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TABLE 111 - KINETIC PARAMIETERS FOR ATP-DEPENDENT TRANSPORT OF CPT ANALOGUES DETERMINED BY MEMBRANE VESICLE TRANSPORT

CPT PC-6 PC-6/SN2-5H2 HEK293 HEK93/[Lys 141 JABCG2
unulogues Km Vmux VIK Km Vmax VIK Km Viax VIK Km Vs VIK
SN-38 2.8 12.7 4.6 6.2 2000 376 38 5.9 1.6 23 400 175.4
SN-398 2.5 5.0 20 8.7 1563 1789 3.7 36 1.0 1.4 200 147.1
SN-355 ND ND ND 5.7 769 135.1 ND ND ND 4.1 476 1149
SN-392 12.5 15.8 1.3 8.1 1000 120.5 0.7 4.3 5.8 2.1 154 73.0

ATP-dependent ransport of CPT analogues was measured with plasma membrane vesicles prepared from PC-6, PC-6/SN2-5H2, HEK?293 and
[Lys141JABCG2-transfected HEK293 cells. Kinetic parameters such as the Michaelis-Menten constant (Km) and the maximum velocity {(Vmax)
were calculated from Lineweaver-Burk plots. The units of Km and Vmax value are pM and pmol/mg protein/min, respectively. ND indicates

not detected.
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Ficure § - Correlation between drug resistance ratio and polarity of
CPT analogues. Retention time of CPT analogues was measured by
HPLC. See Figure 1 for the symbols of CPT analogues. Drug resis-
tance ratio is calculated from the ratio of ICg, (PC-6/SN2-5SH2V/IC.,
(PC-6).

with high polarity, i.e., SN-355, SN-392 and SN-398, are closely
related to ABCG2-associated drug resistance because they are
extruded from tumor cells by ABCG2. To circumvent ABCG2-
associated drug resistance, the present study strongly suggests that

CPT analogues with low polarity would be good candidates for the
molecular design of CPT-based antitumor drugs. Furthermore, it is
important to mention that our SN-38 analogues with low polarity
were not substrates of P-glycoprotein (ABCB I/MDRI1/P-gp; data
not shown).

CPT analogues and polyvinorphism of ABCG2

In the present study, we have cloned ABCG2 from PC-6/SN2-
5H?2 cells. The cloned cDNA encodes the ABCG2 protein with an
arginine at amino acid 482, as does the wild type of ABCG2.
However, the amino acid at position 141 of the cloned ABCG2 has
been changed from Gln to Lys. This type of variation (Glnl141Lys)
has hitherto been reported as a natorally occurring SNP of
ABCG?2. The Glnl141Lys palymorphism has recently been identi-
fied in healthy Japanese volunteers as well.® We investigated the
effects of this SNP on the substrate specificity of ABCG2, using
ABCG2-transfected cells with Gln at amino acid 141. The substi-
tution of Lys141 to Gln141 did not affect the substrate specificity
toward CPT analogues (data not shown).

The importance of ABC transporters in various diseases and
biophylaxis has recently begun to be clarified. Molecular design
based on the drug transport mechanisms of ABC transporters can
improve the effectiveness of antitumor drugs and contribute to
development of resistunce-reversal drugs as well as new antitumor
drugs. The transport mechanism-based molecular design strategy
can also provide an effective tool for personalized chemotherapy
against tumors. In this regard, we do hope that the CPT analogues
tested in the present study would contribute to the molecular
design of new antitumor drugs to cure the disease.
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frinotecan (CPT-11) is a widely-used potent anticancer
drug that inhibits mammalian DNA topoisomerase |,
however overexpression of the ATP-binding cassette
transporter ABCG2 can confer cancer cells resistance
to SN-38, the active form of CPT-11. In the present
study, we have examined the contribution of three
variant forms of ABCG2 to SN-38 resistance.
Exogenous expression of the Arg482 (wild type),
Gly482, and Thr482 variants of ABCG2 conferred
HEK293 cells resistance to SN-38 by 15.0-, 5.0-, and
5.3-fold, respectively. In plasma membrane vesicles
prepared from the ABCG2 variant cDNA-transfected
HEK?293 cells, [Arg482]ABCG2 transported SN-38 and
its glucuronide conjugate in an ATP-dependent
manner; however, only minimal transport activities
were observed with the other variants (Gly482 and
Thr482). In addition, we have screened natural
flavonoids to find potent inhibitors of
[Arg482)ABCG2. Quercetin was found to be the
strongest Inhibitor (Ki = 0.28 1M) among natural
flavonoids tested in the plasma membrane system in
this study. When [Arg482]ABCG2-transfected HEK293
cells were incubated with SN-38 in the presence of 20
uM quercetin, cellular resistance to SN-38 was partly
reversed. [n this context, certain flavonoid derivatives
are considered to be good candidates for development
of ABCG2 inhibitors.

Key words: ABC transporter, ABCG2, BCRF,
irinotecan, multidrug resistance, flavonoid

Abbreviations: ABC, ATP-binding cassette;
Irinotecan, 7-ethyl-10-[4-{1-piperidino)-1i-
piperidino]-carbonyloxycamptothecin (CPT-11);
SN-38, 7-ethyl-10-hydroxycamptothecin, SN-
38glu, the glucuronide conjugate of SN-38; HEK,
human embryonic kidney; IC,, drug concentration
required for 50%-inihibition; Ki, inhibition constant;
MTT, bromo-3-(4,5-dimethyl-2-thiazoyl)-2,5-
diphenyltetrazolium.

INTRODUCTION

Camptothecin, an alkaloidal anticancer drug, was
originally isolated from the Chinese tree Camptotheca
acuminata by Wall et al. (1) in 1966. Clinical and
preclinical studies, however, revealed reversible bone
marrow depression and hemorrhagic cystitis as the
major dose-limiting toxicity of camptothecin (2,3).
Thus, efforts have been directed at finding new
camptothecin derivatives with higher anticancer
activity and less toxicity. Kunimoto et al. (4) and
Sawada et al. (5) have synthesized a potent and safer
camptothecin derivative that is named irinotecan or
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CPT-11. At present, CPT-11 is widely used for clinical
chemotherapy of human cancer. CPT-11 is a prodrug
whose anticancer activity is exerted by 7-ethyl-10-
hydroxycamptothecin (SN-38), the active metabolite of
CPT-11 (6). The molecular target of SN-38 is
mammalian DNA topoisomerase I (Topo I). Like other
camptothecin derivatives, SN-38 forms 2 Topo I-DNA-
drug covalent complex to irreversibly inhibit the
enzyme activity. :

Despite enormous expense and efforts spent on the
development of cancer chemotherapies, however,
acquired and intrinsic drug resistance in cancer is the
major obstacle to long-term, sustained patient response to
chemotherapy. There is accumulating evidence that the
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 chemotherapentic drugs (7).

It has recently been reported that overexpression of
ABCG?2 confers cancer cells resistance to camptothecin-
based anticancer drugs (8-10). In a previous study, SN-38-
selected PC-6/SN2-5H human lung carcinoma cells were
shown to overexpress ABCG2 with the reduced
intracellular accumulation of SN-38 and its glucuronide
metabolite (11). 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
ABCG?2 is involved in the active extrusion of SN-38 and
its metabolite from cancer cells (12).

To date, at least three variant forms of ABCG2 have
been documented on the basis of amino acid moieties
at position 482, which resides within the third
transmembrane domain. The wild-type form of
ABCG?2 has an arginine (Arg) at that position (13),
whereas other variants cloned from cancer cell lines
(14,15) have glycine (Gly) and threonine (Thr) at
position 482. Our group and others have recently
demonstrated that the substrate specificities and
resistance profiles of ABCG2 greatly differ among
those variant forms (16-20). In the present study, to
elucidate the role of ABCG2 variants in the cellular
resistance to SN-38, we have expressed each variant
form of ABCG2 in HEK?293 cells and examined their
transport activity and substrate specificity toward SN-
38 and SN-38glu. In this report, we provide direct
evidence that [Arp482]ABCG2 transports SN-38.

In addition, inhibitors of [Arg482]ABCG? are of
great interest as chemosensitizers for clinical drug
resistance to improve the pharmacokinetic profile of
chemotherapeutic drugs. In this study, we have screened
natural flavonoids to discover potent inhibitors of
[Arg482]ABCG2. Quercetin was found to be the
strongest inhibitor among natural flavenoids tested.

MATERIALS AND METHODS
Chemicals

SN-38 lactone and SN-38glu were provided by
Yakult Honsha Co., Ltd. (Tokyo, Japan). SN-38
carboxylate was prepared by incubating SN-38 lactone
with 100 mM NaOH at 4°C for 30 min. Mitoxantrone,
doxorubicin, daunorubicin, vincristine, methotrexate,
and cisplatin were purchased from Sigma-Aldrich
Corp. (St. Louis, MO). Paclitaxe! (taxol) and etoposide
were from CALBIOCHEM (Schwalbach, Germany).
Mitomyecin C was obtained from Kyowa Hakko
Kogyo, Ltd. (Tokyo, Japan). Quercetin, theaflavine,
theaflavine 3-O-gallate, catechin, and epigallocatechin,
and epigallocatechin gallate were purchased from
Nacalai Tesque (Kyoto, Japan).'All other chemicals
were of analytical grade.

Cell lines

HEK?293 cells were transfected with the pcDNA3.1 .
vector carrying the ABCG2 ¢DNA as described
previously (18). Single colonies resistant to G418
(Nacalai Tesque, Kyoto, Japan) were picked and sub-
cultured. HEK293 transfectants were maintained in
Dulbecco’s modified Eagle’s medium (D-MEM)
supplemented with 10% (v/v) heat-inactivated fetal
calf serum (FCS), penicillin (100 p/ml), and
streptomycin (100 mg/ml) in a humidified atmosphere
of 5% CO, in air, The number of viable cells was
determined in a hemocytometer by Trypan Blue dye
exclusion.

Immuno-fluorescence microscopy

Mock- and ABCG2-transfected HEK293 cells were
seeded on microscopic cover glasses and incubated
under the above-mentioned culture conditions over
night. Cells were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) at room temperature,
Thereafter, cell membranes were permeabilized by
incubating the cells with 0.1% Triton X100 in PBS at
room temperature for 5 min. Cells were then treated
with the BXP-21 antibody (1:20 dilution; SIGNET,
Dedham, MA) as the first antibody and subsequently
with the Cy3-conjugated anti-mouse IgG antibody
(1:500 dilution; Jackson ImmunoResearch
Laboratories, Inc., Baltimore, MA), The immuno-
fluorescence of HEK293 cells was detected with a
confocal laser-scanning fluorescence microscope
IX70/Fluoview (Olympus, Tokyo, Japan).
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Figure 1. Expression of ABCG2 variant forms in HEK293 cells and their effect on the cellular sensitivity toward SN-
a8, Differential interference and immuno-fluorescence images of mock- and ABCG2 variant-transfected HEK293
cells (A). The ABCG2 protein was immunologically detected as described in MATERIALS AND METHODS. Celiular
sensitivity of ABCG2-expressing HEK293 cells to SN-38 (B). HEK293 cells transfected with the mock vector or
ABCG?2 (Arg482, Gly482, and Thr482)-expression vectors were incubated in 100 p! of the culture medium
containing SN-38 at different concentrations in 96-well plates. After incubation in a humidified tissue-culture
chamber (5% CO,) at 37°C for 72 h, surviving cells were detected by the MTT assay (see MATERIALS AND
METHODS). Data are expressed as mean values + S.D. of triplicate experiments.
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Table 1. Drug resistance profifes of HEK293 calls transfected with a mock vector or ABCG2 variant-expression vectors.

IC,, InM] (Resistance ratio)

Drug Mock Argds2 Gly4s2 Thr4s2
SN-38 3.1+£0.3 45.0 + 3.1 {14.8)* 181 +2.1 (4.9 16.2£2.2 (5.2
Mitoxantrone 1.7+ 01 24.7 £ 0.1 (14.5)* 79.2+1.0 (46.6)" 891.6+ 29 (53.9)*
Doxorubicin 7.0+ 0.6 85+1.0{1.2) 482 + 4.5 (6.9)* 345 + 25 (48.3)*
Daunorubicin 9512 11.0£0.89{1.2) 60.5 + 4.8 (6.3)* 305 =23 {32.1)*
Vincristine 1.4£01 1.4£0.2(1.0) 3.7:0.3(2.6) 9.0 + 0.4 {8.4)*
Taxol 41202 8.0 £ 0.6 (2.0) 8.2+0.5(2.2) 16.0x 0.9 (3.9)
Etoposide 241 x 22 270+ 16 (1.1) 203 £ 20 (0.8) 233 1 29 (1.0)
Mitamycin C 30.2+241 28.3x3.0{0.9) 3B.1x22(1.2) 45.2x 3.5 (1.5)
Methotrexate 58150 73.1£82(1.3) 62.0+3.5(1.1) 63.3+4.5(0.9)
Cisplatin 1103 + 95 1051 + 89 (1.0) 1201 £ 67 (1.1) 1104 + 103 {1.0)

Celis were incubated with the drugs indicated in the table at different concentrations {1 nM io 10 uM). IC,, values were calculated
as described in MATERIALS AND METHODS and are expressed as mean values + 8.0, (n = 3). Resistance ratlo = (I1C,, for
ABCG2 variani-transfacted cellsMIC,, for mock vector-transfected cells).

*P<0.01 (Student’s -test)

Profiling of drug resistance

A growth inhibition (IC,,) assay was performed by
seeding HEK293 cells at a density of 2,000 cells per
well in 96-well plates containing the culture medium
(100 pl/well), After 24 h, drugs were added to the culture
medium at different concentrations (1 nM to 10 pM), and
cells were further incubated with the drug in a
humidified tissue-culture chamber (37°C, 5% CO,) for
72 h. To investigate the effect of natural flavonoeids,
cells were incubated in the presence of a flavonoid (20
UM) in the same manner. Surviving cells were detected
by the MTT assay, as previously described (18). IC,,
values were calculated from dose-response curves (ie.,
cell survival vs. drug concentration) obtained in
triplicate experiments,

Preparation of plasma membrane vesicles from
HEK293 cells

HEK293 cells (approximately 2 x 10° cells) were
harvested by centrifugation and suspended in 100 ml of
ice-cold PBS. After centrifugation at 500 x g for 5 min,
the cell pellet was diluted 40-fold with a hypotonic
buffer (0.5 mM sodium phosphate pH 7.0 and 0.1 mM
EGTA) and homogenized with a Potter-Elvehjem
homogenizer. After centrifugation at 9,100 x g, the
resulting supernatant was centrifuged at 100,000 x g
for 30 min, and the resulting pellet was suspended in
250 mM sucrose containing 10 mM Hepes/Tris
(pH 7.4). The crude membrane fraction was layered
over 2 38% (w/v) sucrose solution and centrifuged at
- 100,000 x g for 30 min. The turbid layer at the

interface was collected, suspended in 250 mM sucrose
containing 10 mM Hepes/Tris (pH 7.4), and
centrifuged at 100,000 x g for 30 min. The membrane
fraction was collected and resuspended in a small
volume (150 to 250 ) of 250 mM sucrose containing
10 mM Hepes/Tris (pH 7.4). After the protein
concentration was measured by the BCA Protein Assay
Kit (Pierce, Rockford, IL}, the membrane suspension
was stored at —80 "C until used.

Detection of ATP-dependent transport of SN-38 and
its glucuronide conjugate

Frozen stocked membrane suspension was thawed
quickly at 37°C, and vesicles were formed by passing the
suspension through a 27-gauge needle. The standard
incubation medium contained plasma membrane vesicles
(50 ug of protein), 250 mM sucrose, 10 mM Hepes/Tris
(pH 7.4}, 10 mM MgCl,, 5 mM ATP, 10 mM creatine
phosphate, and 100 mg/ml of creatine kinase in a final
volume of 80 pl. To examine the inhibitory effect of
flavonoids, the standard incubation medium contained a
flavonoid to be tested at various final concentrations
(0.25 to 25 pM). The reaction was started by adding the
substrate, i.e., SN-38 or SN-3%8 glu, to the incubation
medium. The reaction was cartied out at 37°C, and the
transport reaction was stopped at specified time points by
the addition of 800 pl of ice-cold stop buffer solution
containing 150 mM NaCl, 2 mM EDTA, and 10 mM
Hepes/Tris (pH 7.4). The mixture was subsequently
centrifuged at 16,000 x g for 30 min at 4°C, and the
resulting precipitate was washed three times with the
stop buffer solution (1.5 ml for each). The amount of the
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Figure 2. ATP-dependent transport of SN-38 and its glucuronide conjugate (SN-38glu) by [ArgdB82]ABCG2. Time
courses of the transports of SN-38 carboxylate and SN-38glu in plasma membrane vesicles prepared from
[Arg482]ABCG2-expressing HEK293 cells (A). The amount of SN-38 carboxylate {circles) or SN-38glu (squares)
transported into plasma membrane vesicles was measured as described in MATERIALS AND METHODS.
Lineweaver-Burk plots of ATP-dependent transport of the SN-38 carboxylate and SN-38glu (B). Substrate: SN-38

{closed circles) or SN-38glu (closed squares).

substrate incorporated into the vesicles was measured by
the high-performance liquid chromatography (HPLC)
method as described previously {12, 21). Kinetic
parameters, such as the Km and Vmax values, for ATP-
dependent transport of SN-38 or SN-38glu were
calculated from Lineweaver-Burk plots. The Ki value for
the inhibition of SN-38 transport by quercetin was
determined from the data of Dixon plots.

RESULTS AND DISCUSSION

Stable expression of [Arg482], [Gly482], and
[Thrd482JABCG2 in HEK293 cells and cellular
resistance to SN-38

We have established ABCG2 variant-expressing
HEK?293 cells by transfection with the pcDNA3.1
vector carrying the cDNA of [Arg482], [Gly4382], or
[Thr482]ABCG2. Figure 1A demonstrates the

-differential interference {upper panels} and immuno-
fluorescence images (lower panels) of those ABCG2
variant-expressing cells. Strong immuno-fluorescence
was observed at the plasma membrane of ABCG2
cDNA-transfected cells, whereas no immuno-
fluorescence was detected in mock vector-transfected
HEK?293 cells (negative control). These results provide
evidence that three forms of human [Arg482],
[Gly482], and [Thr482]ABCG2 variants were

expressed predominantly in the plasma membrane of
HEK293 cells.

Figure 1B shows the cellular resistance profiles of
those ABCG2 variant-expressing HEK293 cells to SN-
38. In this experiment, HEK293 cells were incubated
with SN-38 (lactone form) at different concentrations
(1 nM to 1 uM) at 37°C for 72 h. According to the IC
values obtained with those cells, overexpression of
[Arg482], [Gly482], and [Thrd482JABCG2 was found
to confer HEK293 cells resistance to SN-38 by 14.8-,
4.9-, and 5.2-fold, respectively, as compared with the
mock-transfected HEK293 cells (Figure 1B).

Drug resistance profile of [Arg482], [Gly482], and
[Thr482JABCG2-transfected HEK293 cells

To gain more insight into the association of those
ABCG?2 variants with drug resistance, we have tested a
total of ten different anticancer drugs, including SN-38,
mitoxantrone, doxorubicin, daunorubicin, vincristine,
taxol, etoposide, mitomycin C, methotrexate, and
cisplatin. Table 1 summarizes the drug resistance profiles
of [Arg482], [Gly482], and [Thr482]ABCG2-
overexpressing HEK293 cells; all three cell lines showed
greatly enhanced drug resistance to mitoxantrone.
QOverexpression of [Thr482JABCG2 resulted in 49- and
32-fold increases in drug resistance to doxorubicin and
daunorubicin, respectively; whereas overexpression of
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Table 2. Kinetic parameters for ATP-dependent transport of SN-38 and SN-38giu.

SN-38 SN-38gly
Variant Km Vmax Vmax/Km Km Vmax Vmax/Km
(M) (prmolimindmg protein) (uM)  (pmol/min/mg protein)
Arg4s2 341 455 146.7 21.7 909 41.8
Gly482 6.0 35 5.8 39.6 50 1.3
Thr482 37 36 9.7 34.6 62 18

Plasma membrane vesicles were prepared from HEK293 cells that expressed such ABCG2 variant forms as Arg482, Gly482,
and Thr482. ATP-dependent transport of SN-38 carboxylate or SN-38glu was measured as described in MATERIALS AND
METHODS. Km and Vmax values were calculated from Lineweaver-Burk plots as shown in Figure 2B.

[Arg482]ABCG?2 did not significantly enhance the
cellular resistance to those anticancer drugs. With respect
to vineristine and taxol resistance, only modest elevations
were found in [Thr482] and [Gly482]ABCG2-
overexpressing HEK293 cells. No significant increase
was observed in the resistance to etoposide, mitomyein C,
methotrexate, or cisplatin in [Arg482], {Gly482], and
[Thr432]ABCG2-overexpressing HEK293 cells (Table
1). These results suggest that overexpression of [Arg482],
[Gly482), and [Thr482]ABCG2 confer different spectra
of drug resistance profiles.

ATP-dependent transport of SN-38 and SN-38glu by
fArg482]JABCG2

SN-38 has an a-hydroxy-8-lactone ring that
undergoes reversible hydrolysis at neutral pH to form
its carboxylate form. In the living cell, SN-38 is also
metabolized by UDP-glucuronyl! transferase to form
SN-38glu. In the present study, we have examined
ATP-dependent transport of both the carboxylate form
of SN-38 and SN-38glu by using plasma membrane
vesicles prepared from [Arg482], [Gly482]; and
[Thr482]ABCG2-overexpressing HEK293 cells. SN-
38 lactone was non-specifically bound to plasma
membrane vesicles, it was not possible to precisely
detect the transport of the lactone form in our
measurement system.

Figure 2A demonstrates time courses for the transport
of SN-38 carboxylate and SN-38glu into plasma
membrane vesicles prepared from [Arg482]ABCG2-
overexpressing HEK293 cells, In the absence of ATP,
the transport of those compounds was very low;
however, it was remarkably enhanced by the addition of
5 mM ATP. Figure 2B depicts the Lineweaver-Burk plot
of the ATP-dependent transport of SN-38 carboxylate

and SN-38glu into plasma membrane vesicles from

[Arg482]ABCG2-overexpressing HEK293 cells,
showing simple Michaelis-Menten-type kinetics for the
transport. Km values were estimated to be 3.1 and 21,7
UM for SN-38 carboxylate and SN-38glu, respectively

30

(Table 2). While the Km value for SN-38 carboxylate
was smaller than that for SN-38glu, the Vmax value for
SN-38glu was about two-fold greater than that for SN-
38 carboxylate. Based on the calculated Vmax/Km
values (Table 2), it is suggested that [Arg482)ABCG2
transports SN-38 carboxylate more efficiently than SN-
38glu, ATP-dependent transport of SN-38 carboxylate
and SN-38glu were detected with plasma membrane
vesicles prepared from [Gly482] and [Thr482)ABCG2-
overexpressing HEK293 cells. However, as compared
with [Arg482)ABCG?2, the contribution of [Gly482] and
[Thrd482]ABCG?2 to the transport of SN-38 carboxylate
and SN-38glu is considered to be minimal (Table 2),

Contribution of [Arg482]JABCG2 to drug resistance
against SN-38

Recently our group (18) and Chen et al. (19) have
reported that [Arg482)JABCG2 transports methotrexate
in an ATP-dependent manner. In contrast, no transport
activity was observed with [Gly482] or [Thr-
482]ABCG2. It is suggested that Arg at position 482 has
a critical role in determining the substrate specificity of
ABCG2 (16-20). Based on our findings, we have
hypothesized that [Arg482]ABCG?2 preferentially
transports organic anions. As clearly demonstrated in this
study, [Arg482]JABCG2 transports SN-38 carboxylate
and SN-38glu, both of which are organic anions. It is
important to note that the Km value (3.1 puM, Table 2) for
SN-38 carboxylate was three orders of magnitude
smaller than the Km value (5.7 mM, ref. 18) for
methotrexate. Thus, it is concluded that
[Arg482]ABCG2 has a much higher affinity towards
SN-38 carboxylate than methotrexate,

Kawabata et al. have reported that an SN-38-selected
PC-6/SN2-5H human lung carcinoma cell line
overexpresses ABCG2 with the reduced intracellular
accumulation of both SN-38 and SN-38glu (11). Plasma
membrane vesicles prepared from that cell line
transported both SN-38 and SN-38glu in an ATP-
dependent manner (12), Furthermore, we have recently
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Figure 3. The effect of quercetin and theaflavine on the ATP-dependent transport of SN-38. Plasma membrane
vesicles were prepared from [Arg482]ABCG2-expressing HEK293 cells and incubated with 2.5 uM SN-38
carhoxylate in the presence of quercetin or theaflavine (0.025, 0.25, 2.5 or 25 uM). After the incubation at 37°C for 5
min, the amount of SN-38 transported into plasma membrane vesicles was measured as described in MATERIALS
AND METHODS. Data are expressed as mean values + 8.D. of triplicate experiments.

cloned the ABCG2 cDNA from that cell line and
confirmed that the amino acid at position 482 is Arg
(Yoshikawa et al., manuscript submitted). Our present
study provides more direct evidence for the ATP-
dependent transport of SN-38 carboxylate and SN-38glu
by exogenously expressed [Arg482]ABCG2 (Figure 2
and Table 2), and also demonstrates that overexpression
of [Argd82]ABCG?2 actually confers cells resistance to
SN-38 (Table 1). When SN-38 lactone was incubated
with PC-6 cells, the intracellular ratio of
lactone/carboxylate was approximately 1:1 (21),
suggesting a reversible conversion between the lactone
and carboxylate forms of SN-38 within the cell. These
observations are consistent with our findings. Taken
together, it is strongly suggested that [Arg482]JABCG2
plays a major role in cellular resistance to SN-38 by
actively extruding SN-38 carboxylate from cancer cells.

Inhibition of [Argd82]JABCG2-mediated SN-38
transport by flavonoids

To modulate the transport function of [Argd82]
ABCG?2 with natural compounds, we have tested

flavonoids in our plasma membrane vesicle system.

Table 3 shows the inhibitory effect of natural flavonoids

Journal of Experimental Therapentics and Oncology Vol 4 2004

Table 3. Effect of flavonoids on ATP-dependent
transport of SN-38 in plasma membrang vesicles,

Flavoneid SN-38 transport Inhibition
{omol/mg protein/min} (%)}
None 206611 0
Quercetin 4.4:04 98
Theaflavine 17.2+ 37 92
Theaflavine 3-O-gallate 102.9 + 3.1 50
Epigallocatechin gallate  185.5+ 8.3 10
Catachin 201.2x0.9 3
Epigallocatechin 2089+ 2.8 0

Piasma membrane vesicles were prepared from [Arg482]
ABCG2-expressing HEK293 celfs and incubated with 2.5 uM
SN-38 carboxylate in the absence or presence of 25 uM
flavonoids at 37°C for § min, After the incubation, the amount
of SN-38 transported into plasma membrane vesicles was
measured as described in MATERIALS AND METHODS. Data
are expressed as mean values = 8.0, of triplicals experiments.
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Figure 4. Inhibition of SN-38 transport by quercetin. Dixon plots of the rate of SN-38 transport vs. the reciprocal of
quercetin concentration (A). The slope of the Dixon plots vs. the reciprocal of SN-38 concentration (B). Plasma
membrane vesicles prepared from [Arg482]ABCG2-expressing HEK293 cells were incubated with SN-38
carboxylate (0.5, 1, 2.5 and 5 uM) in the presence of quercetin (0.2, 0.7, and 2 gM) at 37°C for 5min. The amount of
SN-38 transported into plasma membrane vesicles was measured as described in MATERIALS AND METHODS.
Data are expressed as mean values of triplicate experiments.
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Figure 5. Effect of quercetin on the cellular resistance to SN-38. [Arg482]ABCG2-expressing and mock veclor-
transfected HEK293 cells were incubated in 100 u of the culture medium containing SN-38 at different
concentrations (0 to 100 nM) in the absence or presence of 20 uM quercetin. After Incubation in a humidified tissua-
culture chamber (5% CO,) at 37°C for 72 h, surviving cells were detected by the MTT assay (see MATERIALS AND
METHODS). Data are expressed as mean values + 8.D. of triplicate experiments,
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Figure 6. Schematic illustration for {Argd82]ABCG2-mediated transport of SN-38 carboxylate across the plasma
membrane and its inhibition by quercetin. The a-hydroxy-8-lactone ring of SN-38 undergoes reversible hydrolysis at
neutral pH to form its carboxylate form (see ref. 20). SN-38 carboxylate is a good substrate for [Arg482)ABCG2 {Km
= 3.1 pM) and thereby transported across the plasma membrane. On the other hand, the transpart can be inhibited

by quercetin (Ki = 0.28 uM).

(i.e., quercetin, theaflavine, theaflavine 3-O-gallate,
epigallocatechin gallate, catechin, and epigallocatechin)
on the ATP-dependent transport of SN-38 carboxylate. At
the concentration of 25 pM, quercetin and theaflavine
strongly (> 90%) inhibited SN-38 transport in plasma
membrane vesicles prepared from [Argd82]ABCG2-
transfected HEK293 cells. Catechin and epigallocatechin
gallate had only small inhibitory effects, whereas
epigallocatechin was without inhibitory effect. Figure 3
demonstrates that the inhibition by quercetin or
theaflavine was dose-dependent; IC_, value was
estimated to be 0.7 and 3.8 pM for quercetin and
theaflavine, respectively. Quercetin was the strongest
inhibitor among the flavonoids tested in this study. Based
on Dixon plots (Figure 4), it has been revealed that
quercetin competitively inhibited {Arg482]ABCGZ2,
where the Ki value was estimated to be 0.28 pM. To cur
knowledge, this is the first report demonstrating the
inhibition of ABCG2 by this natural flavonoid.

To determine whether quercetin could reverse
ABCG2-associated drug resistance on the cellular
level, we incubated [Argd82)ABCG2-transfected

HEK?293 cells with SN-38 at different concentrations
in the presence of 20 pM quercetin. As shown in
Figure 5, quercetin partly reversed the cellular
resistance to SN-38. The 1C,, value of [Arg482]
ABCG2-transfected HEK293 cells has shifted from 45
nM to 10 nM in the presence of 20 uM quercetin
(Figure 5). On the other hand, quercetin did not affect
mock-transfected HEK293 cells at this concentration.
Although quercetin strongly inhibited SN-38 transport
in the plasma membrane vesicle system (Figures 3 and
4), its resistance-reversing effect in the cellular level
was relatively weak (Figure 5). This difference may be
due to low permeation of quercetin across the cell
membrane and/or rapid metabolism of this flavonoid.
Structural modifications of quercetin may improve the
chemosensitizing potency in the cellular level.

Common features of SN-38 and quercetin molecules
The lactone E ring of SN-38 is reportedly an

important pharmacophore for the inhibition of Topo L.
Hydrolysis of the lactone E ring results in reduction of
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anticancer activity of SN-38. As we recently reported,
however, this lactone - carboxylate conversion reaction
is reversible at neutral pH (ref. 21, see Figure 6 for -
schematic illustration). On the other hand, modifications
of A or B rings do not significantly affect Topo I
inhibition activity in vitro (22). In this context, we have
recently synthesized CPT analogues with various
substitutions at positions 10 or 11 of the A ring. At least
one hydroxyl group atached to the A ring was found to
be an important determinant for substrate recognition by
[Arg482]ABCG2 (Yoshikawa et al. manuscript
submitted). It is likely that hydrogen bond formation
with such a hydroxyl group may be involved in substrate
recognition or transport processes of ABCG2.

Interestingly, both SN-38 and quercetin have
hydroxyl groups attached to the planar molecular
structure {Figure 6). The planar structure with
conjugated m-orbits may be critical for the interaction
with the active site of the ABCG2 protein. Although
catechin apparently resembles to quercetin, its
molecular structure is not planar. This may explain the
reason of why catechin and its metabolic derivatives
(i.e. epigallocatechin, and epigallocatechin gallate)
were weak inhibitors for ABCG2 (Table 3). Since
[Arg482]ABCG2 exhibited a high affinity (Ki = 0.28
uM) toward quercetin, this natural product can be used
as a molecular probe to characterize the active site of
the ABCG2 protein,

CONCLUSION

Accumaulating evidence suggests that drug
resistance phenotypes vary among different cell lines
expressing variant types of ABCG2 (16-20). In this
regard, the present study provides direct evidence that
[Arg482]ABCG2 does transport SN-38, the active
metabolite of CPT-11, and thereby significantly
contributes to cellular resistance to the anticancer drug.
In addition, we have found that quercetin strongly
inhibits the ATP-dependent SN-38 transport mediated
by [Arg482]ABCG2. Since [Arg482]ABCG?2 plays a
key role in SN-38 resistance, gquercetin or its
derivatives are considered to be good candidates for
the development of chemosensitizers. With this
respect, it has recently been reported that combination
of flavopiridol and CPT-11 augmented apoptosis and
tumor regression in Hetl16 colon cancer monolayers
and xenografts (23). In addition, flavopiridol was also
shown to prevent ABCG2-mediated mitoxantrone
efflux in ABCG2-overexpressing cells (24).

The wild type (Arg482) of ABCG?2 is expressed not
only in cancer cells, but also normal cells. In particular,
the apical localization in the epithelium of the small
intestine and colon indicates a possible role of ABCG?2

34 Journal of Experimental Therapeutics and Oncology ~ Vol, 4

in the regulation of the uptake of p.o. administered
drugs. In this context, natural flavonoids may serve as
potent modulators for intestinal absorption of drugs as
well as nutrients.

ACKNOWLEGEMENTS

This study was supported by a research grant entitled
“Toxicoproteemics: Expression of ABC transporter
genes and drug-drug interactions” (H14-Toxico-002)
from the Japanese Ministry of Health, Labour, and
Welfare, a Grant-in-Aid for Creative Scientific Research
(No. 13NP0401), and a research grant (No. 14370754)
from the Japan Society for the Promotion of Science.

REFERENCES

1. Wall ME, Wani MC, Cock CE, Palmer KH, McPhail AT, Sim
GA. Plant antitumor agents. L. The isolation and structure of
camptothecin, a novel alkaloidal leukemia and tumor inhibitor
from Camptotheca acuminata. J Am Chem Soc 88: 3888-3890,
1966.

2. Muggia FM, Creaven PJ, Hansen HH, Cohen MH, Selawry OS.
Phase I clinical trial of weekly and yearly treatment with
camptothecin (NSC-100880); correlation with preclinical studies,
Cancer Chemother Rep 56: 515-521,1972.

3. Schappi U, Fleischmann RW, Cooney DA. Toxicity of
camptothecin (NSC-100880). Cancer Cemother Rep Part 3 5:
25-36,1974.

4. Kunimoto T, Nitta K, Tunaka T, Uehara N, Baba H, Takeuchi M,
Yokokura T, Sawada 8, Miyasaka T, Mutai M. Antitumor activity
of 7-ethyl-10[4-(1-piperidine)-1-piperidina]carbonyloxy-
camptothecin, a novel water-soluble derivative of camptathecin,
against morine tumors. Cancer Res 47: 5944-5947, 1987,

5. Sawada 8, Okajima S, Aiyama R, Nakata K, Furuta T, Sugino E,
Yamaguchi K, Miyasaka T. Synthesis and antitumor activity of
20(S)-camptothecin derivatives: carbamate-linked, water-soluble
derivatives of 7-ethyl-10-hydroxycamptothecin. Chem Pharma
Bull 39: 1446-1450, 1991.

6." Kaneda N, Nagata H, Yokokura T. Metabolism and
pharmacokinetics of the camptothecin analogue CPT-11 in the
mouse. Cancer Res 50: 1715-1720, 1990,

7. Ishikawa T. Multidrug resistance: genomics of ABC transporters.
In: Cooper DN, ed. Nature Encyclopedia of the Human Genome.
London: Nature Publishing Group 4; 154-160, 2603,

8. Maliepaard M, van Waardenburg RCAM, Ruevekamp-Helmers
MC, Floot BGJ, Schellens JHM. Overexpression of the
BCRP/MXR/ABCP gene in a topotecan-selected ovarian wmor
cell line, Cancer Res 59: 4559-4563, 1999.

9. Ross DD, Yang W, Abruzzo LV, Dalton WS, Schneider E, Lage
H, Dietel M, Greenberger L, Cole $PC, Doyle LA, Atypical
multidrug resistance: breast cancer resistance protein messenger
RNA expression in mitaxantrone-selected cell lines. J Narl
Cancer Inst 91: 429433, 1999,

2004

—223—



10.

11

12.

13.

15.

16.

17.

Brangi M, Litman T, Ciotti M, Nishiyama K, Kohlhagen G,
Takimoto C, Robey R, Pommier Y, Fojo T, Bates SE.
Camptothecin resistance: role of the ATP-binding cassette
(ABC), mitoxantrone-resistance half-transporter (MXR}, and
potential for glucuronidation in MXR-expressing cells. Cancer
Res 59: 5938-5946, 1999.

Kawabata S, Oka M, Shiozawa K, Tsukamoto K, Nekatomi K,
Soda H, Fukuda M, Tsurutani J, Tkegami Y, Sugahara K, Yamada
Y, Kamihira S, Doyle LA, Ross DD, Kohno S, Breast cancer
resistance protein directly confers SN-38 resistance of lung cancer
cells, Biochem Biopliys Res Comumun 280: 1216-1223,2001.

Nakatomi K, Yoshikawa M, Oka M, Tkegami Y, Hayasaka S,
Sano K, Shiozawa K, Kawabata 8, Soda H, Ishikawa T, Tanabe 8,
Kohno S. Transport of 7-ethyl-10-hydroxycamptothecin (SN-38)
by breast cancer resistance protein ABCG2 in human lung cancer
cells, Biochem Biophys Res Commun 288: 827-832, 2001,

Allikmets R, Schrim! LM, Hutchinson A, Romano-Spica V, Dean
M. A human placenta-specific ATP-binding cassette gene
{ABCP) on chromosome 4q22 that is involved in multidrug
resistance, Cancer Res 58: 5337-5339, 1998,

Doyle LA, Yang W, Abruzza LV, Krogmann T, Gao Y, Rishi AK,
Ross DD A multidrug resistance transporter from human MCF-7
breast cancer cells. Proc Nail Acad Sci USA 93: 15665-15670, 1998.

Miyake K, Mickley L, Litman T, Zhan Z, Robey R, Cristensen B,
Brangi M, Greenberger L, Dean M, Fojo T, Bates SE. Molecular
cloning of ¢DNAs which are highly overexpressed in
mitoxantrone-resistant cells: demonstration of homology to ABC
transport genes. Cancer Res 59: 8-13, 1999,

Honjo Y, Hrycyna CA, Yan Q-W, Medina-Pérez WY, Robey RW,
van de Laar A, Litman T, Dean M, Bates SE, Acquired mutations
in the MXR/BCRP/ABCP gene alter substrate specificity in
MXR/BCRP/ABCP-overexpressing cells. Cancer Res 61: 6633~
6639,2001.

Ozvegy C, Varadi A, Sarkadi B. Characterization of drug fransport,
ATP hydrolysis, and nucleotide trapping by the human ABCG2
multidrug transporter, J Biol Chent 277: 47980-47330, 2002.

Journal of Experimental Therapeutics and Cncology Vol 4

—224—

Flavonoids inhibit {Arg482 JABCG2-mediated SN-38 transport

18.

19.

20.

21.

- 22

24,

Mitomo H, Kato R, Ito A, Kasamatsu S, Ikegami Y, Kii I, Kudo
A, Kobatake E, Sumino Y, Ishikawa T. A functional swdy on the
polymorphism of ATP-binding cassette transporter ABCG2:
critical role of Arpd82 in methotrexate transpost. Biechem J 373:
767-174,2003.

Chen Z8, Robey RW, Belinsky MG, Shchaveleva I, Ren XQ,
Sugimoto Y, Ross DD, Bates 3.E, Kruh GD. Transport of
methotrexate, methotrexate polyglutamate, and 17b-estradiol 17-
{b-D-glucuronide) by ABCG2: effects of acquired mutations at
R482 on methotrexate transport. Cancer Res 63: 4048-4054,
2003.

Allen JD, Jacson SC, Schinkel AH. A mutation hot spot in the
Berpl (Abeg?) multidrug transporter in mouse cell lines selected
for doxorubicin resistance, Cancer Res 62: 2294-2299, 2002,

Sano K, Yoshikawa M, Hayakawa §, Ikegami Y, Yoshida H,
Ishikawa T, Sawada S, Tanabe S. Simple non-ion-paired high
performance liquid chromatographic method for simultaneous
quantification of carboxylate and lactone forms of 14 new
camptothecin desivatives. J Chromatogr B 795: 25-34,2003.

Kaufmann SH. Induction of endonuclealytic DNA cleavage in
heman acute myelogenous leukemia cells by etoposide,
camplothecin, and other cytotoxic anticancer drugs: a cautionary
note. Cancer Res 49: 5870-5878, 1989.

Motwani M, Jung C, Sirotnak FM, She SH, Shah MA, Gonen M,
Schwartz GK. Augmentation of apoptosis and tumor regression
by flavopiridol in the presence of CPT-11 in Het116 colon cancer
monolayers and xenografts. Clin Cancer Res T: 42094219, 2001.

Robey RW, Medina-Perez WY, Nishiyama K, Lahusen T, Miyzke
K, Litman T, Senderowicz AM, Ross DD, Bates SE.
Overexpression of the ATP-binding cassette half-transporter,
ABCG2 (MXR/BCRP/ABCP1), in flavopiridol-resistant human
breast cancer cells. Clin Cancer Res 7: 145-152,2001.

2004 35



The genetic polymorphism of drug
transporters: functional analysis approaches

Toshihisa Ihikawall,
Abira Touji,
Ken-ichi Inuf,
Yoshimichi Sai2,
Naohiko Anzai¥,
Morimasa Wadd’,
Hitoshi Endouf ¢

Yasubiro Sumine®

{Author for correspondence
!Departinent of Biomolecular
Engineering, Graduate School
of Bioscience and
Bivtechnology, Tokyo Fustitute
of Technology, 4259
Nagatruea, Midori-ku,
Yokohama, 226-8501, Japan
el +81 45 924 5800;

Frc +81 45 924 5838;
Email: tishikaw@
bio.titech.ar. 373

2anlzy of Pharmareutical
Seiences, Kanazawa
Um’uﬂs‘it){ 13-I Tekara-
macki, Kanazaswa
920-0934, fupan
2Department of Pharmacy
Kyoto University Hopiral,
54 Sﬁv_goinlamrmacﬁr'.‘
Sakyo-ku, Kjoto 06-8507,
Japan

‘Department of
Pharmacology and
Taxicology, Kyorin University
School of Medicine, 6-20-2,
Shinkawa, Mitaka-shi, Tokyo
I81-8611, fapan
IDeparsment of Medical
Biochemistry, Graduatz
School of Medical Sciences,
Ky Universiey, 3-1-1
Maidashi, Fukuoka
8128582, Japan

Pharma SNP Consortium,
the Japan Pharmaceutical
Manufzcturers Asociation
(PMA), 3-4-1
Nibonbashibonche, chiuo-ku,
Tokyo 103-0023, Japan

Keywords: ABC wansportes,
drugresponse, polymorphism,
SNI soluce carrier family

uture,
medlcme

2004 © Future Medicine Ltd 1SN 14622416

SPECIAL REPORT

Introduction

In the fast decade of the 20th century, the develop-
ment of high-throughput screening and combina-
torial chemisary technologies accelerated the drug
discovery process. In the 21st century, emerging
genomic technologies (ie., bicinformatics, func
tonal genomics, and ‘pharmacogenomics) are
shifting the paradigm of drug discovery research
and improving the strategy of medical care for
patients (). Identifying human DNA sequences,
genomic stuctures, and human penetic variations,
along with changes in gene and protein expression,
allows researchers and clinicians to more precisely
define diseases and, in tum, to achieve the goal of
‘personalized medicine’,

In order to realize personalized medicine, it is
critically important to understand the molecular
mechanisms underlying interindividual differ-
ences in the drug response, namely, pharmaco-
logical effect versus side effect. Varying drug
responses among individuals may have a
number of different causes, for example, genetic
variations and/or expression levels of drug targer
molecules, including membranc  receptors,
nuclear receptors, signal transducrion compo-
nents, and enzymes, as well as those of drug-
metbolizing enzymes and drug transporrers.
Observations of interindividual variations in
different drug responses have led to the develop-
ment of pharmacogenetics and pharmacoge-
nomtics {2,3],

Drug transporters  and drug-metabolizing
enzymes are imporrant because they play pivotal
roles in determining the pharmacokinetic profiles
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Evidence is accumulating to strongly suggest that drug transporters are one of the
determining factors governing the pharmacokinetic prafile of drugs. To date, a variety of
-drug transporters have been cloned and classified as solute carriers and ATP-binding
cassette transporters. Such drug transporters are expressed in various tissues such as the
intestine, brain, liver, and kidney, and play critical roles in the absorption, distribution and
excretion of drugs. However, at the present time, information is limited regarding the
genetic polymorphism of drug transporters and its impact on their function. In this context,
we have undertaken the functional analyses of the polymorphisms identified in drug
transporter genes. This article aims to provide an overview on the functional aspects of the
non-synonymous polymorphisms of drug transporters and ta present standard methods for
the evaluation of the effect of polymorphisms an their function. '

of drugs and, by extension, their overall pharma-
cological effects (i.e., drug absorption, drug diseri-
budon, drug membolism and climinadon, drug
concentration at the rarget site, and the number
and morphology of targer receptors) (413, The
effects of drug transporters on the pharmacoki-
netic profile of 2 drug depend on their expression
and funcrionality. Indeed, the expression of drug
transporters can be modulated by endogenous
and exogenous factors, including drugs them-
sclves. It is also now known thar inherired differ-
ences among individuals may also affect
efficacy and toxicity f14-16). Such inherited differ-
ences include genetic polymorphisms in drug tar-
gets and drug-metabolizing enzymes, as well as in
drug transporters. To date, pharmacogenetics, the
field dealing with such inherited differences and
their effect on pharmacokinetics, has significandy
contributed to our understanding of the genctic
causes underlying differences in drug metabolism
(e-g., cytochrome P450-mediared drug metabo-
lism). In fact, recent technological advances
allowing massive molecular sequencing have in
wn allowed us to identify single nucleotide poly-
morphisms {SNPs) as one possible cause of varia-
ble drug response among individuals (718, In
light of such advances, it is important to carefully
examine the clinical significance, if any, of poly-
morphisms in drug response genes, including
drug transporters.

On September 6, 2000, the 43 members of the
Japan Pharmaceutical Manufacrurer’s Association
(JPMA) established the Pharma SNP Consortium

(PSC) to conducr research inro pharmacokineric
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Table 1. ATP-binding cassette and solute carrier transporters expr

_ Kkidney =+ _
Organ/tissue ABC transporter SLC transporter
Peptide transporter  Anion transporter Cation transporter
Small intestine ABCB1 {P-gn/MDRT) PEPT1 (SLCT5AT) MCT1 {SLCi6AT) OCT1 (SLC2247)
ABCB4 (MDR2) MCT4 (SLC16A%) OCTN1 (SLC2244)
ABCC2 (cMOATIMRP2) MCTS (SLCT6AS5) OCTNZ (SLC22A5)
ABCC3 (MRFP3) MCT8 (SLC1648)
ABCC4 (MRP5) OATP-B (SLC21A9)
ABCCS (MRPS) OATP-D {(SLC2IATT)
ABCCE (MRPE) OATP-E (SLC21A712)
ABCG2 (BCRAINXRIABCP) PGT (SLC21A2)
AE2 (SLCHA2)
ASBT (SLCT0A2)
Blood-brain barrier  ABCB1 (Pgp/MDRT) MTC1 {SLCIBAT) OCTN2 (SLC22A5)
ABCC1 (MRPT) MCT2 (SLCT6AZ) OCT2 (SLC22A2)
ABCG2 (BQRAIMDRIABCP) OAT1 (SLC2246) OCT3 {SL22A3)
OAT3 (5LC22A8)
OATP-A/OATP (SLC21A3)
Liver ABCB1 (P-gp/MDRT) OATP-B (SLC2149) OCT1 (SLC22AT)
ABCB4 (MDR2) OATP-C/LST1 (SLC21A6) QCTNZ (SLC22A5)
ABCB11 (SPGP/BSEP) OATP-8 (SLC21A8) NTCP (SLCI0AT)
ABCC2 (cMOATIMRP2) NPT1 {SLCIZAT)
ABCC3 (MRF3) .
ABCG2 (BCRFIMXRIABCP)
Kidney ABCB? (P-gp/MDRT) PEPT1 (SLC15AT) OAT1 ({SLC22A6) OCT1 (SLC22AT)
ABCC1 (MRPY) PEPTZ (SLCT5A2) OAT3 (SLC2248) OCT2 (SLC22A3)
ABCC2Z (MRP2) OAT4 {SLC22AT1) OCT3 (SLC22A3)
NPT (SLC17AT) OCIN1 (SLC22A4)
OCTNZ (SL(22A5)

ABC: ATP-binding cassette; AE: Anion exchanger; ASBT: Apical sodium-dependent bile salt transporter; BCRP: Breast cancer-resistant protein;
BSEP: Bile-salt export pump; cMOAT: Canalicular multispedific organic anion transporter: LST: Liver-specific transporter;

MCT: Monocarboxylate transporter; MDR: Multi-drug resistance; MRP: Multi-drug resistance protein; NPT: Na*lphosphate cotransporter;
NTCP: Na*/taurocholate cotransporting polypeptide; OAT: Organic anion transporter; QATP: Organic anion transporting polypeptide;

OCT: Organit cation transporter; OCTN: Organic cation transporter novel type: PEPT: Peptide transporter; P-gp: Pglycoprotein;

PGT: Prostaglandin transporter; SLC: Solute carrier; SPGP; Sister of P-glycoprotein.

68

gene polymorphisms in the Japanese population,
During the period of 2000-2002, using blood
samples donated by ~ 1000 Japanese volunteers,
the PSC identified SNPs in ~ 180 pharmaco-
kinetic genes, incduding drug-metabolizing
enzymes and drug transporters. The PSC project
then created a database of SNPs and informadon
from expression and functional analyses of pro-
tein variants. The overall objective is to pather
_common fundamental dara necessary for research
into drug responsiveness in the Japanese popula-
_ tion. In collaboration with the PSC, the authors
have undertaken the functional analyses of SNPs
discovered in drug transporter genes. This review
is aimed at providing an overview on the poly-
morphisms of drug transporters and to provide
standard methods for the evaluation of the effect
of SNPs and mutations on their function.
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Drug transporters: solute carriers and
ATP-binding cassette transporter families
There is accunulating evidence to strongly sug-
gest that drug eransporters are one of the derer-
minant factors governing the pharmacokineric
profile of drugs. Indeed, drug transporters are
expressed in various tissues, such as the intestine,
brain, liver, and kidney, to play critical roles in
the absorption, distribution and excretion of
drugs. To date, a variety of drug transporcers
have been cloned, and remarkable progress has
been made in characterizing the molecular prop-
erties and functions of these transporters, Table 1
summarizes major drug transporters expressed in
the small intestine, blood-brain barrier, liver,
and kidneys. Those transporters have been classi-
fied as either primary or secondary active trans-
porters. The primary active transporters include

Pharmacogenomics (2064) 5(1)
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Table 2. Substrate specificities and driving forces of SLC transporter
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Transporter Substrate Driving force
PEPT1, 2 (SLC15A1, 2) Di- and tri-peptides, B-tactam Peptide/H* symport
antibiotics -
OCTN1 (SLC22A4) TEA, carnitine, quinidire, velapamil Cation/H* exchange
OCTNZ (SLC22A5) TEA, canitine, acetylcarnitine Nat-dependent (carnitine,
acetylcarnitine)

NPT1 (SLC17AT) PAH, benzylpenidllin

Na*-independent (TEA)
Anion/Cl- exchange (7)

OCTs (SLC224) TEA, MPP+ Membrane potential-dependent
. OATs (SLC224) PAH, B-lactam antibiotics, glutarate,  Aniorvdi-carboxylate exchange
cAMP, cGMP, urate, methotrexate,
prostaglandin E, :
OATIP (SLC214) Bile salts (taurocholate, cholate) Na*-independent
NTCP (SLC104T) Taurocholate Bile saltMa* symport
MCT1 (SLC1aAT) Monocarboxylate, benzylpenidllin Monocarboxylate/H+ symport
AEZ (SLCA2) Monocrboxylate Anion/H* exchange

AE: Anion exchanger; MCT: Monocarboxylate transporter; MPP*: 1-Methyl-4-phenylpyridinium;

NPT: Natiphosphate cotransporter; NTCP: Natftaurocholate cotransporting polypeptide;

OAT. Organic anion transporter; OATP: Crganic anion transporting polypeptide; OCT: Organic ation transporter;
OCTN: Organic cation transporter novel type; PAH: p-Aminohippurate; PEPT: Peptide transporter; SLC: Solute carrier;

TEA: Tetraethylammonium.

ATP-binding casserre (ABC) transporters that
utilize the ATP hydrolysis as the driving force for
solute ransport. On the other hand, the sccond-
ary transportess, for example, many solute cartier

((SLC) tansporters, are driven by an exchange of

intra/extracellular ions 0] (Teble 2). Each gene
family of transporters is comprised of a multi-
plicity of members. The human Gene Nomen-
clarure Committee has classified transporters by
standardized names such as the SLC family and

“the ABC transporters 201],

The functions and substrate specificities of
drug transporters have been characterized by sev-

eral in vitro and in vive techniques using cells

expressing the transporter gene or using gene--

knockout animals. In particular, construction of
in vitro expression systems using human trans-
porter <DNA clones provides useful models 1o
evaluate substrate specificity. In addidon, tissue
distribution and levels of expression of the drug
transporters convey important’ information for
the prediction of the in vive pharmacokinetic
profile of drugs.

There are many factors that can affect the
function as well as the expression of drug trans-
porters. These factors may involve genetic mura-
tions, SNPs, splicing, transcriptional regulation,
stability of mRNA, post-translational modifica-

tion, and intracellular localization. Bvaluation of -
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such factors is critically important in order to
understand the whole picture of the pharmaco-
genomics of drug transporters. Functional analy-
sis of drug transporter polymorphisms is one
such important approach. :

Solute carrier transporter genes

During the past decade, a large number of SLC
transporter genes have been identified. It has
been suggested thar some of these transporters
are responsible for drug wransport in various tis-
sues. For example, human peptide transporter 1
(PEPT1 [SLCIS5AID is an oligopeptide trans-
porter expressed in the apical plasma membranes
of intestinal and renal proximal cpithelial cells.
The protein consists of 708 amino acids and has
12 predicted transmembrane domain (2.
PEPT1 mediates intestinal (re)absorption of var-
ious drugs including B-actam ancibiotics, angio-
tensin-converting enzyme (ACE) inhibitors, the
anticancer agent bestatine, and the antiviral
agent valacyclovig, as well as di- and wipeprdes
from dietary nurrients (4. The human novel
organic  cation transporter 1 (QCTN1
[SLC22A4)) gene encodes a 551 amino acid pro-
tein with 11 putative transmembrane domains
and is expressed in several tissues including the
kidney, bone marrow, trachea, skeletal muscle,
and fetal but nor adult liver (22 Known
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] Table 3 Non-synonymous and synonymous polymorphlsms m PEPT1 OCT N1, OATP-B and OATP-C gene

SKP name NCBI SNPID ISNPID Nuc!eotlde change cOdonchange

PEPT1 reference sequence: NM_005073

Sequence used as the standard: U21936.1

PEPT1 (S117N) 52297322 s5j0008458 g406a agc— aac

PEPT1 (Y167Y) 1s3737087 JST082067 €557t tac - tat

PEPTY (G4194) 154646227 550005298 al312c ggc - gec
" PEPT1 (A449A) 151339067 ssj0008468 t1403¢ oct - gcc

PEPT1 (V450) " 1522743828 510008465 gtdtda gta— ata

PEPT1 {R459C) 2274827 na c1431t €gc - tgc

OCTNT reference sequence: NM._003059.2 -

Sequence used as the standard: ABO07448 (rs272893)

OCTN1 {T306)) NM_003059.2 ssj0005239 <1063t aca— ata

QCTN1 (G462E) 154646201 gi531a agg —» gag

OATP-B reference sequence: NV_007256

Sequence used as the standard *1: AB026256

QATP-B*2 (T392l) 151621378 na €1175t acc — alc

QATP-B*3 (S486F) 152306168 151063697 1457t tct -t

OATP-C reference sequence: NM_006446

Sequence used as the standard *1: ABO26257

OATP-C*1b (N130D) 2306283 5550003168 a388g gat— gat

OATP-C*5 (V1744) rs4149056 55j0003182 1521c gtg —» gcg

JSNP: Japanese Single Nudleotide Polymorphisms database; NCBI: National Center for Biotechnology tnfarmation;

QATP: Organic anion-transporting polypeptide; OCTN: Orgamc cation transporter novel type; PEPT: Peptide transporter;
SNP: Single nucleotide polymorphism.
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substrates are organic cations such as tetraethyl-
ammeonium (TEA), quinidine, pyrilamine, vera-
pamil, and carnitine (z3. OCTN1 has been
supposed to contribute to the tissue distribution
as well as renal climination of cationic drugs {241,
Organic  anion  transporting
(OATPs/oarp) mediate the transport of a wide
spectrum of amphipatic organic solutes and have
recently been reclassified as a growing gene
superfamily {251. These are expressed in various
organs and the distriburion profile is exuemely
varied among each family member [25.26).

Databases of transporter SNPs have been
established for Japanese as well as other ethnic
populations. Saito efal (27] and lida ez al. (28]
screened DNA of 48 unrelated Japanese indi-
viduals for SNPs in many drug transporter
genes of the SLC family by direct sequencing of
their entire genomic regions except for repeti-
tive-sequence elements. Although they have
identified a number of SNPs and insertion/dele-
tion polymorphisms, which have not been pre-
viously reported, the correlation between
genotypes and phenotypes remains to be deter-
mined for most transporters.

SNPs of drug transporters may have potential
impact on the pharmacokinetics of drugs. Indeed,
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polypeptides

organic cation/carnitine transporter  OCTN2
(SLC2245) is the causative gene for inherited pri-
mary systemic carnitine deficiency (29202, and a
single mutated amino acid residue in mouse
QCTN2Z resulted in decreased tissue distribution
and renal secretory clearance of TEA 301, S467C
mutation in OCTN2 is an SNP found in the Jap-
anese population. It shows increased Michaelis—
Menten constant (K ) value for carnitine by
15-fold while that for TEA remains unchanged
(315. SNPs in human organic anion-eransporting
polypeptides (OATP-C (SLC2146) and OATP-B
{(SLC21A9) have been amalyzed [52331. Morcover,
Nishizato e al (34) have investigated the conui-
bution of OQATP-C SNPs to the pharmaco-
kinetics of pravastatine.

Functional analysis of single nucleotide
polymorphisms of FEFT1, OCTN1, OATP-B
and OATP-C

This section addresses the functional aspect of
SNPs in SLC transporters, specifically PEPT]1,
OCTN1, OATP-B and OATP-C. The SNP alle-
les used in this study are summarized in Table 3.
SNPs might affect the apparent activity of the
transporter chrough various mechanisms; change
in intrinsic activity because of lowered affinity for

Pharmacogenomics {2004) 5{1)
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substrates (X} and/or change in the transloca-
ton ability {the maximal uptake rate [V, 1.
Vinex could be altered by changes in the protein
expression level or impaired subcellular sorting of
the protein to appropriate domains of the plasma
membrane. Therefore, it is critically important to
examine protein expression levels for each trans-
porter in the membrane. In the present study, we
have used immunocytochemical and immuno-
blot analyses as well as the functional analysis for
transporters to examine the effect of SNPs,

Design of study and interpretation of single
nucleotide polymorphisms

-The standard strategy for analyzing wansporter

SNPs is illustraced in Fgure 1. HEK293 cell line
can widely be used as the host cell system to

CXpIess transposter proteins, because this cell line .

has an excellent efficacy of transient transfection
in the conventional method of calcium phos-
phate precipitation (221, The tansporter cDNA
should be subdoned into the appropriate muld-
doning site of an expression vector, such ag
pcDNA3 (Invitrogen, San Diego, CA, USA),
that has a constimurive active promorter. By trans-
fecting the cells with SLC transporters, the trans-
port activity (i.e., the time-dependent and dose-
saturable uptake by the wansfected cells) can be
derected. To discriminate specific upeake from
endogenous ‘background uprake, the uptake by
cells transfected with pcDNA3 vector alone
(mock) should be examined in parallel, The
uptake activity measured with a substrate at 2
fracer' concentradon is expressed as the
cell:mediom ratio, which is a value obtained by
dividing the amount of uprake by the cell pet
toeal cellular protein by its concentration in the
transport medium. The uptake clearance can be
evaluated from the linear regression of the uptake
(cell:medium ratio) of the initial periods. The use
of the uptake clearance is convenient to compare
the uptake activity measured using different sub-
strate concentrations, For instance, in the case of
OCTN1-transfected eslls, the uptake of standard
substrate ['YCJTEA was increased time-depend-
ently, it was linear up to 5 min and then reached
a steady-state, whereas the uprake by the cells
transfected with pcDNA3 vecior alone exhibited
a negligible increase with time, indicating spe-
cific uptake of the transfected transporter 122).

Correlation between expressed transporter
protein and activity

In order to evaluare the influence of SNP on the
function of drug rransporters, it is important to
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examine the expression levels of transporcer
proteins as well as their incrinsic acrivity,
Changes in the expression level of the rrans-
porter can affect its V_,_ value. In the case of
PEPT1, the relationship between the uptake
activity of {*H]glycylsarcosine and the protein
expression level was evaluated (Figwe 1C),
HEK293 cells were transiently wansfected with
increasing amounts of the expression vector,
The main band of PEPT1 was detected at a
molecular mass of ~ 80 kDa in the transfected
cells, whereas the band was absenr in mocle
cells. As a linear relationship was obtained
between the PH]glycylsarcosine uptake activicy

.and the amount of expressed PEPT1 proteins

+

(Pigure 1C), it was confirmed that the manspore
activity of PEPT1 per the expressed protein is
not saturated and that PEPT1 activiry can be
quantiratively evaluated,

Secondly, it is important to examine the sub-
cellular localization of OATP-B by an
immunocytochemical method. Figure2 shows
that QATP-B proteins expressed by transient
transfection were predominantly localized jn
the plasma membrane {323, and no change was
observed in the localization of OATP.B pro-
teins among the three alleles. Accordingly,
expression levels of OATP-B could be esti-
mared by the densitomerrical analysis of west-
crn blotting.

Kinetic analysis of transporter SNPs
corrected for protein expression level

To evaluate the influences of SNPs on transport
activicy, three OATP-B  alleles (OATP-B*,
OATP-B*2 and OATP-B*3) were expressed in
HEK293 cells (¥igure 2). All of the transfectanes
exhibited significantly greater PH]estrone-3-sul-
fate uptake activity compared with mock cells
(dara not shown). Therefore, transport activity of
cach allele was evaluared in terms of kinetc
parameters K and V_ in the concentration
range of 4 aM to 10 pM. The observed K values
of PH]estrone-3-sulface for OATP-B*1, OATP-
B*2, and QATP-B*3 were 2.97, 2.32, and 2.31
M, respectively, and the differences among these
three SNPs were negligible. The Vi values of
OATP-B*1, QATP-B*2, and OATP-B*3 were
332, 312, and 326 pmol/mg of total cellular pro-
t¢in/10 min, respectively, showing no apparent
difference. However, these values should be cor-
rected for the protein expression level of each
transporter. To correct V,,, per QOATP-B pro-
tein, the expressed protein amount of cach
OATP-B SNP was quantitacively measured based
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ed in HEK293 cells.

C. Confirm linear correlation between protein

expression and activity
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[BHITEA uptake by OCTN1-expressing cells

A, After 24 h aultvation of HEK293 cells in 15 am dishes, the subconfluent cells were transfected with plasmid DNA by caldum phosphate
precipitation method. At 48 h after iransfection, the cells were harvested and suspended in the transport medium containing 125 mM NaCl,
4.8 mM KCl, 5.6 mM (+}glucose, 1.2 mM CaCly*2H,0, 1.2 mM KH;PO,4, 1.2 mM MgSQ, and 25 mM HEPES at pH 7.4. B. Both the cell sus-
pension and a solution containing a radiolabeled substrate in the transport medium (450 pl for each) were pre-incubated at 37°C for 20 min,
and then the transport experiment was initiated by mixing them. At designated incubation times, aliquots (~ 200 i) of the mixture were
withdrawn and the cells were separated from the transport medium by centrifugal filtration through the ol layer. The assodated radicactivity
was measured by a liquid sdntillation counter. €. HEK293 cells were transfected with different améunts of plasmid DNA (2-20 pg/dish). West-
ern blot analysis of the aude membrane fractions was carried out and the immunoreactive protein was detected by using the ECL-plus west-
ern-blotting detection systern (Amersham Biosdences). Quantitative analysis was made by densitometry using a Light Capture apparatus
(Atto, Tokyo, Japan). Relative expression levels of the transporter protein were compared with the transport activity of the protein measured
as described in 8. D. HEK293 cells were grown on glass coverslips immersed in 15 an dishes. Cells were then fixed and permeabilized with
3% formaldehyde in P8S for 1 min onice, CH3OH for 5 min on ice, and with 0.2% Triton X-100 in PBS. After the blocking, cells were incu-
bated with the primary antibody and then with secondary antibody {Alexa Fluor 594 goat anti-rabbit 1gG; Molecular Probes).

Cavt: Cell:medium; OCTN: Organic cation transporter novel type; PEPT. Peptide transporter.
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Mock OATP-B*"1

75kDa ——p- KSR 5

100:9.5

Relative intensity

OATP-B*2

QATP-B*3

138+21.3 230+21.0
C
Substrate Apparent kinetic parameters Intrinsic activity
Estrone-3-sulfate K, {um) Vinax (Pmol/mg cell prot./10 min) Vinax (per OATP-B pretein)
OAIPB*1] 2.974+0.39 331.74223 100
OATP-B*2 2.36+0.48 312.0+30.7 71.1
OATP-B*3 2.31+0.38 325.8+26.0 425

A. localization of OATP-B*1, OATP-B*2, and OATP-B*3 proteins stably expressed in HEK293 cells, B. Western blot analysis of crude mem-
brane fractions prepared from HEK293 cells transfected with vector alone (Mock) and the expression vector with OATP-B*1, OATP-B*2 of
OATP-8*3 (DNA, Quantitative analysis was carried out as described in Figure 1B. C. Kinetic parameters (K, and V,,,,) for the transport activ-
ity of wild type and allelic variants, These values were estimated by non-linear least-squares analysis for the concentration-dependent uptake
of the substrates. Since the Vi, value should depend on the expressed amount of transporter proteins, the obtained Virax Was narmalized

with the results obtained by densitometry for western blot analysis. Data are expressed as mean values + standard deviation {n = 3).
Kn: Michaelis-Menten constant, OATP. Organic anfon-transporting polypeptide; Vo, Maximal upteke rate.
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on the intensity of the western blot with the same
batches of cells that were used for the evaluaton
of ldnetic parameters for transport. The specific
band for OATP-B was observed at ~ 75 kDa.
The rclative expression levels of OATP-B*1,
QATP-B*2, and OATP-B*3 were 100, 138, and
230, respectively. Therefore the relative V. val-
ues corrected with the expression level for
OATP-B*1, OATP-B*2, and QATP-B*3 were
100, 71.1, and 42.5, respectively.

In conclusion, OATP-B*1 and OATP-B*2

gave no apparent difference in terms of protein
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expression levels, and subcellular localizadon, as
well as intrinsic transport activity in terms of K,
and V__.. In the case of OATP-B*3, the intrinsic
Vi value, which was corrected for protein
expression level, was reduced by half, although
neither the apparent activity nor subeellular
localization remained unchanged. Therefore, the
authors strangly advocate immunocytochemical
analysis along with funcrional aspect analysis of
SNPs in SLC tranpsorters, Detailed experimen-
tal data for OATP-C has been published by
Nozawa etal. 321, and those for PEPT] and
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