGAAGTTTTTATCGCA-3'
and reverse, 5'-TTICGACAAGGTAGAAAGCCACTCTT-3'; and Taal RFLP,
forward, 5'-GTTGTGATGGGCACTCTGATGGT-3' and reverse, 5'-
CCTAACTCTTGAATGACCCTGTT-3'. PCR was carried out under the same
conditions for the PCR-SSCP analysis, but only for 24 to 31 cycles. RFLP
products were electrophoresed on a 3% agarose gel, then stained with SYBR
Green I (Takara, Kyoto, Japan). Allelic expression was quantified on a fluo-
rescence image analyzer (Hitachi, Tokyo, Japan) using Analysis Version 7.5
software. As a control, genomic DNA PCR-RFLP products were included and
ratios of the allele-specific band intensities were taken as a 1:1 allelic repre-
sentation. To eliminate sampling or measurement error, we conducted the
experiment for each sample with three replicates.

Western Blotting. Human placental trophoblast samples were homoge-
nized in a lysis buffer containing 50 mM Tris-HCl (pH 7.6), 150 mM NaCl,
0.1% SDS, 1 mM dithiothreitol, and 1XComplete Protease Inhibitor Cocktail
(Roche Diagnostics, Germany). The lysate was centrifuged at 15,000g for 30
min at 4°C, and the supernatant was separated. Protein concentrations of the
supernatants were determined by the Bio-Rad DC Protein Assay (Bio-Rad,
Hercules, CA) using bovine serum globulin as a standard. The supernatants (80
ug of protein) were loaded onto SDS 4 to 20% (w/v) gradient polyacrylamide
gels (Tefco, Tokyo, Japan) and transferred to Sequi-Blot polyvinylidene di-
fluoride membranes (Bio-Rad) at 180 mA for 1 h. Thereafter, the membranes
were blocked with 5% skim milk in TPBS {1X phosphate-buffered saline,
0.1% Tween 20} for 2 h at room temperature, then incubated overnight at 4°C
with anti-BCRP, clone BXP-21 (}:50; Kamiya Biomedical, Thousand Oaks,
CA}in skim milk in TPBS. The membrane was washed five times with TPBS
and then incubated for 1 h at room temperature with horseradish peroxidase-

and the base immediately 5’ is —1.

conjugated goat anti-mouse IgG (1:1000; DakoCytomation Denmark A/S,
Glostrup, Denmark). Polyvinylidene difluoride membranes were rinsed five
times for 10 min with TPBS and then evenly coated using the ECL Western
blotting detection system (Amersham Biosciences In¢.) for 1 min. The mem-
brane was immediately exposed to Kodak X-OMAT AR film (Kodak, Tokyo,
Japan) at room temperature. To assure the quantitative expression of BCRP, an
additional marker protein expressed in placenta, alkaline phosphatase (ALP),
was measured according to the same protocol except that different primary
(polyclonal rabbit anti-human placental ALP; Biomeda, Foster City, CA) and
secondary (horseradish peroxidase-conjugated goat anti-rabbit IgG; MP Bio-
medicals, Irvine, CA) antibodies were used. The immunoblots were quantitated
using a public domain NIH Image program.

Statistical Analysis. Data are shown as the mean * $.D. The statistical
differences between various groups were determined with either the Mann-
Whitney U test or the one-way analysis of variance (with the Tukey-Kramer
multiple comparisons test), as appropriate. A x* test was used to compare the
allele frequency of each variant with that expected for a population in Hardy-
Weinberg equilibrium, p < 0.05 was taken to be the minimum level of
statistical significance,

Results

Identification of Variants in the BCRP Gene. For the identifica-
tion of polymorphisms in all 16 exons and the 5'-flanking region of
the BCRP gene, PCR-SSCP analysis was performed with genomic
DNA obtained from 100 placental samples, Twenty polymorphisms
were detected by SSCP analysis and identified by subsequent se-
quencing (Table 1), Of these, five SNPs resulted in the following
amino acid substitutions: G34A (Vall2Met), C376T (Glnl26stop),
C421A  (Glnl41Lys), G1322A (Ser441Asn), and TI465C
(Phe489Leu). G34A (18.0%) and C421 A (35.5%) variants were found
at a relatively high incidence in this study. C376T, which is associated
with an amino acid substitution from Gln to a stop codon at codon 126
(Gln126stop), was detected in only two piacental samples (1.0%) as
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TABLE 2
Frequencies of BCRP alleles in different ethnic populations
Values in parentheses indicate 95% confidence intervals.
Genatypes
SNP Amino Acid Change Population Frequency of Variant Allele
RR RV vV
G34A Vall2ZMet Japanese (n = 120) 81 37 2 0.17 (0.12-0.22)
Caucasian (n = 150) 139 11 0 0.04 {0.02-0.06)
African American {n = 150) 132 17 1 0.06 (0.04-0.09)
C376T Gln126stop Japanese (n = 120) 118 2 0 0.01 (0.00-0.02)
Caucasian (n = 150) 150 0 1] 0.00
African American (n = 150) 150 0 4] 0.00
C421A GlnldlLys Japanese (1 = 120) 61 45 14 0.30 (0.25-0.36)
Caucasian (n = 150) 121 25 4 0.11 (0.08-0.15)
African American (r = 150} 144 5 1 0.02 (0.01-0.04)
R, reference allele; V, variant allele.
heterozygosity. Another polymorphism, a C1515 deletion, which re- I3
sults in a frame shift (Phe506Ser, Phe507Ser, Val308Leu, and 5
Met509stop), was extremely rare (0.5%) in our samples. In the 5'- o
flanking and 3’ untranslated regions, four and three polymorphisms é
were identified, respectively: C-20445T, A-20296G, A-19781G, and a &
CTCA deletion at —19572 to —19569 in the 5'-flanking region; and +—75 kDa
A2332TA, A2364C, and C2512T in the 3’ untranslated region. » 50 kDa
Haplotype Assessment. On the basis of the haplotype analysis for - 5ol
the three major variants (i.e., G34A, C376T, and C42]A), four hap- <50 kDa

lotypes were identified: G-C-C, G-C-A, A-C-C, and G-T-C. Their
corresponding allelic frequencies were 46.0, 35.0, 18.0, and 1.0%,
respectively. .

Frequencies of G34A, C376T, and C421A in Different Ethnic
Populations, We compared frequencies of the polymorphisms G34A,
C376T, and C421A among three ethnic populations (Table 2). The
frequency distributions of these three variants in all populations were
in Hardy-Weinberg equilibrium. Japanese subjects had significantly
higher frequencies of G34A and C421A than were found in the other
two ethnic populations (p < 0.05). In addition, C376T was only
detected in Japanese, but its frequency was extremely low (1.0%), as
has been observed in placental samples, These results indicate that
genetic frequencies of BCRP variants appeared to be dependent on
ethnicity.

Polymorphisms and Placental BCRP Expression. The expres-
sion levels of the BCRP protein in 99 human placentas were deter-
mined by Western blotting using an anti-human BCRP monoclonal
antibody, BXP-21 (Fig. 1). The membrane vesicles isolated from
wild-type buman BCRP-transfected HEK293 cells were used as the
positive control (Kondo et al., 2004). The BCRP protein expression
level was normalized to the placental ALP level, and the normalized
value was compared with the control sample. The BCRP protein
levels in various genotypic groups are shown in Fig. 2. The mean
BCRP protein level was significantly lower in homozygotes for the
A421 allele than in those for the C421 allele (0.37 * 0.21 versus
0.75 = 0.50, p < 0.05), and heterozygous samples displayed an
intermediate value. In contrast to the C421A polymorphism, the mean
of the BCRP level for the G/G, G/A and A/A genotypes at nucleotide
position 34 was 0.58 = 0.37, 0.70 % 0.50, and 0.65 * 0.51, respec-
tively, and did not differ among these genotypes.

" The relationship between various genotypic patterns and mRNA
levels is also shown in Fig. 2. In contrast to the findings at the protein
level, significant genotype-dependent changes in the mRNA expres-
sion were not observed.

Allelic Imbalance of the BCRP Gene in Human Placentas. We
estimated the allelic expression bias, a measure of the expression of
the reference allele divided by the variant allele, using placental

Lane 1 2 3 4 5 68 7 8 9
BCRP haplotype
34 GG GG GG AlA G|G G|G GG G|G GG
376 ClCCcC ClccicCccCCcIcCcicCcCccC
421 CA AACACICCIACIACC CICC
Fig. 1. Western blot analysis of BCRP expression in human placentas. Lane 1,
sample 100 (control for calculations); lanes 2 through 8, placental samples; lane 9,

positive control. The position of the molecular mass marker is indicated on the right.
The BCRP haplotype was also shown for each placental sample.

c¢DNA samples to confirm the interindividual variation in the allelic
imbalance of the BCRP gene and to characterize the contribution of
the SNPs to the allele-specific mRNA expression (Bray et al., 2003,
Yan et al., 2002). :
After the screening of the genomic DNA from all 100 placental
samples, it was possible to identify 56 individuals who were heterozy-
gous for either the BseMI (G34A) or Taal (C421A) site. These two
SNPs were used as markers in the present study. Some of the 56
individuals had fractional allelic expression values outside the 95%
confidence interval for the mean (1.16 * 1.21; 95% confidence
interval, 0.85~1.48) (Fig. 3A). Notably, the values in subjects 19
(9.94) and 62 (0.00) were extremely high and low, respectively, being
well outside the intervals, indicating monoallelic expression (i.e.,
preferential expression of one of the two alleles) (Fig. 3B). Although
the difference in expression between the two alleles varied among
samples, the expression bias in most samples (43 of 56) was within the
approximated 95% confidence interval. The allelic expression bias
ranged from 0.60 (65) to 1.47 (82), excluding these two outside
samples, suggesting that neither variant is associated with large
changes in transcription from the allele carrying each variant.
Allelic Expression Pattern in Informative Lymphoblasts.
Among the 56 placental samples, 2 indicated a preferential monoal-
lelic expression. To determine whether the two alleles of the BCRP
gene were differentially expressed according to parental origin, we
used RT-PCR of total RNA extracted from EB virus-transformed
lymphoblasts, followed by PCR-RFLP. The parental origin of alleles
expressed in children was identified by RFLP analysis. Lymphoblasts
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FiG. 2. Placental BCRP mRNA (left) and protein (right) expression levels in various BCRP haplotypes. Data are shown as the mean = $.D. *, significantly different from
values in wild-type subjects as determined by one-way analysis of variance with the Tukey-Kramer multiple comparisons test (p < 0.05).

. were obtained from a panel of 18 healthy Japanese individuals who
were members of five distinct families. These samples allowed the
precise determination of the parental origin of alleles in the heterozy-
gous children. Of all the subjects, two siblings were heterozygous for
a polymorphism at the BseMI site (G34A). All RT reactions in the
present study tncluded a negative contrel to ensure that genomic DNA
did not contaminate the subsequent PCR. We first determined the
parents’ genotypes using genomic DNA samples. Whereas the pater-
nal genotype was homozygous for the G34 allele, the maternal geno-
type was heterozygous for the A34 allele (Fig. 4). Since the two
siblings were heterozygous carriers, their G and A alleles were of
paternal and maternal origin, respectively. In contrast to the genomic
DNA-based genotypes, both of the siblings showed a monocallelic
paternal expression of the RT-PCR products (i.e., cDNA samples)
{Fig. 4). These results suggested that the expression pattern of the
BCRP gene in lymphoblasts is regulated by parental imprinting.

It is interesting to know whether a monoallelic parental expression
of the BCRP gene is inherited. To address this issue, we further
analyzed expression pattern using maternal RT-PCT product, because

the matemnal genotype was heterozygous for the A34 allele. As shown .

in Fig. 4, the maternal inactive A34 allele was inherited by both
siblings. These results suggest that a monoallelic parental expression
is inherited, at least in EB virus-transformed lymphoblasts.

Discussion

Before the functional characterization of the variants, we analyzed
genetic pelymorphisms in Japanese placental samples and compared
allelic frequencies among different ethnic groups. Similar to other
ABC-transporters (Ieiri et al.,, 2004; Marzolini et al., 2004), various
synonymous and nonsynonymous polymorphisms were observed (Ta-
ble 1). Among the nonsynonymous polymorphisms, G34A
(Vall2Met) and C421A (GIn141Lys) appeared commonly in Japanese
subjects, and allelic frequencies of these polymorphisms were in
keeping with those of a previous report {Imai et al,, 2002). As shown
in Table 2, the C421A variant js widespread not only in Japanese
subjects but alsc in Caucasian subjects, with a frequency of between
10% and 30%. However, this variant is rare in African Americans,
suggesting an ethnic difference in the frequency of polymorphisms in
the BCRP gene. These trends were well consistent with the findings
reported by de Jong et al. (2004), who indicated that the frequency of
C421A variant was the most common (i.e., 34%) in Han Chinese

among various ethnic populations they evaluated. It is difficult to
assess a plausible explanation for the difference; the C421A allele
appears to be very common in Asian populations.

Another polymorphism, C376T in exon 4, which substitutes a stop
codon for GIn126, was detected in only four of our study samples as
heterozygosity. Although the frequency of the C376T allele was
extremely low, C376T may have an impact on protein expression
because of the premature stop codon.

Recent studies indicate that haplotype-based approaches, which
take into consideration the combination of SNPs present in one allele,
offer greater ability to predict changes in phenotype than do SNP-
based approaches {(Judson et al., 2000; Stephens et al., 2001). Thus,
we determined haplotypes for the three major SNPs (ie., G3A,
C376T, and C421A) in Japanese subjects. In the present study, four
allelic patterns were identified. Interestingly, the C421A variant ex-
isted only as a G-C-A allele, suggesting that it does not coexist with
the other two variants.

In addition to the cording haplotypes, we determined haplotypes for
four SNPs in the 5’-flanking (C-20445T, A-20296G, A-19781G, and
CTCA deletion at —19572 to —19569) and for three SNPs in the 3’
untranslated (A2332TA, A2364C, and C2512T) regions. Five major
haplotypes were identified: C-A-A-CTCA, C-A-A-(CTCA)deletion,
and C-G-A-(CTCA)deletion in the 5'-flanking region; and A-A-C and
TA-A-C in the 3’ untranslated region. Although we evaluated the
relationship between various haplotypes and both mRNA and protein
levels, significant haplotype-dependent changes in both expression
levels were not observed (data not shown). '

Our findings indicate that the C421A variant may affect the pla-
cental expression of BCRP protein; samples with an A421 allele had
a reduced protein level, as compared with these without the variant.
These findings are consistent with the report that C421A BCRP-
transfected PA317 cells and KB-3-1 human epidermoid carcinoma
cells showed a markedly decreased protein expression and low-level
drug resistance (Imai et al., 2002), Similar findings were made in a
different cell line, HEK293 (Kondo et al., 2004). Although one study
demonstrated no significant correlation between the C421A variant
and expression of intestinal BCRP mRNA or protein (Zamber et al.,
2003), the present study and collective evidence suggest that C421A
is potentially of functional significance,

CA21A is located in the functionally important ATP-binding region
between Walker A and B motifs and is associated with a differentially
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3CRP/ALF) 0.32 0.33 0.64
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A, allelic expression bias of the BCRP gene in Japanese p]écentas. The expression bias was estimated based on the reference/variant ratios (replicated data points
b sample} at either the G34A or C421A polymorphism, and corrected using the genomic ratio. The shaded box represents the approximated 95% confidence interval
- open (white) bars indicate individuals displaying significant variations. B, the PCR-RFLP-based diagnosis for allelic imbalance. Monoallelic samples (19 and 62)

tlelic sample (58) are presented with their BCRP mRNA and protein levels.

:d amino acid substitution. These characteristics suggest that the
A variant alters the tertiary structure of the BCRP protein,
g to greater susceptibility to degradation (Imai et al., 2002). In
an, Mizuarai et al. (2004) reported that ATPase activity in the
rane of SF9 cells infected with the C421A variant showed a
ise of 1.3 below that of wild-type cells. They also indicated that
121A variant exhibited reduced drug resistance in polarized
’K1 cells along with increased intracellular drug accumulation.
i in vivo human study, Sparreboom et al. (2004) recently
ted the effects of the C421A variant on the pharmacokinetics of
otecan, a synthetic derivative of camptothecin, in 22 cancer
s, and provided the first evidence linking variant BCRP alleles
red drug exposure. Patients with this variant as heterozygosity
ed about 3-fold higher plasma levels than did patients with
spe alleles. These results suggest that interindividual variability

in substrate drug effects might be influenced, in part, by BCRP
genotype,

Other nonsynonymous variants, Arg482Gly and Arg482Thr, have
been reported to have a crucial role in protein function and in altering
the multidrug resistance phenotype by changing substrate specificity
(Honjo et al., 2001; Allen et al., 2002). However, these variants ware
not detected in the present study, indicating that mutations at position
482 may occur due to drug selection.

In the present study, we assessed the molecular mechanisms re-
sponsible for the low protein levels in A421-placental samples from
two perspectives, polymeorphism and allelic imbalance. Allelic imbal-
ance is a differential expression which can be determined by the
measurement of the relative expression level of two alleles of one
gene (Yan et al,, 2002; Bray et al., 2003; Knight, 2004), One example
of this phenomenon is provided by a recent study by Wojnotski and
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Fi. 4. Monoallelic paternal expression of the BCRP gene in informative lympho-
blasts. Maternal inactive A34 allele was inherited by both siblings.

Brockméller (2004), which demonstrated a hepatic transcriptional
imbalance of the CYP3A5 gene in heterozygous CYP3A5*1A/*3 sam-
ples. In that case, CYP3A5*JA may act as a cis-acting SNP, which
increases the expression of the CYP3AS transcript from the allele
carrying it, resulting in an imbalance of mRNA expression. Thus,
allelic imbalance can be used for the functional evaluation of SNPs
that affect mRNA expression. If the C421A variant is a functional
cis-acting polymorphism differentially affecting the expression level
of each copy of a gene, a strong over- or under-shift in allelic
expression bias will be expected. However, as shown in Fig, 3,
although only two samples (19 and 62) exhibited significant allelic
imbalance (i.e., preferential expression of one of the two alleles), the
allelic expression bias in most samples was within the approximated
95% confidence interval (0.85~1.48). These results suggest that the

predominant expression pattern of BCRP in placental samples is
biallelic, and C421A is not a cis-acting SNP, The C421A variant was
associated with a reduction in placental protein levels but not in
mRNA levels (Fig. 2). These observations are in line with a finding by
Imai et al. (2002), who demonstrated that murine PA317 cells ex-
pressing C421A had increased intracellular drug accumulation, cou-
pled with reduced protein levels and a similar mRNA expression.
Therefore, taking these observations into consideration, the reduction
in protein expression levels in the A421-placental samples is consid-
ered to be a result of the translation efficiency of BCRP. Nevertheless,
we cannot exclude the possibility that the cis-acting regulatory poly-
morphisms, which may form haplotypes with the C421A variant,
responsible for the change in BCRP expression reside far up- and
down-stream of the gene of the affected allele.

Since protein expression is known to be regulated not only by
mRNA and/or DNA sequences but also by epigenetic modifications
such as genomic imprinting, chromatin alteration, methylation, and
acetylation, we introduced an epigenetic concept in this study. As
shown in Fig. 4, we have demonstrated that human lymphoblasts
showed a paternal expression of BCRP, in contrast with the findings
in placental samples, in which a moneallelic expression was observed
in only a minority of samples, suggesting a unique allele-specific
expression profile of BCRP. Among known imprinted genes, the
Wilms’ tumor suppressor gene (WT1} has been reported to exhibit a
unique expression profile (Mitsuya et al., 1997); cultured human
fibroblasts and lymphocytes showed a paternal or biallelic expressicn
of WI'I in some cases, whereas a maternal or biallelic expression was
observed in human placental villi and fetal brain tissue (Jinno et al.,
1994; Nishiwaki et al., 1997). These results suggest that the allele-
specific expression profile of certain genes depends on the tissue
source. Thus, expression patterns in other BCRP-enriched human
tissues such as liver and small intestine are of interest.

The data presented here suggest that the C421A variant in the
BCRP gene, a common SNP in both Japanese and Caucasian popu-
lations, alters protein levels in the human placenta. In addition, a
tissue-dependent allele-specific expression profile of BCRP is sus-

TABLE 3
Primer sequences used for the PCR-SSCP analysis of the human BCRP gene

Primer Fair Forward Primer

Revarge Primer

Promoter-1
Promoter-2
Promoter-3
Promoter-4
Promoter=-5

Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon
Exon

1-1
1-2
3

1-
2
3
4
5
6
7
B

5'-GTACTAGGATTACAGGCCGTGAGC -3’
5'-CGCAGATTTTTCAGTTTTTGC-3'
5'-AGGGTCTTGARACTGACAGAAAT-3'
5'~TTTCTAGCCTTTCCACACCATOG-3'
5'-GCCAGTGACGGCGACCAAACC-3'
5'-GGECTCAGCGCGGCAGGACA~3'
5'-AGCGCGGCTTAGGAAGTTCGTGT-3'
5’ ~CGTGCTGTGCCCACTCAAAAG-3'

5’ - ATTGTCACCTAGTGTTTGC-3'
5'-AMAATGGAATAGTARATCAGTCT-3'
5' - ATAGCATGTGTTGGAGGGARARA-3'
5 - AARACAGTCATGGTCTTAGARAAG -3’
5'-CAAATGATAATGACTGGTTGTTA-3'
5'-AGCAAACAATCTAAAGGCAAGAN-3'
5/ -AAGTGAGTTCTCTTTGTTTTICCA-3"
5'-TGTTTGTGTTTCCTTTTTATCCA-3'
5 T TATCTCTAATTGAMACTCTTCC-3'
5" -ACGCTTCCCTGTTCCAACCAGAN-3'
5’ ~GACAAGTCTAGCCTGCCCTGTGG -3
5'-AATAAGCAATCCCAAACATACGG=3"
5'-AGAGGAGAAGAGTTTAGTCAGTG~3'
S'-ACATTAGTTGGTTTGGTGAGACA-3'
5'-CTGAGTAACATTTGACGGATGCT-3'
S'~TTCAGTATGATTTATCCTCACAT-3'
5'-GTCTCTGECATTIGTTTCCTCAT-3'

5' - AATGACCCGAGATCCCACCACTG-3'
5'-PATTAATGGTTCACCCAATGC~3'

5’ - AAGGGCAGAAACTTACTGAATGA-3'
5'-ACGCAGGGACAAGCCAAACACTC-3'
5’'-GCGCTGACACGAACTTCCTAAGC 3’
5’ -GACCCGGACATCCAGGGGACGAG-3'
5'-CGCGTCTCTCAATCTCAGTGG-3'

5'-ATACACAACGCCCACCAACCT-3'

S’ -AAAAATGTTCATAGCCAGTTTCT-3'
S’ -CTGCTACATGTCAATCACCTTAT-3'
5'-ATTGGTATCACTGTCCTTACAAG-3'
5'-TCTCATTGTTATGGAAAGCAACC-3'
5'-TTGTTTTTCTTGATAATGCTTTT-3'
5'=CCAAAGACCAAACAGCACTCCTG-3'
5'-GTTGACTGGTATCAGAAGACTGC-3"
5'-CATTGTTCCCATTTGAGTATTTC-3'
5'-AAATAAACTGACTCATCCTACCC-3'
5'-TGTAATCAGTCTAACCAATAGCC-3'
5’ -GTTTGGTTTATAGTTTTGAGAAC-3"
5'=TTATCAGAGCAAACACAGTTCAG-3'
5'-ACAGTGACAGACAAGGAAGACAT-3'
5'-ATTCAGTGCCCCTGGAAGGACTC -3
5'-GTGRTGECAAGGGAACAGAARRC-3'
5'-GCTACTARCCTACCTATTCATTT-3"
5'~CTCTACTCTACCCACAGTTCCAR-3'
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pected. In vivo human studies with regard to these findings are
required for the establishment of individualized anticancer therapy.

Appendix

Primer sequences used for the PCR-SSCP analysis of the human
BCRP gene are shown in Table 3.
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ABSTRACT

Recently, a number of nucleotide variants have been deseribed in
the multidrug resistance 1 (MDRT1/ABCB1) gene; however, most
studies have focused on the coding region. In the present study,
we identified promoter variants of the MDRT gene and evaluated
their phenotypic consequences using a reporter gene assay and
the real-time polymerase chain reaction method. Ten allelic vari-
ants were detected in the promoter region (approximately 2 kilo-
bases), seven of which were newly identified. Certain mutations
occurred simultaneously, and a total of 10 haplotypes were ob-
served. These promoter polymorphisms were found more fre-

quently in Japanese than Caucasians. Some haplotypes were
associated with changes in luciferase activity and placental and
hepatic mMRNA levels. We also determined DNA methylation status
in the proximal promoter region of the MDR? gene. The promoter
region around potential binding sites for transcription factors was
found to be hypomethylated and thus likely to be independent of
the gene expression. Nucleotide and/or haplotype varants not
only in the coding region but also in the promoter region of the
MDRT gene may be important for interindividual differences of
P-glycoprotein expression,

Polymorphisms in the genes encoding membrane trans-
porters have recently been reported to be associated with
variations in the pharmacokinetic and pharmacological ef-
fects of clinically used drugs (Fromm, 2002; Kim and Tirona,
2002; Takane et al., 2003). Among various drug transporters,
P-glycoprotein, the multidrug resistance 1 (MDRI/ABCBI)
gene product, is one of the best studied. P-glycoprotein is
expressed in various human tissues such as the intestine,
liver, and kidney, and functions as a cellular efflux pump for
foreign xencbiotics and endogenous substrates.

Although a number of nucleotide variants have been de-
scribed in the MDRI gene, most studies in this area have
focused on the association of single nucleotide polymor-
phisms (SNPs) in the coding region with the altered expres-
sion of P-glycoprotein or pharmacokinetics of clinically used
drugs. Hoffmeyer et al. {1999) demonstrated that the synon-

This work was supported by grant-in-aid for scientific research from the
Ministry of Education, Culture, Sports, and Technology, and Health and Labor
Science research grants (Research on Advanced Medical Technology) from The
Ministry of Health, Labor and Welfare, Tokyo, Japan.
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http:/jpet.aspetjournals.org.

doi:10.1124/jpet. 104.069724.

ymous C3435T polymorphism (Ile1145Ile) in exon 26 was
associated with a low level of expression of P-glycoprotein in
the duodenum, resulting in an increase in plasma concentra-
tions after oral administration of digoxin, used as a probe for
P-glycoprotein. In contrast, higher level of duodenum P-gly-
coprotein expression and lower level of serum digoxin after
oral administration were observed in the subjects with this
variant (Sakaeda et al., 2001; Nakamura ¢t al., 2002), The
association of the C3435T polymorphism with P-glycoprotein
protein expression and function is controversial. Up to now,
various investigators have reported that the variant is asso-
ciated with decreased or increased expression, or it has no
clearly discernible effect (Sparreboom et al., 2003; Ishikawa
et al., 2004). In a recent report, an approach using gene-
based haplotypes, which are specific combinations of SNPs
located throughout the genome, proved superior to the use of
individual SNPs for predicting the association between phe-
notypes and genomic variation (Judson et al., 2000). For
example, Drysdale et al. (2000) reported that the bronchodi-
lator response to B agonist is significantly related to haplo-
type pairs of the B,-adrenergic receptor gene but not to indi-
vidual SNPs. With regard to the MDRI gene, Johne et al.

ABBREVIATIONS: SNP, single nucleotide polymorphism; CpG, cytosine-guanosine pair; PCR, polymerase chain reaction; SSCP, single-strand
canformational polymorphism; bp, base pair; MDR, multidrug resistance; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; EMSA, electro-

phoretic mobility shift assay. R
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(2002) indicated that it was important to consider the vari-
ability in haplotype structure rather than in SNPs when
characterizing the MDRI phenotype. However, the associa-
tion of variants in the promoter region of the MDRI gene
with the expression of P-glycoprotein has been not well in-
vestigated.

DNA methylation, referred to as the methylation of cyto-
sine in a cytosine-guanosine pair (CpG), is the most common
eukaryotic DNA modification and one of many epigenetic (an
alteration in gene expression without a change in nucleotide
sequence) phenomena (Singal and Ginder, 1999). Normally,
both the core promoter and transcriptional start site are
included within the CpG-rich region, and DNA methylaticn
regulates gene expression by interfering with the binding of
specific transcription factors to their recognition sites (Singal
and Ginder, 1999; Jones and Takai, 2001). Interestingly, the
human MDR1 gene has a CpG-rich promoter region. Hypom-
ethylation of MDR1 during chemotherapy resulted in a high
level of gene expression in recurrent tumors, and it had
important consequences for clinical outcome in acute myeloid
leukemias (Nakayama et al., 1998) and bladder cancer (Toda
et al., 2000). However, there is currently no data available on
the role of DNA methylation in transcriptional regulation in
normal tissues,

The aim of this study was to describe variants in the
promoter region of MDR! in Japanese and Caucasian popu-
lations and to evaluate their functional significance with
regard to transcriptional activity and mRNA expression in
placentas and livers obtained from Japanese subjects. Fur-
thermore, we determined the methylation status of the pro-
moter region of MDRI and its association with the interin-
dividual variability in gene expression in normal tissue.

Materials and Methods

Isolation of Genomic DNA and RNA. Human full-term placen-
taz (highly enriched placental trophoblast populations) and livers
were obtained from 96 and 19 Japanese patients, respectively. These
tissues were immediately frozen in liquid nitrogen and stored at
—80°C for the preparation of DNA and RNA. Blood samples wera
obtained from 96 healthy Caucasian volunteers. Genomic DNA from
the samples was prepared using the Toyobo blood kit on a Toyobo
HMX-2000 robot (Toyobo, Osaka, Japan). The isolation of genomic
DNA from tissues was performed using a DNA preparation kit
(QIAamp DNA mini kit; QIAGEN GmbH, Hilden, Germany). Total
RNA was extracted using ISOGEN (Nippongene, Tokyo, Japan), and
reverse transcription was performed with random hexamers (Pro-
mega, Madison, WI) and reverse transcriptase (Invitrogen, Carlsbad,
CA). This study was approved by the Tottori University Ethics Com-
mittee, and informed consent was obtained from all individuals,

Identification of Variants in the MDRY Promoter Region.
The genotypes of MDR1 such as A-41a(G, C-145G, T-129C, and
C3435T were identified by PCR-restriction fragment length polymor-
phism analysis as described previously (Tanabe et al.,, 2001). To
identify unknewn mutations in the MDR! promoter region, SSCP
analysis was performed using the GenePhor system (Amersham
Biosciences AB, Uppsala, Sweden) as described previously (Ieiri et
al., 2000). PCR was performed in a total volume of 25 pl consisting of
50 ng of genomic DNA, 10x PCR buffer II, 1.5 mM MgCl,, 1.25 U of
Amplitaq Gold DNA polymerase {Applied Biosystems, Foster City,
CA), and 0.25 puM of each primer. The primer sets were designed to
divide the promoter region (—1700a to Ex1/+88) of the MDR1I gene
(GenBank accession no. AC002457) into five fragments (~500 bp).
After an initial denaturation at 94°C for 5 min, 45 cycles of 40 s at

94°C, 45 s at 50 to 59°C, and 1 min at 72°C, as well as a final
extension period of 5 min at 72°C, were performed.

Haplotype Analysis. A 2112-bp fragment, including the pro-
moter region of MDE1 (—1700a to Ex1/+88), was amplified by using
gene-specific primers (5-GGAGCAAAGAAATGGAATACAATA-3'
and 5'-TTCTCCCGTGAAGACCAAGTTC-8"). The PCR mixture was
essentially the same as for the identification of mutations except for
the Taq polymerase (LA Tagq; Takara, Shiga, Japan), After an initial
denaturation at 94°C for 5 min, 45 cycles of 40 s at 94°C, 15 s at
58.3°C, and 1 min at 72°C, as well as a final extension period of 5 min.
at 72°C, were performed. The PCR fragments were subcloned into
pGEM-T easy vector (Promega) and sequenced.

DNA Sequence. All PCR products were sequenced directly on an
ARBI 377 automatic sequencer (Applied Biosystems) using a Big-Dye
Terminator Cycle Sequencing Ready Reaction kit (Applied Biosys-
tems). Before the sequencing, reaction mixtures were purified with a
DyeEx Spin kit (QIAGEN GmbH), The sequencing primers were
those used in the PCR amplifications. The sequencing of both strands
was performed for products from at least two independent PCR
amplifications to ensure that the identified mutations identified
were not PCR-induced artifacts.

Real-Time Quantitative PCR (TagMan) Analysis. PCR was
performed using a master mix based on the TagMan vniversal PCR
master mix (Applied Biosystems} and run on the ABI PRISM 7000
sequence detection system {Applied Biosystems). The following prim-
ers and TagMan probe were used for determining the MDR1 mRNA:
forward primer, 5-TATCAGCAGCCCACATCATCA T-3"; reverse
primer, 5'-CCAAATGTGACATTTCCTTCCA-3'); and probe, 5'-TA-
CAGCACGGAAGGCCTAATGCCGA-3’. The endogenous reference
gene was determined using the commercially available human
GAPDH TagMan Predeveloped Assay Reagent (Applied Biosystems).
Each primer set and TagMan probe were used at final concentrations
of 200 and 100 nM, respectively. The reactions were run in duplicate.
For all expertmental samples, the amount of mENA was determined
from a standard curve (serial diluted samples from placental tissue
expressed at higher levels of MDR1 and GAPDH mRNA). The mRNA
level of MDR1 was expressed as a ratio to that of GAPDH.

Plasmid Construction. To obtain the first plasmid, a 2056-bp
fragment (-1704a to Ex1/+28) of MDRI, including the promoter
region and exon 1, was initially amplified from genomic DNA with
gene-specific primers incorporating 5'-Kpnl and 3'-Nhel, for the 5
end of inserts 5-CGGGGTACCGGAGCAAAGAAATGGAATACA-3’
and for the 3’ end of inserts 5'-CTAGCTAGCAGTAGCTCCCAGCTT-
TGCGTG-3'. The PCR fragment was subcloned inte the pGEM-T
easy vector and then introduced into competent JM109 cells (Pro-
mega). The plasmids obtained were sequenced and digested with
Kpnl and Nhel. The digested fragment was ligated into the Kpnl/
Nhel site of the vector pGL3-enhancer (Promega). Manipulated DNA
portions were sequenced again in their entirety.

Cell Culture and Transfection. HepG2 human hepatoma cells
were incubated at 37°C under 5% CO, in Dulbecco's modified Eagle’s
medium supplemented with 10% fetal bovine serum. One day before
transfection, cells (5.5 X 10°) were seed into culture plates (60 mm).
The cells were washed two times with serum-free medium. The
luciferase reporter gene constructs (5 pg) and the control reporter
gene plasmid pRL-TK vector (0.5 ug) (Promega) were mixed with the
Tfx-20 reagent (15 pl} (Promega), transferred to serum-free medium,
and then incubated at room temperature for 15 min. The mixtures
were added to the washed cells and incubated for 1 h at 37°C under
5% COQ,. After the incubation, the cells were cultured in growth
medium and harvested after 48 h,

Assay of Luciferase Activity. Luciferase reporter gene activity
was evaluated with the Dual luciferase reporter assay system (Pro-
mega). HepG2 cells were washed once with a phosphate-buffered
saline solution and lysed in passive lysis buffer (400 pl). After incu-
bation at 37°C for 15 min, lysates were mixed in a vortex blender for
15 5 and ecentrifuged at 4°C for 30 5. Supernatants (20 pl) were mixed
with the luciferase reagent (100 ul), and the luciferase activity was
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measured with a luminometer (Turner Designs, Sunnyvale, CA).
After background correction (activity in untreated cells), results
were expressed as the level of pGL3 activity divided by pRL activity,
The total cellular protein concentration was determined using the
Bio-Rad protein assay (Bio-Rad, Hercules, CA).

Electrophoretic Mobility Shift Assay (EMSA). Nuclear extracts
from HepG2 cells were prepared as reported previously (Takeuchi et al.,
2000). Oligonucleotides for the MDRI gene, including —1517a T (ACT-
GTTTAGGGAGGGTTTAAGGCCATTCAAA), —1517a C (ACTGTT-
TAGGGAGGGCTTAAGGCCATTCAAA), —1459a G (ATAAATGA-
AAGGTGAGATAAAGCAACAAAGC), —1459a A {(ATAAATGAAAG-
GTGAAATAAAGCAACAAAGC), —1017a T (GAGGCAGGAGAATC-
GTGTGAACCCGGGAGGC), -1017a C (GAGGCAGGAGAATGGC-
GTGAACCCGGGAGGC), —145 C/-129 C (CTTTGCCACAGGAAGC-
CTGA GCTCATTCGAGTAGCGGCTCTTCCAAG), —145 G/—-129 T
(CTTTGCCACAGGAAGGCTGAGCTCATTCGAGTAGCGGCTCTT-
CCAAG} and —145 C/—129 C (CTTTGCCACAGGAAGCCTGAGCT-
CATTCGAGCAGCGGCTCTTCCAAG) were synthesized with both
sense and antisense strands, the corresponding pairs of which were
annealed and end-labeled with T4 polynucleotide kinase (Takara) and
[y-**P]dATP (Amersham Biosciences AB) according to standard meth-
odology. The y*2P-labeled probe (1 X 10* cpm) was incubated for 30
min at 0°C with nuclear protein (5 pg) in binding buffer (1¢ ul) con-
taining 25 mM Hepes (pH 7.9), 40 mM KCl, 5 mM MgCl,, 0.1 mM
EDTA, 7.5% glycerol, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfo-
nyl fluoride, 0.1% Nonidet-40, 5 uM ZnS04, 0.2 ug of poly(dI-dC), and
1 pg of bovine albumin. Competitor oligonucleotides were added at
100-fold molar excesses. Reaction mixtures were electrophoresed on 5%
polyacrylamide and 2.5% glycercl gel in a Tris-glycine-EDTA buffer
(250 mM Tris, 1.9 M glycine, and 10 mM EDTA) at 4°C and visualized
by a BAS-2500 Imaging Analyzer (Fuji Film, Tokyo, Japan).

Determination of Methylation. The methylation status of CpG
sites within the proximal promoter region of MDRI was confirmed
using the bisulfite sequencing method (Frommer et al., 1992). DNA,
was treated with scdium bisulfite using 2 CpGenome DNA modifi-
cation kit (Intergen, Purchase, NY) according to the manufacturer’s
instructions. PCR (578 bp, —214a to Ex1/+40) was performed in a
total volume of 25 gl consisting of 50 ng of bisulfite-modified genomic
DNA, 0.625 to 2.5 U of Amplitaq Gold DNA polymerase, and 0.25 uM
of each primer, 5-AAGGTGTTAGGAAGTAGAAAGGT-3' and 5-AAA
CTATCCCATAATAACTCCCAA-3'. After an initial denaturation at
95°C for 5 min, 35 cycles of 45 s at 95°C, 45 5 at 55°C, and 1 min at 72°C,
a3 well as a final extension period of 5 min at 72°C, were performed, The
PCR product was cloned into the pGEM-T easy vector according to the
manufacturer’s instructions. The CpG methylation status of individual
DNA strands was determined based on a comparison with the sequence
obtained from the genomic DNA without the addition of bisulfite mod-
ifications. The number of methylated CpGs at a specific site was divided
by the number of clones analyzed (W > 15} to yield percentage of
methylation for each site.

Statistical Analysis. The 95% confidence interval was calculated
to compare the differences in genotype or haplotype frequencies
between Japanese and Caucasians, Results of MDR1 mRNA expres-
sion and mutation (C3435T) were analyzed with a Kruskal-Wallis
test. Comparisons between two groups were performed using a
Mann-Whitney U test. A 5% level of probability was considered to be
significant.

Results

Identification of Variants in the Promoter Region of
the MDRI Gene. Ten variants were detected in the pro-
moter region of the human MDR1 gene by PCR-SSCP anal-
ysis using DNAs obtained from unrelated Japanese and Cau-
casian subjects (Fig. 1; Table 1). Seven variants, at positions
—15617a, —1459a, —1423a, ~1132a, ~1017a, —824a, and
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—755a, were newly identified in this study. The most com-
meon mutation in Japanese was G-1459aA (allelic frequency
0.250), whereas A-41aG (0.106), T-1517aC- (0.080),
T-1017aC (0.080), T-129C (0.080) were found at low fre-
quency. The 5-base deletion at position -1132a to ~1128a,
C-145G and T-824aC were detected at extremely low fre-
quency (0.037, 0.032, and 0.005, respectively). The frequen-
cies of T-1017aC and T-129C were significantly lower in
Caucasians than Japanese (P < 0.05). The two-base deletion
at position —1423a to ~1422a and A-755aG were identified
only in Caucasian subjects, but at frequencies below 0.010. In
contrast, T-1517aC, G-1459aA, a five-base deletion at posi-
tion —1132a to —1128a, T-824aC, A-41aG, and C-145C
were not detected in Caucasian subjects. These results indi-
cate that genotypic frequencies of variants in the promoter
region of the MDR1 gene seemed to be dependent on race.

Identification of MDRI Promoter Haplotypes. On the
basis of & haplotype analysis using subcloning and direct
sequencing, 10 haplotypes derived from all identified pro-
moter variants were found to be present in both populations
(Table 2). In Japanese, seven haplotypes were identified with
a frequency ranging from 0.005 to 0.665. Unlike in Cauca-
sians, three variants at —1517a, ~1017a, and —129 occurred
simultaneously in Japanese. In total, 13 different haplotype
pairs were found in the subjects examined (Table 3). In
Caucasians, the most commen haplotype pair was 1/1(0.923).
In contrast, heterc- or homogenous combinations of haplo-
types with one or more variant sites were found at a rela-
tively high frequency in Japanese compared with Caucasians
(0.553 versus 0.077).

Association of MDRI Promoter Haplotypes with
mRNA Expression in Placenta and Liver. Before inves-
tigating the influence of MDR I promoter haplotype combina-
tions on mRNA expression in placental and hepatic tissues,
we determined whether the C3435T variant influences
MDR1 mRNA expression. As shown in Fig. 2, the synony-
mous C3435T polymorphism in exon 26 was associated with
a low level of placental MDR1 expression (P < 0.05; Kruskal-
Wallis test). Next, we compared MDR! promoter haplotype
pairs (haplotypes /1, 1/2, 1/3, 1/4, and 4/4) with correspond-
ing placental and hepatic MDR1 levels in 29 and 11 samples
with the 3435 C/C and C/T genotype, respectively (Fig. 2).
The MDR1 expression in placental tissue with haplotype 1/2
or 1/3 tended to increase compared with that in 1/1 samples
(P = 0.091; Mann-Whitney U test; Fig. 2). However, mean
mRNA levels in hetero- and homogygous samples for haplo-
type 4 was comparable with those in 1/1 samples. Also, the
MDEI1 expression in hepatic tissue of haplotype 1/2 or 1/3
tended to increase compared with that in 1/1 samples (P =
0.07; Mann-Whitney U test; Fig. 2).

Luciferase Reporter Gene Assay. To investigate the
influence of promoter haplotypes on the potential for tran-
scriptional regulation, 10 reporter plasmids containing
MDRI promoter sequences were transiently transfected in
HepG2 cells, and then luciferase activities were measured.
As shown in Fig. 3, haplotypes 2, 3, and 9 increased the
luciferase activity by 41, 32, and 30%, respectively, compared
with that by haplotype 1. In contrast, the haplotype 6 con-
struct resulted in a 28% reduction in activity. Other haplo-
types did not seem to influence the activity.

Binding of Nuclear Proteins to the Promoter Variant
Sites. To determine whether the variants in the promoter
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5'-GGAG
CAAAGAAATGGAATACAATATAATAGAATGGTAGAATCTTATTTTTAAAA
TCTGTGTTATTCTGATCTTTAACTTACTTATATCTTTGATAGAGATCTTT
ACCTGATGCTCAAGATTGTAGAAATAGTATAATCAACATAACAGTATAGC
ACTGTATTTATATCCTGCACTGTTTAGGGAGGGTITTAAGGCCATTCAAAA
GGATACATAAAATACAACAAGATTACATAAATGAAAGGTGAGATAAAGCA
ACAAAGCAAAACAAAAGTGAAAACAGAGATCATAGGCACAAATAAGATTA
AAAACGCATGTAATGAAGATGAAAGCTTTITACATTTACCCCAGATGGACC
ACAGGGTTGTTOTTAAGCCTTTAAACAGTGAACAATGCTGTACACTTGCA
TATGCAATTAGAACATGTGOAAAAAATAGTGGCCTGTTAGAAGCCTAATT
AACAATTTGTGAAAAAAAAAAAAAAAAAAAAAAAAAGAGGCCGAGCTGTA
GCTCACGCCTGTAATCCCTGCACTTTGGGAGGCCGAGGCGGGCGGATCAC
GAGGTCAGGAGATCAAGACCATCCTGGCTAACACAGTGAAACCCAGTCTC
TACGAAAAATACAAAAAATTAGCCGGGCGTGGTGGCGGGAGCCTGTAGTC
CCAGCTACCTGGGAGGCTGAGGCAGGAGAATGGTIGTGAACCCGGGAGGCG
GAGCTTGCAGTGAGCCGAGATCCTGCCACTGCACTCCAGCCTGGGCGACA
AAGCAAGACTCCGTCTCAAAAAAGAAAAAAGAAAGAAAAACAAAAGAAAA
CTTCATTGTATTGTAAGGCCAAGAACAAAATATATCAAGATAAGGAAAAT
TTIGTAGTCAAGAATAGAAAAAAATTATGGCTITGAAGTATGAGTTATTTA
AAGAAAGTGGAAACATCCTCAGACTATGCAGTAAAAAACAAAGTGATTTT
CTTCTTCTAAACTTATGCAATAAACTGATAGGTAATATGTGAAAGTCATA
GAATGTAGACTAGAGGATACAACAAACCTATTTCCTCTATGTTCATAAGA
AGTAAGAAAAGCTCTGATGTGAGTTAGCATTGCTTTACAATTTTGAATTG
TGCAGATTGCACGTACTTTTCCTCAGTTTGAAGTAAATAGTGGACAGGAA
AAAATATTAAATGTTGGCAGTAAATATGGAAGGAAATTACAACTAATGTA
ATATGCTAAAACATGCTATGTTTATTTTACTAATTTGAATTAAAATGTAA
GAATTTAAAATGCCCTGGAAAAACACGGGCATTGATCTGACGTCTGAAGT
TTTAAAATATTACACACTTTGAAATAGCATTTGTACCTTGAAATACCTGT
CTCTATATATTTTTTAAAACTTCCTTTTTCTTTCATTCCATTTATCATCA
AATAAAGGATGAACAGATGTAACTCAGAAACTGTCAAGCATGCTGAAGAA
AGACCACTGCAGAAAAATTTCTCCTAGCCTTTTCAAAGGTGTTAGGAAGC
AGAAAGGTGATACAGAATTGGAGAGGTCGGAGTTTTTGTATTAACTGTAT
TAAATGCGAATCCCGAGAAAATTTCCCTTAACTACGTCCTGTAGTTATAT
GOATATGAAGACTTATGTGAACTTTGAAAGACGTGTCTACATAAGTTGAA
ATGTCCCCAATGATTCAGCTGATGCGCGTTTCTCTACTTGCCCTTTCTAG

-330
-280
=230

-180

-130

-80
-30

AGAGGTGCAACGGAAGCCAGAACATTCCTCCTGGAAATTCAACCTGTTTC
GCAGTTTCTCGAGGAATCAGCATTCAGTCAATCCGGGCCGGGAGCAGTCA
TCTGTGGTGAGGCTGATTICGCTGGGCAGGAACAGCGCCGGGGCGTGGGCT
Y box GC box
QAGCACAGCCGCTTCGCTCTCTTTGCCACAGGAAGQCTGAGCTC{E‘;CGA

transcription start site
GTAGCGGCTCTTCCAAGCTCAAAGAAGCAGAGGCCGCTGT TCGTTTCCTT
TAGGTCTTTCCACTAAAGTCGGAGTATCTTCTTCCAAAATTTCACGTCTT

GGTGGCCGTICCAAGGAGCGCGAG GTAGGGGCACGCAAAGCTGGGAGCTA

Exon 1/+27

CTATGGGA®* + » + + 1+« TCATGCATTTGGCTAATGAGCTGCGGTTTCTCTTCAG

ol

GTCGOGATGGATCTTGAAGGGGACCGCAATGGAGGAGCAAA s oo |—3’
translation start site {(+1)

Exon 1

Intron 1

Exon 2

Fig. 1. Nucleotide sequence of the human
MDR1 gene promoter. Positions of nucleotide
variants are in hold and are underlined. The
exons are boxed. The location of variants in
the coding region is relative to the initiation
site for translation, which is defined as +1
based on the cDNA nucleotide sequence. The
position in the promoter region is relative to
the nuclectide sequence immediately preced-
ing exon 1, which is defined as —1a.

region altered binding for transcription factors, we per-
formed EMSA using nuclear extracts prepared from HepG2
cells, By competition assays using an excess of unlabeled
probe, allele-specific binding of nuclear proteins was ob-

served when the nuclear extracts were incubated with

probes, including —1517a C (complex I) and —1459a G (com-
plex II} (Fig. 4, A and B). Also, strong nuclear protein-DNA
binding (complex IIT) was ¢bserved with the probe containing
the —1017a T allele when compared with the —1017a C allele
(Fig. 4C). The higher binding completely disappeared under
an excess of unlabeled —1017a T probe, and weaker inhibi-
tion of the binding was observed with the —1017a C probe.
With the —145/~129 C/T and G/T probes, nuclear protein-
DNA binding (complex VI} was detected, but with the C/C
probe it was not detected or was much weaker (Fig. 4D). The
protein-DNA binding was completely inhibited by an excess
of unlabeled C/T and G/T probes, and slightly competed with
by an excess of unlabeled C/C probe. No nuclear protein-DNA

binding was observed when the probes containing the —41a
A/G and —145 G/C alleles were incubated with nuclear ex-
tracts.

Correlation between Placental MDR1 mRNA Expres-
sion and Methylation Status at CpG Sites in the MDR1
Promoter Region. The proximal region of the human
MDR1 is rich in CpG (Fig. 5A). This region including the Y
box and GC box elements is required for activation of the
MDR1 promoter. We focused on the CpG-rich proximal pro-
moter region in the MDEI gene and determined the relation-
ship between methylation status at each Cp@ site and MDR1
mRNA expression using placenta with promoter haplotype
1/1 and 3435 C/C genotypes. Results of a bisulfite sequencing
analysis of 26 CpG sites in seven subjects, whose MDR1
levels varied considerably, are shown in Fig. 5B. In all sam-
ples, methylated CpG sites were found upstream of the pro-
moter region, Moreover, an interindividual difference in
methylation status was observed; however, no clear associa-
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TABLE 1
Variants in promoter region of the MDRI gene in Japanese (n = 94) and Caucasian (n = 96) subjects
Allele Frequency Frequency
Location Position Allele Nucleatide Sequence Genotype :
Japanese Caucasian Japanese Caucasian
Promoter —1517a® T agggTttaa 0.920 1.000 T 0.840 1.000
(0.881-0.959r T/C 0.160 0.000
C agggCttaa 0.080 0.000 CIC 0.000 0.000
{0.041-0.119})
~1459a® G* gtgaGataa 0.750 1.000 G/IG 0.553 1.000
(0.688-0.812) G/A 0.394 0.000
A gtzaAataa 0.250 0.000 AfA 0.053 0.000
(0.188-0.312)
—1423a® GA? cagaGAteat 1.000 0.995 GA/GA 1.600 0.990
(0.985-1.005) ‘ GA/- 0.000 0.010
Deletion caga_tcat 0.000 0.005 -/- 0.000 0.000
(=0.027-0.015)
-1132a® CCATC? aagaCCATCetge 0.963 1.000 CCATC/CCATC 0.926 1.000
(0.936-0.990) CCATC/- 0.074 0.000
Deletion  aaga_ctgg 0.037 0.000 -- . 0.000 0.000
(0.01-0.064)
-1017a¢ T* atggTgtza 0.920 0.984 T/T 0.840 0.969
(0.881-0.959) (0.966-1.002) T/C 0.160 0.031
C atggCgtga 0.08 0.016 C/IC 0.000 0.000
(0.041-0.119) (—0.002-0.034)
-824a° T® attaTgget 0.995 1.000 T/T 0.989 1.000
(0.985-1.005) T/C 0.011 0.000
C attaCgget 0.005 0.000 C/iC 0.000 0.000
(-0.027-0.015)
—755a° A’ agtgAtttt 1.000 0.995 AJA 1.000 0.990
(0.985-1.005) AG 0.000 0.010
G agtgGtttt 0.000 0.005 G/G 0.000 0.000
(—0.027-0.015)
—41a®  Ab cccaAtgat 0.894 1,000 AJA 0.798 1.000
(0.850-0.938) A/G 0.191 0.000
G cccaGtgat ¢.106 0.000 GIG 0.011 0.000
(0.062-0.150)
-1452 b gaagCetga 0.968 1.000 c/C 0.936 1.000
(0.943-0.993) C/G 0.064 0.000
G gaagGetga 0.032 . 0,000 G/IG 0.000 0.000
(0.007-0.057)
Exon 1 -129%2 T cgagTageg 0.920 0.984 T 0.840 0.969
(0.881-0.959) (0.966-1.002) T/C 0.160 0.031
C cgagCageg 0.080 0.016 C/C 0.000 0.000

(0.041-0.119)

(—0.002-0.034)

¢ Position ig relative to the initiation site of exon 1a, which is defined as +1a.
Reference sequence GenBank accession no. AC002457.
* The 95% confidence intervals are given in parentheses.

4 Position is relative to the initiation site of translation, which is defined as +1.

tion was observed. In addition, methylation was not cbserved
around either the Y box or GC box element in most samples.

Discussion

Despite evidence supperting an association of coding SNPs
with pharmacokinetics and pharmacodynamies, little is
known about the presence or functional relevance of allelic
variants in the promoter region of MDRI. We described 10
polymorphic variants in the MDR I promoter in Japanese and
Caucasian populations. A-41aG, C~145G, and T-129C have
been detected in the proximal promoter region of the MDR?
gene as low frequency variants (Horinouchi et al., 2002; Tang
et al., 2002; Kroetz et al., 2003). Here, we identified another
seven variants. Their presence and frequency varied accord-
ing to race. For example, C-145G was identified in Asian-
Americans but not Caucasians (Kroetz et al., 2003). In the
present study, this variant was observed only in Japanese. In
addition, the new G-1459%aA variant was the most frequent
variant in Japanese (25.0%), but was not found in Cauca-
gians.

The promoter region of the MDRI gene has been isolated

and sequenced {Ueda et al., 1987; Madden et al.,, 1993). The
promoter has an initiator sequence at the transcriptional
start site, without a TATA box (van Groenigen et al., 1993).
Numerous studies have shown that the Y box (inverted
CCAAT box) and GC box, recognized by the transcription
factors NF-Y and Spl, respectively, are required for efficient
transcriptional regulation of the MDRI promoter (Goldsmith
et al,, 1993; Sundseth et al,, 1997). Several studies suggest
that a region upstream of the Y box negatively regulates the
MDR1I promoter activity (Ogura et al., 1992; Cornwell and
Smith, 1993), although the exact positions of the negative
element differ. However, our variants are not located within
those cis-elements.

We identified 10 different MDRI promoter haplotypes us-
ing subcloning and direct sequencing methods. A comparison
of MDR1I haplotype pairs with placental and hepatic expres-
sion showed that haplotypes 1/2 and 1/3 were associated with
increased mRNA expression, independent of the C3435T mu-
tation in the coding region. Interestingly, haplotypes 2 and 3,
in which T-1517a C, T-1017aC, and T-129C mutations oc-
curred simultaneously in beth populations, were associated
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- TABLE 3
o= Haplotype configurations in promoter region of the MDR1I gene in
g $ Japanese and Caucasian subjects
[{=]
g T § Promoter Frequency
1 Rg Haplotype Pair Japanense (n = 94) Caucasian (n = 96)
© OO0 o0QoOwe
88388888533 /1 0.447 (0.376-0.518)* 0.923 (0.885-0.961)
B cococoooCcog 1/2 0.043 (0.014-0.072) 0.000
£ 1/3 0.053 (0.021-0.085) 0.000
= 1/4 0.234 (0.173-0.295) 0.000
£ s ____ @ 1/5 0.043 (0.014-0.072) 0.000
SRYEEES U6 0.064 (0.029-0.099) 0.000
" mooaoe E 1/8 0.000 0.038 (0.011-0.065)
§137332 3 T 19 0.000 0.038 (0.011-0.065)
A EEEEE 2/4 0.021(0.001-0.0041) 0.000
Flr3s38887 2/5 0.011 (~0.004-0.026) 0.000
PoLoLNESSg 27 0.011 (-0.004-0.026) 0.000
BI8JEEEEES /4 0.021 (0.001-0.0041) 0.000
coSsoodoocooa 4/4 0.053 (0.021-0.085) 0.000
* The 95% confidence intervalas are given in parentheses.
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: §. Fig. 2, Influence of MDR1I promoter haplotypes and SNPs in the coding
-8 g region on placental and hepatic MDR1 mRNA levels in Japanese. Statis-
2ls g tical significance between the two genotypes was analyzed with the
% ‘§ g OO BTG go Mann-Whitney U test.
] |
E g with an increase in transcriptional activity in human hepa-
81, % toma cell line. Moreover, we showed that the T-1517aC,
a1y o 5 T-1017aC, and T-129C variants affected putative transcrip-
] B HOOBBBEEEE . . o .
.g ? o ) tional protein-DNA binding, Heterozygosity for the -129C
P . . 9 . . .
g 2 allele is associated with a high level of transport activity of
s g P-glycoprotein in hematopoietic stem cells (Calado et al,
o é g é g 2002). The tacrolimus oral dose requirement is higher in
BEl & |[groeweereag 2 renal transplant recipients with the T/C allele than T/T allele
CIE! = E . at position -129 (Anglicheau et al., 2003). Although these
e findings are not significant because the T-129C variant was



