No. 9

615

let TERLL 7=,
I—F—ZAFOI Y a—FicNN—-Ya 6Ll
£ o Internet Explorer (Microsoft Co., U.S.A) &
(b HEEBRT 570D T 5 > MDL Chime
(MDL Information Systems, Inc., U.S.A)) #&H 5
MUBDT A= LTHBL T EICLD, kEahE
&R EOUREERTRTHILNTES. &
OUESER A THRICHEE, ERENEZT
DIEMTES.,

Web 4 FBFEFE

AHFE TR L/~ KiBank 1%, 20034 1081 B
METERD URL TAML TW3,

http://kibank.iis.u-tokyo.ac.jp/

2004 &£ 4 ABYE, KBank 3B SHEKEMNSH
EMSBEUHULAEITER (U751 7L LT 147
) oMY NI EIZDNT 6000 LLEDOHEE
ISR AEEEL, 1700 B Lo Emo=k
TTEEF—& E 25 FOY T BEOZRITER
F—FEERLTND.,

LA KiBank OfEEARBHEERUL.

KiBank @k — 4L R —2 (Fig.2(A)) »5
“Search KiBank™ ##IRL THMER—JICAD L,
BRZEOLEDOLGZHREIABEMMARREND
(Fig. 2(B)). #®F{EA— LERICIZRS & MM TR
PYUNIEHOEB T Y e RETLEH DI
R—F 2 r:MH0, FTHIIEMERET D
DI R—F 2 FAREENTVS,

MRER-V LETRAFEEZ X M SERL,
MiEd 24593 & LT “Binding Affinity Data” %%
RT2E, BRULEZBEERICEST2LEMALEE
NENO K MO—EENTRRIND (Fig. 2(C)).
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Fig. 2. A Schematic Diagram of KiBank Search Flow
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BHOMKIHEERRRTDIIEMNTES (Fig. 2
(D). F/=, FEMRAHDTIZ "IDFile” K& Nt
HDGEER, FONTHOIUEES A—-PEFR
THIEMNTES (Fig. 2(B)).

mBmERPOEEHEEIV VTR E, ZOK
EWICET SR VRS RAZRREN, JZiiR
fhshoa ¥k, ¥R, TOLEWMEEETIE
BRo—-lhEngEnTnad (Fig. 2(F)). 2%
RKZ D TFizdH 2 “Protein Data” 25 1) w 743 &,
PDB,” Protein Information Resource,! Swiss-
Prot,'¥ GenBank,'® Genome Database,'® dbSNP,1?
Online Mendelian Inheritance in Man (OMIM),®
TRANSFAC? iz X~ V) > ViR L, ENY
NI7HIETEENFREND. £, ZOR-
Chio 7 2B BRERFIOBEREILRDD O
Basic Local Alignment Search Tool (BLAST) 20 A&
T¥2Z&vTES (Fig. 2(G)). &5, PMID
27U w2 5HE PubMed? LIEHEL TF—5 Y —
AELTHRALANMOEERZFEE TSI EMTE
5.

B, RICEFRLTOLRLY, REA-UhoHE
HALEMR s NV BOFARERETLIIED
TED., TXRTOFRABEVITY > 7ENTNWDS
DT, EIMoBREBOTHHHETHEEEE
BILEMTESD,

BRRRUEER

WEDOHIERREER, ¥/ I 7 AMFRICETED
& 2\ OFEZE (target hunting), 5@ 2EHO
FEE (target validation), £ O{ESH OSSR
(combinatorial chemistry) LHEBREA 27U —=
>4 (high-throughput screening) Ik 31 — K{k
GYORFELEIRBEED I EAZN,

ZORTHIZNBETNELE LT HEER,
BMOERER IV~ T THB, TOBREDR
F—R7y7#@3HRAHAELT, A 2—%%H
Wi Tt RICE VLSO LT 2 HEN T2
“virtual (in silico) screening” DFHEHNHFESNT
V1%, Virtual screening SEIRAYICHBET B 7-DIC
i3, SHEEREHOTA/00ENS N HEE
BYOEREEICHT ST - BBATHD. €
THbiud, SO RIEE GO =RTE
Br—%, RURES >N BICx§ 5 &8mE
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F—FE—HUTIRH®T 57 - X—R (KiBank)
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TARTEESHERA T HE TEM L TRINEREZTL
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1 DT EMOBRTH - FFHERZzROK->TH
% Integrity (Prous Science, Spain) ZH RIHEDF—
SMEENTNWD,

BN TND KiBank XV HEITL TV
HEVELDF—FEERL TWEY, SHEEKE
BT~ LU TIC EEEATHBENDT
137 <, invivo DEBIEETF—FETHEHIA
TW3, ZOkY, INeOF—FNX—A % insili-
CORTY = OBREMNTSIENTERY

A. Drawing of regression line

e ——————r
e R T Hf-

BEEIR, F—F OEFRSIUEER & o R g
{EEMDNE LS, TO, KiBank 3 ElRL &K

HIHERMEOF =R K BEICR—EhTws
i, o EXERARETHS.

KBank QFf|fiEE LT, bhbkokdhk
KEREL T3,

B DB ERME TR Y > TEREL 5,
FOF NI BIZENEERT ERETh TV
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b4 RE (ab initio Fragment Molecular Or-
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Fig. 3. A Schematic Diagram of an Application of KiBank for Structure-based Drug Design
Step 1: drawing regression line with binding affinity data from K#Bank and results of protein-chemical interaction analysis {A). Step 2: estimating K; value from

calculated binding energy (B).
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Improvement in Reliability of Probabilistic Test of Significant Differences

in GeneChip Experiments

Kyoko Topa,’ Seiichi Isnipa,' Kotoko NAKATA, Rieko MATSUDA, Yukari SHIGEMOTO-MOGAMI,
Shogo OzAwa, Jun-ichi SAwapa, Yasuo Ouno, Kazuhide INouE, Koichi SHUDO, and

Yuzurua Havasart

National Institute of Health Sciences, 1-18-1 Kami-Yoga, Setagaya, Tokyo 158-8501, Japan

A probabilistic test (FUMI theory) for GeneChip experiments has been proposed for selecting the genes which show
significant differences in the gene expression levels between a single pair of treatment and control. This paper describes
that the reliability of the judgment by the FUMI theory can be enhanced, when the selected genes are referred to
biomolecular-functional networks of a commercial database. The genes judged as being differently expressed are
grouped into a cluster in the biomolecular networks. It is also demonstrated that false positive genes have a trend in the
networks to be isolated from each other, and also away from the clustered genes, since the false positive genes are

randomly selected.

(Received October 17, 2003; Accepted February 23, 2004)

Introduction

The GeneChip technology has recently made rapid progress, but
some important problems still remain open. For example: 1)
The GeneChips are expensive, and the replication of
experiments is not easy; 2) The GeneChips generate tens of
thousands of data for every experiment, and a new method for
handling such veluminous data efficiently is desired.

In a previous paper,! we put forward a method for detecting
significant changes between two different conditions from a
single pair of experiments, that is, treatment and control. The
method is called FUMI theory (Flnction of Mutual
Information).?* Under the condition of the paper, out of 12559
genes on the chip, 200 - 310 genes were selected as differently
expressed with 1% risk. Due to the risk of 1%, however, 126
genes must be falsely selected. This number of false positive
genes is critical compared to the totally selected genes (200 -
310).

The simplest solution to the problems will be to refer to the
results of repeated experiments under the same conditions.* It is
quite probable that the genes of true differences in the
expression will be selected once and again by the replicates. On
the other hand, the false positive genes will be selected at
random, and not many times,

This paper proposes a method to make the judgment based on
the FUMI theory more reliable, i.e., a method to distinguish
between the true positive and false positive, even from a single
pair of treatment and control experiments. For this purpose, a
comrmnercially available database which provides a biomolecule-
functional network is integrated.

* Co-first anthors.
* To whom correspondence should be addressed.
K. S. present address: Japan Pharmaceutical Information Center.

Experimental

The details of experiments for the microarray analysis were
previously described.! Human promyelocytic leukemia cell line
(HL60) cells were exposed to 20 nM 12-O-tetradecanoyl-
phorbol 13-acetate (TPA) for 9 h and biotin-labeled cRNA was
prepared and stored as a stock solution for later hybridizatjon.
A total of four GeneChip arrays (Human Genome US5A set,
Affymetrix, Inc) were used for hybridization (two with the
TPA-exposed stock solution and two with the control stock
solution). One of four combinations of exposure and control
experiments was taken as an example in the text. The others
were used for reference.

The network of proteins (Fig. 1) was drawn with a
commercial database (KeyMolnet, Institute of Medicinal
Molecular Design Inc., Tokyo).

Theory

In the FUMI theory, the a priori SD, o, of microarray
fluorescence measurements is described as a function of the
averaged measurements, X:

o= {0.009636X* +91897.8 1)
This relationship was obtained in our previous study from six
replicate samples which were different from the target samples.
Let Xg be the expression level (measurement) of a gene for the
exposed sample and X¢ be the measurement of the gene for the
control sample. & is given by Eq. (1) as X = |Xe + Xcl/2. The
judgment of the significant differences is performed based on
the inequality:

Xe—Xdl

W > 2.58 (2)
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Proteins with significant differences of gene expression. Significant differences with 1%

risk (black background) and 5% tisk {gray background) are judged by FUMI theory. The white
background means no significant difference, except for PKC and ROC1 which are not included in the
U95A array, The network of the proteins is provided by KeyMolnet. Cdc34: Cell Division Cycle
34; SCF: Skpl/Culll/F-box;* 263-PR: 265 Proteasome;'®” ANGT: Angiotensinogen; Angl:
Angiotensin I; ACE: Angiotensin I converting enzyme; Angll: Angiotensin IT; AT1: angiotensin II
receptor type L; AT2: Angiotensin II receptor type 2; Guify: heterotrimeric G Protein. The subunits
are represented as ¢, and By. D represents the GDP-binding form,

where 2.58 is the critical value for a significant level of 1%
under the assumption that the distribution of Xe — Xc is normal.
If the risk is raised from 1% to 5%, the critical value becomes
1.96.

Results and Discussion

The FUMI theory provided the judgment with 1% risk that ont
of 12559 genes on the U95A array, 1231 genes were differently
expressed between the TPA treated HLG60 cells and control
cells, Figure 1 illustrates the well-known pathways around the
TPA receptor, PKC (protein kinase C).* TPA is known to
promote the transcription of IL-8 (interleukin 8), TNFa (tumor
necrosis factor ¢), and MMP-9 (matrix metalloproteinase 9)
through the transcription factor, NFxB (NF kappa B).5 In the
figure, the black and gray ellipses represent the molecules for
which the gene expression levels were judged to increase with
1% and 5% risks, respectively. The white ellipses denote the
molecules which were judged io be unaffected by TPA. The
small circles show the protein modification by phosphorylation
(P) and ubiquitination (U). The arrows show the biological
influence from one molecule to another. The molecules which
function as a complex are grouped by the square.

The results from the significance test for one pair of
experimenta] data (one treatment and one control) are discussed
below. The tests for three other pairs of data, obtained under
the same conditions, are used for corroboration. The genes on
the pathways to IL-8, TNFa and MMP-9 were also judged as
being affected in the other three tests, but PPZA (Protein
phosphatase 2A), was not, even when the risk was increased to
5%.

From the above results, it follows that the genes selected by
every significance test, e.g., the pathways to IL-8, TNFo and
MMP-9, will have a high probability that the gene expression
level is truly different between the-treatment and control. In the
protein network diagram, the selected proteins appear as a
cluster.

Among the 1231 genes selected by the FUMI theory, some
gene groups which are similar to the PKC cluster are also found
when they are applied to protein networks, e.g., EGR-17 and
p21WuliCisl B These genes are well-known to be induced by
TPA,® and are involved in the 753 genes which were selected
from each of the four pairs of exposure and control.

On the other hand, the isolated genes from the cluster, e.g.,
PP2A, were selected only once from the four pairs. Therefore,
PP2A. was selected randomly, and can be concluded to be false
positive, On the network, the false positive genes will be
isolated from the clustered genes.

Among the selected 1231 genes, 97 genes were not selected
by the other reference pairs of experiments, and are suspected to
be false positive. They are all isolated from the PKC cluster.
The number, 97, is close to the probable number of false
positive genes when the risk is 1% (= 126). The number of
genes suspected to be false positive is 80, 128, 129 for the
reference pairs, respectively.

We can conclude that the combination of the test of
significant difference (FUMI theory) with a protein network
database (KeyMolnet) can substantially enhance the reliability
of judgment. In other words, the true and false differences in
the gene expression levels can be distinguished based on the
relative position of the mwolecules in the pretein network, ie.,
clustered or isolated. This paper has taken the well-known
experiment as a mode! example, but the proposed method will
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be applicable to practical problems.

The biological activities of the genes clustered in the database
(KeyMolnet) can be confirmed, though not always, by
literature, However, it will be quite difficult to find relevant
papers on the isolated genes because of the randomness and
abundance of their occurrence. Among 12559 genes, 1231
genes were selected by the FUMI theory as mentioned above,
About 10000 genes can be candidates for the false positive on a
gene chip and possibly only a part of these genes have been
studied so far. Nevertheless, our purpose is to provide a method
for estimating the unknown biclogical functions of the genes
from the combination of insufficient information. The FUMI
theory and database can play a complementary role in analyzing
a huge amount of GeneChip data.
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A functional study on polymorphism of the ATP-hinding cassette transporter
ABCG2: critical role of arginine-482 in methotrexate transport
Hideyuki MITOMO*, Ryo KATQO*, Akiko 1TO{, Shiho KASAMATSU*, Yoji IKEGAMIY, Isao KIIf, Akira KUDO{, Eiry KOBATAKEY,
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Overexpression of the ATP-binding cassette transporter ABCG2
reportedly causes multidrug resistance, whereas altered drug-
resistance profiles and substrate specificity are implicated for
certain variant forms of ABCG2. At least three variant forms
of ABCG?2 have been hitherto documented on the basis of their
amino acid moieties (ie., arginine, glycine and threonine) at
position 482. In the present study we have generated those
ABCG?2 variants by site-directed mutagenesis and expressed them
in HEK-293 cells. Exogenous expression of the Arg™, Gly*™,
and Thr'** variant forms of ABCG2 conferred HEK-293 cell
resistance toward mitoxantrone 15-, 47- and 54-fold, respectively,
as compared with mock-transfected HEK-293 cells. The transport
activity of those variants was examined by using plasma-
membrane vesicles prepared from ABCG2-overexpressing HEK-
293 cells. [Arg**]JABCG?2 transports [*H]methotrexate in an
ATP-dependent manner; however, no transport activity was

observed with the other variants (Gly* and Thr'*). Transport
of methotrexate by [Arg’™®™]ABCG?2 was significantly inhibited
by mitoxantrone, doxorubicin and rhodamine 123, but not by
S-octylglutathione. Furthermore, ABCG2 was found to exist
in the plasma membrane as a homedimer bound via cysteinyl
disulphide bond(s). Treatment with mercaptoethanol decreased its
apparent molecular mass from 140 to 70 kDa. Nevertheless, ATP-
dependent transport of methotrexate by [Arg**JABCG2 was little
affected by such mercaptoethanol treatment. It is concluded that
Arg™ is a critical amino acid moiety in the substrate specificity
and transport of ABCG2 for certain drugs, such as methotrexate.

Key words: ATP-binding cassette transporter (ABC transporter),
ABCG2, acquired mutation, methotrexate, multidrug resistance,
single nucleotide plymorphism.

INTRODUCTION

Individual variations in response to a drug originate from different
causes, such as genetic polymorphism and altered expression
levels of drug target molecules (e.g. membrane receptors, nuclear
receptors and enzymes), as well as those of drug-metabolizing
enzymes and drug transporters [1]. To achieve the much-talked-
about ‘personalized medicine’, it is critically important that we
understand the molecular mechanisms and functions underlying
such variations in drug response.

Cancer is one of the gene-associated diseases, with multiple
factors involved in its cause and progression [2]. Despite enor-
mous costs and efforts spent on the development of cancer
chemotherapies, anticancer drugs are often effective only in a
relatively small proportion of cancer patients. It has long been
recognized that the effectiveness of anticancer drugs can vary
significantly among individual patients, Indeed, acquired and
intrinsic drug resistance in cancer is the major obstacle to long-
term, sustained patient response to chemotherapy.

There is accurnulating evidence that active export of anticancer
drugs from cancer cells is one of the major mechanisms of
drug resistance. Several ATP-binding cassette (ABC) transporters
underlie multidrug resistance in cancer cells by actively extruding
the clinically administered chemotherapeutic drugs. Two major
ABC transporters, ABCB1 (P-glycoprotein or MDR1) and
ABCC1 (MRP1), have been well studied in terms of their structure

and function in cancer drug resistance [3-8]. In addition, a novel
ABC transporter, breast-cancer-resistant protein (BCRP), has
recently been discovered in doxorubicin-resistant breast-cancer
cells [9). The same transporter has also been found in human
placenta [10] as well as in drug-resistant cancer cells selected by
using mitoxantrone and DNA topoisomerase I inhibitors [11-18].
The newly found ABC transporter protein is now named ABCG2
and is classified in the G-subfamily of human ABC transporter
genes according to the new nomenclature. ABCG is a so-called
*half-transporter’ bearing six transmembrane domains and one
ATP-binding cassette,

Overexpression of ABCG2 reportedly confers cancer-cell
resistance to camptothecin-based anticancer drugs such as mito-
xantrone, topotecan and 7-ethyl-10-hydroxycamptothecin (SN-
38: active metabolite of irinotecan). SN-38-selected PC-6/
SN2-5H human lung-carcinoma cells were shown to overexpress
ABCG?2 with the decreased intracellular accumulation of SN-38
and its glucuronide metabolite. We have recently demonstrated
that plasma-membrane vesicles prepared from those cells ATP-
dependently transported both SN-38 and SN-38-glucuronide, and
our results strongly suggested that ABCG2 is involved in the
active extrusion of SN-38 and its metabolite from cancer cells
[19].

To date, at least three variant forms of ABCG2 have been do-
cumented on the basis of amino acid moieties at position 432,
which is close to the third transmembrane domain. The wild-type

Abbreviations used: ABC, ATP-binding cassette; BCRP, breast-cancer-resistant protein; GAPOH, glyceraldehyde-3-phosphate dehydrogenase;
HRP, horseradish peroxidase; MTT, bromo-3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazalivm; RT, reverse transcription; SN-38, 7-ethyl-10-hydroxy-

camptothecin; SNP, single-nuclectide polymarphism.

1 To whom corrrespondence should be addressed (e-mail tishikaw@bio.titech.ac jp).
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form of ABCG2 has an arginine at that position [10]}, whereas
other variants cloned from cancer cell lines [9,13] have glycine
and threonine at position 482. It is currently speculated that the
substrate specificities of ABCG?2 may differ among those variant
forms [18,20-22). To elucidate the role of amine acid moieties
at position 482 in the transport function, we have expressed
each variant form of ABCG2 in HEK-293 cells and examined
the substrate specificity of those variants. In the present study,
we demonstrate that Arg*® is critically involved in methotrexate
transport mediated by ABCG2. Furthernore, we provide direct
evidence that the ABCG2 protein functions as ahomodimer bound
via a cysteinyl disulphide bond(s).

EXPERIMENTAL
Cloning of human [Arg*®*]ABCG2 cDNA

Human ABCG2 cDNA was cloned from mRNA of the MCF7/
BCRP clone-8 cell line {9]. Briefly, reverse transcription (RT)-
PCR was carried out by using the SuperScript First-Strand
Synthesis System (Invitrogen, Carlsbad, CA, U.S.A.) and the
following specific primers: sense 5'-CTCTCCAGATGTCTTCC-
AGT-3 and antisense 5-ACAGTGTGATGGCAAGGGAAC-3',
where the primers were designed based on the ABCG2 ¢cDNA
sequences, The PCR reaction consisted of 30 cycles of 95 °C
for 30s, 58°C for 30 s and 72°C for 2 min, as previously
described [23]. The resulting PCR product was inserted into
the pCR2.1 TOPO vector {Invitrogen) and its sequences were
analysed by automated DNA sequencing (TOYOBO Gene
Analysis, Tokyo, Japan). The open reading frame of the ABCG2
cDNA, thus obtained, was identical with the ABCG2 wild-type
(Arg™) originally named ABCP (GenBank® accession number
AF103796). The [Arg®*]JABCG2 ¢DNA was removed from the
pCR2.1 TOPO vector by EcoRI digestion. After the treatment
with alkaline phosphatase, the ¢cDNA was ligated to the EcoRI
sites of the pcDNA3.1 Expression vector (Invitrogen) using the
Rapid DNA Ligation Kit (Roche Diagnosis Co., Indianapelis, IN,
US.A).

Generatien of variant forms by site-directed mutagenesis

The pcDNA3.1 vector carrying the [Arg**JABCG?2 cDNA was
used as the template, and variant forms {Gly** and Thr'®?) were
created by the site-directed mutagenesis using the QuikChange
Site-directed Mutagensis Kit (Stratagene, La Jolla, CA, U.S.A.)
and internal complementary PCR primers as follows: 5'-CT-
GATTTATTACCCATGGGGATGTTACCAAGTATT-3 and 5-
AATACTTGGTAACATCCCCATGGGTAATAAATCAG-3 (for
the Gly*® variant form) or 5-CTGATTTATTACCCATGACG-
ATGTTACCAAGTATT-3' and 5-AATACTTGGTAACATCGT-
CATGGGTAATAAATCAG-3 (for the Thr*** variant form). The
PCR reaction consisted 16 cycles of 95 °C for 30 s, 55 °C for
1 min and 68 °C for 15 min, and Pfi Turbo DNA polymerase
was used for the PCR reaction. The mutations were confirmed by
sequencing the inserted cDNA.

Cell culture

HEK-293 cells were maintained in Dulbecce’s modified Eagle’s
medium supplemented with 10 % (v/v) heat-inactivated fetal-calf
serum, penicillin (100 units/ml), and streptomycin (100 pg/ml)
in a humidified atmosphere of 5% CO, in air. The number of
viable cells was determined in a haemocytometer by Trypan Blue
dye exclusion.

© 2003 Biochemical Socigty

Table 1  Experimental conditlons for quantitative PCR

Denaturatign PCR (45 cycles)

Gene  Amplified posiion  Accessionno. Temp. (°C) Time{s} Temp.{°C} Time (s}

ABCGZ? 2062-2287 NMOO4827 85 30 % 15
70 20
82 7
ABCC1  4436-4835 NMO04996 95 30 95 15
64 20
83 7
ABCC2Z 3650-4029 NMOOD392 95 30 95 195
63 15
72 15
85 7
ABCC3 458048090 Y17t51 95 30 95 13
63 15
72 15
83 7
ABCC4 28193-2129 NMOG5845 95 30 % 15
] 15
2 15
3 7
ABCCS 43414572 NMODSB8E 95 a0 85 15
61 1a
72 15
a7 7
GAPDH 812-1130 AF261085 85 30 95 15
68 15
89 7

HEK-293 cells were transfected with the pcDNA3.1 vector
carrying the ABCG2 cDNA (see Figure 1A below) and the
LIPOFECTAMINE™ reagent (Invitrogen) according to the manu-
facturer's instruction. Single colonies resistant to G418 (Nacalai
Tesque, Kyoto, Japan) were picked and subcultured. Selection of
positive colonies was performed by immunoblotting, as described
below.

Quantitative RT-PCR

Total RNA was extracted from cultured cells with the ISOGEN
RNA extraction solution (WAKO Pure Chemical Industries,
Ltd., Osaka, Japan) according to the manufacturer’s protocol.
c¢DNA was prepared from the extracted RNA in the reverse
transcriptase reaction with SuperScript II RT (Invitrogen) and
oligo(dT} primers according to the manufacturer's instructions.
The transcriptome level of each ABC transporter was determined
by quantitative PCR in a TaKaRa SmartCycler™ (TaKaRa Bio
Inc., Shiga, Japan) with SYBR Green I (BioWhittaker Molecular
Applications, Rockland, ME, U.5.A.) as a fluarescence indicator
and the following specific primer sets for ABCG2, ABCCI,
ABCC2, ABCC3, ABCC4, ABCC5 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH); ABCG2 (5-GATCTCTC-
ACCCTGGGGCTTGTGGA, 5-TGTGCAACAGTGTGATGG-
CAAGGGA), ABCCl (5-GCCCTTCCTGACAAGCTAGAC,
5-CATATAGGCCCTGCAGTTCTGAC), ABCC2 (5'-AGGTG-
GCTTGCAATTCGCCT, 5-CCAATCTTCTCCATGCTACCG-
ATGT), ABCC3 (5-CTAGAGGCATCTTCTACGGGA, 5'-ATA-
ACACTCAGTTGGGAATCGG), ABCC4 (5-TCCCACTTGTC-
ATCTTCTCTC, 5-CAGCACTTTGTCGAACACAC), ARCCS
(>"-GTGGAGTTTGACACCCCATCGGTC, 5-CCAATCCGG-
AACTGCTGTGCGAAAG), GAPDH (5'-ACTGCCAACGTGT-
CAGTGGTGGACCTGA,; 5-GGCTGGTGGTCCAGGGGTCT-
TACTCCTT). PCR conditions for the detection of these trans-
porters and GAPDH are summarized in Table 1.
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Immunofluorescence microscopy

Mock- and ABCG2-transfected HEK-293 cells were seeded on
microscopic cover glasses and incubated under the above-
mentioned culture conditions overnight. Cells were fixed with
4% (w/v) paraformaldehyde in PBS at room temperature.
Thereafter, cell membranes were permeabilized by incubating
them with 0.1% Triton X-100 in PBS at room temperature for
5 min. Cells were then treated with the BXP-21 antibody (1:20
dilution; Signet Laboratories Inc., Dedham, MA, U.S.A.) as the

" first antibody and subsequently with the fluorescent-dye-Cy3-
conjugated anti-mouse IgG antibody (1:500 dilution; Jackson
ImmunoResearch Laboratories, Inc., Baltimore, MA, U.S.A.).
The immunofluorescence of HEK-293 cells was detected with a
confocal laser-scanning fluorescence microscope IX70/Fluoview
(Olympus; Tokyo, Japan).

Preparation of plasma-membrane vesicles from HEK-293 cells

HEK-293 cells (approx. 2 x10° cells) were harvested by cen-
trifugation and suspended in 100ml of ice-cold PBS. After
centrifugation at 500 g for 5 min, the cell pellet was diluted 40-
fold with a hypotonic buffer [0.3 mM sodium phosphate (pH 7.0)/
0.1 mM EGTA] and homogenized with a Potter~Elvehjem homo-
genizer. After centrifugation at 9100 g, the resulting supernatant
was centrifuged at 100000g for 30min, and the resulting
pellet was suspended in 250 mM sucrose containing 10 mM Tris/
HCI, pH7.4. The crude membrane fraction was layered over
38% (w/v) sucrose solution and centrifuged at 100000 g for
30 min. The turbid layer at the interface was collected, suspended
in 250mM sucrose containing 10mM Tris/HC!, pH 74, and
centrifuged at 100 000 g for 30 min. The membrane fraction was

collected and resuspended in a small volume {150-250 ul) of .

250 mM sucrose containing 10 mM Tris/HC), pH 7.4. After the
measurement of protein concentration by the BCA (bicincheninic
acid) Protein Assay Kit (Pierce, Rockford, IL, US.A), the
membrane solution was stored at — 80 °C until used.

Delection of ATP-dependent transpatt of [FHImetholrexate

Frozen stocked membrane was thawed quickly at 37 °C, and ves-
icles were formed by passing the suspension through a 27-gauge
needle. The standard incubation medium contained plasma-
membrane vesicles (30 or 60 pg of protein), 500 uM {3',5,7-
*H]methotrexate (Amersham Biosciences), 250mM sucrose,
10 mM Tris/HCI, pH 7.4, 10 mM MgCl,, 1 mM ATP, 10 mM cre-
atine phosphate and 100 peg/ml creatine kinase in a final volume
of 110 pl. The reaction was started by adding [*H]methotrexate
to the incubation medium. The reaction was carried out at
37 °C, and the amount of [*H]methotrexate incorporated into the
vesicles was measured by a rapid-filtration technique previously
describzd [24].

Gel electrophoresis and detection of ABCG2 protein

Expression of ABCG2 in HEK-293-cell membranes was de-
termined by immunoblotting with BXP-21 (Signet), a specific
antibody to human ABCG2 where membrane proteins were pre-
treated with or without mercaptoethanol (more details are given
in the Results section). Briefly, proteins of the isolated plasma
membrane were separated by electrophoresis on SDSf7.5 %-
(w/v)-polyacrylamide slab gels, and the proteins were electro-
blotted on to Hy-bond ECL® (enhanced chemiluminescence)
nitrocellulose membranes (Amersham Biosciences). Imimunoe-

blotting was performed by using BXP-21 (1:250 dilution) as
the first antibody and an anti-mouse IgG-horseradish peroxidase
(HRP) conjugate (Cell Signaling Technology, Beverly, MA,
U.S.A) (1:3000 dilution) as the secondary antibody. HRP-
dependent luminescence was developed by using Western Light-
ing Chemiluminescent Reagent Plus (PerkinEimer Life Sciences,
Boston, MA, U.S.A.) and detected with a Lumino Imaging
Analyzer FAS-1000 (Toyobo, Osaka, Japan).

Profiling of drug resistance of ABGG2-averexpressing
HEK-293 cells

A growth inhibition (ICsx) assay was performed by seeding
HEK-293 cells at a density of 1000-2000 cells/well in 96-well
plates containing the culture medium. After 24 h, mitoxantrone
or methotrexate was added to the culture medium at different
concentrations, and cells were further incubated with the drug
in a humidified tissue-culture chamber (37 °C, 3% CO,) for
72 h. Surviving cells were detected by the bromo-3-(4,5-dimethyl-
2-thiazoyl)-2,5-diphenyltetrazolium (MTT) assay [25]. Briefly,
20 ul of MTT solution (5mg/ml) was added to the culture
medium, and cells were incubated for 4 h at 37 °C. Thereafter, the
culture medium was removed and cells were dissolved in 200 ul
of DMSO. The absorbance of formazan, a metabolite of MTT,
in the resulting solution was photometrically measured at a test
wavelength of 570 nm and at a reference wavelength of 630 nmin
a Model 550 microplate reader (Bio-Rad, Hercules, CA, U.S.A.).
ICs values were calculated from dose-response curves (i.e. cell
survival versus drug concentration) obtained in multi-replicated
experiments.

RESULTS
Expression of ABGG2 variants in HEK-293 cells

Three variant forms (i.e., Arg™, Gly*®, and Thr'*?) of human
ABCG?2 were expressed in HEK-293 cells by transfection with
the pcDNA3.1 vector carrying the ¢cDNA (Figure 1A). mRNA
and protein levels of ABCG2 were detected by quantitative RT-
PCR and Western blotting respectively; the mRNA levels of
Arg®®, Gly™ and Thr®® variants in HEK-293 cells are shown
in Figure 1(B). The parental HEK-293 cell line endogenously
expressed ABCC1, ABCC2, ABCC4 and ABCCS, and the mRNA
levels of ABCC3 and ABCG?2 were below the detection limit.
Similar expression profiles were observed in mock-transfected
HEK-293 cells. On the other hand, in the Arg*-, Gly**- or
Thr**-variant-transfected cells, mRNA levels of ABCG2 were
significantly enhanced, corresponding to 13-20% of the mRNA
level of GAPDH. The expression levels of other ABC transporters,
ie, ABCC1, ABCC2, ABCC3, ABCC4 and ABCCS, were
unchanged in these cells.

Western blotting (Figure 1C) revealed that the three variant
forms of ABCG2 were also highly expressed at the protein
level. In this experiment, membrane proteins were treated with
mercaptoethanol prior to SDS/PAGE, so that one single band
was detected with the BXP-21 antibody at an apparent molecular
mass of 70 kDa. Mock-transfected HEK-293 cells, as the negative
control, did not show any immunological reaction.

Cellular [ocalization of ABGG2 overexpressed In HEK-293 cells

Figure 2 depicts the differential interference (A and C)
and immuno-fluorescence images (B and D) of mock- and
[Arg**]JABCG2-transfected HEK-293 cells. ABCG2 proteins
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Figure 1  Expression of ABCG2 vartant forms in HEK-293 cells

(A} Schematic ilfustralion of the ABCG2 expression pcONA3.1 wectos. The parfial eDNA
sequences of three variants [Arg™®, GIy*™® and Thr'®? (‘Arg-482' eic.)] are indicated.
Apbreviations: BGH, tovine growth hormone; CMV, cylomegalovirus; fori, [ origin of
replication Irom the M filamentous phage; pA, polyadenylation sequence; pUC ori, pUC vector
origin of replication; Sv40, simian virus 40, (B) mRNA levels of ABCCH, ABCC2, ABCC3,
ABCC4, ABCCS and ABCG2 in mock- and [Arg*®2]-, [Gly*?]- and [Thr*®]-ABCG2-Iransfected
HEK-293 cells. Total RMA was exiracled separalely from those cells and ¢DNA was subseguently
prepared by reverse transcriplase reaction. The transcriptome leve! of ezch ABC transparles was
delermined by quantitafive PCR {for details, see the Experimental section). Data are expressed
asmeans + S.E.M. (7=4). (C) mmunalogical detection of ABCG2 expressed in the pasma-
membrane preparation from mack- and [Arg*2 -, [GIy*#2)- or [Thr*®]-ABCG2-translected HEX-
293 cefls. Membrane proleins {10 zq for each lane) were traated with mercaptoetharal prior o
SDS/PAGE. Weslern blotting was periormed as described in the Experimental seclion.

were probed with specific antibodies as described in the
Experimental section. Strong immunofluorescence was detec-
ted at the plasma membrane of [Arg*?)ABCG2-transfected HEK-
293 cells (Figure 2D). Similar results were obtained with
HEK-293 cells expressing Gly'™ and Thr'®* variants as well

© 2003 Bigchemical Society

Mock

ABCG2 (Arg-482)

Figure 2  Cellular localization of ABCG2 In HEK-293 cells

Differential interference (A) and immunofluorescence (B) images of mock-transfected HEK-
283 calls; dilterential inferference (C) and immuno-flugrescence {D) images of [Arg*2]ABCG2-
transfected HEK-293 cells. The ABCG2 protein was immunologically linked with the Hluorescent
Cy3 probe, as described in the Experimental section,

(results not shown). On the other hand, no immunofluorescence
was detected in mock-transfected HEK-293 cells as the negative
contro! (Figure 2B). Thus it is proven that those three ABCG?2
variants were expressed predominantly in the plasma membrane
of HEK-293 cells.

Drug-resistant profile of ABCG2-transtected HEK-293 cells

Figure 3 shows the cellular resistance profiles of ABCG2-
expressing HEK-293 cells to mitoxantrone and methotrexate, In
this experiment, HEK-293 cells were incubated with mitoxan-
trone or methotrexate at different concentrations as indicated
at 37°C for 72 h, Overexpression of Arg™, Gly"*? and Thr'®
variants conferred HEK-293 cells resistance to mitoxantrone by
15-, 47- and 54-fold respectively as compared with the mock-
transfected HEK-293 cells (Figure 3A). The cellular resistance of
Gly™- or Thr**-variant-expressing cells was even higher than
that of Arg™-variant-expressing cells. On the other hand, as
shown in Figure 3(B), HEK-293 cells expressing Arg™, Gly™?,
and Thr*™ variants did not exhibit any significant resistance to
methotrexate as compared with mock-transfected cells.

ATP-dependent transport of methotrexate by [Arg*®2]ABCG2

The function of Arg™*, Gly** and Thr*** variants was examined by
using plasma-membrane vesicles prepared from HEK-293 cells
overexpressing those variants. Figure 4 depicts the time courses of
methotrexate transport into plasma-membrane vesicles in the pre-
sence or absence of ATP. As previously described [24], the ATP
concentration was maintained at constant levels for a period
sufficient for measurement {at least 20 min) with the creatine
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Figure3 Cellular resistance of ABCG2-expressing HEK-283 cells 1o mitoxantrone and methotrexate

HEK-293 cells Iransfected with the mock vector of [Arg®2]-, [Gly*®]- and i Thr*%2)-ABC(2 expression vectors were incubated in 200 p) of the cufture medium conlaining mitcxantrone or methotrexale
at different concentrations in 95-well plaies in 2 humidified tissue-culture chamber {37 °C, 5% CO,). Afler 72 h, surviving cells were dalecled by the MTT assay (see the Experimental section). Data

are expressed as means + S.EM. for multi-replicated (= 8-12) experiments.
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Figure 4 ATP-dependent transport of methotrexate in plasma-membrane vesicles prepared trom ABCG2-transfected HEK-293 sells

Plasma-membrane vesicles were prepared from mock- and [Arg*®]-, [Gly*2]- ar [Thr'®)-ABCE2-translecled HEK-293 cells as described in the Exgerimental section. Plasma-membrane vesicles
{50 pg of proleia) were incubated with 20 .M [H]methatrexate (MTX) in the absence (@) or presence {O) of 1 mM ATP in the medium containing 250 mM sucrose, 10 mi Teis/HCI, pH 7.4,
10 mM MgCY;. 10 mM crealing phosphate and 100 ..g/m! creating kinase. The incubalion was carried aul al 37 °C and then slopped at different time poinis as indicated in the Figure. The amount
of [PH]methatrexate incorporated inta the membiane vesicles was measured by a rapid-filtation techniqus. Results are expressed as means & S.EM. lor triplicate experiments.

phosphate and creatine kinase reaction system. It is important
to note that ATP-dependent methotrexate transport was cbserved
only in plasma-membrane vesicles prepared from HEK-293 cells
overexpressing the Arg*™ variant. No significant transport activity
was detected from the Gly** or Thr'** variant-expressing HEK-
293 cells,

ATP-dependent transport of methotrexate by [Arg**]JABCG2
was further characterized with the plasma-membrane-vesicle
system. Figure 5(A) demonstrates a relationship between the
methotrexate concentration and the rate of ATP-dependent
transport. On the basis of this result, the apparent K,
value for methotrexate was calculated to be 5.7mM. In
addition, as shown in Figure 5(B), ATP-dependent methotrexate
transport mediated by [Arg'™]ABCG2 was inhibited by doxo-
rubicin, mitoxantrone and rhodamine 123 at a concentration of

500 M. In contrast, S-octylglutathione, which is a strong and
competitive inhibitor for the GS-X (ATP-dependent glutathione-
S-conjugate export) pump, e.g., ABCCI and ABCC2 [24], had a
minimal inhibitory effect (Figure 5B).

Existence of ABCG2 as a homodimer in the plasma membrane

As shown in Figure [(C), ABCG2 was detected as one single
band at a molecular mass of 70 kDa under reducing conditions.
On the other hand, without mercaptoethanol treatment, ABCG2
exhibited a molecular mass of 140kDa. Figure 6{A) shows
the effect of increasing concentrations of mercaptoethanol
on the apparent molecular mass of [Arg*?JABCG2. After
a 20min incubation with 100 mM mercaptoethanol at room
temperature, the molecular mass of [Arg®*]JABCG2 completely
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Figure 5 Kinetic properties of ATP-dependent methotrexate transport by
[Arg**1ABCG2

(A} Relationship between the melhotrexate (MTX) cenceniration and the ATP-dependent MTX
transpor rate. Plasma-membrana vesicles (30 ;.g of protein) from [Arg*®)ABCG2-expressing
HEK-293 cells were incubated with [*Hlmetholrexale (MTX) at dilferenl concenlralions
{0-10 mM) in the incubation medium conlaining 1 mM ATP, 250 mM sucrose, 10 mM Tris/
HCI, pH 7.4, 10 mM MgCl,, 10 mM creafina phesphate and 100 pg/ml creating kinase at
37 °C for 20 min. The amaunt of [PHImethotrexate incorporated into the membrane vesicles was
measured as shown in Figure 3. Dala are expressed as means + S.EM {n=23 for 0-0.5 mM;
n=4 for 1-10 mM). (B} Inhibition of ATP-dzpendent melhotrexate franspert by rhodaming
123, mitoxantrane, doxorubicin and S-octylgiutathione. Plasma-membrane vesicles (30 zeq of
protein} were incubated with [*Hlmelholrexate (500 M) in the presence of these inkibilors
(500 z:M for each) in (he incubation medium containing 1 mM ATP, 250 mM sucrase, 10 mM
Tris/HEL, pH 7.4, 10 mM MgCl,, 10 mM creatine phosphate and 100 y.0/mi creating kinase at
37 °C for 20 min. The amount of [*H]methotraxate incarporaled inlo the membrane vesicles
was measured in the same manner. Data are normalized for the amouns of [*H)metholrexate
incorporated during the incubation in the absence of inhibitors,
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Figure 6 Effect of mercaptoethanol on dimerization of ABCG2 {ﬁ.) and ATP-
dependent methotrexale transport (8)

{A} The ptasma membrane from [Arg™2]ABCG2-translectad HEK-293 cells was incubatad with
mercaploethanal at final concentrations of 0, 1, 5, 10 and 100 mM in the medium containing
250 mM sucrose and 10 mM Tris/HC), pH 7.4, at room temperature for 20 min. Thereafier,
membrane proleins (2 1.q for each lane) were separated by SOS/PAGE, and ABCGZ was
immunologically detected by Western blotling, as shown in Figure 1(C). (B) The plasma
membraneg from [Arg*®2JABCG2-Iransfected HEK-293 cells was pre-incubaled in the absance
or presence ef 10 mh mercaptoethanal at reom lemperature for 20 min, as described above.
ATP-dependent methotrexale (MTX) transport was delected in the plzsma-membrane vesicles
as described in the Experimental seclion; lhe transpart reaction was performed at 37 °C far
20 min. Data are expressed as means + S.EM. for triplicz’s expariments.

shifted to 70kDa on Western-blotting analysis (Figure 6A).
This phenomenon was not unique for the Arg*? variant, since
similar molecular-mass shifts were observed for the Gly*® and
Thr*** variants as well (results not shown). These results suggest
that ABCG2 exists in the plasma membrane as a homodimer
bound through cysteinyl disulphide bond(s). It is noteworthy
that ATP-dependent methotrexate transport was little affected by
mercaptoethanol treatment, in spite of the breakage of the inter-

peptide disulphide bonds (Figure 6B).

© 2003 Biochemical Sociely

DISCUSSION
ATP-dependent metholrexate transport by [Arg*®?JABCG2

In the present study, we have established HEK-293 cell iines that
overexpress three variant forms of human ABCG?2 (Figures 1
and 2). Using the plasma-membrane vesicles prepared from those
cells, we clearly demonstrate that [Arg®**]JABCG2 transports
methotrexate; however, the other variants, Gly** and Thr'®?, do
not (Figure 4). The present study is the first report providing
direct evidence that ABCG2 is able to transport methotrexate,
Our finding strongly suggests that the Arg* close to the third
transmembrane domain is a critical amino acid residue in-
volved in the substrate specificity of ABCG2. Since the arginine
residue is positively charged under physiological conditions, it
is likely that its positive charge is a prerequisite for interactions
between the active site of ABCG2 and anionic substrates such
as methotrexate. However, as indicated by the weak inhibition
by S-octylglutathione (Figure 5B), structural factors may also
be important for the substrate recognition besides the negative
charge. In fact, methotrexate transport was much more strongly
inhibited by the glutathione conjugate of mitomycin C than by 8-
octylglutathione (H. Mitomo and T. Ishikawa, unpublished work).

Previous studies [26,27] have predicted the existence of energy-
dependent transport systems for the methotrexate efflux from
cells. Molecular cloning and functional expression of ABC
transporters led to the identification of human ABCCI, ABCC2,
ABCC3 and ABCC4 as methotrexate transporters [28-30].
These transporters belong to the C-subfamily of human ABC
fransporters and exhibit broad spectra of substrate specificity
towards organic anions, including glutathione, glucuronide and
sulphate conjugates, as well as nucleotide analogues [7,8]. The
K., values for these ABC transporters in respect of methotrexate
were reportedly in the range 200-500 oM [28-30]. Whereas
HEK-293 cells endogenously express ABCC1, ABCC2, ABCC4
and ABCCS (Figure 1B}, ABCG?2 expression was predominantly
enhanced by transfection with the exogenous cDNA (Figures B
and 1C). ABCG2 proteins were localized at the plasma membrane
of HEK-293 cells (Figure 2). The X, value of ATP-dependent
transport by [Arg™]ABCG2 was estimated to be 5.7 mM for
methotrexate (Figure 3A), approximately one order of magnitude
greater than those reported for the above-mentioned ABCC-
subfamily transporters.

Variant forms of ABCG2 and drug-resistance phenetypes

Recently, Volk et al. [22] suggested that overexpression of the
wild-type {[Arg482]ABCG2) mediates methotrexate resistance.
Since the mitoxantrone-selected MCF7/MX cell line was used in
their study, actual molecular mechanisms underlying the cross-
resistance to mitoxantrone and methotrexate were not known. Qur
present study on ATP-dependent methotrexate transport mediated
by [Arg™]ABCG2 in part supports their hypothesis. Indeed,
HEK-293 cells transfected with [Arg™*JABCG?2 were resistant to
mitoxantrone (Figure 3A). However, [Arg*®]ABCG2-transfected
cells did not exhibit significant resistance to methotrexate
(Figure 3B). This may be explained by the high X, va-
lue (5.7mM) of [Arg*™]ABCG2 in respect of methotrexate
(Figure 5A). In addition, it is also true that the Arg™-variant-
transfected cells grew approx. 20% more slowly than the
Gly*®- and Thr*®-variant-transfected cells, suggesting that over-
expression of ABCG2 could result in an enhanced efflux of
unknown, but physiologically important, substances from cells.
Until now, several acquired mutations were documented for
ABCG2 cloned from drug-resistant cell lines [20,31]. Drug-
resistant phenotypes vary among different cell lines expressing

—325—



Functional study an the palymorphism of human ATP-binding cassette (ABC) fransporter ABCG2 773

variant types of ABCG2. In fact, transfectants with the wild-
type (Arg™) were not resistant to topotecan [18], whereas
overexpression of the Gly*? and Thr*** variants conferred res-
istance to mitoxantrone, doxorubicin, daunorubicin and various
camptothecin analogues, including topotecan [9,14-16]. Further-
more, Gly*? and Thr**? variants mediated the efflux of rhodamine
123 and doxorubicin from cells; however, Arg™ did not [20,21].
These findings strongly suggest that arginine at position 482
has a critical role in the substrate specificity of ABCG2. The
identification of mutations at 482 in ABCG2 may explain some
discrepancies observed in the cross-resistance profiles of human
cancer-cell lines. Likewise, one mutation ‘hot spot’ was identified
at the same amino acid position 482 in mouse Abcg2 [32]. In the
case of mouse Abcg?, variants of arginine, serine and methionine
significantly affect the drug-resistance profile in cancer-cell lines
[32].

To examine the function of ABCG2 as a drug transporter,
we have previously established ABCG2-overexpressing Sf9 {fall
armyworm (Spodoptera frugiperda)] insect cells and tried to
measure drug-induced ATPase activity [23]. However, because
of a high activity of endogenous ATPase present in the plasma
membrane, we were not able to accurately measure the drug-
induced ATPase activity of ABCG2 [23]. Ozvegy etal. [21]had a
similar difficulty in the case of the [Arg®™]ABCG2. In this context,
the vesicle transport system we used in the present study may offer
a simple and practical tool to elucidate the substrate specificity
and transport activity of human ABCG?2 and its variants.

Homodimer formation of ABCG2

Since ABCG? is an ABC half-transporter, it has been suspected
that ABCG?2 functions as a homodimer or heterodimer [15}. Most
recently, using cross-linking reagents and specific antibedics,
Litman et al. [33] provided evidence for the formation of
an ABCG2 homodimer. In addition, Kage et al. [34] have
recently established PA317 transfectants expressing c-Myc
oncoprotein (Myc)- and haemagglutinin (HA)-epitope-tagged
ABCG2 proteins, and they demonstrated that those hybrid
proteins formed S-S homodimers. In the present study, by
expressing native ABCG2 (without tag) in HEK-293 cells, we
could provide more direct evidence that human ABCG2 exists in
the plasma membrane as a homodimer bound through cysteinyl
disulphide bond(s) (Figure 6). Treatment with mercaptoethanol
decreased the apparent molecular mass of ABCG2 from 140
to 70kDa (Figure 6A). It is noteworthy that ATP-dependent
transport of methotrexate by [Arg**]JABCG2 was little affected
by mercaptoethanol treatment (Figure 6B). Thus disulphide-bond
formation does not appear to be required for the transport function
of ABCG2.

On the basis of the ¢cDNA sequence, a total of 12 cysteine
residues exist in the ABCG2 peptide. From a biochemical point
of view, it may be interesting to study which cysteine residues
participate in the disulphide-bond formation and how inter-
peptide disulphide bonds are formed in the cell. Furthermore,
ABCG1, ABCG4, ABCG5 and ABCGS have been hitherto
identified as ARC half-transporters [35], and it would be of
interest to know whether those half-transporters also form homo-
dimers or heterodimers via disulphide bonds as does ABCG2.

Concluding rematks

ABCG2 is expressed in human normal tissues such as placental
syncytiotrophoblasts, the epithelium of the small intestine and

colon, the liver canalicular membrane, and ducts and lobules of
the breast [36]. In addition, expression of ABCG?2 is detected in
venous and capillary endothelium [36]. Furthermore, relatively
high expression of ABCG2 is observed in approx. 30% of
acute-myeloid-leukaemia patients [37] and is correlated with
an immature immunophenotype as determined by expression
of the surface marker CD34 [38]. Not only expression levels,
but also intrinsic genetic polymorphisms and acquired mutations
of ABCG?2, are suggested to affect the pharmacokinetic profile of
drugs and thereby lead to individuval variations in the drug res-
ponse. Recently, two single-nucleotide polymorphisms (SNPs)
leading to amino acid substitutions (i.e., Val?— Met and
GIn™ — Lys) for ABCG2 have been found in the Japanese
population [39]. It is critically important to validate such SNPs
and mutations by examining the actual function of the resulting
gene products.
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Abstract

We have recently reported on two novel human ABC transporters, ABCCL1 and ABCC12, the genes of which are tandemly located on
human chromosome 16q12.1 [Biochem. Biophys. Res. Commun. 288 (2001) 933). The present study addresses the cloning and
characterization of Abccl2, a mouse orthologne of human ABCCI12. The cloned Abcel2 cDNA was 4511 bp long, comprising a 4101 bp
open reading frame. The deduced peptide consists of 1367 amino acids and exhibits high sequence identity (84.5%) with human ABCCI12.
The mouse Abcci2 gene consists of at least 29 exons and is located on the mouse chromosome 8D3 locus where conserved linkage
homologies have hitherto been identified with human chromosome 16q12.1. The mouse Abcel2 gene was expressed at high levels
exclusively in the seminiferous tubules in the testis. In addition to the Abcel2 transcript, two splicing variants encoding short peptides (775
and 687 amino acid residues) were detected. In spite of the genes coding for both ABCC11 and ABCC12 being tandemly located on human
chromosome 16q12.1, no putative mouse orthologous gene corresponding to the human ABCCII was detected at the mouse chromosome
8D3 locus.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: ATP binding cassetle transporter; Mouse; Abeel2; Mouse chromosome 8; Human chromosome 16; Sertoli cell

1. Introduction published draft sequence of the human genome, more than
50 human ABC transporter genes (including pseudogenes')

The ATP-binding cassette (ABC) transporters form are anticipated to exist in the human genome. Hitherto
one of the largest protein families and play a biologically 49 human ABC-transporter genes have been identified and
important role as membrane transporters or ion channel sequenced (recent reviews: Klein et al.,, 1999; Dean et al.,

modulators (Higgins, 1992). According to the recently 2001; Borst and Oude Elferink, 2002). Based on the
arrangement of their molecular structural componeats, i.e.
the nucleotide binding domain and the topology of trans-

- . . .
The ¢DNA sequences of mouse Abcel2 and its splice variants A and B membrane spanning domains, human ABC transporters are

have been registered in GenBank under the accession numbers of

AFS02146 (April 12, 2002), AF514414 (May 22, 2002), and AF514413 classified into seven different gene families designated as A
(May 22, 2002), respectively. to G (the new nomenclature of human ABC transporter
Abbreviations: ABC, ATP-binding cassette; EST, expresed genes: http://gene.ucl.ac.uk/nomenclature/genefamily/abe.
sequence tag; MRP, multidrug resistance-associated protein; GA.P!)H, html). Mutations in the human ABC transporter genes
glutaraldchyde dehydrogenase; GS-X, pump, ATP-dependent glutathione ) .. .
S-conjugate export pump; RT—PCR, reverse transcriptase—polymerase have been reported to cause such genetic diseases as Tangier
chain reaction, P
* Corresponding author, Tel.: +81-45-924-5800; fax: +81-45-924-5838. ' A truncated human ABC teansporter, ABCC13 (GenBank accession
E-mail address: tishikaw@bio.titech.ac.jp (T. Ishikawa). number: AF418600), has most recently been cloned (Yabuuchi et al., 2002).

0378-1119/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved,
doi:10.1016/50378-1119(03)00504-3
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disease, cystic fibrosis, Dubin—Johnson syndrome, Star-
gardt disease, and sitosterolemia {recent reviews: Dean et al.,
2001; Borst and Oude Elferink, 2002).

We originally reported that transport of glutathione
S-conjugates and leukotriene Cy; (LTC,) across the cell
membrane is mediated by an ATP-dependent transporter
named the ‘GS-X pump’ (Ishikawa, 1989, 1992}); however,
the molecular nature of the transporter was not uncovered
at that time. Later studies have provided evidence that the
GS-X puinp is encoded, at least, by the ABCC1 (MRPI)
gene (Leier et al., 1994; Miiller et al., 1994).. ABCCI
(MRP1) was first identified by Cole et al. (1992) in the
molecular cloning of ¢DNA from human multidrug-
resistant lung cancer cells. Afier the discovery of the
ABCCl (MRP1) gene, six human homologues, ABCC2
{cMOAT/MRP2), ABCC3 (MRP3), ABCC4 (MRP4),
ABCCS5 (MRP5), ABCC6 (MRFP6), and ABCC10 (MRP7)
have been successively identified. Those ABC transporters
exhibit a wide spectrum of biological functions and are
involved in the transport of drugs as well as endogenous
substances (see recent reviews: Borst and Oude Elferink,
2002; Ishikawa, in press).

Most recently, our group (Yabuuchi et al., 2001) and
others (Tammur et al., 2001; Bera et al., 2001, 2002) have
independently discovered two novel ABC transporters,
human ABCC1t (MRP8) and ABCCIl2 (MRPY), that
belong to the ABCC gene family. The predicted amino
acid sequences of both gene products show a high similarity
with ABCC3. The ABCCII and ABCC12 genes consist of at
least 30 and 29 exons, respectively, and they are tandemly
located in a tail-to-head orientation on human chromosome
16q12.1 (Yabuuchi et al., 2001; Tammur et al., 2001). The
physiological functions of these genes are not yet known;
however recent linkage analyses have demonstrated that a
putative gene responsible for paroxysmal kinesigenic
choreoathetosis (PKC), a genelic disease of infancy, is
located in the region of 16p11.2-q12.1 (Lee et al., 1998;
Tomita et al., 1999). Since the ABCCJ1 and ABCCI2 genes
are encoded at that 16q12.1 locus, a potential link between
the PKC gene and these ABC transporters has been implicated,

To elucidate the physiological function of human
ABCCI11 and ABCCI2, knockout mice are considered to
be a useful animal model. For this reason, we have
undertaken the present study to pursue mouse orthologues
of ABCC11 and ABCC12, In this study, we have cloned the
cDNA of mouse Abccl?2 and characterized its chromosomal
location, gene organization, tissue-specific expression, the
putative protein structure, and splicing variants.

2. Materials and methods

2.1. Cloning of mouse Abce 12 cDNA

Mouse EST clones bearing a high similarity to partial
sequences of human ABCC 12 ¢cDNA were extracted from
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the NCBI mouse EST database and the mouse cDNA
‘FANTOM 2’ database of RIKEN (The FANTOM Con-
sortium, 2002) by wsing the NCBI BLAST search program
(Fig. 1). We have screened multiple tissue cDNA libraries
(MTC, Clontech, Palo Alto, CA, USA) by PCR with the
following primers deduced from the EST sequences: the
forward primer, 5'-AGTTCCCTCATTTCAGCTCTCC-
TAGGAC-3, and the backward primer, 5-GCAGGTA-
GAGCTGACGATTAGCATAC-3. High expression was
detected in mouse testis.

To clone the mouse Abccl2 ¢cDNA from the testis, we
have designed four sets of PCR primers, as shown in Fig. 1,
The PCR primer sets were as follows: ¢12-]1 (the forward
primer: 5-GCCAAAAGTCGAGGGCTCCAAAACACC-3'
and the backward primer; 5-GGCCACTGCTTTGACC-
GAGAA-3), ¢12-2 (the forward primer: 5'-GGCTGGC-
TATGTCCAAAGTGGAA-3 and the backward primer:
5'-GATGCCAAACATCAACACAGACACC-3), ¢12-3
(the forward primer: 5-GATGATGGGCAGCTCTGCTT-
TC-3' and the backward primer: 5-TCACATGTCCA-
TCGCCTCCTCTCA-3'), and ¢l12-4 (the forward primer:
5'- GCCCGACTCTGCATTTGCGA-3' and the backward
primer: 5-CAAAATCCAGGAACGCTGTCATCTCC-3").
The PCR reaction was performed with mouse testis cDNA
(Clontech} and Ex Tag polymerase (TaKaRa, Japan), where
the reaction consisted of 30 cycles of 95 °C for 305, 58 °C
for 305, and 72°C for 90s. After agarose gel electro-
phoresis, the PCR products were extracted from the gels and
subsequently inserted into TA cloning vectors (Invitrogen,
Japan). The sequences of the inserts were analyzed with
an automated DNA sequencer. (Toyobe Gene Analysis,
Japan). The whole cDNA of mouse Abcc12 was obtained by
assembling those partial sequences.

2.2. Detection of mouse Abce 12 transeripts by PCR in
different tissues

The expression of mouse Abce 12 in different organs was
examined by PCR with the mouse Multiple Tissue cDNA
{MTC, Clontech). Two sets of PCR primers were designed
to detect the corresponding transcript (Fig. 1), namely, the
primer set #1 detecting the 5'-part of Abecl2 cDNA (the
forward primer: 5-CCACTGTCTCCTTATGACTCATCG-
GAC-3, the backward primer: 5-GGGACAAAACAAGG-
CAGCCTCAAAC-3") and the primer set #2 recognizing
the 3'-part of Abecl2 cDNA (the forward primer: 5'-TAT-
GGCCCGGGCACTTCTCCGTAA-3', the backward primer
5-GACCTTTACAGTCCAACCTCTGCAGCTAGT-3).
The PCR reaction consisted of 35 cycles of 95 °C for 30 s,
58 °C for 30s, and 72 °C for 30s. The reaction products
were detected by agarose gel electrophoresis,

2.3. Northern blot analysis

Mouse organs (i.e. heart, kidney, brain, testis, spleen,
stomach, liver, thymus, and small intestine) were surgically
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Fig. 1. Strategy for the cloning of mouse Abec12 cDNA. The open reading frame (ORF) is indicated by a box. The cleavage sites by restriction enzymes {(Acc,
Dralll and Peil) are also indicated. The cDNA was cloned by PCR with four sets of primers, ¢12-1, ¢12-2, ¢12-3, and c¢12-4, as described in Section 2. The
forward and backward PCR primers are indicated by arrows, and the resulting PCR produets are represented by straight lines. ESTs and the FANTOM 2 cDNA
are sorted according to the sequence homology with Abce12 eDNA. PCR products used to detect the Abce2 transcript in different tissues are indicated by #1

and #2.

excised from Balb/C mice (10 weeks old) under anesthesia
and immediately frozen in liquid nitrogen. The tissue was
pulverized in a mortar containing liquid nitrogen. The
resulting tissue powder was subsequently homogenized in
TRIzol (Invitrogen, Japan) by using a Polytron homogen-
izer, and total RNA was extracted according to the manu-
facturer’s protocol. A sample (15 pgflane as determined by
absorbance at 260 nm) of RNA, thus prepared, was sub-
jected to electrophoresis in 1% (w/v) agarose gels contain-
ing formaldehyde and then transferred to Hybond-XL
membranes {Amersham Pharmacia Biotech). RNA was
fixed on the membrane surface by baking at 80 °C for 2 h.

Three different DNA probes enceding partial sequences
(463-1165; 1440-2116; 3660—4154) of the Abecl2 cDNA
ORF were prepared and separately labeled with [*pldCTP
by using the BcaBest labeling kit (TaKaRa) according to the
random-primed labeling method. Hybridization with those
DNA probes was carried out according to the hybridization
protocol of the Expresshybri kit (Clontech), and the hybrid-
ization signal was detected in a BASS 2000 (Fuji Film,
Japan).

2.4. Laser-captured microdissection and RT-PCR

The frozen tissue of mouse testis was cut into thin
sections (5 um thickness) with a microtome (Leika GmbH,
Germany) and mounted onto glass slides. The tissue slice on

the glass slide was stained in 70% Giemsa solution. After
staining, the tissue slices were dehydrated in 100% ethanol
and subsequently in 100% xylene. The slide was air-dried,
and the seminiferous tubules and the interstitium in the
tissue slices were excised by laser-capture microdissection
with an Arcturns PixCell 2 LCM system (Arcturus
Engineering, Mountain View, CA). The dissected samples
were homogenized in 200 pl of TRIzol, and RNA was
extracted, mRNA was then converted to cDNA by reverse
transeriptase (RT) using a SensiScripts kit (Qiagen).
Expression of mouse Abcc12 in these samples was detected
by PCR with the same primers and under the same
conditions as described in Section 2.2.

2.5. In situ hybridization

The testis was surgically excised from mice under
anesthesia and immersed in phosphate-buffered saline
(PBS) containing 4% paraformaldehyde. The tissue was
embedded in paraffin, and thin sections {4 pm thickness)
were prepared with a microtome. The resulting thin sections
were soaked in xylene three times (3 min for each) and
twice in 100% ethanel (3 min for each). Thereafter, sections
were rinsed in 70% ethanol and subsequently in 0.1%
DEPC-treated water three times. Prior to hybridization, the
sections were treated with proteinase K (1:400 v/v) in Tris-
buffered saline (TBS) at room temperature for 10 min and
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A Mouse Abccl?2 1 MVGEGFYLISDLDRRGHRRSFAERYDPSLKTMIPVRPRARLAPNPVDDAGLLSFATFSWL 60
Human ABCCL2 1 MVGEGPYLISDLDQRGRRRSFAERYDPSLKTMIPVRPCARLAPNPVDDAGLLSFATFSWL 60
Mouse Abccl2 61 TEVMIRSYKHTLTVDTLPPLSPYDSSDINAKREQILWEEEIKRVGPEKASLGRVVWKFQR 120
Human ABCC12 6l TPVMVKGYRQRLTVDTLPPLSTYDSSDTNAKRFRVLWDEEVARVGPEKASLSHVVWK?QR 120

Mouse Abcel2 121 TRVLMDVVANILCIVMAALGPTVLIHQILQHITSISSGHIGIGICLCLALFTTEFTKVLE 180
Human ABCC12 121 TRVLMDIVANILCIIMAAIGPTVLIHQILOQTERTSG-KVWVGIGLCIALFATEFTKVEE 179

Mouse Rbccl2 181 WALAWAINYRTAIRLKVALSTLIFENLLSFKTLTHISAGEVLNILSSDSYSLFEAALECP 240
Human ABCC12 180 WALAWAINYRTAIRLKVALSTLVFENLVSFKTLTHISVGEVLNILSSDSYSLFEAALFCP 239

Mouse Abccl2 421 PPSYITQPEDPDTILLLANATLTWEQEINRKSDPPKAQIQKRHVFKKORPELYSEQSRSD 480
Human ABCCl2 420 PPSYITQPEDPDTVLLLANATLTWEHEARQESTPKKLONQKRHLCKKQRSEAYSERSPPA 479

Walker A
Mouse Abccl2 481 QGVASPEWQSGSPKSVLHNISFVVRKGKVLGI(GNVGSGK]SLISALLGOMQLOKGVVAY 540
Human ABCC12 480 KGATGPEEQSDSLKSVLHSISFVVRKGKILGICGNVGSGKESLLAALLGQMQLQKGVVAV 539
Mouse Abcel2 541 NGPLAYVSQQAWIFHGNVRENILFGEKYNHQRYQHTVHVCGLOKDLNSLPYGDLTEIGER 600
Human ABCC12 540 NGTLAYVSQQAWIFHGNVRENILFGEKYDHORYOHTVRVCGLQKDLSNLPYGDLTEIGER 599

Signature C Walker B
Mouse Abcell2 601 GVﬁEsGGQRQRISLARA»YANRQLYLLEDPLSAVDAHVGKHVFEECIKKTLKGKTVVLVT 660

Human ABCC12 600 GLN[LSGGORORISLARAVYSDRCILYLLIDPLSAVDARVGKHVFEECIKKTLRGKTVVLVT 659
Mouse Abccl2 661 HQLQFLESCDEVILLEDGEICEKGTHKELMEERGRYAKLIHNLRGLQOFKDPEHIYNVAMYV 720
Human ABCC12 660 HQLOFLESCDEVILLEDGEICEKGTHKELMEERGRYAKLIHNLRGLOFKODPEHLYNAAMV 719
Mouse Abcecl2 721 ETLKESPAQRDEDAVLASGDEKDEGKEPETEE-FVDTNAPAHOLIQTESPQEGIVTHWKTY 179
Human ABCCl2 120 EAFKESPAEREEDAVLAPGNEKDEGKESETGSEFVDTKVPEHQLIQTES PQEGTVTWKTY 779
Mouse Abcel2 780 HTYIKASGGYLVSFLVLCLFFLMMGSSAFSTWWLGIWLDRGSOVVCASONNKTACNVDOT 839
Human ABCC12 780 HTYIKASGGYLLSLETVFLFLLMIGSAAFSNWWLGLWLDKGSRMTCGEQGNRTMCEVGAY 8139
Mouse Abccl2 840 LODTKHHMYQLVYIASMVSVLMEGIIKGETFTNTTLMASSSLHNRVENKIVRSPMSFFDT 899
Human ABCCL2 840 LADIGQHVYQRVYTASMVFMLVFGVTKGEVETKTTLMASSS LHDTVEDKILKSPMSFEDT 859
Mouse Abccl2 900 TPTGRLMNRFSKDMDELDVRLEFHAENFLOQOFFMVVE ILVIMARVEPVVLVVLAGLAVIF 959
Human ABCC12 900 TPTGRLMNRFSKDMDELDVRLPFHAENFLOQFEMVVEILVILAAVFPAVLLVVASLAVGE 959
Mouse Abeel2 960 LILLRIFHRGVQELKQVENISRSPWFSHITSS IQGLGVIHAYDKKDDCISKFKTLNDENS 1019
Human ABCC12 960 FILLRIFHRGVQELKKVENVSRSPWFTHITSSMOGLGIIHAYGKKESCIT-Y-mmmmmmm 1010

Mouse Abccl2 1020 SHLLYFNCALRWFALRMDILMNIVTFVVALLVTLSFSSISASSKGLSLSYITQLSGLLOV 1079
Human ABCC12 1011 -HLLYENCALRWFALRMDVLMNILTFTVALLVTLSFSSISTSSKGLSLSYITQLSGLLOV 1069

Mouse Abccl2 1080 CVRTGTETQAKFTSAELLREYILTCVPEHTHPFKVGTCPKDWPSRGEITFKDYRMRYRDN 1139
Human ABCC12 1070 CVRTGTETQAKFTSVELLREYISTCVPECTHPLKVGTCPKDWPSCGEITFRDYQMRYRDN 1129
Walker A

Mouse Abccl? 1140 TPLVLDGLNLNIQSGQTVGIVWGRTGSGKYSLGMALFRLVEPASGTITIDEVDICTVGLED 1199
Human ABCC12 1130 TPLVLDSLNLNIQSGQTVGIVGRIGSGKYSLGMALFRLVEPASGTIFIDEVDICILSLED 1189

Mouse Abcel? 1200 LRTKLTMIPQDPVLEFVGTVRYNLDPLGSHTDEMLWHVLERT FMRDT IMKLEEKLQREVTE 1259
Human ABCC12 1190 LRTKLIVIPQDPVLFVGTVRYNLDPFESHTDEMLWQVLERTFMRDTTMKLEEKLOAEVTE 1249
Signature C Walker B

Mouse Abcel? 1260 NGEﬂESVGEROLLCMARAL RNSHIILLOEATASMDSKTDTLVQSTIKEAFKSCTVLTIA 1319
Human RBCC12 1250 NGEMEFSVGERQLLCVARAULRNSKIILLIOEATASMDSKTDTLVQNT IKDAFKGCTVLTIA 1309

Mouse Abccl2 1320 HRLNTVLNCDLVLVMENGKVIEFDKPEVLAEKPDSAFAMLLAAEVGL 1366
Huoman ABRCCL2 1310 HRLNTVLNCDHVLVMENGKVIEFDKPEVLAEKPDSAFAMLLAAEVRL 1356

Fig. 2. Alignments of the mouse Abccl2 and human ABCC!2 proteins. (A) Amino acid sequences were aligned by using the GENETYX-MAC program. The
Walker A and B motifs as well as the signature C are indicated by boxes. (B) The hydropathy plots of mouse Abcel?2 (this study) and human ABCCI2
(Yabuuchi et al,, 2001). The hydropathy profiles were calculated according to the Kyte and Doolitile (1982) algorithm,
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