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MXR was shown to confer resistance to mitoxantrone,
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The products of the ABC gene family can be gener-
lly classified as either full-transporters of half-
ransporters. Full-transporters are expressed in the
lasma membrane, whereas half-transporters are usu-
lly found in intracellular membranes. Recently, an
BC half-transporter, the ABCG2 gene product Breast
ancer/Mitoxantrone Resistance Protein (BCRP/
XR), has been shown to cause mitoxantrone and to-

otecan resistance. The purpose of this study was to
etermine the expression and the intracellular local-

zation of this protein in various drug-resistant cell
ines. BCRP/MXR expression was determined by West-
rn blot and immunohistochemistry. This protein is
ighly overexpressed in several drug-resistant cell

ines and localizes predominantly to the plasma mem-
rane, instead of to intracellular membranes as seen
ith all other known half-transporters. Therefore,
CRP/MXR is unique among the ABC half-trans-
orters by being localized to the plasma membrane.
2000 Academic Press

Since the original discovery of P-glycoprotein in a
ultidrug-resistant tissue culture cell line (1), an in-

reasing number of ABC transporters has been shown
o be causally associated with multidrug resistance in
ancer cells (2–4). The most recent addition is the
reast Cancer Resistance Protein (BCRP) (5), which is
lso called mitoxantrone resistance protein (MXR) (6),
r placenta ABC protein (ABC-P) (7), and is the second
ember of the ABCG subfamily of ABC transport pro-

eins (gene symbol ABCG2). Overexpression of BCRP/
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enter, Empire State Plaza, Albany NY 12201-0509. Fax: 518-474-
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oxorubicin and daunomycin (5, 8), and various camp-
othecin analogs including topotecan (9, 10) by reduc-
ng the intracellular drug accumulation through active
rug export. Other known multidrug resistance pro-
eins were shown to be localized to the plasma mem-
rane (11–13) in agreement with their function as a
rug export pump. In contrast, the intracellular local-
zation of BCRP/MXR has not yet been demonstrated.
n this report, we therefore analyzed BCRP/MXR pro-
ein expression and determined its intracellular local-
zation by immunohistochemistry in several drug re-
istant cell lines. The results demonstrated that the
CRP/MXR protein is predominantly expressed in the
lasma membrane.

ATERIALS AND METHODS

Cell culture and cytotoxicity assays. The parental human breast
arcinoma MCF7/WT cell line, its drug resistant variants MCF7/MX
14, 15), MCF7/AdVp (subclone AdVp1000) (16, 17), MCF7/TPT300
18) and transfected MCF7/pcDNA3 and MCF7/BCRP/MXR (5), as
ell as S1 and S1-M1-3.2 colon carcinoma cells (19), were grown in

MEM medium (Richter’s modification) supplemented with 10% fetal
ovine serum and 0.01 mg/mL ciprofloxacin at 37°C in 5% CO2 in a
umidified incubator. Cytotoxicity assays were performed as de-
cribed previously (20).

Western blot analysis. Cells were seeded at a density of 1 million
ells/10 cm dish. After 72 h or at 70% confluence, cells were washed
wice, scraped into PBS, sonicated (3 3 10 s at maximum power with

microtip) and then centrifuged for 10 min at 1000g at 4°C. The
upernatant was diluted 1:4 into 10 mM Tris–HCl, pH 7.5, 250 mM
ucrose, and the membranes were sedimented by centrifugation at
00,000g for 30 min. The pellet was resuspended in 62.5 mM Tris–
Cl, pH 6.8, 1% Chaps, sonicated, and solubilized for 30 min on ice.
n equal volume of 23 sample buffer (0.1 M Tris–HCl, pH 6.8, 0.4 M
TT, 4% SDS) was added. The protein concentration was measured
y Bradford assay (21). Samples were dispensed into aliquots and
tored at 280°C. Fifty micrograms of cell membrane proteins were



f
c
b
l
b
T
0
b
w
(
f
S

B
o
i
p
f
m
U
i
a
M
a
a
c
s
w
s
m

R

B

p
s
c
w
A
m
s
T
w
O
t
e

various reports indicated that BCRP/MXR overexpres-
s
2
i
c
w

I

a
c
m
b
p
a
A
e
M
b
H
b
t
B
e
(
a
b
o
p
w
a
p
2
l
a

M
M
M
M
M
M
S
S

c
t
f
M
N
s

m
s
a

Vol. 271, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ractionated on 10% polyacrylamide gels with a 4% stacking gel
ontaining 8 M urea. Multimark (Novex, San Diego, CA) and/or
road range markers (Bio-Rad, Hercules, CA) were used as molecu-
ar weight standards. Proteins were transferred to a PVDF mem-
rane (Millipore, Bedford, MA) using wet electrophoretic transfer.
he membrane was washed with TBST (20 mM Tris–HCl, pH 7.5,
.137 M NaCl, 0.01% Tween) and the nonspecific binding sites were
locked with Blotto (5% milk in TBST) overnight. The membrane
as then incubated with a 1:2000 dilution of a polyclonal anti-MXR

BCRP) antibody for 2 h, followed by anti-rabbit secondary antibody
or 1 h. Detection was by enhanced chemiluminescence using Super-
ignal Substrate (Pierce, Rockford, IL).

Immunostaining. To determine the subcellular localization of
CRP/MXR, cells were plated at a density of 50,000 cells/35 mm dish
n coverslips, grown for 48 h to 72 h to 70% confluence, then rinsed
n PBS buffer followed by fixation for 5 min in PBS containing 3.8%
araformaldehyde. The fixed cells were permeabilized by incubation
or 5 min in cold methanol (218°C). Coverslips were incubated for 45
in at 37°C with the polyclonal anti-MXR antibody (dilution 1:800).
nbound antibodies were removed by rinsing in PBS, followed by

ncubation for 45 min at 37°C with FITC-conjugated anti-rabbit
ntibody as secondary antibody (Sigma Chemical Co., St. Louis,
O). The DNA was stained using Hoechst 33342. Fluorescence im-

ges were collected using a wide-field fluorescence microscope. To
nalyze different focal planes, selected fluorescence images were
ollected as z-series in 200 nm steps on the same microscope work-
tation used for the imaging of the immunostaining. These data sets
ere then deconvolved using Delta Vision version 2.1 deconvolution

oftware (Applied Precision Inc., Issaquah, WA) and presented as
aximal intensity projections as previously described (22).

ESULTS

CRP/MXR Expression and Drug Resistance

Breast cancer/mitoxantrone resistance protein ex-
ression was analyzed by immunoblot in various drug
elected cell lines and their corresponding parental
ells (Fig. 1). A large amount of BCRP/MXR protein
as detected in the three cell lines MCF7/MX, MCF7/
dVp and S1-M1-3.2 which all are highly resistant to
itoxantrone and topotecan (Table I). In contrast, sub-

tantially less BCRP/MXR was detected in the MCF7/
PT300 and the transfected MCF7/BCRP cells, which
ere less than 5% as resistant to the two drugs tested.
f particular interest is the very low level of resistance

o topotecan in MCF7/BCRP cells, despite protein lev-
ls similar to those in the MCF7/TPT300 cells. Though

FIG. 1. Western blot for BCRP/MXR: Membrane proteins (50
g/lane) were size fractionated by polyacrylamide gel electrophore-
is, transferred to a PVDF membrane, and probed with BCRP/MXR
ntibody. Detection of bound antibody was by ECL.
43
ion was associated with topotecan resistance (9, 10,
3), these data suggest that possibly other factors are
nvolved in cells that were drug selected as opposed to
ells transfected with BCRP/MXR. Little, if any protein
as detected in the respective parental cells.

ntracellular BCRP/MXR Localization

Several lines of evidence suggested that BCRP/MXR
cts as an efflux pump reducing the intracellular drug
oncentration (5). Therefore, it was of interest to deter-
ine if this protein was localized in the plasma mem-

rane, in agreement with its function as a drug efflux
ump, or if it was localized in intracellular membranes,
s expected from it being an ABC half-transporter (24).
s shown in Fig. 2, BCRP/MXR is clearly and almost
xclusively detected in the plasma membrane of
CF7/MX cells (panel B), whereas the localization in

oth the MCF7/AdVp (panel C) and S1-M1-3.2 (panel
) cells is less clear. Despite a clear signal by Western
lot, BCRP/MXR was essentially undetectable with
his method in the MCF7/TPT300 (panel D) and MCF7/
CRP (panel F) cells. Also, no evidence for BCRP/MXR
xpression was seen in the respective parental cells
panels A, E, and G). Since it was possible that the
bsence of detectable protein in some of the cells was
ecause BCRP/MXR was only localized to certain areas
f the plasma membrane that were outside of the focal
lane of the pictures in panels A-H, some of the cells
ere also scanned in the z-axis and a series of pictures
cquired that was then deconvolved by computer and
resented as maximal intensity projections (Figs. 2I–
L). These images clearly show that BCRP/MXR is
ocalized to the plasma membrane in all four cell lines
nalyzed in this way (MCF7/BCRP, MCF7/AdVp,

TABLE I

Relative Resistances in BCRP/MXR-Expressing Cell Lines

Cell Line

IC50 (Fold Resistance)

Mitoxantrone (nM) Topotecan (nM)

CF7/WT 0.42 6 0.09 (1) 4.6 6 1.0 (1)
CF7/MX 796 6 161 (1875) 6751 6 925 (1462)
CF7/AdVp1000 2300 6 112 (5443) 3867 6 763 (837)
CF7/TPT300 26.0 6 5.1 (61) 210 6 54 (45)
CF7/pcDNA3.1 2.79 6 0.58 (1) 16.6 6 4.6 (1.0)
CF7/BCRP 53.6 6 10.6 (19.2) 37.1 6 8.5 (2.2) p . 0.05

1 0.48 6 0.15 (1) N.D.
1-M1-3.2 1880 6 247 (3900) N.D.

Note. IC50 values were determined using a 7-day sulforhodamine B
ytotoxicity assay. Values in parentheses represent the fold resis-
ance relative to respective parental cells. All data are the means
rom at least three independent experiments, except for topotecan in

CF7/AdVp1000 cells where only two experiments were performed.
.D., not done, but S1-M1-80 cells, a derivative of S1-M1-3.2, were

hown to be 640-fold resistant to topotecan (10).
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CF7/BCRP, and S1-M1-3.2, panels I–L, respectively).
owever, the membrane staining seemed discontinu-

us (see e.g., arrows in panels J and L) in some of the
ells, suggesting that BCRP/MXR protein distribution
ay not be uniform around the whole cells. Together,

hese results indicate that BCRP/MXR is predomi-
antly expressed in the plasma membrane of cells,

FIG. 2. Subcellular localization of BCRP/MXR: BCRP/MXR was v
nti-MXR (1:800), followed by FITC-conjugated anti-rabbit-secondar
ultiple pictures were collected as z-series in 200 nm steps, then th

oftware (Applied Precision Inc., Issaquah, WA) and presented as ma
, A9: MCF7/WT; B, B9, I, I9: MCF7/MX; C, C9, J, J9: MCF7/AdVp; D
, K9: MCF7/BCRP (BCRP transfected); G, G9: S1; H, H9, L L9: S1-M
44
hough the possibility can not be excluded that a minor
raction is also present in intracellular membranes.

ISCUSSION

Multidrug resistance in cancer cells has generally been
ssociated with overexpression of transport proteins in

alized by fluorescence microscopy (A–H) with the polyclonal antibody
tibody. The DNA was stained using Hoechst 33342 (A9–L9). In I–L,

ata were deconvolved using Delta Vision version 2.1 deconvolution
al intensity projections as described under Materials and Methods.

: MCF7/TPT300; E, E9: MCF7/pcDNA3 (control transfectant); F, F9,
3.2.
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nclude the MDR1 gene product P-glycoprotein and the
ultidrug resistance-associated protein MRP1 (11–13).
oth of these proteins belong to the family of ATP-
inding cassette (ABC) transporters that is found in all
iving species. In humans, so far over 40 members have
een identified and grouped into eight subfamilies, and
any more are predicted (24). ABC transport proteins

an be classified as either full- or half-transporters. Full
ransporters contain two sets each of a trans-membrane
nd an ATP binding region, whereas half-transporters
nly consist of one domain each. Generally, full-
ransporters are found in the plasma membrane,
hereas half-transporters are usually found in intracel-

ular membranes such as the mitochondria (M-ABC1 and
BC7), the endoplasmatic reticulum (TAP1, 2) and the
eroxisomes (ALD subfamily) (reviewed in 24, 25). Re-
ently, a new half-transporter has been isolated and de-
cribed and variably named breast cancer resistance pro-
ein (BCRP) (5, 8), mitoxantrone resistance protein
MXR1) (6), or placenta ABC protein (ABC-P) (7). Over-
xpression upon stable transfection of this gene conferred
itoxantrone and anthracycline resistance and reduced

ntracellular drug accumulation (5). Furthermore, North-
rn blot analysis demonstrated that BCRP/MXR was
verexpressed in a variety of drug-selected and resistant
ell lines (8). However, no protein data have so far been
eported.

In the present report we for the first time present
vidence of BCRP/MXR overexpression at the protein
evel in several drug-resistant cell lines. Very high
evels of BCRP/MXR protein were observed in the three
ell lines with high (.1000-fold) resistance. In con-
rast, substantially lower levels of BCRP/MXR (esti-
ated at ,10%) were seen in cells with comparatively
oderate levels of resistance (,100-fold). Thus, even

hough not absolute, there appeared to be a positive
orrelation between BCRP/MXR protein levels and
rug resistance. We also show the intracellular local-
zation of the Breast Cancer Resistance Protein
BCRP/MXR) in the various drug resistant tissue cul-
ure cell lines. The data clearly show that BCRP/MXR
s predominantly localized to the plasma membrane.
his is somewhat surprising in light of the generally

ntracellular localization of the other known half-
ransporters (24), but commensurate with BCRP/
XR’s function as a drug exporter. Though the exact
echanisms for targeting of full- and half-transporters

o their respective membrane localization are not
nown, it may be noteworthy that BCRP/MXR has a
omain arrangement in which the ABC-fold precedes
he transmembrane region, an arrangement it shares
ith only the human white homologue ABC8. In con-

rast, all other human ABC proteins containing both
omains have an arrangement in which the ABC bind-
ng fold is carboxy-terminal to the transmembrane re-
ion. Models for the Drosophila white protein predict it
45
igment cells (26). Recent evidence, however, suggests
hat the human ABC8 protein is expressed both on the
ell surface and in intracellular compartments (27).
hus, it appears that BCRP/MXR is the first ABC
alf-transporter with a predominantly plasma mem-
rane localization.
In summary, we have shown that the BCRP/MXR

rotein is highly expressed in various drug-resistant
ell lines, and that it appears predominantly localized
o the plasma membrane.

CKNOWLEDGMENTS

This work has been supported in part by a grant from the National
nstitutes of Health CA72455 (E.S.). We thank Drs. Lee Greenbeer-
er for the S1 and S1-M1 cell lines, and Austin Doyle and Douglas
oss for the BCRP transfected MCF7/BCRP cells. We also acknowl-
dge the help of the Wadsworth Center’s Videomicroscopy core facil-
ties and the Photography unit.

EFERENCES

1. Juliano, R. L., and Ling, V. (1976) Biochim. Biophys. Acta 455,
152–162.

2. Gottesman, M. M., Pastan, I., and Ambudkar, S. V. (1996) Int. J.
Oncol. 9, 879–884.

3. Ling, V. (1997) Cancer Chemother. Pharmacol. 40, S3–S8.
4. Schneider, E., Paul, D., Ivy, P., and Cowan, K. H. (1999) in

Cancer Chemotherapy and Biological Response Modifiers
(Pinedo, H. M., Longo, D. L., and Chabner, B. A., Eds.), pp.
152–177. Elsevier Science B.V., Amsterdam.

5. Doyle, L. A., Yang, W., Abruzzo, L. V., Krogmann, T., Gao, Y.,
Rishi, A. K., and Ross, D. D. (1998) Proc. Natl. Acad. Sci. USA
95, 15665–15670.

6. Miyake, K., Mickley, L., Litman, T., Zhan, Z., Robey, R., Cris-
tensen, B., Brangi, M., Greenberger, L., Dean, M., Fojo, T., and
Bates, S. E. (1999) Cancer Res. 59, 8–13.

7. Allikmets, R., Schriml, L., Hutchinson, A., Romano-Spica, V.,
and Dean, M. (1998) Cancer Res. 58, 5337–5339.

8. Ross, D. D., Yang, W., Abruzzo, L. V., Dalton, W. S., Schneider,
E., Lage, H., Dietel, M., Greenberger, L., Cole, S. P. C., and
Doyle, L. A. (1999) J. Natl. Cancer Inst. 91, 429–433.

9. Maliepaard, M., Van Gastelen, M. A., De Jong, L. A., Pluim, D.,
Van Waardenburg, R. C. A. M., Ruevekamp-Helmers, M., Floot,
B. G. J., and Shellens, J. H. M. (1999) Cancer Res. 59, 4559–
4563.

0. Brangi, M., Litman, T., Ciotti, M., Nishiyama, K., Kohlhagen, G.,
Takimoto, C., Robey, R., Pommier, Y., Fojo, T., and Bates, S. E.
(1999) Cancer Res. 59, 5938–5946.

1. Thiebaut, F., Tsuruo, T., Hamada, H., Gottesman, M. M., Pas-
tan, I., and Willingham, M. C. (1987) Proc. Natl. Acad. Sci. USA
84, 7735–7738.

2. Flens, M. J., Izquierdo, M. A., Scheffer, G. L., Fritz, J. M., Meijer,
C. J. L. M., Scheper, R. J., and Zaman, G. J. R. (1994) Cancer Res.
54, 4557–4563.

3. Hipfner, D. R., Gauldie, S. D., Deeley, R. G., and Cole, S. P. C.
(1994) Cancer Res. 54, 5788–5792.

4. Nakagawa, M., Schneider, E., Dixon, K. H., Horton, J., Kelley,
K., Morrow, C., and Cowan, K. H. (1992) Cancer Res. 52, 6175–
6181.



15. Yang, C.-H. J., Horton, J. K., Cowan, K. H., and Schneider, E.

1

1

1

1

2

21. Bradford, M. M. (1976) Anal. Biochem. 72, 248–254.
2

2

2

2
2

2

Vol. 271, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
(1995) Cancer Res. 55, 4004–4009.
6. Chen, Y. N., Mickley, L. A., Schwartz, A. M., Acton, E. M., Hwang,

J. L., and Fojo, A. T. (1990) J. Biol. Chem. 265, 10073–10080.
7. Lee, J. S., Scala, S., Matsumoto, Y., Dickstein, B., Robey, R.,

Zhan, Z., Altenberg, G., and Bates, S. E. (1997) J. Cell. Biochem.
65, 513–526.

8. Yang, C. H., Schneider, E., Kuo, M.-L., Rocchi, E., Volk, E. L.,
and Chen, Y.-C. (1999) Biochem. Pharmacol., in press.

9. Rabindran, S. K., He, H., Singh, M., Brown, E., Collins, K. I.,
Annable, T., and Greenberger, L. M. (1998) Cancer Res. 58,
5850–5858.

0. Schneider, E., Horton, J. K., Yang, C.-H., Nakagawa, M., and
Cowan, K. H. (1994) Cancer Res. 54, 152–158.
46
2. Khodjakov, A., and Rieder, C. L. (1999) J. Cell Biol. 146, 585–
596.

3. Allen, J. D., Brinkhuis, R. F., Wijnholds, J., and Schinkel, A. H.
(1999) Cancer Res. 59, 4237–4241.

4. Klein, I., Sarkadi, B., and Váradi, A. (1999) Biochim. Biophys.
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