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proaches. An attempt has been made to predict the
transport activity of P-gp, MRP2, PEPT1 or ASBT
from the structure or physicochemical parameters of
compounds. 2130

Transporter research can be used to profile the phar-
macokinetic properties of candidates during drug de-
velopment. Pravastatin and temocaprilat are good ex-
amples of success in differentiated marketing compared
with other drugs due to a better understanding of the
mechanism governing their transport.*>*#? According-
ly, methods allowing the rational prediction and ex-
trapolation of in vive drug disposition from in vitro
data are also essential."®” There are drugs that are recog-
nized by several transporters localized on the same
membrane, and multiple transporters are expected to be
involved in membrane transport. Therefore, the contri-
bution of each transporter to net membrane transport
has to be taken into consideration when observations
made in gene expression systems are extrapolated to in
vivo situations. Sugiyama ef al. have estimated the
contribution of each transporter to the efflux of 175-
estradiol-D-glucuronide via the BBB using cDNA-tran-
sfected cells and specific inhibitors of each transport-
er.”® A similar analysis has been applied to the renal
uptake mechanism of pravastatin by Hasegawa ef al.,
and it is suggested that rat Qat3/5/c2248 is involved in
the renal uptake of pravastatin'™. Furthermore, it is
suggested that, using specific inhibitors, rat Qat3 is
mainly responsible for the uptake of benzylpenicillin
and p-aminohippurate by the choroid plexus, and the
efficient removal of its substrates from the cerebrospinal
fluid."™ Information about this contribution needs to be
taken into account throughout the drug discovery and
development process for predicting the extent to which
the plasma concentrations of drugs are affected when
there are large interindividual differences in transport
activity due to genetic polymorphisms or a change in
pharmacokinetics due to drug-drug interactions involv-
ing transporters. It is the responsibility of pharmaceuti-
cal companies to provide this information to clinicians
to help them use drugs more safely.

Concluding Remarks

Research on drug transporters has made significant
progress in recent years because of the increased use of
molecular biology and genetic engineering techniques.
Together with progress in the basic sciences, the infor-
mation on transporters has grown steadily. The positive
introduction of new technology or new analytical sys-
tems, in conjunction with estimates of the contribution
made by each transporter to drug disposition in vive,
will lead to the more efficient development of new safer
and more effective drugs.
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Function of Uptake Transporters for Taurocholate and Estradiol
17p-D-Glucuronide in Cryopreserved Human Hepatocytes
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Summary: The uptake properties of taurocholate (TC) and estradiol 174-D-glucuronide (E;178G) were
examined in freshly isolated and cryopreserved human hepatocytes to discover if active transport is
retained in cryopreserved human hepatocytes. Firstly, the uptake of TC and E;178G was measured
hefore and after cryopreservation. The uptake of TC was found to be Na*-dependent both in fresh and
cryopreserved hepatocytes. The uptake activity in cryopreserved hepatocytes was found to range from
10 to 200% of that observed in freshly isclated cells. A kinetic analysis was performed to evaluate the
transport activity of TC and E; 175G and revealed that the Michaelis constant (X,,) for these compounds
in cryopreserved human hepatocytes was 2-8 and 3-18 uM, respectively. This was within the range of
K., values previously found in human Na*-taurocholate cotransporting polypeptides (NTCP) and organic
anion transporting polypeptides (OATP) 2 and 8, respectively. The kinetic analyses also showed that the
species difference between human and rat hepatocytes was more marked for the maximal uptake rate
(Vimax) (>22 and > 22 times higher for TC and E;175G in rats than in humans, respectively) than that for
K., (2-12 and 0.7-4 times higher, respectively), compared with earlier data we obtained in primary
cultured rat hepatocytes. Hence, we conclude that cryopreserved human hepatocytes, at least in part,
retain their transporter functions and, therefore, can be a useful experimental system for examining the

mechanism of the hepatic uptake of drugs.

Key words: human hepatocytes; cryopreservation; transporter; uptake

Introduction

Drug disposition in hepatocytes is initiated by the
penetration of drugs through the sinusoidal membrane,
followed by intracellular metabolism and/or biliary
excretion.!? Therefore, the hepatic uptake process is an
important determinant of the hepatic clearance of
drugs. Indeed, for several types of drugs and other
xenobiotics, the hepatic uptake process has been
demonstrated to be the rate-limiting step for systemic
clearance.** For such compounds, the in vitro assess-
ment of their uptake across the sinusoidal membranes is
important for assessing hepatic clearance in intact liver.

It has been suggested that many drugs, bile acids and
other xenobiotics are taken up into hepatoeytes via drug

transporters.*® For drugs which are taken up into
hepatocytes by such transporters, freshly isolated
hepatocytes represent a useful experimental system for
evaluating their uptakes.2® However, the application of
this system using human hepatocytes is hampered
by their relatively poor availability. Recently, several
laboratories have demonstrated that cryopreserved
human hepatocytes can be used to evaluate human drug
metabolism.'>'® However, there have been few pub-
lished reports on the drug transport properties of
cryopreserved human hepatocytes.! Therefore, it is
important to demonstrate the validity of cryopreserved
hepatocytes as a tool for estimating the transport activi-
ty of xenobiotics.

More recent studies have identified the molecular
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Table 1. Background information on donors

Lot No. Age " Tobacco Alcohol Substance Viability?
(Donor ID) (vears) Sex Race Use Use Use [%)

HH-063 33 male C yes no no 75
HH-068 44 female C no yes no 70
HH-069 63 female C yes yes no 29
HH-088 84 female C no no no 92
HH-093 68 female C no ne no 93
HH-097 47 male C no no no 71
HH-099 74 female C ne no no 69
HH-105 59 male C yes yes no 57
HH-107 69 female C no no no 58
HH-117 47 female C no no no 90

@ C---Caucasian.

M Cell viability was confirmed by trypan blue exclusion test.

mechanism governing the hepatic uptake of these com- .

_g & N l ) P . Materials and Methods
pounds. For example, Na™-taurocholate cotransporting
polypeptide (Ntcp) is mainly associated with Na*- Materials: [FH]TC (111 GBq /mmol) and

dependent uptake of bile acids in rats''¥ while organic
anion transporting polypeptide-1 (Oatpl) plays an
important role in their Na*-independent uptake.'®'?
Transporters involved in the uptake of anionic com-
pounds can generally be categorized into two major
groups: the Oatp family'*'®® and the organic anion
transporter (Qat) family.2** There is an overlapping
substrate specificity between each of these families: the
QOatp family mainly accepts amphipathic anions while
the Oat family accepts small, hydrophilic organic
anions.®®  Their substrates also include neutral
compounds and organic cations.**®

These families are, in general, conserved in humans
although there are a few exceptions. OATP-A,*"
OATP-B,*™ QATP-C/OATP2/LST-1,”3" QATP-D,®™
OATP-E* and OATP&?® are human transporters
belonging to the OATP family whereas OATI1,*-*
OAT2,* OAT3I™ and OAT4® belong to the OAT
family. OATP-B, OATP-C/OATP2/LST-1, OATPS
and OAT2 are reported to be expressed in liver.? 323

Significant differences have been reported in drug
transport characteristics between human and rat
hepatocytes.’” For example, the uptake of taurocholate
in human hepatocytes is much lower than that in rat
hepatocytes.’” Taking this interspecies difference into
consideration, human hepatocytes are needed as a tool
to assess drug disposition in humans. The present study
was carried out to evaluate the wusefulness of
cryopreserved human hepatocytes in drug transport
studies by examining the uptake kinetics of the NTCP
substrate, taurocholate (TC)™'™ and OATP substrate,
estradiol 178-D-glucuronide (E,178G)"7?'*? in freshly
isolated and cryopreserved human hepatocytes.

(*H]E.178G (1628 GBq/mmol) were purchased from
New England Nuclear (Boston, MA). Unlabeled TC and
E.178G were purchased from Sigma-Aldrich (St. Louis,
MO). All other reagents were of analytical grade.
Hepatocyte preparation: The human hepatocytes
uséd in the study were isolated from human livers
donated for transplantation purposes but not used for
transplantation mainly due to the lack of appropriate
recipients (Table 1). All livers were surgically removed
from brain-dead donors whose hearts were functioning
and who were free of known liver diseases. All livers
were stored for less than 24 hours in University of
Wisconsin solution, Hepatocytes were isolated by perfu-
sion using a two-step collagenase digestion procedure.*®
After enzymatic dissociation, the hepatocytes were
further separated from nonparenchymal cells by
centrifugation through 30% Percoll. Freshly isolated
hepatocytes, before cryopreservation, were used within
4 hours after isolation, The cells were stored on ice in
Krebs-Henseleit buffer. For the studies using
cryopreserved hepatocytes, the purified hepatocytes
were cryopreserved in liquid nitrogen until analysis. The
storage time during the cryopreservation process was
as follows: HH-063, -068, -069, -088 and -117 were
cryopreserved for approximately 12 months and
HH-086, -093, -097, -099, -105 and -106 were
cryopreserved for approximately 6 months before use,
Immediately before the uptake studies, the hepatocytes
(1 mL suspension) were thawed at 37°C then immedi-
ately suspended in 10mL ice-cold Krebs-Henseleit
buffer and centrifuged (50 % g} for 2 minutes at 4°C,
followed by removal of the supernatant. This procedure
was repeated once more to remove cryopreservation
buffer and then cells were resuspended in the same
buffer to give a cell density of 2.0x10° or 4.0x 10°
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viable cells/mL for the uptake studies.

Uptake studies: To measure the uptake of TC in the
absence of Na*, sodium chloride and sodium bicar-
bonate in Krebs-Henseleit buffer were replaced with
choline chloride and choline bicarbonate, respectively,
for all subsequent studies. Prior to starting the uptake
studies with TC or E; 178G, 120 uL of the cell suspen-
sions was prewarmed in an incubator at 37°C for 3
minutes.* In a pilot experiment, a 3-minute preincuba-
tion was confirmed to be sufficiently long to raise the
temperature of cells to 37°C and longer preincubation,
for up to 30 minutes, did not alter the uptake rate of
E,178G. The uptake studies were initiated by adding an
equal volume of substrate solution to the cell suspen-
sion. At a designated time, the reaction was terminated
by separating the cells from the substrate sclution by
centrifugal filtration.® An aliquot of 100 L incubation
mixture was collected and placed in a centrifuge tube
(450 uL) containing 50 4L 2 N NaOH under a layer of
100 1L oil (density = 1.015, a mixture of silicone o0il and
mineral oil, Sigma-Aldrich, St. Louis, MO). The sample
tube was then centrifuged for 10 sec using a tabletop
microfuge (10,000 % g: Beckman Micrefuge E™, Beck-
man Coulter, Inc. Fullerton, CA) during which the
hepatocytes passed through the oil layer into the
alkaline solution. After an overnight incubation in
alkali to dissclve the hepatocytes, the centrifuge tube
was cut and each compartment was transferred to a
scintillation vial. The compartment containing the
dissolved cells was neutralized with S0 uL 2N HCI,
mixed with scintillation cocktail and the radioactivity
was counted using a liquid scintillation counter
(LS6000SE, Beckman Coulter, Fullerton, CA).

Data analysis: The time-courses of the uptake of TC
and E;178G were expressed as the uptake volume (uL/
108 cells) for the radioactivity taken up into cells (dpm/
10° cells) divided by their concentration of radioactivity
in the incubation medium (dpm/uL). The initial uptake
velocity of each drug was calculated using their uptake
volume obtained at 0.5 and 2min and expressed as
the uptake clearance (CLypare: uL/min/10¢ cells). To
measure the transporter-mediated CLypue, the uptake
of TC and E;178G was measured under tracer condi-
tions (in the presence of 1 uM TC or E;178G) and excess
conditions (in the presence of excess unlabeled TC
(300 uM) or E,178G (100 #uM)} and the CL,gue was
expressed as the CL,yuk. under tracer conditions minus
that under excess conditions.

The kinetic parameters for the uptake of TC and
E;178G were calculated using the following equations:

= Vmu.S Il
Ty K. +5S + Pyis- S 1)
. Vmax.l'S Vmax,2'S .
o Km.] +S -+ Km|2+S +Pd,r Y (2)

where 1o is the initial uptake rate (pmol/min/10° cells),
S is the substrate concentration (gM), K is the
Michaelis constant (4M), Vpum is the maximal uptake
rate (pmol/min/10¢ cells) and Py is the nonsaturable
uptake clearance (uL/min/10° cells). The above equa-
tion was fitted to the uptake data by a nonlinear least-
squares method using a computer program, MULTI*
to obtain the kinetic parameters. The input data were
weighed as the reciprocal of the observed values and the
Damping Gauss Newton method was used as the fitting
algorithm.

Results

Uptake of TC: To examine the effect of cryopreser-
vation on the drug uptake activity, the uptake of TC
was measured before and after cryopreservation for
hepatocytes isolated from five different donors
(Table 2). Typical time profiles for cryopreserved
hepatocytes from two donors are shown in Fig. 1. Time-
dependent uptake was observed in the freshly isolated
hepatocytes, with reduced uptake in the presence of
excess unlabeled TC (Fig. 1). The effects of cryopreser-
vation were different for the two lots of cryopreserved
cells (Fig. 1). In HH-093, TC uptake in the presence of
Na* was similar before and after cryopreservation
while, in HH-099, it was markedly reduced after
cryopreservation (Fig. 1),

In the presence of Na*, the highest CLyae of TC
(21 4L /min/10° cells) was observed in freshly isolated
hepatocytes of HH-106, this uptake being reduced to
42% of that after cryopreservation (Table 2). A middle
range of CLpake (7-13 4L /min/10° cells) was found in
fresh hepatocytes of HH-097, HH-099, and HH-1035
(Table 2), the reduction in uptake after cryopreserva-
tion being more marked in HH-099 whereas it was
minimal in HH-097 (Table 2). The lowest CLypuke
(1.7 L /min/10° cells) was found in HH-093 and the
reduction was minimal in this lot.

In the absence of Na*, the TC uptake in HH-093 and
HH-099 was much lower than that in its presence
(5-40% of control; Fig. 1). Such Na*-dependence in
CLypaxe was found in the majority of hepatocyte
samples {Table 2). The uptake of TC in the absence of
Na* was also reduced by excess unlabeled TC in
HH-093 whereas this effect was minimal in HH-099
(Fig. 1).

Analysis of the mean CLyya. of 5 samples revealed
that more than half of the total uptake of TC is the
Na*-dependent portion both in freshly isolated and
cryopreserved hepatocytes (54 and 719% was Na*-
dependent for freshly isolated and cryopreserved
hepatocytes, respectively: Table 2). Na*-dependent and
-independent uptake was reduced to 59 and 29% after
cryopreservation, respectively (Table 2).

Uptake of E,17fG: The uptake of E;178G in
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Table 2, lComparison of uptake clearance for taurocholic acid {TC) in freshly isolated and cryopreserved human hepatocytes.”

freshly isolated cryopreserved cryopreserved /fresh
[#L /min/10® cells] [&L /min /108 cells) ratio
HH-093 Na*(+)® 1.68+1.23 2.55+0.60 ],e 1.52+£1.17
Na*(-) 0.467+0.942 1.01+£0.46 2.16+4.47
Na*-dependent? 1.21+£1.55 1.54£0.76 1.27+1.75
HH-097 Na*(+) 7.07x4.50 6.55%1.61 ]. 0.9261£0.632
Na*(~) 2,10+ 0.65 2.17+1.11 1.033£0.618
Na*-dependent 4,97+4.55 4,383%1.96 0.881%0.898
HH-099 Na*(+) 13.4+4.2 ],, 1.90+0.18 ]., 0.142:!:0.046"{
Na*(—) 0.733+£1.201 0.420+0.238 0.573+£0.993
Na*-dependent 12.7+4.4 1.48+0.92 0.117£0.083*
HH-105 Na*(+) 7.03+2.06 3.08+0.93 ]. 0.438+£0.184*
Na*(-) 6,03+1,48 1.21+1.27 0.201+0.216*
Na*-dependent 0.993+2.539 1.87+1.57 1,883+ 5,068
HH-106 Na*(+) 20.7+2.0 ],, 8.67+3.12 ]. 0.419+0.156**
Na*(=} 13.5+1.1 1.84+3.79 0.136 £ 0.281**
Na*-dependent 7.24+2.28 6.83£4.91 0.943+0.740
mean? Na*{+} 9.98+7.29 4.55+£2.92
Na*{—) 4,5715.47 1.33+0.69
Na*-dependent 5.42+4.84 3.22+2.35

"' Uptake clearances were calculated as described in the Methods section. ANl studies were carried out in triplicate and data are represented by

mean+S.D.

™ Transporter-mediated uptake clearances estimated in the presence of Na*.
! Transporter-mediated uptake clearances estimated in the absence of Na*.

# Na*(+)-Na*({-).

M p<0.05, M - p<0.01: significantly different between Na*(+) and Na*(—) by Dunnet’s test.
M. .p<0.05, **- - p<0.01: significantly different between in freshly isolated and cryopreserved hepatocytes by Dunnet’s test.

*) mean+35.D. of 5 lots.

HH-093 and HH-099 is shown in Fig. 2. For both, the
uptake was saturated by excess unlabeled E;178G in
freshly isolated and cryopreserved hepatocytes. The
CLyptake 0f Ez178G was also calculated and is shown in
Table 3. In freshly isolated hepatocytes, the rank order
in the CLypate of B2 178G (HH-097, HH-099, HH-105 >
HE-093, HH-106) was not the same as that in the
CLype of TC (HH-106>HH-099>HH-097, HH-
105> HH-093). A reduction in CL,puk of E;178G fol-
lowing cryopreservation was observed in some lots and,
as in the case of TC uptake, the magnitude of this reduc-
tion did not depend on the absolute value for the
CL,puake in freshly isolated hepatocytes (Table 3).

The mean CL,ya. of E3;178G of 5 samples was
reduced to 68% after cryopreservation (Table 3).

Kinetic analysis of the uptake: Eadie-Hofstee plots
for the uptake of TC and E;178G in cryopreserved
hepatocytes from three (for TC) and five (for E;17£G)
donors are shown in Fig. 3. Both a saturable and non-
saturable components were found for each compound
{Fig. 3). The data obtained in the present study was
fitted to the equation (1) with a smaller AIC value than
equation (2) and, therefore, kinetic parameters calculat-
ed only by the equation (1) are shown (Table 4). The
obtained K, values were 2-8 uM for TC and 3-18 uM
for E; 178G (Table 4). The mean values for the kinetic

parameters obtained from multiple lots of hepatocytes
revealed a saturable component for TC and E;178G
uptake, which was estimated by Vi../K., as 74 and
66% of the total uptake (Ve /Kn+ Pac), respectively
(Table 4).

Discussion

The results of our studies suggest that active transport
is retained in cryopreserved human hepatocytes. Of
the five human hepatocyte preparations, the CL,puax. in
cryopreserved hepatocytes, expressed as a percentage of
the activity of the hepatocytes before cryopreservation,
ranged from 12% to 188% for sodium-dependent TC
uptake, and from 38% to 195% for E;178G uptake
(Tables 2 and 3). In some preparations, the transport
activity of these compounds in cryopreserved hepato-
cytes exceeded that in freshly-isolated ones although the
mechanism for this phenomenon remains to be clarified
(Table 2 and 3). However, the increase of the transport-
er activity after cryopreservation was not statistically
significant (Tables 2 and 3). The change in CLypake,
before and after cryopreservation, exhibited an inter-lot
variability although the exact mechanism for this
remains to be clarifted. Both saturable and nonsaturable
components were observed in the uptake of these com-
pounds (Fig. 3). The K, for the saturable portion of the
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Fig. 1. Time profile for the uptake of TC in the presence (a, b) or absence {¢, d) of Na™ in freshly isolated or cryopreserved human hepatocytes.

Uptake of TC in freshly tsolated hepatocytes (W, O} or cryopreserved hepatocytes (@, O) was measured by incubating cells with 1 M (@, =)
or 300 AM(Q, O)YTCat37°Cin Na*(+)or Na*(—) Krebs-Henseleit buffer. The uptake in lot No. HH-093 (a, <) and HH-099 (b, d) is shown here
and other results are summarized in Table 2. Each point and bar represents mean + S.E. of 3 separate determinations,
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Fig. 2. Time profile for the uptake of E;178G in freshly isclated or cryopreserved human hepatocytes.

Uptake of E,178G in freshly isolated hepatocytes (W, O) or cryopreserved hepatocytes (@, ©) was measured by incubating cells with 1 uM (@,
®)or 100 uM (O, 0)E;178G at 37°C in Na” (+) Krebs-Henseleit buffer. The uptake in lot No. HH-093 (a) and HH-099 (b} is shown here and
other results are summarized in Table 3. Each point and bar represents mean+S.E. of 3 separate determinations.

I'C uptake (2-8 uM) was close to that reported in
human NTCP transfected cells (6 M).*Y In
cryopreserved human hepatocytes, Na*-dependent up-
take of TC, at least partly mediated by NTCP, ranged
from 60% to 79% of the total uptake (Table 2). ;178G

is reported to be a substrate for the OATP family, of
which OATP-C/OATP2 and OATPS have been identi-
fied as being expressed in the liver. The K, for uptake in
cryopreserved hepatocytes (3-18 uM) was also similar to
that reported for OATP-C/OATP2 (8 uM)’" and
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OATPS (5 uM),*

Among the five hepatocyte preparations, the rank
order of the CL . of TC and E:178G was different,
supporting the fact that the major transporter(s) for
these two substrates is different. This rank order for
E, 176G was changed markedly before and after
cryopreservation. This might be explained by the
possibility that multiple transporters are involved in the
uptake of E. 175G and the effect of cryopreservation on
their expression level and/or function may vary.

Fable 3. Comparison of uptake clearance for esiradiol 175-D-
glecuranide (E.178G) in freshly isolated and cryopreserved human
hepalocyies.”

freshly isolated  cryopreserved cryopreserved

[pL/min/10" [#L/min/10" fresh
cells] cells] ratio

HH-093 4.29+1,15 3.43+0.69 0.80+0.27
HH-097 215+ 14.1 14.5+£2.0 0.67 £ 0.45
H1H-099 15.74£2.4 5.97£1.25 0.38£0.10*"
HH-105 14.9+£1.2 6.84+£0.93 0.46 £0.07%*
HH-106 5.94+2.64 11.6+£3.35 1.9541.04
mean” 8.47+4.49

125+ 7.2

“ Uptake clearances were calculated as described in the Methads
section. All uptake clearances mean transporter-mediated uptake
clearances. All studies were carried out in triplicate and data are
represented by meanx=8.D.

Mt < 0.05, "™ - p<0.01: significantly different between in Fresh-
ly isolated and cryopreserved hepatocytes by Dunnet’s test.

‘! mean=+S.D. of 5 lots.
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Large inter-lot variations in the transport activity
observed (Table 2 and 3) may be due to intrinsic inter-
individual differences, in part, by the genetic polymor-
phism of transporters such as QATP-C/OATP2%4% or
due to an artifact produced during the isolation and for
cryopreservation of hepatocytes., However, it also
should be noted that such variations were observed in
freshly isolated hepatocytes. In addition, drug disposi-
tion profiles in humans are generally thought to be more
variable than those in animals.™ Therefore, we cannot
conclude that the variations observed in this study were
solely due to an artifact. However, we cannot find a
¢lear factor governing the inter-lot difference in the
CLypate of TC and E; 175G as far as sex, tobacco usage
and alcohol usage (Table 1) are concerned, due to the
limited amount of liver samples available.

The kinetic analyses of TC and E.178G uptake in
cryopreserved human hepatocytes have shown that
inter-lot differences were observed both in V.. /K., and
Puir (Table 4), The range in the V.. /K, values may be
due to interindividual differences in the expression level
and/or function of transporters although it may be
caused by other factors such as the cell integrity being
affected during the cell isolation and/or cryopreserva-
tion process. It may be also due to inter-lot differences
in the driving force for transporters (i.e. Na  gradient
between the inside and outside of cells for NTCP)
although this was not confirmed in the present study.
Considering that muliiple transporters accept E-178G
as a substrate,*"* a large variation in the A, of E;178G
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Fiz. 3. Eadie-Hofstee plots for the uptake of TC (a) and E,178G (b) in cryopreserved human hepatocytes, HH-063 (4}, HH-068 (=), HH-069

(&), HH-088 (@) and HH-117 (x).

Uplake of TC and E- 178G by cryopreserved hepatocytes was measured at concentrations of 1, 3, 5, 10, 30, 30, and 100 M in the presence of
Na . Each point and bar represents mean £ S.E. of 3 separate determinations. In each graph, the lines represent the fitted curves obtained using

eguation (1).
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Table 4. Kinetic parameters for the uptake of taurochelic acid (TC) and estradiol 178-D-glucuronide (E,175G) in cryopreserved human
hepatocytes.”

. | K’m anx Vmut/Km Pdif
Substrare Lot No. FaM] [pmol /min/10° cells] (4L /min/10° cells] [uL /min/10° cells]
w HH-063 5.25+3.48 35.8£19.5 6.8245.85 3.4540.47
HH-063 7.71£5.91 73.1449.9 9.43£9.73 3.54+0.91
HH-069 1.55+0.41 18.922.6 122£3.6 2.81:+0.12
average ) 4.8421.79 42.6+16.0 9.50£2.69 3,27+0.23
' o 17.742.8 1630 £ 150 92.1%16.09
BN HH-063 3.00+2.64 18.8£11.5 6.08+6.41 3.74£0.46
i HH-068 11.5+10.1 38.3£33.1 3.33:4.11 3118+0.51
HH-069 6.31%6.44 2214193 3.50+4.71 3.47+0.45
HH-088 (8.1% 10.2 60.2+35.1 333+1.87 1.49£0.39
HH-117 3.31£2.27 26.0£12.5 810+5.73 0,688 %0.33
averase 8.44+2.86 13.1£7.5 4.87£0.96 2,51 £0.60
o ratt 12.9+1.3 1300 £ 100 10113

4 Kinetic parameters were obtained from the uptake studies shown in Fig. 4. All data are shown as mean+3S.E. values.

M Rei 15) 1, and V.. /K, are expressed as pmol /min/mg protein and yL/min/mg protein, respectively.
@ Ref 17) 1, and V. /K, are expressed as pmol/min/mg protein and yL/min/mg protein, respectively.
“* {-mg-protein rat hepatocytes correspond to approximately 10° cells in our studies.

emphasizes the necessity for further studies to clarify
the variability in the contribution of each transporter to
the uptake of this substrate in each hepatocyte prepara-
tion.

Our results are consistent with the known species-
differences in active transport. Sandker ef al. have
reporied that the uptake of TC and ouabain in freshly-
isolated human hepatocytes was much lower than that
in rat hepatocytes.’™ In our previous analysis, the K., for
TC in primary cultured rat hepatocytes was 18 uM,'®
which is higher than that in humans (4.8 gM} (Table 4),
whereas the V.. in rats was 1630 pmol/min/mg pro-
1¢in.'” which was much higher than that observed in this
study in human hepatocytes (42.6 pmol/min/10° cells)
{Table 4). Thus, the difference in TC uptake between
rats and humans is mainly due to the difference in Vpax
values, Similarly, the K, and iy of E:178G uptake
in rat hepatocytes obtained in our previous analysis
were 12.9 #M and 1300 pmol/min/mg protein, respec-
tively,'"” with the difference in Vy.x from human hepato-
cytes (33.1 pmol/min/10° cells) being more marked
than that in K, (.44 uM) (Table 4). This differs from
the case involving the transport activity across the bile
canalicular membranes, which is mainly affected by
interspecies differences in K, rather than in Ve ™

Using isolated hepatocytes, overall drug clearance,
including transporter-mediated uptake and metabolism,
can be estimated.? Moreover, isolated hepatocytes are
_E‘Ci“il“lﬁed with numbers of enzymes and coenzymes
tivolved in drug metabolism under conditions close to
those in the intact liver.*® Therefore, isolated hepato-

cytes are a good tool for a more precise estimation of in
vivo drug metabolism. Recently, to avoid drug-drug
interactions (PDI), many in vitro assays using micro-
somes - and/or expression systems of metabolizing
enzymes have been performed. For this purpose, isolat-
ed hepatocytes are a better tool because this experimen-
tal system is close to the intact liver and also enables the
prediction of transporter-mediated DDI.

In conclusion, cryopreserved human hepatocytes
retain, at least in part, their transporter function for TC
and E,178G. Cryopreserved human hepatocytes appear
to be a useful tool for examining the mechanism of
hepatic uptake of drugs.
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The mechanism for the cellular extrusion of sulfated
conjugates is still unknown. In the present study, we
investigated whether human wild type ABCG2 trans-
ports estrone 3-sulfate (E,;S) using membrane vesicles
from cDNA-transfected mouse lymphoma cell line (P338
cells). The uptake of [*H]E;S into ABCGZ2-expressing
membrane vesicles was stimulated by ATP, and the K,
value for [*HIE,S was determined to be 16.6 pm. The
ABCG2-mediated transport of [*H]E,S was potently in-
hibited by SN-38 and many sulfate conjugates but not by
glucuronide and glutathione conjugates or other ani-
onic compounds. Other sulfate conjugates such as
[*H]dehydroepiandrosterone sulfate (DHEAS) and
[**S}4-methylumbelliferone sulfate (K, = 12.9 pv) and
[**S]6-hydroxy-5,7-dimethyl-2-methylamino-4-(3-pyri-
dylmethyl)benzothiazole (E3040) sulfate (K,, = 26.9 pM)
were also transported by ABCG2. Although [*Hlmetho-
trexate, [*H]178-estradiol-178-p-glucuronide, [*H]2,4-
dinitrophenyl-S-glutathione, and ['*C]4-methylumbellif-
erone glucuronide were transported by ABCG2, this
took place to a much lesser extent compared with
[*HIE,S. It was suggested that ABCG2 preferentially
transports sulfate conjugates and that E;S and DHEAS
are the potential physiological substrates for this
transporter,

Human ABCG2, also referred to as placenta-specific ABC
transporter'/breast cancer resistance protein/mitoxantrone re-
sistance-associated protein, belongs to the ATP-binding cas-
sette (ABC) transporter family (1-3). The structure of ABCG2
differs from that of MDR1 P-glycoprotein and multidrug resis-
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U.8.C. Section 1734 solely to indicate this fact.
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tance-associated protein (MRF/ABCC) family proteins, which
are twe major groups of cancer multidrug resistance ABC
transporters. Although MDRI/ABCRB1 contains two tandem
repeats of transmembrane and ABC domains, and many of the
MRP family proteins (such as MRP1-3/ABCC1-3) contain the
additional third transmembrane domain prior to the two tan-
dem repeats of transmembrane and ABC domains, ABCG2
consists of only one ABC and one transmembrane domain and,
therefore, is referred to as a half-sized ABC transporter (1-3),
ABCG2 was initially identified as an mRNA expressed in pla-
centa (2) and as a non-MDR1 and non-MRP type resistance
factor from cell lines which were selected in the presence of
anthracyclines and mitoxantrone (1, 3), Although most of the
half-sized ABC transporters are located on the intracellular
organelle membrane, immunchistochemical studies revealed
that ABCG?2 is expressed on the plasma membrane (4). The fact
that the intracellular concentration of substrate anticancer
drugs is reduced in ABCG2-expressing cells (5) is consistent
with its localization on the plasma membrane.

Although the function of ABCG2 has been studied exten-
sively in terms of multidrug registance, the physiclogical
and/or pharmacological functions of this transporter have not
been clarified yet. In normal human tissues, ABCG2 has been
found to be expressed on the apical membrane of trophoblast
cells in placenta, the apical membrane of enterocytes, the bile
canalicular membrane of hepatocytes, and the apical mem-
brane of lactiferous ducts in the mammary gland (B). These
results suggest that ABCG2 may play an important role in
protecting these tissues against the exposure to xenobiotics by
extruding them across the apical membrane. In addition,
ABCG2 has been demonstrated to be expressed in a wide va-
riety of stem cells and to be a molecular determinant of the
side-population phenotype (7). Recently, it was demonstrated
that the disruption of the ABCG2 gene results in the loss of the
number of side-population cells in the bone marrow and skel-
etal muscle (8). Moreover, ABCG2 (~/-) hematopoietic cells
were more sensitive to mitoxantrone in the drug-treated trans-
planted mice, suggesting its protective role against cytotoxic
substrates (8). It was recently demonstrated that ABCG2 (—/-)
mice were more sensitive to pheophorbide, & breakdown prod-
uct of chlorophyll, resulting in the phototoxic lesions on the
light-exposed skin (2). The function of ABCG?2 in determining
the drug disposition has been investigated by examining the
disposition of topetecan, a substrate for ABCG2 and MDR1
P-glycoprotein, in mdrla/1b (—/~) mice (10). Jonker et af. (10)
reported that the oral absorption of topotecan was increased by
the administration of GF120918, an ABCG2 inhibitor.
GF120918 has been demonstrated to alter the disposition of
topotecan by preventing intestinal (re)absorption and/or biliary
excretion (10).

Concerning the cellular extrusion of xenobiotics and/or their
metabolites, the role of MDR1 and MRP family proteins has

22644 This paper is available on line at http:f}www.jhc.org
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Fia, 1. Western blot analysis of ABCG2 in membrane vesicles,
Membrane vesicles isolated from ABCG2-transfected (P388-HA) and
control P388 cells (25 ug of protein) were separated on an 8.5% poly-
acrylamide gel containing 0.1% SDS. The proteins transferred to the
polyvinylidene difluoride membrane by electroblotting were detected by
monoclonal antibodies against human ABCG2.
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Fig. 2. Time profiles for [*H]E,S uptake by membrane vesicles.
Membrane vesicles (5 pg of protein) prepared from ABCG2-transfected
P388 cells (circles) or vector-transfected P388 cells (squares) were incu-
bated at 37 °C in medium containing 500 nM unlabeled and 52 nm
*H-labeled E,;S in the presence {(closed symbols} and absence (open
symbols) of 5 mm ATP, Each point and vertical bar represents the
mean * S.E. of triplicate determinations {closed symbols) or the mean
values of two determinations (open symbols). Where vertical bars are
not shown, the 8.E. is within the limits of the closed symbols.

been documented (11-15). It has been established that MDR1
preferentially extrudes hydrophobic cationic and/or neutral
compounds, whereas MRP family proteins preferentially trans-
port organic anions, including conjugated metabolites (11-15).
Indeed, it is well known that MRP family proteins act syner-
gistically with conjugative enzymes to detoxify xenobiotics
(11-13, 15, 16). For example, the glucuronide and glutathione
conjugates formed in hepatocytes by UDP-glucuronosyl trans-
ferases and glutathione S-transferases, respectively, are ex-
creted into the bile via MRP2, an apically located efflux trans-
porter (11-13, 15, 16). Although the substrate specificity of
UDP-glucuronosyl transferases and sulfotransferases resembie
each other, limited information is available for the cellular
extrusion of sulfated conjugates. Our results indicated that
xenobiotic sulfates are not significantly transported by MRP2
but, rather, stimulated the function of MRP2 (17, 18). MRP1, a
basolaterally located efflux transperter, has been shown to
transport estrone 3-sulfate (E;S), and this transport is exten-
sively stimulated in the presence of reduced glutathione (GSH)
(19). Very recently, it was demonstrated that dehydroepiandro-
sterone sulfate (DHEAS) is extruded from MRP2-expressing
cells (20). In the present study, we examined whether ABCG2

transports sulfated conjugates using membrane vesicles from

wild type human ABCG2-expressing mouse lymphoma (P388)
cells.

EXPERIMENTAL PROCEDURES
Materials—[*HIE,S (43.1 Ci/mmol), [*H]178-estradiol-173-p-glucu-
ronide (E,178G, §5.0 Cifmmol), FHlleukotriene C, (LTC,, 136.9 CV/
mmol), FHIDHEAS (60 Cimmol}, and [*H]taurocholate (2.00 Ci/mmol)
were purchased from PerkinElmer Life Science, Inc. (Boston, MA).
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Fi. 3. Concentration dependence of ABCG2-mediated [*HIE,S
uptake. The uptake of [PHIE,S (34 nM) by ABCG2-expressing mem-
brane vesicles was determined at 37 °C for 1 min in medium containing
unlabeled E,S (A) and the uptake of 25 nM [PH]E,S with 500 nM
unlabeled E;S by ABCG2-expressing membrane vesicles was deter-
mined at 37 °C for 1 min in medium containing different concentrations
of ATP (B). Results are shown as an Eadie-Hofstee plot. The solid line
represents the fitted line obtained by non-linear regression analysis,
Each point and bar represents the mean * S.E. of triplicate determi-
nations. Where vertical bars are not shown, the S.E. is within the limits
of the symbols.

DHEAS E28 TLC-S
_100 _100 _100
g 75 % 75 s
-] 9 50 E 50
s s 5
®25 #25 ® 25
o o . o
ﬁ u) 7~ Z % g n)‘ = % & g 0’ % 7% 2
g > % % & ° 9 %, 5§ e % T,
concentration (pM) concentration (M) concentration (UM)
4-MUS E3040S PNPS
100 100 e 100
= = o
% 75 £ E s
5 so .§_50 -‘-; 50
=3 S £
® 25 R 25 L a5
-9 - . &
£ 9 £ a5
2, B B2 B ol B 1 10 100 1000
g © % % 5 2 G, =
concentration {pM) concentration {pM) concentration {pM)
mitoxantrone SN38 daunomycin
100 100 15 100
= = =
g 75 Y % 75 .E 75
- 50 S50 S50
o -] I -]
®R25 . ®25 . ® 25
a @ 2 @
g ol b, % E % 7 B % ] D) B B %
B e % % & % v B E I N

concentration (M) concentration (pM) concentration (UM}

Fia. 4. Effect of compounds on ABCG2-mediated [*HIE,S up-
take by membrane vesicles. [PHIE,S uptake by membrane vesicles
prepared from ABCG2-transfected cells and vector-transfected P388
cells was determined at 37 °C for 2 min in medium containing 500 nM
unlabeled and 33 nM [PH]labeled E;S, with or without the compounds at
the indicated concentrations. The uptake values were calculated by
subtracting the values for control membrane vesicles from those for
ABCG2-expressing membrane vesicles in the presence of 5 mym ATP.
Data represent the mean * S.E. of triplicate determinations. Where
bars are not shown, the S.E. is minimal. *, significantly lower than the
control (p < 0.05) by analysis of variance (ANOVA) followed by Dun-
nett’s test. **, significantly lower than the control (p < 0.01) by ANOVA
followed by Dunnett’s test.

[*H]Methotrexate {29 Ci/mmol) was purchased from American Radio-
labeled Chemicals, Inc, (St. Louis, MO). [*H]Taurolithocholate sulfate
{TLC-S) was prepared using [*H]taurine (30.3 Ci/mmol, PerkinElmer
Life Science, Inc.) according to a method described previously (21).
[35514-Methylumbellifercne sulfate (4-MUS) and [**C]4-methylumbel-
liferone glucuronide {4-MUG) were biosynthesized by incubating
4-methylumbelliferone in rat liver cytosol and microsomes, respec-
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- TaBLE I
Inhibition of ABCG2-mediated FHIE,S transport by sulfated
conjugates and anticancer drugs

Approximate IC;, values were estimated from the data shown in Fig.
4. FHIE,S uptake by membrane vesicles prepared from ABCG2-trans-
fected cells and vector-transfected P388 cells was determined at 37 °C
for 2 min in medium containing 500 nM unlabeled and 33 nm 3H-labeled
E,8, with or without the compounds at the indicated concentrations.
The uptake values were calculated by subtracting the values for control
membrane vesicles from those for ABCG2-expressing membrane vesi-
cles in the presence of 5 mM ATP.

AF roximate
50 Value
un
DHEAS 55
E,S 14
4.MUS 6
E30403 10
PNPS 53
TLC-S 37
SN-38 . 16
Mltoxantrone 61
Daunomycin 59

tively. In the case of [*58]4-MUS, the reaction buffer contained 5 mm
HEPES, 1 mm MgCl,, 4 mM 4-methylumbelliferone, 1 mg/ml rat liver
cytosol, and 50 pCi of [**S)phosphoadencsine 5'-phosphosulfate (1.82
Ci/mmol, PerkinElmer Life Science, Inc.) in a final volume of 1.0 ml. For
4-MUG, the reaction buffer contained 5 mm HEPES, 1 mm MgCl,, 1 mm
dithiothreitol (DTT), 0.1 mM D-saccharie acid-1,4-lactone, 0.01%({v/v)
Triton X-100, 4 mM 4-methylumbelliferone, and 5 wCi of **CJUDP-
glucureonic acid (252 mCi/mmol, ICN Biomedicals, Inc., Irvine, CA) in a
final volume of 1.0 ml. After incubation for 60 min at 37 °C, both
reactions were terminated by adding ice-cold 9 ml of methanol. After
centrifugation, the supernatant was subsequently reduced by centrifu-
gal concentration and applied to a pre-coated thin-layer chromatogra-
phy plate (Silica-Gel 60F254, with fluorescent indicator; 0.25 mm in
thickness, Merck, Whitehouse Station, NJ). The plates were developed
in 1-butanol/ethanol/water (80:10:20, v/v). After development, the spots
were located by UV light. The region associated with radiolabeled
4-MUS or 4-MUG was scraped and extracted with methanol. The ra-
diochemical purity levels for [$¥3]4-MUS and [™*CJ|4-MUG prepared by
this method were found to be 97.6% and 95.0%, respactively.

Unlabeled and *H-labeled 2,4-dinitrophenyl-S-glutathione (DNP-SG)
was prepared using unlabeled and ®H-labeled GSH (22.5 Ci/mmal,
PerkinElmer Life Science, Inc.) according to the method described pre-
viously (22, 23), **S-Labeled 6-hydroxy-5,7-dimethyl-2-methylamino-4-
(3-pyridylmethyDbenzothiazole (E3040) sulfate (E3040S) and “C-la-
beled glucuronide (E3040G) were prepared from [**S]phosphoadencsine
&'-phogphosulfate (3.00 Ci/mmol, PerkinElmer Life Science, Inc.) and
[“ClUDP-glucuronic acid (325.9 mCi/mmol, ICN Biomedicals, Inc.),
respectively, based on a method described previously (17). Unlabeled
E,8, estradiol 3-sulfate (E,S), estrone, E,178G, DHEAS, taurocholate
TLC-8, 4-MUG, 4-MUS, LTC,, methotrexate, p-nitropheny!? sulfate
(PNPS), daunomycin, and mitoxantrone were purchased from Sigma.
Unlabeled E3040G and E304085 were donated by Eisai. Co., Ltd. SN-38
was supplied by Daiichi Pharmaceutical Co. Ltd. (Tokyo, Japan).

Transport Studies with Membrane Vesicles—Membrane vesicles
were prepared from 2 X 10° vector- and wild type human ABCG2-
transfected mouse lymphoma (P388) cells (24) according to the method
described previously (25, 26). The membrane vesicles were frozen in
liquid nitrogen and then transferred to a deep freezer (—100 °C) until
required.

For the Western blot analysis, 20 ug of protein of membrane vesicles
was dissolved in 10 ul of 0.25 M Tris-HCl buffer containing 2% SDS, 30%
glycerol, 6% 2-mercaptoethanol, and 0.01% bromphenol blue, pH 6.8,
and was separated on a 7.5% SDS-polyacrylamide gel electrophoresis
with a 4.4% stacking gel. The molecular weight was determined using
a prestained protein marker (New England BioLabs, Beverly, MA).
Proteins were transferred electrophoretically to a nitrocellulose mem-
brane {Millipore, Bedford, MA} using a blotter (Bio-Rad Laboratories,
Richmond, CA) at 15 V for 1 h. The membrane was blocked with PBS
containing 5% skim milk for 1 h at room temperature. After blocking,
the membrane was incubated for 1 h at room temperature in PBS
containing 5% skim milk and 100-fold diluted BXP-21 (Kamiya Biomed-
ical Company, Seattle, WA). Then, the membrane was washed with
PBS containing 0.1% Tween 20 and allowed to bind to 5000-fold diluted

ABCG2 Transports Sulfate Conjugates

TasLE IT
Effect of organic anions including glucuronide and glutathione
conjugates on ABCG2-mediated [PHJE,S transport

For compounds that did not potently inhibit the ABCG2 funetion,
their inhibitory effects are shown at the maximum concentration used
in the present study. [°PHIE,S uptake by membrane vesicles prepared
from ABCG2-transfected cells and vector-transfected P388 cells was
determined at 37 °C for 2 min in medium containing 500 nM unlabeled
and 33 oM ®H-labeled E,S, with or without the compounds at the
indicated concentrations. The uptake values were calculated by sub-
tracting the values for control membrane vesicles from those for
ABCG2-expressing membrane vesicles in the presence of 5 my ATP.

Percentage Maximum concentration
of control tested
% M

Pravastatin 76 > 1¢ 1000
Taurocholate 107 = 4 150
Methotrexate 98 *+1 600
Doxorubicin 72 + 4= 200
E, 178G 93+ 3 5
4-MUG 84 x9° 500
E3040G 76 = 4% 250
Estrone 56 = 3= 200
LTC, 1132 2
DNP-SG 78 £ 2% 80

* Significantly lower than the control (p < 0.01).
® Significantly lower than the control {(p < 0.05).

Alexa Fluor 680 goat anti-mouse IgG (Molecular Probes, Inc., Eugene,
OR) for 1 h. Subsequently, the membrane was rinsed four times with
PBS containing 0.1% Tween 20 for 5 min. The enzyme activity was
assessed by using 5000-fold diluted Alexa Fluor 680 goat anti-mouse
IgG (Molecular Probes, Inc.) with an Odyssey infrared imaging system
(LI-COR, Inc., Lincoln, NE}.

The transport studies were performed using a rapid filtration tech-
nique (25, 26). Briefly, 15 p of transport medium (10 mm Tris-HC), 250
mM sucrose, 10 mm MgCl,, pH 7.4) containing radiolabeled compounds,
with or without unlabeled substrate, was preincubated at 37 °C for 3
min and then rapidly mixed with 5 ul of membrane vesicle suspension
(5-10 pg of protein). The reaction mixture contained 5 mM ATP or other
nucleotides, along with the ATP-regencrating system (10 mM creatine
phosphate and 100 ug/ul creatine phosphokinase). The transport reac-
tion was terminated by the addition of 1 ml of ice-cold buffer containing
250 mM sucrose, 0.1 M NaCl, and 10 my Tris-HCI (pH 7.4). The stopped
reaction mixture was filtered through a 0.45-um membrane filter
(GVWP, Millipore Corp., Bedford, MA) and then washed twice with 5 ml
of stop solution. Radioactivity retained on the filter was determined in
a liquid scintillation counter (LSC-3500, Aloka Co., Tokyo, Japan). The
ATP-dependent uptake of ligands was calculated by subtracting the
ligand uptake in the absence of ATP from that in its presence.

RESULTS

Expression of ABCG2—The expression level of the wild type
human ABCG2 in a mouse lymphoma cell line was determined
by Western blot analysis using anti-human ABCG2 (BXP-21)
monoclonal antibedy. As shown in Fig, 1, ABCG2 was only
detectable in the transfected cells, and its molecular mass was
~72 kDa, which is consistent with the previously reported
molecular mass (24). The Western blot analysis with an anti-
body against MRP1 (MRPr1) revealed that the strength of the
band at 175 kDa is the same between control and ABCG2-
transfected cells (data not shown). Although we could detect
the band in the Western blot analysis of crude membrane
fraction from mouse liver and intestine, but not that of the
membrane vesicles from the parental P388 cells, with BXP-21
monoclenal antibody (data not shown), we cannot deny the
possibility that the presence of an unknown amount of related
mouse transporter may significantly influence the results of
the transport studies. It should be noted that the use of mouse
Iymphoma cells has disadvantages due to this possibility.

Uptake of [PHIE,S into Membrane Vesicles—The time pro-
files for the uptake of [3H]EIS by membrane vesicles from P388
cells are shown in Fig. 2. The uptake of [*°H]E,S into membrane
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Fig, 5. Transport of organic anions by ABCG2. The uptake of [FHIDHEAS (0.5 M), PHlmethotrexate (MTX, 0.5 uM), [FHIE, 178G (0.5 un,
BHITLC-S (0.5 pm), [*Hltaurocholate (TC; 0.5 pa), PHIDNP-SG (0.5 um), [°8]14-MUS (5.0 um), (*Cl4-MUG (4.1 um), [58]E30408 (2.5 pM), and
[“CIE3040G (2.5 pM) into membrane vesicles prepared from ABCG2-transfected (P388-HA) and vector-transfected P388 cells was determined at
37 °C for 5 min in medium containing 5 mm ATP (open bar) or AMP (closed bar). Each bar represents the mean * S.E. of triplicate determinations.
Where bars are not shown, the S.E. is minimal. *, significantly higher in ABCG2-expressing membrane vesicles (z < 0.05). **, significantly higher

in ABCG2-expressing membrane vesicles (p < 0.01).
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Fic. 6. Uptake of [**S]4-MUS and [**S]E3040S by ABCG2. A and
B show the time profiles for the ABCG2-mediated uptake of [**8]4-MUS
{A) and [**S]E30408 (B). Membrane vesicles (10 pg of protein) prepared
from ABCG2-transfected P388 cells (cireles) or vector-transfected P388
cells (sqguares) were incubated at 37 °C in medium containing 0.7 pM
363 1abeled 4-MUS or 0.7 um *°S-labeled E30408 in the presence (closed
symbols) and absence {open symbols) of 5 mm ATP. C and D show the
saturation of the ABCG2-mediated transport of [**S]4-MUS (C) and
[*58]E30408 (D). The uptake of 1*°S]4-MUS (0.7 um) or [3S]E30408 (0.3
pn) by ABCG2-expressing membrane vesicles was determined at 37 °C
for 8 min as to [¥38]4-MUS and for 1 min as to [*S1E30408 in medium
containing unlabeled 4-MUS or E3040S, respectively. Results are
shown as an Eadie-Hofstee plot. The solid line represents the fitted line
obtained by nonlinear regression analysis. Each point and bar repre-
sents the mean + 8.E. of triplicate determinations. Where vertical bars
are not shown, the 8.E. is within the limits of the symbols.

vesicles from ABCG2-transfected P388 cells, but not into that
from vector-transfected cells, was markedly stimulated by ATP
(Fig. 2). Indeed, the uptake of [PHIE,;S into ABCG2-expressing
membrane vesicles at 2 min was more than 20-fold higher than
. that into control membrane vesicles (Fig. 2). We also confirmed
that the vesicle-asseciated [H]E,S represents uptake into the

intravesicular space, rather than binding to the vesicle surface,
by confirming the osmotic sensitivity (data not shown).

" Characterization of ABCG2-mediated Transport of
[PHJE ,5—The ATP-dependent uptake of {*H]E;S into ABCG2-
expressing membrane vesicles was saturable (Fig. 34). Nonlin-
ear regression analysis of the ATP-dependent uptake of
(*HIE,S revealed that the uptake can be described by a single
saturable component with a K, of 16.6 = 3.4 pmand a V. of
2.34 *+ 0.24 nmol/min/mg of protein, respectively. Kinetic anal-
ysis revealed that the K,, of ATP was 1.23 + 0.20 mu (Fig. 3B),
which is higher than the previously reported value for the ATP
concentration producing the half maximum membrane ATPase
activity (0.3 mm) in the presence of 100 p prazosin or produc-
ing the half maximal velocity of SN-38 transport (~0.8 mm)
(27, 28).

GTP and UTP also stimulated the uptake of [PHIE,S to the
same extent as ATP, whereas the stimulatory effect of CTP was
~50% that of ATP. In contrast, nonhydrolyzable analogues
guch as ATPS or GTPyS, along with AMP, GMP, or UMP, did
not support the ABCG2-mediated transport of *HIE,S. How-
ever, from the present results, we cannot discuss details on the
ATPase activity of ABCG2, which has been demonstrated by
Ozvegy et al. (27, 28).

To further characterize the ABCG2-mediated transport of
[PHIE,S, we examined the effect of inhibitors. Sulfated conju-
gates (DHEAS, E,8, TLC-8, PNPS, 4-MUS, and E30408} sig-
nificantly inhibited the ABCG2-mediated transport of [*H]E,S
(Fig. 4 and Table I). The inhibitory effect of anti-tumeor drugs
(such as SN-38, mitoxantrone, and daunomyecin), along with
that of estrone, was also observed (Fig. 4 and Tables I and II).
In contrast, glutathione conjugates (LTC, and DNP-5G), glu-
curanide conjugates (E;178G, 4-MUG, and E3040G), or non-
conjugated organic anions (pravastatin, methotrexate, and tau-
rocholate) did not potently reduce the uptake of [*HIE,S (Table
II). We also found that the ABCG2-mediated transport of
{*H]E,S was not affected by 10 mm dithiothreitol (DTT), 10 my
DTT and 4 mM GSH, and 10 mm DTT and 4 mM nonreducing
S-methyl-GSH (data not shown).

Determination of the Substrate Specificity of ABCG2—In ad-



