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A B S T R A C T

Breast cancer resistance protein (BCRP; ABCG2), a clinical marker for identifying the side population (SP)

cancer stem cell subgroup, affects intestinal absorption, brain penetration, hepatobiliary excretion, and

multidrug resistance of many anti-cancer drugs. Nutlin-3a is currently under pre-clinical investigation in

a variety of solid tumor and leukemia models as a p53 reactivation agent, and has been recently

demonstrated to also have p53 independent actions in cancer cells. In the present study, we first report

that nutlin-3a can inhibit the efflux function of BCRP. We observed that although the nutlin-3a IC50 did

not differ between BCRP over-expressing and vector control cells, nutlin-3a treatment significantly

potentiated the cells to treatment with the BCRP substrate mitoxantrone. Combination index calculations

suggested synergism between nutlin-3a and mitoxantrone in cell lines over-expressing BCRP. Upon

further investigation, it was confirmed that nutlin-3a increased the intracellular accumulation of BCRP

substrates such as mitoxantrone and Hoechst 33342 in cells expressing functional BCRP without altering

the expression level or localization of BCRP. Interestingly, nutlin-3b, considered virtually ‘‘inactive’’ in

disrupting the MDM2/p53 interaction, reversed Hoechst 33342 efflux with the same potency as nutlin-

3a. Intracellular accumulation and bi-directional transport studies using MDCKII cells suggested that

nutlin-3a is not a substrate of BCRP. Additionally, an ATPase assay using Sf9 insect cell membranes over-

expressing wild-type BCRP indicated that nutlin-3a inhibits BCRP ATPase activity in a dose-dependent

fashion. In conclusion, our studies demonstrate that nutlin-3a inhibits BCRP efflux function, which

consequently reverses BCRP-related drug resistance.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Pre-clinical investigations of the utility of nutlin-3 treatment of
cancer cells have focused primarily on the consequences of p53
reactivation in cells due to disruption of the MDM2/p53
interaction. Nutlin-3 is a racemic mixture of nutlin-3a (active
enantiomer) and nutlin-3b (inactive enantiomer) with nutlin-3a
having 150-fold more affinity to MDM2 [1]. Indeed, single agent
nutlin-3 treatment has shown anti-cancer efficacy in xenograft
models of solid tumors, including osteosarcoma, prostate cancer,
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KSHV lymphomas, retinoblastoma, and neuroblastoma [1–5].
Recently, other effects of nutlin-3 treatment have been reported,
including anti-angiogenic effects [6–8] and radiosensitization of
cancer cells under low oxygen conditions [9]. Furthermore, nutlin-
3 has been reported to sensitize cancer cells to co-treatment with
selected anti-cancer drugs, independent of p53 status, by
enhancing the ability of anticancer drugs to activate apoptosis
[10], and also by reversing P-glycoprotein (P-gp; ABCB1) mediated
multi-drug resistance (MDR) [11]. Understanding the mechanism
behind this nutlin-3 sensitization of resistant cancer cells would
significantly enhance the use of nutlin-3 in combination with other
anti-cancer drugs in a broad range of tumor types.

Drug-resistance is a major obstacle in the treatment of cancer,
and ATP-binding cassette (ABC) transporters play an integral role
in the development of multi-drug resistance [12]. ABC transporters
utilize the energy of ATP hydrolysis to pump anti-cancer agents out
of the cell, thus reducing the intracellular drug concentration.
Recently, Michaelis et al. observed that nutlin-3 can interfere with
the function of the ABC transporters P-glycoprotein and multidrug
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resistance protein 1 (MRP1; ABCC1) [11]. Nutlin-3 treatment
reversed drug resistance in neuroblastoma and rhabdomyosarco-
ma cells over-expressing these transporters in vitro when
combined with cytotoxic drugs that are P-gp and MRP1 substrates.
These data suggest that nutlin-3 functionally inhibits the action of
drug efflux proteins, thereby sensitizing cells to treatment with
cytotoxic agents that are substrates of these efflux proteins.

Breast cancer resistance protein (BCRP; ABCG2) belongs to the
ABC transporter family. Although it is possible that nutlin-3a may
modulate the activity of BCRP, so far, the effect of nutlin-3a on
BCRP has not been reported. The present study investigates
whether nutlin-3a inhibits BCRP, thus sensitizing cells to
enhanced killing by anti-cancer drugs that are BCRP substrates.
Using MTS assays, we determined that nutlin-3a reverses
resistance to the BCRP substrate mitoxantrone. Combination
index calculations indicated synergism when nutlin-3a was used
in combination with the anticancer agent mitoxantrone, a BCRP
substrate, in osteosarcoma cells over-expressing BCRP. Based on
these observations, we performed a series of studies to
comprehensively investigate the effect of nutlin-3a treatment
on BCRP expression and function. Our studies strongly suggest
that nutlin-3a inhibits BCRP efflux and can reverse BCRP-related
drug resistance, but is not a BCRP substrate.

2. Materials and methods

2.1. Reagents

Nutlin-3a and nutlin-3b were synthesized in the Department of
Chemical Biology at St. Jude Children’s Research Hospital,
Memphis, TN and were solubilized in dimethyl sulfoxide (DMSO)
(ATCC, Manassas, VA) to a final concentration of 30 mM. The
chemical structure of nutlin-3 has been published previously [1].
Hoechst 33342 and G-418 (Geneticin1) were purchased from
Invitrogen (Carlsbad, CA). Mitoxantrone and Ko143 were pur-
chased from Sigma–Aldrich (St. Louis, MO). Fumitremorgin C (FTC)
was purchased from Alexis Biochemicals (San Diego, CA).

2.2. Cell culture

Saos-2 (human osteosarcoma) cells stably transfected with
human wild-type (Arg482) BCRP or control vector pcDNA3.1 were
generously donated by Dr. John Schuetz (St. Jude Children’s
Research Hospital, Memphis, TN) [13,14]. MDCK II-pCDNA3.1 and
MDCK II-BCRP cells were generously donated by Dr. Mark Leggas
(University of Kentucky, Lexington, KY). Cells were cultured in
complete Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitro-
gen, Carlsbad, CA) containing 10% fetal bovine serum (FBS)
(Invitrogen, Carlsbad, CA), 1% L-Glutamine (Invitrogen, Carlsbad,
CA), and maintained with G418 (0.5 mg/ml) (Invitrogen, Carlsbad,
CA). Cells were cultured in G418-free complete media at the time
of seeding for individual experiments. Hank’s balance salt solution
(HBSS) and HEPES buffer were purchased from Invitrogen
(Carlsbad, CA).

2.3. Cell viability assay (MTS)

Cells were seeded in 100 ml phenol red-free medium (Invitro-
gen, Carlsbad, CA) in 96-well plates and allowed to attach
overnight. Cells were treated with increasing concentrations of
nutlin-3a alone or increasing concentrations of mitoxantrone in
combination with 0 mM, 20 mM or 50 mM nutlin-3a for 24 h. Cell
viabilities were tested by the CellTiter 961 AQueous MTS assay
(Promega, Madison, WI) following the manufacturer’s instructions.
IC50 values were calculated using ADAPT 5 (Biomedical Simula-
tions Resources, Los Angeles, CA) [15].
2.4. Median effect analysis

To characterize the interaction between mitoxantrone and
nutlin-3a in Saos-2-BCRP and Saos-2-pcDNA3.1 cells, data were
analyzed using the median effect method developed by Chou [16].
The combination index (CI) values at non-fixed nutlin-3a/mitoxan-
trone concentration ratios were calculated using the commercially
available software Calcusyn 2.1 (Biosoft, Cambridge, United
Kingdom). CI values<1.0 indicate synergism, CI values = 1.0 indicate
additive effect and CI values >1.0 indicate antagonism [16].

2.5. Intracellular accumulation and efflux of mitoxantrone by confocal

imaging

Vector control and BCRP expressing Saos-2 cells were seeded on
35 mm glass bottom dishes (MatTek Corporation, Ashland, MA) and
allowed to attach for 36 h. Cells were pre-incubated with nutlin-3a
for 15 min in DMEM+ (DMEM with 2% FBS, 1 mM HEPES buffer) at
37 8C. Mitoxantrone (1 mM) was added and cultures were incubated
for an additional 1 h. Cells were washed with ice cold HBSS+ (HBSS
with 2% FBS, 1 mM HEPES buffer) containing nutlin-3a and
intracellular accumulation was measured using confocal imaging.
An Eclipse C1si confocal, configured on an Eclipse TE2000
microscope (Nikon, Melville, NY) with a Plan Fluor 40� NA 1.3
lens was used. Excitation was from a 642 nm diode laser, and the
emission was collected through a 675/50 nm bandpass filter.

2.6. Hoechst 33342 dye accumulation and efflux studies by flow

cytometry

Hoechst 33342 dye was used as a BCRP substrate. Vector control
and BCRP over-expressing Saos-2 and MDCKII cells were cultured
to 60–70% confluence. Single cell suspensions were pre-incubated
in DMEM+ with nutlin-3a, nutlin-3b or FTC at varying concentra-
tions for 15 min at 37 8C. Hoechst 33342 dye was then added to a
final concentration of 5 mg/ml and cells were incubated at 37 8C for
1 h. Cells were pelleted and resuspended in ice cold HBSS+
containing nutlin-3a, nutlin-3b or FTC. Intracellular Hoechst 33342
fluorescence signals were detected by a 440/40 nm band pass filter
with UV laser excitation and the data were collected and analyzed
using a BD LSRII flow cytometer (BD, San Jose, CA). Data were
processed as previously described [14]. Propidium iodide (PI)
(Roche Applied Science, Mannheim, Germany) was added as a
marker to label the non-viable cells. Only events from viable cells
were used for data analysis.

2.7. Intracellular accumulation and efflux of Hoechst 33342 by

widefield imaging

Vector control and BCRP expressing Saos-2 cells were seeded on
35 mm glass bottom dishes and allowed to attach for 36 h. Cells were
pre-incubated with nutlin-3a or nutlin-3b in DMEM+ for 15 min at
37 8C. Hoechst 33342 (1 mg/ml) was added and cultures were
incubated for an additional 1 h. Cells were washed with ice cold
HBSS+ containing nutlin-3a or nutlin-3b and intracellular accumu-
lation was measured using widefield fluorescence imaging. Hoechst
33342 imaging was performed on a Nikon Eclipse TE2000 micro-
scope with a Plan Fluor 40�NA 0.6 lens and a standard DAPI filter set.

2.8. Western blots

Total cellular protein was extracted from cell pellets and
protein concentrations were determined by BCA assay (Thermo
Scientific, Rockford, IL). Proteins were resolved by SDS PAGE [4–
12% gradient Bis/Tris NuPage gels (Invitrogen, Carlsbad, CA)] with
MOPS SDS running buffer (Invitrogen, Carlsbad, CA) before



Fig. 1. BCRP expression does not confer resistance to nutlin-3a treatment. Saos-2-

BCRP and Saos-2-pcDNA3.1 cells were incubated with increasing concentrations of

nutlin-3a (0.1–150 mM) for 24 h. Cell viabilities were tested by MTS assay in

triplicate. IC50 values were calculated using ADAPT 5. Values are presented as

mean � SD. Data are representative of three independent experiments.
Fig. 2. Co-treatment of cells with nutlin-3a and mitoxantrone strongly reverses

BCRP mediated drug resistance to mitoxantrone. Saos-2-pcDNA3.1 and Saos-2-

BCRP cells were treated with increasing concentrations of mitoxantrone (0.01–

300 mM) in combination with 20 and 50 mM nutlin-3a for 24 h as described in the

methods. Cell viabilities were determined by MTS assay in triplicate. ADAPT 5 was

used to calculate IC50. Values are presented as mean � SD. ***p < 0.001. Data are

representative of two independent experiments.
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transferring onto InvitrolonTM PVDF membranes (Invitrogen,
Carlsbad, CA). BCRP was detected using the rat monoclonal BXP-
53 (Alexis Biochemicals, San Diego, CA). P-gp was detected using
the mouse monoclonal antibody clone C-219 (Alexis Biochemicals,
San Diego, CA). Beta-actin (AC-15, Sigma–Aldrich, St. Louis, MO)
was used as the loading control.

2.9. Flow cytometry for BCRP

PE conjugated mouse anti-BCRP (MAB4155P) (Millipore,
Billerica, MA) antibody was used to detect protein expression
by flow cytometry. Cells were treated with 50 mM nutlin-3a for
Fig. 3. Synergistic effects of nutlin-3a in combination with mitoxantrone. The combinati

calculated using commercially available software Calcusyn 2.1. * CI values <1.0 indicate

antagonism. Fractional effect is defined as the fraction of cells affected by nutlin-3a and m

fractional effect value of 1 indicates 100% inhibition of cell viability. A, for Saos-2-pcDN

50 mM nutlin-3a, when nutlin-3a: mitoxantrone ratios were>100:1, both additive and sy

antagonism was observed. B, for Saos-2-BCRP cells, moderate (++) to strong (++++) syne

experiments.
1 h, harvested, and then 1.0 � 106 cells were resuspended in
100 mL BD Fc BlockTM (BD Pharmingen, San Diego, CA) and
incubated on ice for 30 min. Cells were washed once and then
stained with the primary antibody (anti-BCRP 10 mg/mL) at
room temperature for 30 min. Cells were again washed and
resuspended in a final volume of 0.5 ml. Cells were counter-
stained with 40-6-diamidino-2-phenylindole (DAPI) (Invitrogen,
on index (CI) values at non-fixed nutlin-3a/mitoxantrone concentration ratios were

synergism, ^ CI values = 1.0 indicate additive effect and & CI values >1.0 indicate

itoxantrone combination. A fractional effect value of 0 indicates no inhibition and a

A3.1 cells, at 20 mM nutlin-3a, additive effect and antagonism were observed. At

nergistic effects were observed; when nutlin-3a: mitoxantrone ratios were<100:1,

rgism was observed at all ratios tested. Data are representative of two independent
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Carlsbad, CA) and analyzed using a BD LSRII flow cytometer (BD,
San Jose, CA).

2.10. BCRP localization

Localization of BCRP was evaluated using confocal imaging
analysis. Cells were grown on 35 mm glass bottom dishes and
treated with 50 mM nutlin-3a for 90 min. After incubation, cells
were washed with HBSS and fixed with 4% paraformaldehyde
(Polysciences, Warrington, PA) for 15 min at room temperature.
After 3 HBSS washes, cells were permeabilized using 0.2% Triton X-
100 (Sigma–Aldrich, St. Louis, MO) diluted in HBSS for 5 min then
washed in HBSS. After 3 HBSS washes, Image-iTTM FX signal
enhancer solution (Invitrogen, Carlsbad, CA) was applied and the
dishes were incubated at room temperature for 30 min. After 3
additional HBSS washes, mouse monoclonal antibody against BCRP
(BXP-21, Alexis Biochemicals, San Diego, CA) (1:1000 diluted in
HBSS+ 2% bovine serum albumin) was added and cells were
incubated for an additional 60 min at room temperature. Cells
were then stained with Alexa Fluor1 555 goat anti-mouse IgG
secondary detection conjugate (1:500) (Invitrogen, Carlsbad, CA) at
room temperature for 90 min. Finally, ProLong1 Gold-DAPI anti-
fade reagent (Invitrogen, Carlsbad, CA) was added and wells were
cover-slipped. BCRP localization was assessed using confocal
imaging. A Nikon Eclipse C1si confocal configured on an Eclipse
TE2000 microscope with a Plan Fluor 40� NA 1.3 lens was used.
Excitation was from a 561 nm diode laser and emission was
collected through a 605/75 nm bandpass filter.

2.11. Intracellular accumulation of nutlin-3a

MDCKII-pcDNA3.1 and MDCKII-BCRP cells were seeded into 6-
well plates at a density of 0.5 � 105 cells/well in 2 mL of complete
Fig. 4. Nutlin-3 treatment strongly increases the intracellular accumulation of mitoxan

pcDNA3.1 and Saos-2-BCRP cells in the presence increasing concentrations of nutlin-3

accumulation. Scale bar, 30 mm. Data are representative of three independent experim
DMEM without G418. When cells were 80–90% confluent, nutlin-
3a was added at increasing final concentrations of 0, 1, 5, 10, 20,
and 50 mM. Cells were incubated at 378 C for 1 h. Cells were then
washed with ice cold phosphate buffered saline (PBS) twice, and
scraped off in 1 ml ice cold homogenization buffer (5 mM
HCOONH4, pH 7.0). Cell pellets were then lysed on ice by
sonicating for approximately 10 s/well twice with a 15 s interval
using a 4710 series ultrasonic homogenizer (Cole-Parmer, Chicago,
IL, USA). Intracellular nutlin-3a concentrations were measured
using the LC–MS/MS method published previously [17]. Final
intracellular nutlin-3a concentrations were normalized to total
protein content as measured by BCA assay.

2.12. Bi-directional transport across MDCKII monolayer cells

MDCKII-pCDNA3.1 and MDCKII-BCRP cells were seeded at
1 � 106 cells per well in 0.4 mm, 12 mm Transwell1 permeable
inserts (Corning Incorporated, Corning, NY). Transport assays
were performed when cells reached consistent trans-epithelial
electrical resistance [18] values (between 200 and 300 mV cm2),
indicating that the cells had formed a confluent polarized
monolayer. Prior to transport assays (30 min), the medium in
the donor and receiver chambers was removed and replaced
with transport buffer (HBSS/25 mM HEPES). Buffer containing
nutlin-3a was added to either the apical or the basolateral side
of the monolayer with or without the BCRP-specific inhibitor
Ko143. Samples were removed for the determination of initial
nutlin-3a concentrations, and then at 30, 60, 120, and 240 min.
50 ml aliquots were removed from the either the basolateral or
apical compartments. The volume removed was replaced
immediately with fresh transport buffer. Nutlin-3a samples
were prepared and analyzed using LC–MS/MS method as
described above.
trone in Saos-2-BCRP cell lines. Confocal imaging of mitoxantrone (red) in Saos-2-

a for 60 min suggested dose dependent restoration of intracellular mitoxantrone

ents.
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The apparent permeability (Papp) is calculated using Eq. (1) [18]:

Papp ¼
V r

C0

� �
1

S

� �
dC

dt

� �
(1)

where Vr is the volume of buffer in the receiver chamber; C0 is the
initial drug concentration in the donor chamber; S is the surface
area of monolayer; dC/dt is the linear slope of drug concentration
in the receptor chamber over time.

The efflux ratio (RE) is calculated using Eq. (2):

RE ¼ Papp;B-A

Papp;A-B

� �
(2)

where Papp,B-A is the apparent permeability of drug transport from
basolateral to apical side and Papp,A-B is the apparent permeability
of drug transport from apical to basolateral side.

The final efflux ratio (R) is calculated using Eq. (3):

R ¼ MDCK II-BCRP efflux ratio

MDCK II-pcDNA 3:1 efflux ratio

� �
(3)

2.13. ATPase assay

BCRP ATPase activity was determined using SB BCRP HAM
PREDEASYTM ATPase kit and SB defBCRP HAM PREDEASYTM Ctrl kit
following the manufacturer’s instructions (XenoTech, Lenexa, KA).
The assay contains two different tests that are performed
simultaneously on the same plate. In the activation test, BCRP
substrates stimulate baseline vanadate-sensitive ATPase activity.
Nutlin-3a 
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Fig. 5. Nutlin-3a dose-dependently inhibits BCRP efflux of Hoechst 33342, independent of

pcDNA3.1 and MDCKII-BCRP cells were incubated with increasing concentrations of nu

dependent reduction of Hoechst 33342 efflux after nutlin-3a treatment assayed by flow cy

from representative flow cytometry experiments. Values are presented as mean � SD.
In the inhibition test, inhibitors or slowly transported compounds
may inhibit the maximal vanadate sensitive ATPase activity.
Nutlin-3a was tested in both the activation and inhibition
reactions at increasing concentrations (0.14, 0.41, 1.23, 3.70,
11.11, 33.33, 100, and 150 mmol/L) for 10 min following the
manufacturer’s instructions. The assay was performed in triplicate.

2.14. Statistical analysis

All data expressed as mean � standard deviation unless other-
wise indicated. Data were analyzed for statistical significance using
Student’s t-test. Differences with p < 0.05 were considered statisti-
cally significant. Linear and nonlinear regressions were performed
using Prism 5 (GraphPad Software, La Jolla, CA).

3. Results

3.1. Nutlin-3a sensitizes BCRP expressing cells to mitoxantrone

treatment

Saos-2-pcDNA3.1 and Saos-2-BCRP cells were incubated with
nutlin-3a alone or in combination with the anti-cancer agent
mitoxantrone, a BCRP substrate. IC50 values were determined by
MTS assay. BCRP over-expression did not confer resistance to
nutlin-3a as a single agent. The IC50 value of nutlin-3a was 45.8
(�2.6) mM for Saos-2-BCRP and 43.5 (�3.0) mM for Saos-2-pcDNA3.1
(p > 0.05) (Fig. 1).

BCRP expression did confer resistance to mitoxantrone in the
Saos-2 cell lines. The Saos-2-pcDNA3.1 cells exhibited sensitivity
Nutlin-3a (μM)

DMSO control
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tometry in Saos-2 and MDCKII cells. (B) Quantitative assessment of nutlin-3a effects

Data are representative of at least three independent experiments.
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to mitoxantrone with an IC50 of 2.0 (�0.1) mM while the BCRP over-
expressing Saos-2 cells had a markedly increased mitoxantrone IC50

of 165.8 (�21.9) mM (p < 0.001) (Fig. 2). To determine the effect of
nutlin-3a on potentially reversing this mitoxantrone resistance, Saos-
2-BCRP cells were co-incubated with 20 mM or 50 mM nutlin-3a and
increasing concentrations of mitoxantrone (0.01–300 mM) for 24 h. A
dramatic reduction in the mitoxantrone IC50 from 165.8 (�21.9) mM
to 7.6 (�0.5) mM (21.8-fold, p < 0.001) and 1.0 (� 0.07) mM (165.8-
fold, p < 0.001) was observed in the Saos-2-BCRP cells after treatment
with 20 and 50 mM nutlin-3a, respectively (Fig. 2). In Saos-2-
pcDNA3.1 cells, only a moderate reduction of mitoxantrone IC50 was
observed, from 2.0 (�0.01) mM to 1.4 (�0.1) mM (1.4-fold, p < 0.001)
and 0.6 (�0.4) mM (3.3-fold, p < 0.001) (Fig. 2). Using combination
index analysis, we evaluated whether the combination of nutlin-3a
and mitoxantrone was synergistic. Combination index (CI) values
around 1 indicate that two drugs have an additive effect. A CI < 1
indicates synergy, and a CI > 1 indicates antagonism [16]. The
fractional effect is the ratio of the effect (growth inhibition) caused by
the two compounds in combination to that of one of the compounds
alone. A fractional effect value of 0 indicates no inhibition and
fractional effect value of 1 indicates 100% inhibition of cell viability. In
contrast to Saos-2-pcDNA3.1 cells where synergism, additivity, and
antagonism can be observed on different nutlin-3a:mitoxantrone
ratios (Fig. 3A), moderate (++) to strong (++++) synergism [16] was
observed in Saos-2-BCRP cells with combination index (CI) values
Fig. 6. Nutlin-3 treatment increases the intracellular accumulation of Hoechst 33342 i

33342 (blue) in Saos-2-pcDNA3.1 and Saos-2-BCRP cells in the presence or absence of

strongly restored the accumulation of Hoechst 33342 in Saos-2-BCRP cells. Data are re
between 0.132 and 0.798 at all nutlin-3a: mitoxantrone ratios tested
(Fig. 3B). These results indicate that the synergistic effect observed in
Saos-2-BCRP cells induced by the nutlin-3a/mitoxantrone combina-
tion is dependent on the presence of BCRP.

3.2. Nutlin-3a inhibits BCRP-mediated transport of mitoxantrone

To determine whether the observed reduction in the mitox-
antrone IC50 of the Saos-2-BCRP cells co-treated with nutlin-3a
was due to increased exposure to mitoxantrone, intracellular
accumulation of mitoxantrone was measured by confocal imaging.
Saos-2-pcDNA3.1 and Saos-2-BCRP cells were co-incubated with
1 mM mitoxantrone and increasing concentrations of nutlin-3a (0–
50 mM) for 1 h. In the absence of nutlin-3a, little mitoxantrone
accumulation was observed in Saos-2-BCRP cells (Fig. 4), indicating
active efflux by BCRP, whereas under the same conditions,
mitoxantrone was retained in the Saos-2-pcDNA3.1 cells. Treat-
ment with nutlin-3a resulted in a dose-dependent increase in the
intracellular mitoxantrone accumulation in the Saos-2-BCRP cells,
suggesting a decrease in BCRP efflux function.

3.3. Nutlin-3a inhibits BCRP-mediated transport of Hoechst 33342

To determine whether nutlin-3a could also reduce the efflux of
other BCRP substrates, the intracellular retention of another
n Saos-2-BCRP cell lines. Wide-field fluorescence imaging of intracellular Hoechst

50 mM nutlin-3a or nutlin-3b for 60 min. Treatment with nutlin-3a and nutlin-3b

presentative of three independent experiments.
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prototypical BCRP substrate, Hoechst 33342, was measured by
flow cytometry in Saos-2 cells with and without BCRP expression.
As BCRP over-expressing Saos-2 cells were incubated with
increasing amounts of nutlin-3a, a dose-dependent decrease in
the efflux of Hoechst 33342 was observed. Co-incubation of cells
with nutlin-3a and Hoechst 33342 for 1 h resulted in an almost
complete inhibition of Hoechst 33342 efflux in Saos-2-BCRP cells
(Fig. 5A). This inhibition was comparable to that seen with the
Fig. 7. Nutlin-3a does not alter levels of BCRP protein expression. (A) Western blot analysi

50 mM nutlin-3a; D, equal volume DMSO). BCRP protein was detected using the monocl

BCRP in response to nutlin-3a treatment. Cells were stained with the PE conjugated mous

to indicate viability. Data are representative of two independent experiments.
BCRP-specific inhibitor FTC (Fig. S1). Co-incubation of cells with
enantiomer nutlin-3b resulted in the same reduction in Hoechst
33342 efflux (Fig. S2). Only events from viable cells were used for
data analysis, and there was no difference in the viability between
BCRP over-expressing and the vector control cells treated with
either nutlin-3a or nutlin-3b (Fig. S3). To determine if the reduced
Hoechst 33342 efflux was dependent on p53 status, accumulation
studies were also performed in p53 wild type MDCKII cells. The
s of the cellular protein expression of BCRP protein following nutlin-3a treatment (N,

onal antibody BXP-53. (B) Flow cytometric analysis of the cell-surface expression of

e anti-BCRP antibody (MAB4155P) and subjected to analysis. DAPI was added to cells



Fig. 8. Nutlin-3a does not alter cellular localization of BCRP in Saos-2 cells. Confocal images taken of Saos-2 cells expressing BCRP treated with vehicle (DMSO) or nutlin-3a

(50 mM, 90 min). Red represents BCRP protein and blue represents nuclear staining. Scale bar, 30 mm. Data are representative of two independent experiments.

Fig. 9. No difference in intracellular accumulation of nutlin-3a in the presence of

BCRP. MDCKII-pcDNA3.1 and MDCKII-BCRP cells were incubated with 0, 1, 5, 10, 20,

and 50 mM nutlin-3a for 60 min. Intracellular nutlin-3a concentrations were

determined by LC–MS/MS as previously described and normalized to total protein

content. Data are presented as mean � SD of triplicates.
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results indicated that nutlin-3a also reverses the Hoechst 33342
efflux in a p53 wild type cell line in a dose dependent manner
(Fig. 5B). Hence, nutlin-3a inhibition of BCRP-mediated transport
of Hoechst 33342 is independent of cellular p53 status. In addition
to the abrogation of efflux observed with flow cytometric methods,
results from fluorescence imaging also demonstrated after
treatment with nutlin-3a that Hoechst 33342 intracellular
accumulation was dramatically restored in the Saos-2-BCRP cell
line to levels comparable to Saos-2-pcDNA3.1 control cells (Fig. 6).
Treatment of cells with the enantiomer nutlin-3b resulted in the
same reduction in Hoechst 33342 efflux, demonstrating that the
two enantiomers have comparable effects on BCRP function
(Fig. 6).

3.4. Nutlin-3a treatment does not alter BCRP expression or

localization

To determine whether increased accumulation and sensitivity
to mitoxantrone were a result of nutlin-3a inducing an alteration in
BCRP protein levels, Saos-2-pcDNA3.1 and Saos-2-BCRP cells were
treated at the highest nutlin-3a dose level used for functional
studies (50 mM; 1 h) and BCRP protein levels were measured. As
shown in Fig. 7, both Western blot (Fig. 7A) and flow cytometric
analysis (Fig. 7B) demonstrated that total cellular protein levels of
BCRP in Saos-2-BCRP cells were not altered in the presence of
nutlin-3a. Since nutlin-3 has been shown to affect P-gp function,
levels of P-gp protein were also assessed by Western blot. Although
Saos-2 cells do not express detectable levels of P-gp [13,19], it is
possible that nutlin-3a treatment may up-regulate P-gp expres-
sion. As expected, nutlin-3a treatment did not significantly alter
the expression of P-gp in either Saos-2-pcDNA3.1 or -BCRP cells
(data not shown). Additional studies using confocal microscopy
confirmed no obvious alteration in the membrane translocation of
BCRP protein (Fig. 8).

3.5. Nutlin-3a is not a substrate for BCRP

To test whether nutlin-3a is a BCRP substrate and thus inhibits
BCRP function by competing with other substrates for transport,
we examined the intracellular accumulation of nutlin-3a in
MDCKII-pcDNA 3.1 and MDCKII-BCRP cells. Cells were incubated
with 0, 1, 5, 10, 20, and 50 mM nutlin-3a at 378 C for 1 h. No
significant difference was observed in the amount of intracellular
nutlin-3a between the two cell types at any concentration (up to
50 mM) (p > 0.05) (Fig. 9). These data suggest that nutlin-3a is not a
substrate of BCRP. In addition to the intracellular accumulation
assay, bidirectional transport studies were conducted using BCRP
over-expressing and pcDNA3.1 vector control MDCKII cells. Nutlin-
3a concentrations from either the apical or basolateral compart-
ment were measured by LC–MS/MS and concentration vs. time
plots were generated (Fig. 10). The calculated R (REBCRP/REpcDNA3.1)
was 0.04, much less than the efflux ratio of 2, which is considered
the cutoff for a drug to be a substrate [18]. Additionally,
concentration vs. time plots of nutlin-3a in the presence and
absence of the BCRP specific inhibitor Ko143 (5 mM) indicated that



Fig. 10. Trans-epithelial transport of nutlin-3a (10 mM) in MDCKII-pcDNA3.1 and

MDCKII-BCRP cells indicates nutlin-3a is not a substrate of BCRP. Nutlin-3a was

administered to one compartment (basolateral or apical) at time 0. After 30, 60, 120,

and 240 min, the concentrations of nutlin-3a appearing in the opposite

compartment were measured by LC–MS/MS. Data are presented as mean � SD of

triplicates. (A) Translocation from the basolateral to the apical compartment; (B)

translocation from the apical to the basolateral compartment. Data are representative

of two independent experiments.

Fig. 11. Nutlin-3a dose dependently inhibited BCRP ATPase activity. The relative

vanadate-sensitive ATPase activity of Sf9 insect cell membranes over-expressing

wild-type ABCG2 is represented as mol Pi/mg protein/min in the presence of

increasing concentrations of nutlin-3a with a known BCRP substrate, sulfasalazine.

Data are representative of three independent experiments.
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BCRP does not transport nutlin-3a (data not shown). Using the
criteria outlined in the decision tree supported by the International
Transporter Consortium, nutlin-3a is not a substrate of BCRP [20].

3.6. Nutlin-3a inhibits the ATPase activity of BCRP

To investigate inhibition as a mechanism for the nutlin-3a-
induced reduction in efflux of BCRP substrates, BCRP ATPase
activity in response to nutlin-3a treatment was measured using a
previously described ATPase activity assay [21,22]. BCRP trans-
porter activity was determined by assaying both activation and
inhibition in the presence of a known activator of the transporter
(i.e., sulfasalazine). Increasing concentrations of nutlin-3a (0.1–
150 mM) did not stimulate ATPase activities from the baseline
measurements (data not shown). In the corresponding inhibition
assay, however, higher concentrations of nutlin-3a demonstrated a
strong capacity to inhibit ATPase activity (Fig. 11).

4. Discussion

This is the first study demonstrating that nutlin-3a inhibits BCRP
activity. Our data suggest that resistance to mitoxantrone can be
strongly reversed by nutlin-3a in BCRP over-expressing cells. Nutlin-
3a treatment resulted in a dose-dependent increase in the
intracellular accumulation of BCRP substrates in BCRP over-expres-
sing cells. To understand the mechanism behind these observations, a
series of studies were performed that clearly demonstrated nutlin-3a
inhibited BCRP efflux independent of p53, without altering BCRP
protein expression or subcellular localization. Additionally, studies
examining the intracellular accumulation of nutlin-3a along with bi-
directional transport across MDCKII monolayer cells supported the
conclusion that nutlin-3a is not a substrate of BCRP, but does act as an
inhibitor through interference with BCRP ATPase activity.

Multi-drug resistance is a major obstacle in the success of
cancer treatment. Among the ABC family of transporters, P-gp,
MRP1, and BCRP are three major members associated with
multidrug resistance [23]. BCRP, the most recently discovered
among these three major transporters [23,24], confers resistance
to many anti-cancer drugs used clinically including mitoxantrone,
methotrexate, doxorubicin, daunorubicin, topotecan, and SN38
[25,26]. Utilization of an agent such as nutlin-3a, which inhibits
BCRP, in combination with an anti-cancer agent that is a BCRP
substrate (such as mitoxantrone or topotecan) may potentially
increase the intracellular drug levels and lead to greater anti-
tumor activity. In fact, when nutlin-3 was combined with the BCRP
and P-gp substrate topotecan for 5 days, an 82-fold reduction in the
tumor burden of retinoblastoma was reported [5]. It is important to
note however that synergistic effects may differ depending on the
cell type or co-administered drug, and antagonism may be
observed if the schedule of administration were to change [27,28].

Since nutlin-3a re-activates p53 in cells co-expressing MDM2
[1,29], the question exists of whether the reversal of ABC transporter
activity is dependent on the p53 pathway. Our data along with the
previous study by Michaelis et al. clearly demonstrate that the
inhibition of ABC transporter efflux by nutlin-3 occurs independently
of cellular p53 status [11]. Also supporting this conclusion is the
observation that nutlin-3b, the non-active enantiomer, demonstrat-
ed BCRP inhibition comparable to the active enantiomer nutlin-3a.

Michaelis et al. demonstrated that nutlin-3 stimulated P-gp
ATPase activity in isolated membranes and exerted a negative
effect on P-gp activity by acting as a competing substrate [11]. In
contrast, our studies demonstrate by multiple approaches that
nutlin-3a does not act as a competitive inhibitor of BCRP. First, the
amount of intracellular nutlin-3a and the nutlin-3a IC50 were
unaffected by the over-expression of BCRP. Second, the calculated
efflux ratios from the bidirectional transport assay were <2 in
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MDCKII cells. Lastly, nutlin-3a did not activate ATPase activity as
measured by released inorganic phosphate (Pi) in a BCRP over-
expression system. On the other hand, nutlin-3a dose dependently
decreased the ATPase activity in the inhibition assay.

Previous studies have implicated BCRP translocation from the
plasma membrane to the cytoplasm as a mechanism by which BCRP
function can be regulated [30]. We demonstrated in our studies via
Western blot and flow cytometry that neither total BCRP protein
levels nor the subcellular localization of BCRP changed during the
time period that efflux studies were conducted. These findings are
important because since BCRP is involved in drug disposition and
many other physiological processes in the body, using a drug that
alters BCRP expression and/or localization would likely have global
effects. Specifically, BCRP is expressed at the blood brain barrier,
placenta, gastrointestinal tract, kidney, liver and biliary tract, and
BCRP activity is important for intestinal absorption, brain penetra-
tion, renal elimination and hepatobiliary excretion of substrates.

Along with BCRP, P-gp and MRP1 also play a critical role in
pharmacokinetic interactions of anti-cancer agents, affecting the
absorption, distribution, metabolism, and excretion (ADME) pro-
cesses. Concomitant treatment of elacridar (GF120918), an inhibitor
of BCRP and P-gp, resulted in a 2.4 fold increase in bioavailability and
systemic exposure of oral topotecan in adults with cancer [31].
Similarly, concomitant treatment with gefitinib, another inhibitor of
BCRP and P-gp, increased bioavailability of oral irinotecan in mice
[32] and in pediatric patients with refractory solid tumors [33]. Our
lab recently demonstrated that gefitinib enhanced topotecan
penetration in gliomas in mice [34]. As an inhibitor of multiple
major efflux transporters including BCRP, P-gp and MRP1, nutlin-3a
may have impact on pharmacokinetics, pharmacodynamics, and
importantly the safety of many clinically used drugs. Therefore, it is
crucial that transporter related drug–drug interactions be carefully
addressed in future preclinical studies.

In conclusion, this is the first study demonstrating that nutlin-
3a inhibits BCRP activity. Our data show that nutlin-3a dose
dependently inhibits BCRP-mediated transport of multiple BCRP
substrates and synergistically reverses the drug resistance to
anticancer agent mitoxantrone. The likely mechanism of this effect
is the inhibition of BCRP ATPase activity, as we have clearly
demonstrated through multiple lines of investigation that nutlin-
3a is not a substrate of BCRP. Thus, using nutlin-3a in combination
with anti-cancer agents that are BCRP or other ABC transporter
substrates would require additional studies to identify potentially
significant drug–drug interactions due to the critical role of these
transporters in drug ADME.
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