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a b s t r a c t

Estrone-3-sulfate is one of the most abundant estrogen precursors in postmenopausal women. We previ-
ously showed that estrone-3-sulfate transporters are present in human breast cancer-derived MCF-7 cells
(J. Pharmacol. Exp. Ther. 311 (2004) 1032–1037) and that inhibition of estrone-3-sulfate uptake resulted
in the suppression of cell growth (Pharm. Res. 22 (2005) 1634–1641); therefore, estrone-3-sulfate trans-
porter should be a novel target for therapy of hormone-dependent breast cancers. The purpose of the
present study is to identify the transporter(s) responsible for the uptake of estrone-3-sulfate in breast can-
cer cells. We obtained two subclones of MCF-7 cells with different estrone-3-sulfate uptake activities and
ransporter
CF-7 cells
NA microarray
ATP

searched for differentially expressed transporter genes by means of DNA microarray analysis. Among sev-
eral candidate transporters identified, OATP1B3 was further evaluated, since the uptake characteristics of
estrone-3-sulfate by MCF-7 cells seemed consistent with the transport properties of OATP1B3. The contri-
bution of OATP1B3 to estrone-3-sulfate uptake by MCF-7 cells was examined by the relative activity factor
(RAF) method, and was calculated to amount to 6%. This result suggests that OATP1B3 is one of the trans-
porters contributing to the supply of the estrogen precursor estrone-3-sulfate to estrogen-dependent

breast cancer cells.

. Introduction

Breast cancer is one of the major causes of cancer death
n women. Since two-thirds of breast cancers are estrogen-
ependent, estrogen is an important risk factor for progression of
reast tumors [1]. However, breast cancers frequently occur during
he postmenopausal period, when the circulating estrogen level is
ow because of loss of ovarian function [2,3]. Although the circu-
ating level of estrogen is low, tissue concentrations of estrogen
n breast cancer are significantly higher than those found in the

lasma or in adjacent normal breast tissues, suggesting a specific
echanism of local biosynthesis from precursors [2]. The biologi-

ally active form of estrogen is estradiol, which is synthesized from
he precursors through two main pathways; one is the aromatase
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pathway, in which aromatase converts androgens to estrogens, and
the other is the sulfatase pathway, in which sulfatase converts
estrone-3-sulfate to estrone. Both of them are currently molecular
targets of endocrine therapy of breast cancer. Although estrone-3-
sulfate is a biologically weak ligand of estrogen receptor, it is one
of the most important forms of circulating estrogen. The plasma
concentration of estrone-3-sulfate is about 5–10 times higher than
that of other conjugated estrogens, and its half-life is longer than
that of estradiol in postmenopausal women [4–6]. Moreover, sul-
fatase activity is 50–200 times higher than aromatase activity in
breast cancer cells [6–8]. In addition, sulfatase activity in breast
cancer cells is higher than that of normal breast cells [9]. There-
fore, estrone-3-sulfate is thought to play an important role in the
progression of breast cancer as a precursor of active estrogen.

Estrone-3-sulfate is highly hydrophilic, so that it cannot read-
ily cross the plasma membrane, whereas unconjugated estrogens,

such as estrone and estradiol, are lipophilic and can enter cells via
simple diffusion. Thus, estrone-3-sulfate import into cells across
the plasma membrane is expected to involve active transport.
Indeed, we previously reported that the uptake of estrone-3-sulfate
across the plasma membrane in T-47D cells and MCF-7 cells, which

dx.doi.org/10.1016/j.jsbmb.2010.06.014
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:tamai@p.kanazawa-u.ac.jp
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re estrogen-dependent breast cancer cell lines, is mediated by a
pecific transport mechanism [10,11].

Accordingly, we hypothesized that the transporter responsible
or this transport process could be a novel target for endocrine
herapy of estrogen-dependent breast cancers. To develop this con-
ept further, it is necessary to identify the estrone-3-sulfate uptake
ransporter(s) in breast cancer cells. In our previous study, mRNA
xpression of some organic anion transporting peptide (OATP) and
rganic anion transporter (OAT) molecules was detected in MCF-7
ells by RT-PCR [11]. In addition, the uptake of estrone-3-sulfate
y MCF-7 cells and T-47D cells was inhibited by anionic com-
ounds, such as bromosulfophthalein, taurocholate, cholate, and
robenecid, which are substrates of OATPs or OATs. Some of these
ransporters may be involved in the uptake of estrone-3-sulfate in

CF-7 cells, but their contribution remains to be examined.
The purpose of this study is to identify the responsible trans-

orter molecules among previously identified estrone-3-sulfate
ransporters, based on the correlation between mRNA expression
evels and the uptake activity of estrone-3-sulfate in subclones of
reast cancer-derived MCF-7 cells with differential transport activ-

ty.

. Materials and methods

.1. Materials

[3H]Estrone-3-sulfate, ammonium salt (1702.0 Gbq/mmol) and
3H]cholecystokinin octapeptide (CCK8) (3590 Gbq/mmol) were
urchased from Perkin Elmer Life and Analytical Sciences (Boston,
A) and GE Healthcare UK Ltd. (Buckinghamshire, England),

espectively. MCF-7 cells were purchased from American Type Cul-
ure Collection (ATCC, Manassas, VA). Fetal bovine serum (FBS) was
btained from Invitrogen Life Technologies (Carlsbad, CA). All other
eagents were purchased from Sigma–Aldrich (St. Louis, MO) and

ako Pure Chemical Industries (Osaka, Japan).

.2. DNA microarray analysis

MCF-7 cells were homogenized in Isogen (Wako Pure Chemical
ndustries) and the RNA phase was separated by using chloro-
orm. Total RNA was precipitated with isopropyl alcohol, and the
esultant pellet was washed with 70% ethanol for subsequent
NA microarray analysis. The expression profiles of transporter
enes in the MCF-7 cells were analyzed by Kurabo Co. (Osaka,
apan) using a CodeLinkTM Bioarray (GE Healthcare Bio-Sciences
K, Piscataway, NJ). Briefly, first-strand cDNA was transcribed

rom total RNA using T7 oligo primer and reverse transcriptase at
2 ◦C. The second-strand cDNA was synthesized from first-strand
DNA using DNA polymerase mix at 16 ◦C, then cleaned up with
QIAquick PCR purification Kit (QIAGEN, Valencia, CA). Biotin-

abeled cRNA was synthesized from the double-stranded cDNA
sing T7 RNA polymerase-catalyzed in vitro transcription in the
resence of biotin-labeled NTP, then fragmented at 94 ◦C. Biotin-

abeled cRNA was heated at 90 ◦C for 5 min and was hybridized with
he CodeLinkTM Bioarray at 37 ◦C for 20 h. The CodeLinkTM Bioarray
as washed with buffer, stained with streptavidin-Cy5 solution,
ashed again, and scanned with a laser scanner (Applied Precision

nc., Pittsburgh, PA).

.3. Cell culture
MCF-7 cells were grown in a humidified incubator at 37 ◦C,
nder 5% CO2 in air, in Dulbecco’s modified Eagle’s medium
DMEM) containing 10% FBS, 100 units/mL penicillin G, and
00 �g/mL streptomycin.
& Molecular Biology 122 (2010) 180–185 181

2.4. Transport experiments with Xenopus laevis oocytes
expressing OATP1B3

Uptake experiments were conducted with X. laevis oocytes
that had been microinjected with complementary RNA (cRNA) of
OATP1B3 (SLCO1B3) synthesized in vitro using T7 RNA polymerase
(Ambion, Austin, TX). Briefly, defoliculated oocytes were injected
with 50 nL of water containing 25 ng of cRNA, cultured for 3 days
in modified Barth’s solution (MBS, 88 mM NaCl, 1 mM KCl2, 2.4 mM
NaHCO3, 0.82 mM MgSO4, 0.33 mM Ca(NO3)2, 0.41 mM CaCl2 and
10 mM HEPES adjusted to pH 7.4 with NaOH), and used for uptake
experiments. Uptakes of [3H]estrone-3-sulfate and [3H]CCK8 were
measured at room temperature in MBS. Uptake was terminated by
the addition of ice-cold MBS. Oocytes were washed three times by
the addition of ice-cold MBS. For quantitation of test compounds,
oocytes were solubilized in 5% sodium dodecyl sulfate solution, and
the radioactivity was measured with a liquid scintillation counter
after addition of liquid scintillation cocktail (Nacalai tesque, Kyoto,
Japan). As the control, the same volume of water was injected into
oocytes, which were then cultured for the same number of days,
and the uptake was measured in the same manner as described
above. To estimate kinetic parameters for two saturable compo-
nents, the uptake rate (v) was fitted to the following equation by
means of nonlinear least-squares regression analysis using Kalei-
daGraph (Synergy Software, Reading, PA).

v = Vmax1 ∗ s

(Km1 + s)
+ Vmax2 ∗ s

(Km2 + s)

where v and s are the uptake rate and concentration of substrate,
respectively, and Km and Vmax represent the half-saturation con-
centration (Michaelis constant) and the maximum uptake rate,
respectively. Here, suffixes 1 and 2 represent the high- and low-
affinity components of saturable uptake, respectively.

2.5. Transport experiments with MCF-7 cells

Transport experiments were performed as described previously
[12]. Briefly, after cultivation of MCF-7 cells in 15-cm dishes, the
cells were harvested and suspended in the transport medium con-
taining 125 mM NaCl, 4.8 mM KCl, 5.6 mM d-glucose, 1.2 mM CaCl2,
1.2 mM KH2PO4, 1.2 mM MgSO4, and 25 mM Hepes, adjusted to pH
7.4. The cell suspension and a solution containing a radiolabeled
test compound in the transport medium were separately incubated
at 37 ◦C for 20 min and then transport was initiated by mixing them.
At appropriate times, 100 �L aliquots of the mixture were with-
drawn and the cells were separated from the transport medium
by centrifugal filtration through a layer of a mixture of silicon oil
(SH550; Dow Corning Toray Silicone Co. Ltd., Tokyo, Japan) and
liquid paraffin (Wako Pure Chemicals) with a density of 1.03.

2.6. Estimation of estrone-3-sulfate uptake clearance by
OATP1B3 in MCF-7 cells

To estimate the contribution of OATP1B3 to the overall reaction,
we used the relative activity factor (RAF) method that has been
described for cytochrome P450 [13]. This method has been applied
to hepatic uptake transporters, OATP1B1 and OATP1B3 [14]. Based
on this method, we estimated the contribution of OATP1B3 to the
overall uptake of estrone-3-sulfate by MCF-7 cells. Because CCK8
is thought to be a selective substrate of OATP1B3, it was used
as a reference compound for OATP1B3-mediated uptake [15]. The

uptake clearance was obtained by dividing the uptake amount by
the concentration of test compound in the uptake medium. The
ratio of the uptake clearance of CCK8 in MCF-7 cells (CLMCF,CCK8)
to that in OATP1B3-expressing oocytes (CLOATP1B3,CCK8) was calcu-
lated and defined as Ract. The OATP1B3-mediated uptake clearance
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Fig. 1. Differential estrone-3-sulfate uptake activities of two subclones of MCF-
7 cells. Uptake of [3H]estrone-3-sulfate (10 nM) by MCF-7 cells was measured in
the presence (closed columns, +ES) or absence (open columns) of 1 mM unlabeled
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Fig. 2. Time course of [3H]estrone-3-sulfate uptake by oocytes expressing OATP1B3.
Uptake of [3H]estrone-3-sulfate (10 nM) by oocytes injected with cRNA of OATP1B3
strone-3-sulfate for 10 min at 37 ◦C. MCF-7 cells with high uptake activity and low
ptake activity were defined as MCF-7-High and MCF-7-Low, respectively. Each col-
mn represents the mean ± S.E.M. (n = 4). *Significantly different from the control
y t-test (p < 0.01).

f estrone-3-sulfate in MCF-7 cells (CLMCF,ES,OATP1B3) was calcu-
ated by multiplying the uptake clearance of estrone-3-sulfate in
ATP1B3-expressing oocytes (CLOATP1B3,ES) by Ract, as described in

he following equations.

act = CLMCF,CCK8

CLOATP1B3,CCK8
(1)

LMCF,ES,OATP1B3 = CLOATP1B3,ES × Ract (2)

inally, a contribution of OATP1B3 to the uptake of estrone-3-
ulfate in MCF-7 cells was obtained by dividing CLMCF,ES,OATP1B3 by
uptake clearance of estrone-3-sulfate in MCF-7 cells, CLMCF,ES.

o determine the uptake clearance by MCF-7 cells and oocytes
xpressing OATP1B3, we obtained the uptake clearance by calcu-
ating the slope of the uptake in the linear range. The saturable
omponent of the uptake clearance was determined by subtracting
he clearance in the presence of unlabeled substrate (excess) from
hat in the absence of unlabeled substrate (tracer alone).

.7. Analytical methods

Cellular protein content was determined according to the
ethod of Bradford using a Bio-Rad protein assay kit (Bio-Rad,
ercules, CA) with bovine serum albumin as the standard [16].

All data were expressed as mean ± S.E.M., and statistical analysis
as performed by the use of Student’s t-test with p < 0.01 or 0.05

s the criterion of significance.

. Results

.1. Microarray analysis

To identify transporters involved in the uptake of estrone-3-
ulfate into MCF-7 cells, MCF-7 cells were subcloned and the uptake
ctivity in each clone was measured. Those clones showed differ-
nt uptake activities for estrone-3-sulfate (data not shown). Among
hem, two subclones were selected for further experiments, i.e., the
ne that exhibited the highest activity of estrone-3-sulfate uptake
MCF-7-High cells), and the one that exhibited the lowest activity

MCF-7-Low cells) (Fig. 1). The observed activities of [3H]estrone-3-
ulfate uptake in the two lines were decreased to the same extent in
he presence of 1 mM unradiolabeled estrone-3-sulfate. Therefore,
t was thought that the uptakes of estrone-3-sulfate by both lines

ere carrier-mediated, and that the responsible transporter was
(closed circles) or water (open circles) were measured over 180 min at room temper-
ature and pH 7.4. Each result represents the mean ± S.E.M. (n = 6–10). *Significantly
different from the control by t-test (p < 0.01).

expressed at a higher level in MCF-7-High cells than in MCF-7-Low
cells.

To identify the transporter, differential expression of trans-
porter mRNAs was examined in the two clones by means of DNA
microarray analysis. Messenger RNA were isolated from these cells
and gene expression was evaluated by Kurabo Biomedical (Osaka,
Japan) using the CodeLinkTM Bioarray, which carries 20,469 records
on slide glass, of which 209 encode fragments of solute carrier
(SLC) transporter genes. Candidate SLC transporter genes, for which
the expression level was apparently correlated with estrone-3-
sulfate uptake activity, were chosen based on the criterion of a
1.5-fold or higher expression level in MCF-7-High cells than in
Low cells. Twenty-six genes showed an expression ratio higher
than 1.5 (Table 1). Among them, we focused on transporters which
have previously been shown to function as influx transporters
of estrone-3-sulfate and those for which no information about
their substrates is available. Based on these results, two estrone-3-
sulfate transporters, OATP1B3 and OAT3, and two uncharacterized
transporters, BTR1 and MCT7, were selected. cDNAs of BTR1 and
MCT7 were cloned and uptake studies were performed using
oocytes injected with cRNA of BTR1 and MCT7 [17,18]. No transport
activity for estrone-3-sulfate was observed in oocytes expressing
either BTR1 or MCT7 (data not shown). We previously reported the
inhibitory effect of various compounds on the uptake of estrone-3-
sulfate by MCF-7 cells, and these results suggested a contribution
of OATP transporters, not OAT transporters [11]. Therefore, we
focused on OATP1B3 as a candidate transporter for uptake of
estrone-3-sulfate in MCF-7 cells.

3.2. Characteristics of estrone-3-sulfate uptake by OATP1B3

The time course of estrone-3-sulfate (10 nM) uptake by oocytes
injected with cRNA of OATP1B3 is shown in Fig. 2. The uptake
by OATP1B3-expressing oocytes increased linearly up to 180 min,
and was significantly higher than that by oocytes injected with
water as the control. Thus, the uptake at 60 min was rou-
tinely measured as initial uptake in further studies. Fig. 3 shows
the relationship between the initial uptake rate and estrone-3-
sulfate concentration. The uptake, corrected by subtraction of
the uptake by water-injected oocytes, reached saturation at over
500 �M (Fig. 3A). Eadie–Hofstee plot analysis showed bipha-

sic kinetics (Fig. 3B). The values for the high- and low-affinity
components of estrone-3-sulfate uptake were 1.24 ± 3.27 �M and
278 ± 11.3 �M (Km) and 0.347 ± 0.276 pmol/oocyte/60 min and
71.1 ± 0.895 pmol/oocyte/60 min (Vmax), respectively.
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Table 1
Gene expression ratios between MCF-7-Low and MCF-7-High.

Gene name Protein name Ratio (high/low) MCF-7-Low MCF-7-High

Normalized intensity Quality flag Normalized intensity Quality flag

SLC1A1 EAAC1,EAAT3 5.84 0.12 L 0.72 G
SLC1A4 ASCT1,SATT 2.96 0.72 G 2.12 G
SLC2A9 GLUT9 2.96 0.37 L 1.11 G
SLC2A10 GLUT10 13.66 3.11 G 42.86 G
SLC4A1 AE1 1.86 12.20 G 22.86 G
SLC4A11 BTR1 2.36 0.58 L 1.37 G
SLC6A4 SERT 2.26 0.33 L 0.75 G
SLC7A8 LAT2 2.46 1.27 G 3.12 G
SLC7A11 xCT 1.61 0.65 L 1.05 G
SLC8A1 NCX1 2.53 0.25 L 0.64 G
SLC12A2 NKCC1 6.32 1.82 G 11.52 G
SLC12A7 KCC4 4.03 4.31 G 17.36 G
SLC13A2 NaDC1 1.66 0.85 G 1.41 G
SLC16A6 MCT7 19.76 0.16 L 3.18 G
SLC19A2 ThTr1 2.66 5.82 G 15.48 G
SLC19A3 ThTr2 2.11 0.29 L 0.60 G
SLCO1B3 OATP1B3,SLC21A8 1.52 1.41 G 2.14 G
SLC22A3 OCT3 2.10 0.40 G 0.85 G
SLC22A8 OAT3 1.95 0.31 G 0.60 G
SLC25A16 GDC 5.07 2.28 G 11.55 G
SLC26A7 1.56 0.60 G 0.94 G
SLC29A2 ENT2 1.82 0.64 G 1.16 G
SLC30A5 ZNT5 1.56 8.94 G 13.94 G
SLC35A1 CMP-Sia transporter 2.66 8.65 G 23.02 G
SLC35A3 UDP-GlcNAc transporter 2.35 1.27 G 2.98 G
SLC39A2 HZIP2 1.51 0.91

Expression levels are shown as normalized intensity of the discovery probe. The ratio was
of MCF-7-Low. In the record of quality flag, the symbol “G” and “L” represent reliable exp

Fig. 3. Concentration dependence of estrone-3-sulfate uptake by oocytes expressing
OATP1B3, shown by concentration-rate plot and Eadie–Hofstee plot. (A) OATP1B3-
specific uptake of [3H]estrone-3-sulfate, obtained by subtracting the uptake by
water-injected oocytes from that by OATP1B3 cRNA-injected oocytes, was measured
for 60 min at various concentrations from 0.1 �M to 500 �M. (B) OATP1B3-specific
uptake of estrone-3-suflate at various concentrations is shown as an Eadie–Hofstee
plot. The solid line represents the calculated values using the kinetic param-
eters obtained by nonlinear least-squares analysis. Each result represents the
mean ± S.E.M. (n = 6–10).
G 1.37 G

calculated as normalized intensity of MCF-7-High divided by normalized intensity
ression or unreliable expression, respectively.

3.3. Contribution of OATP1B3 to estrone-3-sulfate uptake by
MCF-7 cells

To estimate the contribution of OATP1B3 to estrone-3-sulfate
uptake by MCF-7 cells by means of the RAF method, the uptake
clearance of CCK8 as a reference substrate of OATP1B3 [15] was
estimated in MCF-7 cells and in OATP1B3-expressing oocytes. The
uptakes of CCK8 increased linearly from 1 to 5 min and from 10
to 60 min, respectively (Figs. 4A and 5A). The uptake clearance by
MCF-7 cells and OATP1B3-expressing oocytes were calculated as
0.520 �L/min/mg protein and 0.0126 �L/min/oocyte, respectively,
from the slope values within these time periods. Consequently,
Ract was calculated to be 40.9 oocyte/mg protein. Meanwhile,
the uptake clearances of estrone-3-sulfate by MCF-7 cells and
OATP1B3-expressing oocytes were calculated as 1.28 �L/min/mg
protein and 0.002 �L/min/oocyte from the slope values from 1 to
5 min, and from 30 min to 90 min, respectively (Figs. 4A and 5A).
From these data, the estimated uptake clearance of estrone-3-
sulfate mediated by OATP1B3 in MCF-7 cells was 0.078 �L/min/mg
protein. Thus, the contribution of OATP1B3 to the overall uptake of
estrone-3-sulfate in MCF-7 cells was determined to be 6.0%.

4. Discussion

Estrone-3-sulfate is a major circulating estrogen and also par-
ticipates in the progression of breast cancer cells [19]. Although
estrone-3-sulfate itself is a weak ligand of the estrogen receptor, it
is converted to the active estrogen, estradiol, by cytosolic sulfatase
and 17�-hydroxysteroid dehydrogenase type 1. Since estrone-3-
sulfate is hydrophilic, it was thought that a specific transporter
would be involved in import of estrone-3-sulfate across the plasma

membrane of breast cancer cells. We previously reported that
estrone-3-sulfate is taken up by the estrogen-dependent breast
cancer cell lines T-47D and MCF-7 via a specific transport mech-
anism [10,11]. Accordingly, we hypothesized that this transporter
is a novel target for endocrine therapy of estrogen-dependent
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ig. 4. Uptake clearance of [3H]cholecystokinin octapeptide (CCK-8) and [3H]estro
njected with cRNA of OATP1B3 (closed circles) or water (open circles) was meas
10 nM) by oocytes injected with cRNA of OATP1B3 (closed circles) or water (open ci
he mean ± S.E.M. (n = 10). *Significantly different from the control by t-test (p < 0.0

reast cancers. We have already demonstrated that inhibition of
he transporter activity suppressed the cell proliferation induced by
strone-3-sulfate [11]. To confirm the idea that estrone-3-sulfate
ransporter could be a novel target for the treatment of breast can-
ers, it is necessary to identify the transporters involved in the
ptake of estrone-3-sulfate by breast cancer cells.

To identify the responsible transporters, we examined the dif-
erential mRNA expression of transporter genes between two
ubclones of MCF-7 cells with different estrone-3-sulfate uptake
ctivities by means of DNA microarray analysis. Among trans-
orters that have been reported to transport estrone-3-sulfate, the
RNA expressions of OATP3A1, OATP4A1, OATP1B3, OAT2, OAT3,

nd Na+/taurocolate cotransporting polypeptide (NTCP) were reli-
bly detected by DNA microarray analysis. This result corresponds
n part with the report that mRNA expression of OATP3A1 and
ATP4A1, but not OATP2B1, was detected in human breast tissue by
orthern blot analysis [20], and with our report that mRNA expres-

ion of OATP1A2, OATP3A1, OATP4A1, and OAT4 was detected in
CF-7 cells by RT-PCR [11]. Although there were some discrepan-

ies, it may be due to the difference of detection sensitivity between

NA microarray and RT-PCR analysis and differences in the culture
onditions of MCF-7 cells, such as cell density and culture period,
etween the two experiments, since it was reported that cell cul-
ure conditions affect the expression pattern of transporters [21].
lthough OATP3A1, OATP1B3 and OAT3 showed positive correla-

ig. 5. Uptake clearance of [3H]cholecystokinin octapeptide (CCK8) and [3H]estrone-3-su
n the presence (open columns) or absence (closed columns) of 1 mM unlabeled estro

as measured in the presence (open columns) or absence (closed columns) of 1 mM unl
Significantly different from the control by t-test (p < 0.05).
ulfate by oocytes expressing OATP1B3. (A) Uptake of [3H]CCK-8 (3 nM) by oocytes
ver 60 min at room temperature and pH 7.4. (B) Uptake of [3H]estrone-3-sulfate
was measured over 90 min at room temperature and pH 7.4. Each result represents

tions between mRNA expression level and estrone-3-sulfate uptake
activity in this study, it was considered that OATP1B3 is the most
important transporter, because the inhibitory effects of anionic
compounds on the uptake of estrone-3-sulfate in OATP1B3 were
consistent with those in MCF-7 cells [11,22,23].

Accordingly, we focused on OATP1B3 as a responsible trans-
porter for uptake of a precursor of active estrogen in breast
cancer. Uptake of estrone-3-sulfate by OATP1B3 was time- and
concentration-dependent. Eadie–Hofstee plot analysis showed
biphasic kinetics. The Km value for the high-affinity component
was 1.24 �M, which is similar to the value of 2.32 �M in MCF-7
cells [11], although the low-affinity component was not observed in
MCF-7 cells. For these reasons, OATP1B3 was expected to contribute
at least in part to the uptake of estrone-3-sulfate by MCF-7 cells.
Thus, we estimated the quantitative contribution of OATP1B3 by
applying the relative activity factor (RAF) method. The RAF method
has been described for cytochrome P450 [13], and it has also been
applied to hepatic uptake transporters [14,24]. Since CCK8 is a
selective substrate for OATP1B3, it was used as a reference com-
pound for OATP1B3-mediated uptake [15]. The ratio of the uptake

clearance of CCK8 in MCF-7 cells to that in the OATP1B3-expressing
system was calculated and defined as Ract. The uptake clearance by
OATP1B3 in MCF-7 cells estimated by using Ract suggested that the
contribution of OATP1B3 was about 6.0%. Although the evaluated
contribution is unexpectedly small by this RAF analysis, the result

lfate by MCF-7 cells. (A) Uptake of [3H]CCK8 (3 nM) in MCF-7 cells was measured
ne-3-sulfate at 37 ◦C. (B) Uptake of [3H]estrone-3-sulfate (10 nM) in MCF-7 cells
abeled estrone-3-sulfate at 37 ◦C. Each result represents the mean ± S.E.M. (n = 4).
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emonstrated that OATP1B3 is involved in the uptake of estrone-3-
ulfate in breast cancer cells. OATP1B3 is exclusively expressed in
he liver under normal conditions, whereas it is broadly and abun-
antly expressed in cancer cells [25]. In addition, it was reported
hat expression of OATP1B3 is up-regulated by prolactin, which is
risk factor for postmenopausal breast cancers [26], and OATP1B3
xpression was observed in a number of gastrointestinal cancers
25]. For these reasons, OATP1B3 might contribute more signifi-
antly in certain cases of cancers.

This study was based on the assumption that the uptake
f estrone-3-sulfate would be correlated to the mRNA level of
he responsible transporter. Since the mRNA expression level of
ATP1B3 was low in MCF-7 cells (data not shown), it was thought

hat the contribution of OATP1B3 (6%) correlates with the expres-
ion level of OATP1B3 in MCF-7 cells. Therefore, it is possible that
ATP1B3 expression level affects the estrogen-induced prolifera-

ion of the cells. However, there is a possibility that other molecules
etected in the microarray assay may be involved in estrone-3-
ulfate uptake by MCF-7 cells. Recently, it was reported that the
xpression level of OATP1A2, which is a member of the OATP trans-
orter family as the same with OATP1B3 and exhibits transport
ctivity of estrone-3-sulfate, was increased in breast cancer tis-
ues expressing the ligand-activated nuclear receptor pregnane X
eceptor (PXR), and then the increase of OATP1A2 expression level
nduced the uptake of estrone-3-sulfate [27,28]. So, the authors
uggested that OATP1A2 contributes to the supply of estrogen pre-
ursor to breast cancer cells. The approach they used was different
rom the current study, since they searched for the genes that are
egulated by PXR. Furthermore, they used human breast-tumor tis-
ues, which is different from current breast cancer-derived cell
ines. So, it may be possible that different OATP molecules were
ound between our and those studies. However, it is interesting
hat OATP transporter family members were consistently found as
he responsible transporters to supply a precursor of estrogen into
reast cancer cells. Clarification of physiological roles and regula-
ion mechanisms of those OATPs should be important for further
nderstanding of hormone-dependent growth of cancers.

In conclusion, OATP1B3 was identified as one of the trans-
orters involved in the uptake of estrone-3-sulfate in MCF-7 cells
y differential expression profiles between breast-tumor derived
ell lines that exhibited distinct transport activities for estrone-
-sulfate. Further studies to identify the responsible molecule for
ptake of estrone-3-sulfate other than OATP1B3 should be needed
o underpin the concept that inhibition of estrone-3-sulfate uptake
ransport is a viable novel strategy for treatment of hormone-
ependent breast cancer.

cknowledgment

This study was partly supported by Grant-in-Aid for Scientific
esearch from the Ministry of Education, Culture, Sports, Science,
nd Technology, Japan.

eferences

[1] I.C. Henderson, G.P. Canellos, Cancer of the breast: the past decade (second of
two parts), N. Engl. J. Med. 302 (1980) 78–90.

[2] J.R. Pasqualini, G.S. Chetrite, Recent insight on the control of enzymes involved

in estrogen formation and transformation in human breast cancer, J. Steroid
Biochem. Mol. Biol. 93 (2005) 2–5.

[3] T. Suzuki, T. Moriya, T. Ishida, M. Kimura, N. Ohuchi, H. Sasano, In situ produc-
tion of estrogens in human breast carcinoma, Breast Cancer 9 (2002) 296–302.

[4] R.H. Purdy, L.L. Engel, J.L. Oncley, The characterization of estrone sulfate from
human plasma, J. Biol. Chem. 236 (1961) 1043–1050.

[

& Molecular Biology 122 (2010) 180–185 185

[5] H.J. Ruder, L. Loriaux, M.B. Lipsett, Estrone sulfate: production rate and
metabolism in man, J. Clin. Invest. 51 (1972) 1020–1033.

[6] J.R. Pasqualini, G.S. Chetrite, C. Blacker, M.C. Feinstein, L. Delalonde, M. Talbi,
C. Maloche, Concentration of estrone, estradiol, and estrone sulfate and evalu-
ation of sulfatase and aromatase activities in pre- and postmenopausal breast
cancer patients, J. Clin. Endocrinol. Metab. 81 (1996) 1460–1464.

[7] R.J. Santen, D. Leszczynski, N. Tilson-Mallet, P.D. Feil, C. Wright, A. Manni, S.J.
Santner, Enzymatic control of estrogen production in human breast cancer:
relative significance of aromatase versus sulfatase pathways, Ann. NY Acad.
Sci. 464 (1986) 126–137.

[8] J.R. Pasqualini, J. Cortes-Prieto, G.S. Chetrite, M. Talbi, A. Ruiz, Concentration
of estrone, estradiol, and their sulfates, and evaluation of sulfatase and aro-
matase activities in patients with breast fibroadenoma, Int. J. Cancer 70 (1997)
639–643.

[9] T. Utsumi, N. Yoshimura, S. Takeuchi, M. Maruta, K. Maeda, N. Harada, Elevated
steroid sulfatase expression in breast cancers, J. Steroid Biochem. Mol. Biol. 73
(2000) 141–145.

10] T. Nozawa, M. Suzuki, K. Takahashi, H. Yabuuchi, T. Maeda, A. Tsuji, I. Tamai,
Involvement of estrone-3-sulfate transporters in proliferation of hormone-
dependent breast cancer cells, J. Pharmacol. Exp. Ther. 311 (2004) 1032–
1037.

11] T. Nozawa, M. Suzuki, H. Yabuuchi, M. Irokawa, A. Tsuji, I. Tamai, Suppression
of cell proliferation by inhibition of estrone-3-sulfate transporter in estrogen-
dependent breast cancer cells, Pharm. Res. 22 (2005) 1634–1641.

12] I. Tamai, T. Nozawa, M. Koshida, J. Nezu, Y. Sai, A. Tsuji, Functional
characterization of human organic anion transporting polypeptide B (OATP-
B) in comparison with liver-specific OATP-C, Pharm. Res. 18 (2001)
1262–1269.

13] C.L. Crespi, B.W. Penman, Use of cDNA-expressed human cytochrome P450
enzymes to study potential drug–drug interaction, Adv. Pharmacol. 43 (1997)
171–188.

14] M. Nakakariya, T. Shimada, M. Irokawa, T. Maeda, I. Tamai, Identification and
species similarity of OATP transporters responsible for hepatic uptake beta-
lactam antibiotics, Drug Metab. Pharmacokinet. 23 (2008) 347–355.

15] M.G. Ismair, B. Stieger, V. Cattori, B. Hagenbuch, M. Fried, P.J. Meier,
G.A. Kullak-Ublick, Hepatic uptake of cholecystokin octapeptide by organic
anion-transporting polypeptides OATP4 and OATP8 of rat and human liver,
Gastroenterology 121 (2001) 1185–1190.

16] M.M. Bradford, A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein–dye binding, Anal.
Biochem. 72 (1976) 248–254.

17] M.D. Parker, E.P. Ourmozdi, M.J. Tanner, Human BTR1, a new bicarbonate trans-
porter superfamily member and human AE4 from kidney, Biochem. Biophys.
Res. Commun. 282 (2001) 1103–1109.

18] A. Bonen, The expression of lactate transporters (MCT1 and MCT4) in heart and
muscle, Eur. J. Appl. Physiol. 86 (2001) 6–11.

19] J.R. Pasqualini, C. Gelly, B.L. Nguyen, C. Vella, Importance of estrogen sulfates
in breast cancer, J. Steroid Biochem. 34 (1989) 155–163.

20] F. Pizzagalli, Z. Varga, R.D. Huber, G. Folkers, P.J. Meier, M.V. St-Pierre, Identifi-
cation of steroid sulfate transport processes in the human mammary gland, J.
Clin. Endocrinol. Metab. 88 (2003) 3902–3912.

21] T. Maeda, M. Miyata, T. Yotsumoto, D. Kobayashi, T. Nozawa, K. Toyama, F.J.
Gonzalez, Y. Yamazoe, I. Tamai, Regulation of drug transporters by farnesoid X
receptor in mice, Mol. Pharm. 1 (2004) 281–289.

22] Y. Cui, J. Konig, I. Leier, U. Buchholz, D. Keppler, Hepatic uptake of bilirubin and
its conjugates by the human organic anion transporter SLC21A6, J. Biol. Chem.
276 (2001) 9626–9630.

23] G.A. Kullak-Ublick, M.G. Ismair, B. Stieger, L. Landmann, R. Huber, F. Pizzagalli,
K. Fattinger, P.J. Meier, B. Hagenbuch, Organic anion-transporting polypeptide
B (OATP-B) and its functional comparison with three other OATPs of human
liver, Gastroenterology 120 (2001) 525–533.

24] M. Hirano, K. Maeda, Y. Shitara, Y. Sugiyama, Contribution of OATP2 (OATP1B1)
and OATP8 (OATP1B3) to the hepatic uptake of pitavastatin in humans, J. Phar-
macol. Exp. Ther. 311 (2004) 139–146.

25] T. Abe, M. Unno, T. Onogawa, T. Tokui, T.N. Kondo, R. Nakagomi, H. Adachi, K.
Fujiwara, M. Okabe, T. Suzuki, K. Nunoki, E. Sato, M. Kakyo, T. Nishio, J. Sugita, N.
Asano, M. Tanemoto, M. Seki, F. Date, K. Ono, Y. Kondo, K. Shiiba, M. Suzuki, H.
Ohtani, T. Shimosegawa, K. Iinuma, H. Nagura, S. Ito, S. Matsuno, LST-2, a human
liver-specific organic anion transporter, determines methotrexate sensitivity
in gastrointestinal cancers, Gastroenterology 120 (2001) 1689–1699.

26] M. Wood, M.A. Nanthanarayanan, B. Jones, R. Wooton-Kee, T. Hoffman, F.J.
Suchy, M. Vore, Hormonal regulation of hepatic organic anion transporting
polypeptides, Mol. Pharmacol. 68 (2005) 218–225.

27] Y. Miki, T. Suzuki, K. Kitada, N. Yabuki, T. Moriya, T. Ishida, N. Ohuchi, B.
Blumberg, H. Sasano, Expression of the steroid and xenobiotic receptor and

its possible target gene, organic anion transporting polypeptide-A, in human
breast carcinoma, Cancer Res. 66 (2006) 535–542.

28] H.E. Meyer zu Schwabedissen, R.G. Tirona, C.S. Yip, R.H. Ho, R.B. Kim, Interplay
between the nuclear receptor pregnane x receptor and the uptake transporter
organic anion transporter polypeptide 1A2 selectively enhances estrogen
effects in breast cancer, Cancer Res. 68 (2008) 9338–9347.


	Uptake transporter organic anion transporting polypeptide 1B3 contributes to the growth of estrogen-dependent breast cancer
	Introduction
	Materials and methods
	Materials
	DNA microarray analysis
	Cell culture
	Transport experiments with Xenopus laevis oocytes expressing OATP1B3
	Transport experiments with MCF-7 cells
	Estimation of estrone-3-sulfate uptake clearance by OATP1B3 in MCF-7 cells
	Analytical methods

	Results
	Microarray analysis
	Characteristics of estrone-3-sulfate uptake by OATP1B3
	Contribution of OATP1B3 to estrone-3-sulfate uptake by MCF-7 cells

	Discussion
	Acknowledgment
	References


