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Fig. 1. Two novel nonsynonymous variations of human HNF4A.
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(A) MPJ6_H4A_024 (wild-type, 1154C/C; variant, 1154C/T). (B) MPJ6_H4A _025 (wild-type, 1193T/T; variant, 1193T/C). Arrows indicate the

positions of the nucleotide changes.

haplotype bearing 1154C>T (A385V) and 1193T>C
(M398T) were confirmed as follows: the PCR fragment
amplified by a high fidelity DNA polymerase KOD-Plus-
(TOYOBO, Tokyo, Japan) with the primer pairs (5’-
CACCGCACCTTGTTCCTTTCAACT-3’ as a forward
primer and 5'-TGCCCTTTATTCCCTACCCT-3’ as a
reverse primer) from the genomic DNA was cloned into
pcDNA3.1-TOPO vector (Invitrogen, Carlsbad, CA,
USA); and the cloned inserts (9 clones, ca., 500 ng) were
directly sequenced on both strands as described in the
above section.

Results and Discussion

The P1 promoter regions (up to 300 bases upstream
of the translational start site), all 10 exons (exon 1A and
exons 2-10) and their flanking introns of HNF4A were
sequenced in 74 Japanese type II diabetic patients.
Genbank accession number NT_011362.9 was utilized
for the reference sequence. The cDNA and amino acid
numberings were based on isoform 2 of HNF4a
(accession numbers NM_000457 and NP_000448,
respectively, based on Drewes ef al.V). Thirty-nine

genetic variations, including 16 novel ones [1 in the
promoter region, 2 in the coding exons, 5 in the 3’-
untranslated region (3’-UTR), and 8 in the introns],
were detected (see Table 2). All of the detected
variations were found in Hardy-Weinberg equilibrium
(p>0.05), except for IVS5-136T>C (p=0.02)
because of a slightly low occurrence of homozygote
compared with that of expectation.

Both of the two novel nonsynonymous variations,
1154C>T (A385V) and 1193T>C (M398T), were
simultaneously found in a same patient as heterozygotes
at 0.007 frequencies (Fig. 1), and their linkage was
confirmed by cloning of the genomic DNA fragment
and its sequencing analysis (data not shown). These
variations are located in the F-domain of HNF4«, which
has been shown to modulate the transactivation
potential of AF-2.9 According to PolyPhen, a
prediction tool for the possible impact of amino acid
substitutions (http://genetics.bwh.harvard.edu/pph/),
it is possible that M398T (but not A385V) damages the
function or structure of this protein. Moreover, a
mutation located four amino acids downstream of
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Fig. 2. Linkage disequilibrium (LD) analysis of HNF4A by |D’| statistics.
Pairwise LD (1D’ |) between 14 common SNPs (> 0.05 in their allele frequencies) are shown by a 10-graded gray color. The denser color represents

the higher linkage.

M398 (V402 mutation, V393l in the original paper)
results in reduced transactivation activity.!® Further
functional analysis should be pursued for these
variations.

HNF4« is also known as maturity-onset diabetes of
young (MODY) gene, MODY-1. Many genetic
variations have been found in MODY patients, and
several in the Japanese. For example, R136W (R127W
in the original paper), one of the mutations found in
early (<25-years-old)-onset type Il diabetic patients,
was shown to decrease the DNA binding ability and
transcriptional activity.'®!? As for the newly identified
nonsynonymous variations 1154C>T (A385V) and
1193T>C (M398T), the association with MODY is
unlikely since the variations were found in a patient who
was diagnosed with type 1I diabetes around 60 years of
age.

The known nonsynonymous variation, 416C>T
(T1391, T130I in the original paper), was shown to be
associated with reduced transcriptional activity and type
II diabetes in Japanese and Danish white subjects.!®'®
This variation was detected at a 0.007 frequency in our
diabetic patients, which is lower than the reported
frequency in Japanese diabetic patients (0.035 in 423
patients) but similar to that in the nondiabetic subjects
(0.008 in 354 subjects).'® The reason for this discrepan-
cy is currently unknown, but this might be due to the

small number of patients analyzed in the present study
and relatively low frequency of this variation. The
patient with this T139I heterozygous variation showed a
good response to glimepiride. Her HbAlc value
decreased from 8.3 to 6.9 by treatment with glimepiride
(1 mg/day) for four months. It is possible that the
reduced transcriptional activity of HNF4«a from this
variation might lead to reduced CYP2C9 levels,
resulting in increased glimepiride bioavailability. The
frequency of intronic variation IVS1-38C>T (0.196)
was slightly lower than those in the previous report on
Japanese early-onset type II diabetic patients (0.28) and
nondiabetic subjects (0.24).'® The frequency of 1VS1 -
5C>T (0.223) was slightly higher than those (0.14 and
0.15) described in the previous reports for Japanese
and Chinese nondiabetic subjects, respectively.!'s2%2)
Instead, our frequency for IVS1~5C> T was similar to
those of Japanese and Chinese type-II diabetic patients
(0.216 and 0.24, respectively).2-*)

Using the detected variations, linkage disequilibrium
(LD) was first analyzed using r? values (data not
shown). Although found only in two subjects, perfect
linkages were observed among IVS3 —204C> G, 1VS4
+140C>G, IVS4-197A>C, IVS4—-96C> G, IVS4—
52G>A, 1VS6+196G>A, 1VS9-151A>C, and
2331C>T (r*=1). Because the novel nonsynonymous
variations 1154C>T (A385V) and 1193T > C (M398T)
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Table 1. Primer sequences used for the analysis of HNF4A
se c‘:;::éﬁlefegon Forward primer (5’ to 3’) Reverse primer (5’ to 3°) lggt'ﬁlt(il;ag)
1st PCR Mix 1 Exon 1 GTCAAGGGTCAAATGAGTGC CCTTGCCGTCTCTCTGAACC 902
Exon 4 AGCCGAGTCTTCACTGTCTT GAAGGTGAAGACTCTGCTTG 626
Exon 6 CACACAGAATGTTGCTTACA TCGTGCTCTGACTTCAATGC 633
Exon 8 TCTTTTTCTGCCTGTGTCTA ACTGAGGCACAGACAGGTTA 571
Mix 2 Exon 2to 3 TACAGATGTGAAACTGAAGC CTCTTCTCAGCCATTAGCCA 1,733
Exon § CAGACTCCTTGGGGCTCTAA CACCTATGAGATGGCAGTAA 654
Exon 7 GATGCTTTGGTGCCTATCAG CTTGACTTGCCTCATCTGTT 617
Exon 9 GCACCTTGTTCCTTTCAACT TGCCCTTTATTCCCTACCCT 529
Exon 10 GACCTTCCAGACCTCATAAA GGGTCTAATGCTTCCAGAAT 2,307
2nd PCR Exon 1 GTCAAGGGTCAAATGAGTGC CCTTGCCGTCTCTCTGAACC 902
Exon 2 TACAGATGTGAAACTGAAGC AAGACTTAGTATTGTGCCTG 606
Exon 3 TACTCCAGAGGTCAAGGTTC CTCTTCTCAGCCATTAGCCA 522
Exon 4 AGCCGAGTCTTCACTGTCTT GAAGGTGAAGACTCTGCTTG 626
Exon 5 CAGACTCCTTGGGGCTCTAA CACCTATGAGATGGCAGTAA 654
Exon 6 CACACAGAATGTTGCTTACA TCGTGCTCTGACTTCAATGC 633
Exon 7 GATGCTTTGGTGCCTATCAG CTTGACTTGCCTCATCTGTT 617
Exon 8 TCTTTTTCTGCCTGTGTCTA ACTGAGGCACAGACAGGTTA 571
Exon 9 GCACCTTGTTCCTTTCAACT TGCCCTTTATTCCCTACCCT 529
Exon 10 GACCTTCCAGACCTCATAAA TGGAGGAGAAAGGCGTCTTC 1,043
GAAACGATTCCCCCAGTCAT GGGTCTAATGCITCCAGAAT 1,372
Sequencing Exon 1 CTGAACATCGGTGAGTTAGG CCTTGCCGTCTCTCTGAACC
Exon 2 TACAGATGTGAAACTGAAGC AAGACTTAGTATTGTGCCTG
Exon 3 TACTCCAGAGGTCAAGGTTC CTCTTCTCAGCCATTAGCCA
Exon 4 AGCCGAGTCTTCACTGTCTT GAAGGTGAAGACTCTGCTTG
Exon § CAGACTCCTTGGGGCTCTAA CACCTATGAGATGGCAGTAA
Exon 6 CACACAGAATGTTGCTTACA TCGTGCTCTGACTTCAATGC
Exon 7 GATGCTTTGGTGCCTATCAG CTTGACTTGCCTCATCTGTT
Exon 8 TCTTTTTCTGCCTGTGTCTA ACTGAGGCACAGACAGGTTA
Exon 9 GCACCTTGTTCCTTTCAACT TGCCCTTTATTCCCTACCCT
Exon 10 GACCTTCCAGACCTCATAAA TATCCAGAGCAGGGCGTCAA
AGAGCAGGAATGGGAAGGAT TGGAGGAGAAAGGCGTCTITC
GAAACGATTCCCCCAGTCAT AAGACAGTGCCTGGGAGTAA
CACATCAGAGTGACATCCAG GGGTCTAATGCTTCCAGAAT
CCTAGAGATTGTTTTTGTTT

were found in the same patient, they were statistically
estimated to be linked with each other, and this was
confirmed by cloning and sequencing analysis as
described above. By the same reason, the pairs,
—208G>C and 1VS5+173_176delTTAG, and IVS3—
54delC and IVS8 — 106A > G, might be linked closely.
Relatively strong LD (r?z0.5) was observed between
IVS1 -5C>Tand IVS2—-241C>T, and among IVS5 —
136T>C, IVS6+141A>G, IVS7—88T>C, IVS9-
145T>C, and 1VS9-67C>G. The r? values were
below 0.5 for the other pairs of variations.

We found that haplotypes without block partitioning
were too diverse. Thus, block partitioning for haplotype
analysis was performed based on |D’| values using the
14 common variations detected with a frequency greater
than 0.05 (Fig. 2). All the |D’| values were 1.0 between
six pairs of the first four variations from IVSI+
308G>A to IVS2—241C>T. Among the next six
variations from IVS5—136T>C to 1580(*155)G> A,
14 out of 15 pairs (93%) had |D’| values over 0.9.

If the 2331(*906)C > A was included, the percentage of
the pairs over 0.9 was reduced to 76% (16/21). Among
the last 4 variations [from 2331(*906)C>A to
2724_2731(*1299_1306)delTCCTCCCT], 4 out of 6
pairs (67%) had |D’| values over 0.9. If the
1580(*155)G>A was included, the percentage was
reduced to 50% (5/10). Thus, the HNF4A haplotypes
were analyzed as three blocks divided between
IVS2—-241C>T and IVS5-136T>C and between
1580(*155)G>A and 2331(*906)C> A. The boundary
of block 1 and block 2 for the minor variations was
tentatively assigned between IVS3+50C>T and 1VS3
—204C>G because of the perfect linkage (r2=1) of
IVS3-204C>G with IVS6+196G>A and a long
distance between exons 3 and 4 (6.2 kb). The boundary
of block 2 and block 3 for the minor variations
was also tentatively assigned between 1817(*392)T>G
and 1852(*427)G>T because of a moderate linkage
(r*=0.36) between 1852(*427)G>T and 2724 2731
(*1299_1306)del TCCTCCCT. The block partitions were
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similar to those inferred in Chinese reported previously,
except for the regions that we did not analyze.®

Haplotype analysis was then performed (Tables 3 to
5). The haplotypes assigned in this study are shown as
numbers plus small alphabetical letters. As for block 1
spanning 6.4 kb from the 5’ promoter region to intron
3, seven haplotypes were first unambiguously assigned
by homozygous variations at all sites (*/a to *Id) or a
heterozygous variation at only one site (*le, *If,
and *1h). Separately, the diplotype configurations
(a combination of haplotypes) for all 74 patients were
estimated with over 0.99 certainty by LDSUPPORT
software. The additionally inferred haplotypes were
three *I subtypes (*Ig, *Ii, and *Ij). In our separate
experiment, the *Ig haplotype was unambiguously
identified by the presence of a *Ig homozygote in a cell
line MEG-01 (data not shown). The determined/
inferred haplotypes were summarized in Table 3. The
most frequent haplotype was *I/a (frequency: 0.426),
followed by *Ib (0.182), *Ic (0.162), and *Id (0.122).
The frequencies of the other haplotypes were less than
0.1.

Block 2 spans 16.6 kb from intron 3 to the 3’-UTR.
Five haplotypes were unambiguously assigned by
homozygous variations at all sites (*/a4) or a heterozy-
gous variation at only one site (*1b, *I1d, *1i, and *Ij).
From analysis with the software, the diplotype
configurations for all 74 patients were estimated with
over 0.99 certainty, except for 1 patient inferred to be
*1d/*1h. The additionally inferred haplotypes were
nine *] subtypes (*Ic, *le to *1h, and *1k to *In), *2a
(with 416C>T, TI139I), and *3a (with 1154C>T,
A385V; 1193T >C, M398T; confirmed by cloning and
sequencing analysis). The summary of the determined/
inferred haplotypes was shown in Table 4. The most
frequent haplotype was *Ia (frequency: 0.574), fol-
lowed by *Ib (0.236). The frequencies of the other
haplotypes including *2a and *3a were less than 0.1.

Regarding block 3 including eight 3/-UTR variations,
nine haplotypes were unambiguously assigned by
homozygous variations at all sites (*/a to *Ic and *le)
or a heterozygous variation at only one site (*I1d, *If,
and *lh to *lj). From analysis with the software,
the diplotype configurations for all 74 patients were
estimated with over 0.99 certainty, except for 8 patients
(inferred as *la/*Ic for 6 patients and *Ib/*Id for 2
patients). The additionally inferred haplotypes by the
software were three *I subtypes (*Ig, *lk, and *I!).
The determined/inferred haplotypes were summarized
in Table5. The haplotypes with more than 0.1
frequency were *la (0.264), *Ib (0.243), and *Ic
(0.176).

In conclusion, 39 genetic variations, including 16
novel ones, were detected in HNF4A in the Japanese
patients. Using the detected variations, 10, 16, and 12
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haplotypes were determined and/or inferred for block
1, 2, and 3, respectively. Our results on FHNF4A4
variations and haplotypes would be useful for phar-
macogenetic studies in Japanese.
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Summary: Multidrug resistance-related protein 1 (MRP1), an ATP-binding cassette transporter encod-
ed by the ABCCI gene, is expressed in many tissues, and functions as an efflux transporter for
glutathione-, glucuronate- and sulfate-conjugates as well as unconjugated substrates. In this study, the
31 exons and their flanking introns of ABCC1 were comprehensively screened for genetic variations in
153 Japanese subjects to elucidate the linkage disequilibrium (LD) profiles and haplotype structures of
ABCCI that is necessary for pharmacogenetic studies of the substrate drugs. Eighty-six genetic
variations including 31 novel ones were found: 1 in the 5’-flanking region, 1 in the 5’-untranslated region
(UTR), 20 in the coding exons (9 synonymous and 11 nonsynonymous variations), 4 in the 3'-UTR, and
60 in the introns. Of these, eight novel nonsynonymous variations, 726G >T (Trp242Cys), 1199T>C
(Ile400Thr), 1967G>C (Ser656Thr), 2530G>A (Gly844Ser), 3490G>A (Valll64lle), 3550G>A
(Glu1184Lys), 3901C>T (Argl301Cys), and 4502A > G (Aspl501Gly), were detected with an allele
frequency of 0.003. Based on the LD profiles, the analyzed regions of the gene were divided into five LD
blocks (Blocks -1 and 1 to 4). The multiallelic repeat polymorphism in the 5-UTR was defined as
Block -1. For Blocks 1, 2, 3 and 4, 32, 23, 23 and 13 haplotypes were inferred, and 9, 7, 7 and 6 haplo-
types commonly found on =10 chromosomes accounted for =91% of the inferred haplotypes in each
block. Haplotype-tagging single nucleotide polymorphisms for each block were identified to capture
the common haplotypes. This study would provide fundamental and useful information for the phar-
macogenetic studies of MRP1-dependently effluxed drugs in Japanese.

Key words: ABCCI; genelic variation; amino acid change; haplotype; haplotype tagging SNP
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Introduclion

The multidrug resistance-related protein 1 (MRP1)
encoded by the ATP-binding cassctte transporter Cl
gene (ABCCI) belongs to a superfamily of ABC trans-
porters."? MRP1 was originally identified as the overex-
pressed transporter cloned from a doxorubicin-selected
lung cancer cell line H69AR . The ABCC/ gene, encod-
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ing a 1531-amino acid, 190 kDa membrane protein,
consists of 31 exons and spans over 200 kb at chromo-
some 16p13.1.' ® The protein has 17 transmembrane
helices (TM) in three membrane spanning domains
(consisting of 5, 6 and 6 TMs) and 2 large cytoplasmic
domains between TM11 and TM12, and downstream of
TMI17.''2 These two cytoplasmic domains contain
nucleotide binding domains where binding and hydroly-
sis of ATP occurs to facilitate substrate transport. Two
sequence motifs in the nucleotide binding domain are
well conserved among all ABC transporters and called
Walker A and Walker B. The Walker A motif is
involved in the binding of the g-phosphate of ATP,
while the Walker B motif interacts with Mg?* ion. In
addition, a third conserved motif known as the ABC
signature scquence (LSGGQ), located between the
Walker A and Walker B motifs, has been identified as a
possible binding site for the y-phosphate of ATP.?

MRP1 protein is expressed in many tissues through-
out the body at relatively high levels in the heart,
adrenal gland, lung, and skeletal muscle, and at medium
levels in the liver and kidney.® In most tissues, MRP1 is
localized to the basolateral membranes of cells for the
efflux of its substrates into the blood and thus might
play a protective role against toxic substances and
mectabolites.

In vitro studies have indicated that a number of
anticancer drugs are good substrates for MRP1, such as
doxorubicin, vincristine and methotrexate. Therefore,
MRP1 is thought to be involved in drug resistance in
cancer patients.”? In addition, an anti-diabetic drug
glibenclamide, but not tolbutamide, is known to inhibit
transporting activity of MRP1.® MRPI1 is also a
primarily active transporter of  glutathione-,
glucuronate- and sulfate-conjugates such as the inflam-
matory mediator leukotriene C, (LTC,)."» Many un-
conjugated substrates are also known to be transported
concurrently with reduced glutathione. Besides,
glutathione disulfide is also transported by MRPI1.
Thus, MRPI is thought to be involved in the tissue
distribution and elimination of drugs and organic
anions, and possibly in redox homeostasis.'?

Genetic polymorphisms in the metabolizing enzymes
and transporters are known to influence drug
metabolism and disposition. As for the ABCCI gene,
several polymorphisms with functional significance have
been found. In Caucasian populations, 1299G>T
(Arg433Ser), 1898G>A (Arg633Gln), 2012G>T
(Gly671Val), and 4535C>T (Ser1512Leu) have been
reported.”® In addition, Arg433Ser decreases the
transport activity for LTC, and estrone sulfate, but not
for estradiol 178-glucuronide, in vitro.'” 1to et al. found
16 genetic polymorphisms, including 4 nonsynonymous
and 8 synonymous ones, in 48 Japanese subjects.'” An
in vitro functional study showed that one of the non-
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synonymous variations, 2168G > A (Arg723Gln), leads
to reduced transport activity for LTC,, estradiol 178-
glucuronide and methotrexate.'” However, no haplo-
type analysis has been reported for the Japanese popula-
tion. Haplotype is the linked combinations of genetic
polymorphisms on the same chromosome and has been
shown to sometimes render higher associations with
clinical parameters such as drug responses and adverse
effects than individual polymorphisms.'™ This informa-
tion may also be useful for identification of the real
functionally-relevant polymorphisms from the linked
polymorphisms.

In this study, we searched for genetic variations in
ABCCI by resequencing all the 31 exons and their sur-
rounding introns of 153 Japanese subjects. The detected
variations were then used to perform linkage dise-
quilibrium (LD) and haplotype analyses to identify the
haplotype-tagging single nucleotide polymorphisms
(htSNPs) that are sufficient to capture common haplo-
types in Japanese subjects.

Materials and Methods

Human genomic DNA samples: One hundred fifty-
three Japanese subjects participating in this study con-
sisted of 86 diabetic patients administered glimepiride
and 67 healthy volunteers. Genomic DNA was extracted
from blood leukocytes of the diabetic patients, or from
Epstein-Barr virus transformed B lymphocytes derived
from the healthy volunteers. The ethical review boards
of the International Medical Center of Japan, Nerima
General Hospital, Tokyo Women’s Medical University
and National Institute of Health Sciences approved this
study. Written informed consent was obtained from all
subjects.

PCR conditions for DNA sequencing: First, two
sets of multiplex PCR were performed to amplify all 31
exons of ABCC/ from 100 ng of genomic DNA using
1.25 units of Z-Taq (Takara Bio Inc., Shiga, Japan)
with 0.20 uM ecach of the mixed primers (Mix 1 and Mix
2) designed in the intronic regions as listed in Table 1
(“‘Ist PCR”?). Mix 1 contained the primers for exons 1,
2to S5, 8t0 12,13, 14, and 20 to 23, and Mix 2 for exons
6, 7, 15 to 19, 24 to 26, and 27 to 31. The first PCR
conditions were 30 cycles of 98°C for 5 sec, 55°C for 5
sec, and 72°C for 190 scc. Next, each exon, except for
exons 1, 4, 22 and 23, was amplified separately in the
2nd PCR using the Ist PCR product as a template by
Ex-Taq (0.625 units, Takara Bio Inc.) with the primer
scts listed in “2nd PCR”’ in Table 1. Because of high
GC contents, exons 1, 4, 22 and 23 were amplified using
0.25 units of LA-Taq (Takara Bio Inc.) with GC buffer
1I (exon 1) or GC buffer 1 (exons 4, 22 and 23) using
0.5 uM of the primers listed in Table 1. The second
PCR conditions were 94°C for 5 min, followed by 30
cycles of 94°C for 30 sec, 35°C for 1 min, and 72°C for
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Table 1. Primers used for sequencing ABCC]
se;\uT::g(‘lefegiron Forward primer (3* to 3°) Reverse primer (5’ {0 3’) ‘?n';ﬁ]h?;s)
Ist PCR Mix | Eson ] GAGGAGAGGAGAAAAGAAAGGCATC TTAGTAGAGACGGGGGTCAATCCAT 4,788
Exon2i0 S GTGGAGGTTTATTCTTGGGCAGGTA CCTCCTCCTCCATACTGATGCCCAC 11,757
Exon 810 12 CTCCTGAGTTCAAGCGATTCTCCTT CCTATGAGACACTGACAATCCACAC 14,059
Exon 13 and 14 CTCTTGACATCGGAGCCTGGAAAAT GGGGATGGGCTGGGAAACGATAAAT 5,445
Exon 20 to 23 CTTGGTGTCCTTATCAGTGTCCTTC GGCAGGGGAATCACTTGAACTGGGA 13,579
Mix 2 Exon 6 and 7 TAAAAAGCACGCCCAGCCTTGAATG TTTCCTTACAATGCTCAGTCACAGA 6,789
Exon 15 to 19 GAAGAGTAAAAGAAGACAGAGGTGC GCTGAACTGCTTTATGAGGGAGGAA 15,848
Esxon 24 t0 26 AGCCTTGTTGTTCCCATTTTACAGA ACTTAGTGAAACCCCCATCTCTACT 5,242
Exon 27 to 31 ACCTCCACTTGCTCTTTTGAAATAC CTCTCTGGACTAACATAAAGGGATT 13,210
2nd PCR Exon | CGTTATTTTCCCCTGGTGAC GGTTGTTTTTACAGACGGGA 838
Exon 2 GTGTTTTTCATAGAGGCAGC ACTAAGCGGCAGAGCAAAGA 800
Exon 3 GCAGGCTGATTACAGACCAT AGCCTGGATGAAAGCGAGAT 534
Exon 4 GAGTAGTTTTGATGTAGTCTATGGC GCTGGGGCTGATTTAGTGAGGATTT 719
Exon § GAGATGGAGTTTTGCTCTGTCACAC CAGTATAATACAACAGGGAGTGCCG 876
Exon 6 TCTGGAAGGAAGAGTGAGCA AGCACAGGCAGATTCAAGAC 312
Exon 7 AGAGGGGAGCAGCATCAGCA TTCTCTGCCCAGTTGCTTTA 445
Exon 8 AGCCCGTGTTTGTAACCACT GAGACCAGCCTGACCAACAA 580
Exon 9 TTTGGGTGACTTGCTGGTGA TACAATGCCTGATGCGTGCT 605
Exon 10 TGAGTTCAAGGTTGGGAGGC CGTCCATTGTAGGGTAGTTA 650
Exon 11 CAGGAATGAAACCACAGGCT CGGGGCATCAGCATTTGTTA 419
Exon 12 GTGAAACCCCATCTCTATTG ACCTGGGCAACATAGTGACC 462
Exon 13 CGGTCGTTGATTTATCCAGT CAAGTGCGAGTTCTCTGTCA 563
Exon 14 GTGGGACCTTCAGAAATAAG AGTGTGAGACAGGACAGAAG 428
Exon 15 CAACCCCATCTTACAAGGAC TTCTCACGACAGCCTAAGCA 507
Exon 16 GCCTTCAGTGTTTAGTACAG TGCTGGGAGACAGATGGAAA 502
Exon 17 TGGCATCTGTTGTCCTTTGT AAGTGAGACCTGAGCCACAC 537
Exon 18 CCTGGTCTCAAGCAGTCCTT GGACTTACCCCTATAAAGAC 496
Exon 19 AGACCTGAGTTTTGCCCACC CTCATCAGGTCCAAGGTCAT 603
Exon 20 CTCAGTGGATGGAGCCTTCT AAGAGTGCCACATTCCTTCT 531
Exon 21 AACACTCCGTCTCTTATGCC TCAAATCCCAGTTCTGCCGC 464
Exon 22 CGACTTTGTTTACTGCTGAC AAAGCACTCAAACACCCACT 566
Exon 23 GAGACGGAGTTTCACTGTGTTGGC GACAGGTGGAAAAGTAAAAC 779
Exon 24 TCATTGGTGGTGCTATTCCT AGTGCCGCTGTCTGCTCTTA 556
Exon 25 CTGCGGAGTTACTTGAGTTA TGTCAAATCCGTCTCCTGCT 422
Exon 26 TAGTGACTGATGGGGTTTCG CAGCATCCCACAGTCTCGTA 541
Exon 27 AGGGGGTCATTTGGGGAATA TCATTTGGTCTTCAGGCTGT 542
Exon 28 AGCCGAGTCATTCCTTTTGG AAAAGAACGATGAAGTAGGG 510
Exon 29 GTTCAAGTGATTCTCCTGCCTCAGT CCTGGATTGAGACCCGTTTTACAGA 703
Exon 30 ACACAGATGTTGGGAGTGGA AGGGATAAGGACAGTGTTGA 436
Exon 31 CTGACCCGAAGCAGTGACTT CGGATGCCAAGGGAGAGAAT 1,429
Sequencing”* Exon 1 AAAGTGGTCGCAGGGTGTGT GTCACCCAAGTTTCCCCCAT
Exon 2 GGAGCCTTGTCTGTTTCTTC AAGGAACTTAGGGTCAACTA
Exon 3 GCAGGCTGATTACAGACCAT AAAAAAAAAAGGCTACATITT
Exon 4 AGCCTGGGTGACAAGAGTGA GGGCTGATTTAGTGAGGATT
Exon § GGATTACAGTTGCCCACCAC GCCAAGTGAGAAACCTACAG
Exon 12 AAGTTTATGAGAAAAATAGC ACCTGGGCAACATAGTGACC
Exon 22 GTTTACTGCTGACTTTGTTG ACTCAAACACCCACTCTACA
Exon 23 TTATTATTATTAGAAGTTGGGAGTC AAAACTTAGGAAAAAACTGC
Exon 26 AAAGGAAAGTCAAGTACGCC CAGCATCCCACAGTCTCGTA
Exon 29 TACAGGCGTGAACCACCGTA ACAGATACAGAAACTGAGGC
Exon 31 GACTTGCCCAGGTCAGTTGT CCCCAAGGAAATGAAGCGTT

GTGGGAACAGTAATAACAGC

GCTGTTATTACTGTTCCCAC TAACATCTAAAAACAAGGAA

*Only primers which were not the same as those used for the 2nd PCR were shown.

2 min, and then a final extension for 7 min at 72°C. The
PCR products were then treated with a PCR Product
Pre-Sequencing Kit (USB Co., Cleveland, OH, USA)
and directly sequenced on both strands using an ABI
BigDye Terminator Cycle Scquencing Kit ver. 3.1

(Applied Biosystems, Foster City, CA, USA) with the
sequencing primers listed in Table 1 (Sequencing).
Excess dye was removed by a DycEX96 kit (Qiagen,
Hilden, Germany) and the cluates were analyzed on an
ABI Prism 3730 DNA Analyzer (Applied Biosystems).
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All novel SNPs were confirmed by repeated sequencing
analyses of PCR products generated by a new genomic
DNA amplification. Under the conditions used, up to
400 bascs upstream of the translational start codon, all
of the cxons and their flanking introns were successfully
scquenced for all the subjects. The genomic and ¢cDNA
sequences of ABCCI obtained from GenBank
(NT 010393.15 and NM 004996.2, respectively) were
used as the reference sequences. The nucleotide posi-
tions based on the cDNA sequence were numbered from
the adcnine of the translational initiation site or the
nearest exons.

Linkage disequilibrium (L.1)) and haplotype analyses:
Hardy-Weinberg equilibrium and LD analyses were
performed by SNPAlyze software ver. 3.1 (Dynacom
Co., Yokohama, Japan), and pairwise LDs between
variations were obtained for the |D’| and rho square
(r") values. Some of the haplotypes were unambiguous
from subjects with homozygous variations at all sites or
a heterozygous variation at only one site. The diplotype
configurations (a combination of haplotypes) were
inferred by an expectation-rhaximization based program
LDSUPPORT software, which determines the posterior
probability distribution of the diplotype for each sub-
ject based on the estimated haplotype frequencies.'®
Haplotypes without any amino acid change were
designated as */, and the nonsynonymous SNP-bearing
haplotypes were numerically numbered. Subtypes were
named with small alphabetical letters in the order of
their frequencies. The ambiguous haplotypes inferred in
only one subjects are grouped as ‘‘others’ (*1 group) in
Tables 3 to 6. The PHASE program (ver. 2.1) was also
used for inferring haplotypes of the block with a
microsatellite marker detected.'™'®

Results and Discussion

ABCCI variations found in a Japanese population:
We found 86 genetic variations, including 31 novel
oncs, from 153 Japanese subjects (Table 2). Of them, 1
was located in the 5’-flanking region, 1 in the 5'-untra-
nslated region (UTR), 20 in the coding exons (9 synony-
mous and 11 nonsynonymous variations), 4 in the
3'-UTR, and 60 in the introns. Since we did not find
statistically significant difference in the allelic distribu-
tions between diabetic patients and healthy volunteers
(p>0.05 by x? test or Fisher’s cxact test) only except for
1VS28-266C > G (p =0.027), we analyzed all the varia-
tions as onc group. As for 1VS28-266C > G, the fre-
quency of the minor allele in diabetic patients (0.267)
was somewhat lower than that of the healthy volunteers
(0.388). All the observed allcle frequencies were in
Hardy-Weinberg equilibrium (p > 0.05).

Eight novel nonsynonymous variations, 726G>T
(Trp242Cys), 1199T>C (le400Thr), 1967G>C
(Ser656Thr), 2530G>A (Gly844Ser), 3490G>A
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(Vallledlle), 3550G>A (Gluli84Lys), 3901C>T
(Argl1301Cys), and 4502A>G (Aspl501Gly), were
found heterozygously in different subjects with an allele
frequency of 0.003. All substituted amino acids were
located in the cytoplasmic regions of the MRP1 pro-
tein.'? Two of the changes occurred in the loop
between TMS and TM6 (Trp242Cys) and between TM7
and TM8 (11e400Thr). Ser656Thr and Gly844Ser were
found 22 residues upstrcam of the Walker A motif and
52 residues downstream of the Walker B motif in the
nucleotide binding domain 1t in the loop between TM11
and TMI12, respectively. Both Valll64lle and
Glul184Lys resided in the loop between TMI5 and
TMI16. Arg1301Cys was located 26 residues upstream of
the Walker A motif, while and Asp1501Gly was 47
residues downstream of the Walker B motif, in the
nucleotide binding domain 2 in the C-terminal. Using
PolyPhen program (http://www.bork.embl-heider-
berg.de/PolyPhen) to predict the functional effects of
amino acid substitutions, two substitutions, Trp242Cys
and Gly844Ser, were expected to alter the protein
function based on the PSIC (position specific independ-
ent count) profile score differences derived from
multiple alignments. The loop between TMS5 and TM 6
where Trp242 resides is known to be important for
interaction with glutathione.'” Furthermore, Trp242 is
located near the regions important for LTC, binding
(residues 260-274)'® and LTC, transporting activity of
MRP1 proteins (amino acids 223-232).'"" As for
11e400Thr, Lys396 mutation to Glu or lle, located 4
residues upstream, was shown to cause a reduced
transport activity.?® The functional significance of these
8 novel variations should be clarified in the future
studies.

We also detected three known nonsynonymous varia-
tions, 218C>T (Thr73lle), 2168G>A (Arg723Gln),
and 3173G> A (Argl058GIn) at frequencies of 0.007,
0.065 and 0.003, respectively. These frequencies were
similar to those found in the earlier reports for
Japanese'” and Chinese.”” One of the variations,
Arg723Gln, leads to reduced transport activities for
LTC,, estradiol 178-glucuronide and methotrexate.'?
We did not detect three previously reported variations:
2012G>T (Gly671Val; found with approximately 0.03
frequency in Caucasians), 3140G > C (Cys1047Ser; 0.05
in African-Americans), and 4535C>T (Serl512Lecu;
0.03 in Caucasians).>*'? These SNPs might be ethnic-
specific.

A known microsatellite marker, GCC repeats in the
5’-UTR, was also detected: 9 repeats (1 chromosome),
10 (1), 11 (49), 12 (20), 13 (154), 14 (52), 15 (12), 16 (11),
17 (3), 18 (1), 21 (1) and 23 (1). This polymorphism was
first reported from an Italian group ranging from 7to 14
repeats, but their transcriptional activitics did not
change between 7 and 14 repeats in an in vitro reporter
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Fig. 1.
10-graded blue colors. Denser color represents closer linkage.

assay.” However, in Japanese and Chinese,”" higher
numbers of repeats were detected. The effects of these
cexpanded repeats are currently unknown. We also
detected one novel and ecight known synonymous
variations. Of these, 825T > C (Val275Val), 1684C >T
(LcuS62Lleu), and 4002G > A (Scr1334Ser) were also
detected in Caucasians and their frequencies were
almost comparable to those in Japanesc (Table 2).%"
Wang et al. (2003) sequenced the ABCCI gene of 27
Chinese subjects.”” Of the 32 SNPs detected by them, 21
were also found in this study. The frequencics of
common SNPs were almost equal between the two
studies except for the following 3 SNPs: 1VS22 +
62T=>C (0.28 in Chinese vs. 0.48 in Japancese),
4002G > A (Scrl334Ser) (0.11 in Chinese vs. 0.20 in
Japanese), and *866T>A (0.15 in Chinese vs. 0.26 in
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Linkage disequilibrium (LD) analysis of ABCC/. Paivwise LD is expressed as r* (upper right) and 1D’ | (lower left) values (from 0 to 1) by

Japancse). These SNPs might provide population
specificity within Asians.

Linkage disequilibrium (LD) analysis: Using the 43
genetic variations detected at =0.05 frequencies, LD
analysis was performed with the / and |D’| statistics,
and the pairwise values for both are shown with 10-
graded blue colors in Fig. 1.

For the r* values, perfect linkage was detected
between 1VS3-66T>C and 1VS5+364 +365delAA,
between 1VS4-109G>C and IVS4-100C>T, among
IVS10+ 198C > A, IVSII +122C > G and IVS11-48C>
T, and between 1VS21-91G>A and IVS21-89G> A,
Strong linkages were observed among 1VS3-288T > G,
IVS3-196A > C, 1VS4-252C>T, IVS7T+354C>A and
IVSI2 + 56C>T (P =0.65), among 825T > C, 1062T >
C, IVSY + BA>G, 1VS9-189C>G and 1VS9-176T > C

= 18] —
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(#=0.95), among [VS12-37A>G, 1684C>T and
1VS18-30G > C (r*=0.93), between 1VS12-85G > A and
1VS19-175C>T (#=0.71), among 1VS16+213A>G,
2168G > A and 1VS18-39 -38delAT (#=0.95), among
1VS21-71A > G, 1VS21-43 _-42insGCTGGG and 1VS22
+62T>C (r'=0.83), and among IVS28-266C>G,
1VS29-13delT and *543C>T (2 =0.95).

For the | D’ | values, strong linkages (|D’ | =0.8) werc
observed in 71.3% (122/171) of the pairs between 19
variations from 1VS3-288T>G to 1VS12+56C>T. In
the region from 1VS12-85G>A to 1VS19-175C>T,
very strong linkages were observed in [D’] values
(=0.92 in all the 45 pairs). Perfect linkagesin |D’| (1.0
for all 10 pairs) were detected among the five variations
from IVS21-91G > A and 1VS22 + 62T > C. Strong link-
ages (=0.91 in all the 28 pairs) were also observed
among the eight variations from 4002G>A and
*866T > A.

The multiallelic (GCC)s.,3 repeat was defined as
Block -1 since no close linkages of these polymorphisms
with other variations were detected with the PHASE
program (data not shown). Based on the /2 and |D’}
values, we divided the rest of the analyzed ABCCI
region into four LD blocks as indicated in Fig. 1. Block
1, spanning at least 48.9 kb, included 34 variations from
1VS1-371G > A inintron 1 to 1VS12+56C > T in intron
12. Block 2, which included 18 variations, ranges from
1VS12-85G > A to 1VS19-175C>T (34.4 kb). Block 3
spanned 25.2 kb from intron 21 (IVS21+11C>G) to
intron 27 (1VS27+179G > A) with 20 variations. The
very rare variation 1VS21 +11C > G and the SNP 1VS27
+ 179G > A were tentatively included in Block 3. Block
4 contained the remaining 12 variations from 4002G > A
to *1058 *1059insT, spanning at least 7.9 kb.

Haplotype estimation and selection of hiSNPs: We
analyzed haplotype structures of ABCCI for each block
and identified the haplotype-tagging SNPs (htSNPs),
which is sufficient to capture frequent haplotypes in
Japanese. The haplotypes for Blocks 1 to 4 and their
frequencies were shown in Tables 3 to 6. Using all of the
34, 18, 20 and 12 variations, 32, 23, 23 and 13 haplo-
types were inferred in Blocks 1, 2, 3 and 4, respectively.
The diplotype configurations were obtained at probabil-
itics over 0.9 for 95% (Block 1), 98% (Block 2), 91%
(Block 3) and 100% (Block 4) of the 153 subjects. The
haplotypes without amino acid change were designated
as *7. Of all the estimated haplotypes, 20 in Block 1, 10
in Block 2, 7 in Block 3, and 5 in Block 4 were ambigu-
ously inferred in only one subject. Of these ambiguous
haplotypes, the *I haplotypes were grouped into
““others’ in Tables 3 to 6. The haplotypes detected on
more than 10 chromosomes (3% frequency) were called
common haplotypes in this paper.

In Block 1 (Table 3), 4 haplotype groups (*1 to *4)
were inferred, and the *2 to *4 groups were represented

SNP8 (55)

by the nonsynonymous variations, 218C> T (Thr731le)
(*2), 726G>T (Trp242Cys) (*3), and 1199T>C
(11c400Thr) (*4). The most dominant haplotype was */a
with a 0.255 frequency, which was followed by *1b
(0.206), *Ic (0.150), *I1d (0.101), *Ile (0.049), *If
(0.042), *I1g (0.039), *1h (0.036), and * /i (0.033). These
9 common haplotypes (*/a to* i) accounted for 91% of
all the inferred haplotypes. To discriminate these 9
common haplotypes, genotyping of the 8 htSNPs,
1VS3-196A > C, 1VS3-66T>C, 1VS4-109G>C, 1VS7
+64C>G, 825T>C (Val275Val), 1VSI0-117A>G,
1VS11-78G>A, and 1VSI1-48C>T is sufficient. In
addition to these 8 htSNPs, 3 nonsynonymous varia-
tions, 218C>T (Thr731le), 726G > T (Trp242Cys), and
1199T > C (11e400Thr) may be included in the htSNPs in
order to detect *2 to *4 haplotypes because they might
have the functional significance.

In Block 2 (Table 4), 4 haplotype groups (*/ to *4)
were inferred. The *2 to *4 haplotypes were defined by
the nonsynonymous variations, 2168G > A (Arg723Gln)
(*2), 1967G>C (Ser656Thr) (*3), and 2530G>A
(Gly844Ser) (*4). The most frequent haplotype was */a
(frequency: 0.288), followed by *1b (0.209), *1¢(0.127),
*1d (0.098), *le (0.092), *2a (0.065) and *1f (0.033).
These 7 common haplotypes accounted for 91% of all
the inferred haplotypes. To distinguish these 7
haplotypes, the 6 htSNPs, 1VS12-85G> A, 1684C>T
(Leu362Leu), IVS13 + 105C>T, 2007C>T
(Pro669Pro), 1VS16+181C>T, and 2168G>A
(Arg723GIn), can be used. In addition to them, 2
nonsynonymous variations, 1967G > C (Ser656Thr) (*3)
and 2530G > A (Gly844Ser) (*4), may be added to the
htSNPs for Block2.

As for Block 3 (Table 5), the haplotypes with
3550G>A (Gluli84Lys), 3901C>T (Argli301Cys),
3490G>A (Valllédlle) and 3173G>A (Argl058Gln)
were defined as *2, *3, *4 and *35, respectively. The most
frequent haplotype was *la (frequency: 0.359), fol-
lowed by *Ib (0.193), *Ic (0.111), *1d (0.082), *le
(0.078), *1f (0.042) and *1g (0.039). These 7 common
haplotypes accounted for 91% of all the haplotypes.
The selected htSNPs were 1VS21-89G> A, 1VS22+
62T>C, 1VS22-43C>T, and 1VS27+179G>A. In
addition, the variations 3550G >A (Glul184Lys, *2),
3901C>T (Argl301Cys, *3), 3490G>A (Valll6dlle,
*4) and 3173G > A (Argl058GlIn, *3) could be included
in the Block 3 htSNPs.

Regarding Block 4 (Table 6), the haplotype
containing the nonsynonymous variation 4302A >G
(Asp1501Gly) was designated as *2. The common
haplotypes were */a (frequency: 0.310), *15(0.278), *Ic
(0.190), *1d (0.085), *Ie (0.059), and *1f (0.052). These
6 haplotypes accounted for 97% of the inferred
haplotypes. Five ItSNPs were seclected: 4002G> A
(Ser13348er), 1VS28-45G > A, 1VS30+18G> A,
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Genetic Variations and Haplotypes of ABCC] in Japanese SNPI2 (59)
Table 6. ABCCI Block 4 haplotypes
Region Exon 28 Intron 28 '";;‘"' '“;;"“ Exon 31 3-UTR (Exon 31)
IVS28 | 1vS28 | IVS28 | 1VS28 | 1VS29 | IVS30 . . *1058_
Nucleotide change” :30}0: +14 -266 | -168 -45 -13 +18 :5:: é‘i (;'2 ;8:: *1059 | Nomber Frequency
G>A G T G>A delT G>A insT
Amino acid change S13348 D1501G
*la 0310
*Ib 0278
0.190
: “1d 0.085
é’. *y *le 0.05% 1 0.997
s W/4 0.052
-3
; ng o.m’
*1h 0.003
others* 0.013
*2 0.003 0.003
1.000 1.000

“A of the translational start codon of ABCC] is numbered t 1. NT _010393.15 was used as the reference sequence.

"Major allele, white; minor allele, gray.

“The haplotypes are described as numbers plus small alphabetical letters.
“The ambiguous *I haplotypes inferred in only one subject are grouped into “others™, and the variations found only in these ambiguous haplo-

types are not shown.

“The haplotype was inferred in only one subject and concurrent variations are ambiguous.

*801C>G and *866T >A. The *2 marker, 4502A>G
(Aspl1501Gly), may also be included.

Recently, Wang et al. reported the haplotype struc-
tures of ABCCI in Chinese.?" Although their variations
used for block haplotyping were different from those
used in this study, their positions for block partitioning
were similar to ours. Furthermore, several differences in
the haplotype frequencies were found between our
Block 4 and their corresponding block (Block 3). Our
Block 4*Id and * /e haplotypes were not shown in their
study. The frequencies of our *Ic (0.190) and *If
(0.052) were different from those of their corresponding
haplotypes AAGGAT (0.093) and GAGGTT (0.130),
respectively. These discrepancies partly reflect the
differences in SNP frequencies of 4002G>A
(Ser1334Ser) and *866T > A described above.

In conclusion, we identified 86 genetic variations
including 31 novel ones in 153 Japanese subjects in
ABCCI gene. Eight novel variations resulted in amino
acid substitutions. Based on the LD profile, the ana-
lyzed region was divided into one multiallelic site and 4
blocks, and block haplotypes were inferred. We also
identified the htSNPs that are sufficient to capture the
common ABCCI haplotypes in Japanese. This is the
first report on the comprehensive haplotype structures
of ABCCI! in Japanese. This information would be
useful for pharmacogenetic studies to investigate the
associations of the ABCC! haplotypes with interin-
dividual differences of drug disposition.
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