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Abstract

Breast cancer resistance protein (BCRP)/ABCG2 mediates
concurrent resistance to chemotherapentic agents, such as
7-ethyl-10-hydroxycamptothecin (SN-38), mitoxantrone, and
topotecan, by pumping them out of cells. We previously
reported that BCRP transports sulfated estrogens. In the
present study, we show that at physiologic levels, estrogens
markedly decrease endogenous BCRP expression in the
estrogen-responsive and estrogen receptor o (ERa)-positive
human breast cancer MCF-7 cells, but not in estrogen-
nonresponsive human cancer cells. 17 p-Estradiol (E,) also
significantly reduces exogenous BCRP expression, driven by a
constitutive promoter, in BCRP-transduced estrogen-respon-
sive and ERo-positive MCF-7 {MCF-7/BCRP) and T-47D cells,
but not in BCRP-transduced estrogen-nonresponsive MDA-
MB-231 and SKOV-3 cells. E, potentiates the cytotoxicity of
SN-38, but not vincristine, in MCF-7/BCRP cells significantly,
and increases cellular topotecan uptake in MCF-7 and MCF-7/
BCRP cells. Antiestrogen tamoxifen partially reverses
E,-mediated BCRP down-regulation in MCF-7 and MCE-7/
BCRP cells and treatment of MCF-7/BCRP cells with an ERa
small interfering RNA abolished E,-mediated BCRP down-
regulation, suggesting that interaction of E, and ERa is
necessary for BCRP down-regulation. E, does not affect
‘endogenous BCRP mRNA levels in MCF-7 cells or exogenous
BCRP mRNA levels in MCF-7/BCRP cells. The results from
pulse-chase labeling experiments with MCF-7/BCRP cells
suggest that decreased protein biosynthesis and maturation,
but not alterations in protein turnover, might underlie
E,-mediated BCRP down-regulation. These data indicate that
estrogen down-regulates BCRP expression by novel posttran-
scriptional mechanisms. This is the first report of small
molecules that can affect BCRP protein expression in cells and
may therefore assist in establishing new strategies for
regulating BCRP expression. (Cancer Res 2005; 65(2): 596-604)

Introduction

Breast cancer resistance protein (BCRP), also known as ABCG2,
is a half-size ATP-binding cassette transporter with a molecular
weight of 80 kDa (1-3). BCRP mediates concurrent resistance to
chemotherapeutic agents, such as 7-ethyl-10-hydroxycamptothecin
(SN-38, an active metabolite of CPT-11), mitoxantrone and
topotecan, presumably by pumping these compounds out of the
cell and thus lowering their cytotoxic effects (1-5). The expression
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of BCRP in cancer cells may therefore be an important determinant
of the efficacy of anticancer agents. We previously reported that
estrone (E;) and 17p-estradiol (E,) circumvent BCRP-mediated
drug resistance and that BCRP transports sulfated estrogens as
physiologic substrates (6, 7). In our present study, we have
examined the possible effect of estrogens on BCRP expression in
cancer cells.

The structure and characterization of the BCRP promoter has
previously been reported (8). More recently, the identification of an
estrogen response element in the BCRP promoter and an
Ey-mediated increase in BCRP mRNA expression in T47D:A18 cells
have been shown (9). These findings therefore suggested that es-
trogens might induce BCRP expression in estrogen-responsive cells.

In the present study, however, we show that BCRP expression
is negatively regulated by estrogen at the protein level in MCF-7
and T-47D cells, both of which are estrogen responsive. In addition,
we present data suggesting that estrogen down-regulates BCRP
expression by posttranscriptional inhibition of protein biosynthesis.
This is the first report showing that small molecules can modulate
BCRP protein expression in cells and our findings provide new
insights on the regulation of BCRP expression in the cell.

Materials and Methods

Reagents. The anti-BCRP mouse monoclonal antibody, BXP-21, was
purchased from Chemicon (Temecula, CA) and the anti-c-myc mouse
monoclonal antibody, 9E10, was obtained from Roche Diagnostics
(Mannheim, Germany). PRO-MIX L-[¥8] in vitro Cell Labeling Mix (1-[*8]
Methionine > 1,000 Ci/mmol) was purchased from Amersham Pharmacia
Biotech (Buckinghamshire, United Kingdom).

Cell Cultures. Human breast cancer cell lines MCF-7, T-47D, MDA-MB-
931, ovarian cancer SKOV-3 cells, and lung cancer A549 cells were
maintained in DMEM supplemented with 7% fetal bovine serum (FBS) at
37°C in a humidified incubator with 5% COy. MCF-7, A549, and MDA-MB-
231 cell clones were established by a limiting dilution  method. MCF-7
clone 3, A549 clone 8, and MDA-MB-231 clone 4 were used for further
analyses. Hereinafter in the text of this report, MCF-7, A549, and MDA-MB-
231 cells represent MCF-7 clone 3, A549 clone 8, and MDA-MB-231 clone 4,
respectively, unless ouherwise stated. T-47D cells were obtained from
American Type Culture Collection (Rockville, MD) and immediately used
for the experiments. To investigate the effects of estrogens upon BCRP
expression levels, cells were cultured in the absence or presence of the
indicated concentrations of reagents for 4 days in phenol red-free (PRF)-
medium containing 93% PRF-DMEM (Roche) and 7% charcoal/dextran-
treated FBS (CDFBS; HyClone, Logan, UT).

Establishment of MCF-7/BCRP, T-47D/BCRP, MDA-MB-231/BCRP,
and SKOV-3/BCRP Cells. MCF-7/BCRP, T-47D/BCRP, MDA-MB-231/
BCRP, and SKOV-3/BCRP cells were established by transduction of MCF-
7, T-47D, MDA-MB-231, and SKOV-3 cells, respectively, with a HaBCRP
vetrovirus, bearing a myc-tagged human BCRP cDNA (10). Subsequent
selection for the enrichment of transduced cells was done using 50 nmol/L
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SN-38 for 5 to 10 days, with the exception of T-47D cells, which were
selected using 24 nmol/L SN-38 for 13 days. The mixed populations of stably
transduced cells that were generated by selection were used in subsequent
experiments. The levels of myc-tagged BCRP protein in each transduced cell
line were unchanged for at least 2 months.

Western Blot Analysis of BCRP. Cells were cultured in the absence or
presence of the indicated reagent concentrations for 4 days in PRF-medium.
Exponentially growing cells were harvested, washed, and lysed in T buffer
{10 mmol/L Tris-HCI (pH 8.0), 0.1% Triton-X 100, 10 mmol/L MgSO0,,
2 mmol/L CaCly, 1 mmol/L 4-(2-aminoethyl)-benzenesulfonylfluoride] with
or without 1 mmol/L DTT. After centrifugation, the cell lysates were
solubilized with 2% SDS, 50 mmol/L Tris-HCl (pH 7.5), in the absence or
presence of 5% 2-mercaptoethanol and resolved by 5% to 20% SDS-PAGE.
Proteins were transferred onto nitrocellulose membranes, and blots were
then incubated with either 5 g/mL of the anti-BCRP mouse monoclonal
antibody BXP-21 for detection of endogenous BCRP or with 10 pug/mL of the
anti-c-myc mouse monoclonal antibody 9E10 for detection of exogenous
BCRP. After washing, the blots were incubated with the anti-mouse
peroxidase-conjugated secondary antibody (Amersham Pharmacia). Mem-
brane-bound peroxidase was visualized on Kodak XAR film (Rochester, NH)
after enhancement using a chemiluminescence detection kit (Amersham
Pharmacia).

To see how soon the E;-mediated BCRP down-regulation occurs in MCE-
7 and MCF-7/BCRP cells, cells were cultured for 1, 2, 3, and 4 days in PRF-
medium in the presence of 3 nmol/L E,. The following procedure was the
same as described above.

Western Blot Analysis of ERc.. Cells (1.5 X 10%) were solubilized in
- sample buffer (62 mmol/L Tris, 2% SDS, 10% glycerol) and resolved by 5% to
20% SDS-PAGE. Proteins were transferred onto nitrocellulose membranes,
and blots were incubated with the anti-ERa monoclonal antibody, NCL-ER-
6F11 (1:30 dilution). The ensuing procedure was the same as described for
Western blotting of BCRP.

Cell Growth Studies. To investigate the mitogenic activity of E,,
exponentially growing MCF-7 or MCF-7/BCRP cells (3 X 10%/well) were
seeded in a 12-well plates and cultured at 37°C in PRE-DMEM
supplemented with the indicated concentrations of CDFBS and E, for
4 days. Cell numbers were then determined using a cell counter (Sysmex,
Kobe, Japan), and presented as percentages relative to those of control
cells cultwwved in PRF-medium. To investigate the effects of E, on
anticancer drug resistance, the cells were cultured in PRF-medium
supplemented with the indicated concentrations of E, for 4 days. The
exponentially growing cells (3 X 10%) were then seeded in 12-well plates
and cultured for a further 4 days in PRF-medium supplemented with the
same concentration of E, used in the pretreatment, in the absence or
presence of increasing doses of specific anticancer agents. Cell numbers
were " determined using a cell counter and presented as percentages
relative to those of control cells cultured in the absence of anticancer
agents. ICsq values (drug dosages that cause 50% inhibition of cell growth)
were determined from the growth inhibition curves.

Intracellular Topotecan Uptake in MCF-7 and MCF-7/BCRP Cells.
The effects of E; on the cellular accumulation of topotecan were
determined by flow cytometry. Cells were cultured in PRF-medinm
supplemented with the indicated concentrations of E, for 4 days. After
trypsinization, cells (5 X 10%) were incubated with 20 pmol/L topotecan for
30 minutes at 37°C, washed in ice-cold PBS, and subjected to fluorescence
analysis using FACSCalibur (Becton Dickinson, San Jose, CA). The data are
representative of two independent experiments.

Effects of E; on BCRP Expression in MCF-7/BCRP Cells Following
Small Interfering RNA-induced ERa Knockdown. Cells (2.5 X 10%/well)
were cultured in PRF-medium in six-well plates for 24 hours and transfected
with 100 nmol/L of small interfering RNA (siRNA; for ERa knockdown,

ESRI; for control, Luciferase GL3 Duplex, both obtained from Dharmacon,
Lafayette, CO) using LipofectAMINE 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. To confirm subsequent ERa
knockdown, the culture medium was exchanged with fresh PRF-medium
6 hours after transfection. After 48 howrs, whole cell lysates of 1.5 X 10° cells
were subjected to Western blotting, ERx expression was detected with the
anti-ERa antibody, NCL-ER-6F11. To investigate the effects of ERa
knockdown on Eymediated BCRP down-regulation, the culture medium
was exchanged with fresh PRF-medium containing the indicated concen-
trations of Ey, 6 hours after transfection, After 96 hours, cells were harvested
and exogenous BCRP expression was determined by Western blotting.
Semi-quantitative Reverse Transcription-PCR Analysis of BCRP
Expression in MCF-7 Cells. BCRP mRNA expression in MCF-7 cells was
examined by reverse transcription (RT)-PCR. Cells (5 X 10%) were incubated
in PRF-medium with various concentrations of E; for 4 days. Extraction of
total RNA and subsequent RT-PCR were done using an RNeasy Mini kit
(Qiagen, Valencia, CA) and an LA-RT-PCR kit (TaKaRa, Kyoto, Japan),
according to the manufacturer’s instructions, respectively. First-strand cDNA
was synthesized with 0.3 ug of total RNA and a 315-bp BCRP ¢DNA fragment
was amplified with the primers 5-CAGGTGGAGGCAAATCTTCGT-3
(forward) and 5 -ACACACCACGGATAAACTGA-3 (reverse). As an internal
control, amplification of GAPDH mRNA (551 bp fragment) was carried out
with the primers 5'-ATCACCATCTTCCAGGAGCGA-3' (forward) and 5'-
GCTTCACCACCTTCTTGAT GT-3 (reverse). The PCR conditions were as
follows: 95°C for 9 minutes, then increasing cycle numbers of 95°C for
30 seconds, 55°C for 30 seconds, 72°C for 30 seconds, and a final 15-min
incubation at 72°C. Data are representative of two independent experiments.
Northern Blot Analysis of BCRP Expression in MCF-7 and MCE-7/
BCRP Cells. Cells (5 x 10°) were incubated in PRF-medium with varying
concentrations of E, for 4 days. Either 20 ug (MCF-7) or 10 ug (MCF-7/
BCRP) of total RNA was fractionated on a 1% agarose-formaldehyde gel
and transferred to Hybond-N+ (Amersham Pharmacia). The blot was
hybridized at 42°C for 16 hours with a 456-bp fragment, from
nucleotides 574 to 1029 of BCRP cDNA, which was 3?P-labeled with a
High Prime Probe Labeling Kit (Roche) according to the manufacturer’s
instructions. The membrane was thoroughly washed and exposed to
Kodak XAR film for either 21 days (MCE-7) or 7 days (MCF-7/BCRP). The
presented data are representative of two independent experiments.
Metabolic Labeling of BCRP in MCF-7/BCRP Cells. First, cells (1 x
10%/well for E,-treated cells, respectively) were cultured in PRF-medium
in six-well plates for 4 days in the absence or presence of 3 nmol/L E,.
After incubation in methionine- and cystine-free DMEM (Roche)
supplemented with 7% CDFBS (labeling medium) for 1.5 hours just
before beginning the experiment, the resulting 70% to 80% confluent cells
were incubated in labeling medium, supplemented with 300 WCi/mL of
[%8), for 05 and 1 hour. The cells labeled for 1 hour were subsequently
chased for an additional 3 hours. For Ey-pretreated cells, 3 nmol/L E, was
present in the medium throughout the experiment. Cells were then
harvested, lysed in T buffer without DTT, and centrifuged. The
supernatant was supplemented with 1% of Triton-X and the protein
concentration was measured by the Bradford method. Cell lysates (100 pg)
were incubated with 0.5 pg of the anti-BCRP antibody, BXP-21, for
30 minutes on ice, and further incubated for an additional 30 minutes on
ice after the addition of 5% (v/v) Protein A-Sepharose (Amersham
Pharmacia). The immune comp]ex precipitated with Protein A-Sepharose
was then washed six times with wash buffer [10 mmol/L Tris-HCl (pH 7.5), 10
mmol/L NaCl, 1.5 mmol/L MgCl,, 1 mmol/L 4-(2-aminoethyl)-benzenesul-
fonylfluoride, 1% Aprotinin, 0.1% Triton-X 100], and the pellets were
resuspended in 2% SDS, 5% 2-mercaptoethanol, 50 mmol/L Tris-HCI (pH -
7.5). The labeled protein was subjected to'SDS-PAGE and autoradiographed.
The relative rates of labeled BCRP after 4 hours in the presence of E, to the
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