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Abstract
Purpose We sought to determine the eVects of the
immunosuppressants, cyclosporin A (CsA), tacrolimus
and sirolimus, on drug transport by the ATP-binding
cassette proteins, P-glycoprotein (Pgp; ABCB1), multi-
drug resistance protein-1 (MRP-1; ABCC1) and breast
cancer resistance protein (BCRP; ABCG2), and the
major vault protein lung resistance protein (LRP).
Methods Cellular content of mitoxantrone, a Pgp,
MRP-1 and BCRP substrate, was measured by Xow
cytometry in cells overexpressing these proteins fol-
lowing incubation with and without CsA, tacrolimus or
sirolimus. Interaction of BCRP with these compounds
was studied by photolabeling and ATPase assays.
Nuclear–cytoplasmic distribution of doxorubicin was
studied by confocal microscopy in cells overexpressing
LRP.
Results CsA increased cellular drug uptake in cells
overexpressing Pgp, MRP-1 or BCRP and nuclear drug
uptake in cells overexpressing LRP at the clinically
achievable concentration of 2.5 �M. Tacrolimus enhanced

cellular drug uptake at 1 �M, but not at 0.08 �M, its
clinically achievable concentration, and did not
enhance nuclear drug uptake. Sirolimus enhanced cel-
lular drug uptake in cells overexpressing Pgp, MRP-1
and BCRP with optimal eVects at 2.5 �M, but was
eVective at its clinically achievable concentration of
0.25 �M if cells were pre-incubated for at least 30 min
before drug exposure, and also enhanced nuclear drug
uptake at 0.25 �M. BCRP modulation by all three
immunosuppressive agents was associated with com-
petitive binding to the drug transport sites.
Conclusions CsA, tacrolimus and sirolimus modu-
late drug transport by Pgp, MRP-1 and BCRP and CsA
and sirolimus modulate drug transport by LRP at con-
centrations that diVer from immunosuppressive con-
centrations and maximum tolerated concentrations.

Keywords Cyclosporin A · Tacrolimus · Sirolimus · 
P-glycoprotein · Multidrug resistance protein-1 · 
Breast cancer resistance protein · 
Lung resistance protein

Introduction

Multidrug resistance (MDR) proteins including the
membrane-bound ATP-binding cassette (ABC) pro-
teins P-glycoprotein (Pgp; ABCB1), multidrug resis-
tance protein (MRP-1; ABCC1) and breast cancer
resistance protein (BCRP; ABCG2), which mediate
energy-dependent cellular drug eZux, and the major
vault protein lung resistance protein (LRP), which
impairs cytoplasmic-nuclear drug transport, are associ-
ated with treatment failure in acute myeloid leukemia
(AML) [4, 22–24, 26, 38, 44]. Agents that block MDR
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protein transport of chemotherapy drugs, termed
MDR modulators, are usually MDR protein substrates
that act as competitive inhibitors, but, alternatively,
they may bind to MDR proteins and cause conforma-
tional changes resulting in impaired transport function
or may interfere with interactions between substrates
and ATP sites [6, 9, 16, 29, 32, 37, 41].

Cyclosporin A (CsA), tacrolimus (FK506) and sirol-
imus (rapamycin) are immunosuppressive agents used
in the setting of solid organ and hematopoietic stem
cell transplantation [15, 39]. CsA binds to the immuno-
phillin cyclophilin A [12, 39] and inhibits the calcium-
dependent serine/threonine phosphatase calcineurin,
abrogating transcription of interleukin-2 (IL-2) and
other lymphokines [12, 28]. Tacrolimus is structurally
diVerent from CsA (Fig. 1), and binds to a diVerent
immunophillin, FK506-binding protein (FKBP12) [28,
39], but the FK506–FKBP12 complex, binds to calci-
neurin [28, 40], like the CsA–cyclophilin A complex,
also resulting in inhibition of IL-2 transcription.
Tacrolimus is 10–100 times more potent than CsA as
an immunosuppressive agent [40], with eVective con-
centrations of 0.003–0.019 �M (2.8–15.6 ng/mL) [5],
compared to 0.083–0.208 �M (100–250 ng/mL) for CsA
[18, 21, 36]. The clinically tolerable range of tacrolimus
is 0.015–0.083 �M (12–68.5 ng/mL) [40], compared to
0.125–2.58 �M (150–3,100 ng/mL) for CsA [17, 25].
Sirolimus is structurally similar to tacrolimus (Fig. 1),
rather than CsA, and also binds to FKBP12, but the
sirolimus–FKBP12 complex binds to and inhibits the
mammalian target of rapamycin (mTOR), rather than
calcineurin, resulting in inhibition of cytokine-medi-
ated lymphocyte signaling, rather than cytokine pro-
duction. The concentration of sirolimus for
immunosuppression is 0.01–1 nM, and its clinically tol-
erable range is 0.013–0.26 �M [34].

We have previously demonstrated that CsA is a
broad-spectrum MDR modulator, eVectively impairing
drug transport in cells overexpressing Pgp, MRP-1,
BCRP and LRP at the clinically achievable concentra-
tion of 2.5 �M [35]. Tacrolimus and sirolimus have also
been shown to modulate both Pgp [2] and BCRP [16],

but these eVects have been demonstrated at micro-
molar concentrations, which are above those that can
be achieved clinically with these drugs. Modulation by
tacrolimus and sirolimus has not been tested at clini-
cally achievable concentrations, and the eVects of
tacrolimus and sirolimus on MRP-1 and LRP are
unknown. In addition, modulation of BCRP and its
mechanism of modulation have been controversial [10,
16, 33, 35].

In the work reported here, we compared the eVects
of CsA, tacrolimus and sirolimus on substrate drug
transport by Pgp, MRP-1, BCRP and LRP as a func-
tion of concentration and exposure conditions, and
studied the mechanism by which modulation of BCRP
occurs.

Materials and methods

Cell lines

Drug-selected cell lines overexpressing Pgp (HL60/
VCR), MRP-1 (HL60/ADR and HT1080/DR4), BCRP
(8226/MR20) and LRP (8226/MR20 and HT1080/
DR4) were obtained and maintained as previously
described [35]. Parental HL60 cells, which do not
express any of the MDR proteins [30], were studied as
a negative control. Parental 8226/S and HT1080 [35]
were also studied.

Drugs

CsA and sirolimus were purchased from Sigma Aldrich
(St Louis, MO) and tacrolimus from Astellas Pharma
US, Inc. (DeerWeld, IL). The Pgp-speciWc modulator
PSC-833 (Novartis, East Hanover, NJ), the MRP-1-
speciWc modulator MK-571 (Calbiochem, San Diego,
CA), and the BCRP-speciWc modulator fumitremorgin
C (FTC) (from Dr. Susan Bates, National Cancer Insti-
tute, Bethesda, MD) were used in comparison studies
at their established eVective concentrations of 2.5, 5
and 10 �M, respectively [35].

Fig. 1 Chemical structures of 
CsA, tacrolimus and sirolimus
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Mitoxantrone (Sigma Aldrich), a substrate for Pgp,
MRP-1 and BCRP [30], was used in cellular uptake
experiments, as previously described [35], and doxoru-
bicin (Sigma Aldrich) in studies of intracellular drug
distribution, also as previously described [35].

Cellular drug uptake

Approximately 1 £ 106 cells were incubated with 3 �M
mitoxantrone in the presence and absence of an
immunosuppressive agent or an established MDR
protein modulator for 30 min at 37°C, washed with
cold phosphate-buVered saline (PBS), and kept on ice
until analysis. Mitoxantrone content was measured on
a FACScan Xow cytometer (Becton Dickinson, San
Jose, CA) and analyzed with WinList software (Verity

Software House, Topsham, ME), as previously
described [30, 35]. Mitoxantrone content following
uptake in the presence and absence of a modulator
was compared using the Kolmogorov–Smirnov (K–S)
statistic, expressed as a D-value ranging from zero (no
diVerence) to one (no overlap), with values ¸0.2 indi-
cating signiWcant modulation, as previously described
[30, 35]. To establish the validity of the K–S statistic,
this method was directly compared to calculations of
diVerences in mean Xuorescence intensity (MFI).
Experiments were performed in triplicate, and D-val-
ues were reported as mean § standard error of the
mean (SEM).

The magnitude of modulation of drug uptake in cell
lines expressing Pgp, MRP-1 or BCRP was compared
to the magnitude of modulation in HL60 cells, which

Fig. 2 Modulation of mito-
xantrone uptake by 2.5 �M 
CsA, tacrolimus and sirolimus 
and by the Pgp-, MRP-1- and 
BCRP-speciWc modulators 
PSC-833, MK-571 and FTC at 
concentrations of 2.5, 5 and 
10 �M, respectively, which 
have been established to be 
eVective for modulation, in 
HL60 cells, which express no 
MDR proteins, and in HL60/
VCR, HL60/ADR and 8226/
MR20 cells, which express 
Pgp, MRP-1 and BCRP, 
respectively. a Mitoxantrone 
uptake in the presence and ab-
sence of modulators was com-
pared by the K–S statistic, 
generating D-values. 
Mean § SEM of triplicate 
experiments are shown. The 
magnitude of modulation of 
drug uptake in cell lines 
expressing Pgp, MRP-1 or 
BCRP was compared to the 
magnitude of modulation in 
HL60 cells, which do not ex-
press these MDR proteins, us-
ing the Student’s t test. b 
Ratios of MFI following up-
take with and without modu-
lator. Mean § SEM of 
triplicate experiments are 
shown
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do not express these MDR proteins, using the Stu-
dent’s t test.

In experiments aimed at determining the eVect of
pre-incubation on modulator activity, cells were
treated with modulator for periods of 30 min to 6 h,
and then incubated with mitoxantrone for 30 min in
the presence of the modulator.

Intracellular drug distribution

Intracellular drug distribution was studied by confocal
microscopy, as previously described [35]. BrieXy, 1 £ 106

cells were incubated with 3 �M doxorubicin with and
without modulator for 3 h, washed and aliquotted onto
slides and studied by confocal microscopy. The excita-
tion light source was set at 488 nm, and emission was
captured through a 550 nm long pass Wlter. For each cell,
10–20 focal planes were evaluated, and images with opti-
mal nuclear–cytoplasmic ratios were stored for analysis.
Triplicate experiments were performed.

Pgp, MRP-1 and BCRP expression

MDR protein expression was studied as previously
described [45]. Pgp expression was studied on unWxed
cells with the MRK-16 monoclonal antibody to an
external epitope of Pgp (Kamiya Biomedical Com-
pany, Tukwila, WA), and MRP-1 was detected with
the MRPm6 antibody to an internal epitope of MRP-1
(Kamiya) in Wxed cells. BCRP protein was detected

both with BXP-21 antibody to an internal epitope of
BCRP (Kamiya) and with phycoerythrin (PE)-conju-
gated anti-ABCG2 (eBioscience, Seattle, WA), which
reacts with an external epitope of the protein, as previ-
ously described [45].

Pgp, MRP-1 and BCRP function

Function of the MDR proteins Pgp, MRP-1 and BCRP
was measured by modulation of mitoxantrone uptake
by the Pgp-, MRP-1- and BCRP-speciWc modulators
PSC-833, MK-571 and FTC. Mitoxantrone uptake in
the presence and absence of modulator was compared
by the K–S statistic, as described above.

Photocrosslinking of BCRP 
with [125I]-iodoarylazidoprazosin 

BCRP expressed in MCF-7 FLV1000 cells, which is
wild type (BCRPR482) [42], was photo-labeled with
[125I]-iodoarylazidoprazosin (IAAP) as described pre-
viously [42]. BrieXy, crude membranes (0.2 mg protein/
mL) from MCF-7 FLV1000 cells were incubated with
20 �M CsA, sirolimus, tacrolimus or FTC in dimethyl
sulfoxide (DMSO) for 10 min at room temperature in
50 mM Tris–HCl, pH 7.5, and 3–6 nM [125I]-IAAP
(2,200 Ci/mmol) (PerkinElmer Life Sciences, Welles-
ley, MA) were added and the samples were incubated
for an additional 5 min under subdued light. The sam-
ples were then illuminated with ultraviolet (UV) light

Fig. 3 Concentration-dependent tacrolimus modulation of mito-
xantrone uptake in cell lines overexpressing Pgp (HL60/VCR),
MRP-1 (HL60/ADR) and BCRP (8226/MR20). HL60 cells,
which express no MDR proteins, are shown as a control. Cells
were incubated with mitoxantrone for 30 min in the presence and
absence of tacrolimus at the concentrations shown. Mitoxantrone

uptake in the presence and absence of modulators was compared
by the K–S statistic, generating D-values. Mean § SEM of tripli-
cate experiments are shown. The magnitude of modulation of
drug uptake in cell lines expressing Pgp, MRP-1 or BCRP was
compared to the magnitude of modulation in HL60 cells, which
do not express these MDR proteins, using the Student’s t test
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for 10 min, and the labeled BCRP was immunoprecipi-
tated using BXP-21 antibody. The radioactivity incor-
porated into the BCRP band was quantiWed using the
STORM 860 PhosphorImager system (Molecular
Dynamics, Sunnyvale, CA) and ImageQuaNT software
(Molecular Dynamics).

ATPase assays

The ATPase activity in crude membranes of High Five
insect cells expressing BCRP was measured by the end-
point Pi release assay [1]. Crude membranes (100 �g
protein/mL) were incubated with varying concentrations
of CsA, sirolimus and tacrolimus at 37°C in the presence
and absence of beryllium Xuoride (BeFx; 0.2 mM beryl-
lium sulfate and 2.5 mM sodium Xuoride) in ATPase
assay buVer (50 mM MES–Tris–HCl, pH 6.8, 50 mM
KCl, 1 mM ouabain, 5 mM sodium azide, 1 mM EGTA,
2 mM DTT, and 10 mM MgCl2) for 5 min. The reaction
was started by the addition of 5 mM ATP and was
stopped by the addition of 0.1 mL of 5% SDS solution.
The amount of inorganic phosphate released and the
BeFx-sensitive ATPase activity of ABCG2 were deter-
mined as described previously [1].

Results

We showed previously that CsA modulates drug trans-
port by Pgp, MRP-1, BCRP and LRP at 2.5 �M [35],

which is a clinically achievable concentration [25].
Tacrolimus and sirolimus were also tested initially at
2.5 �M, a concentration previously shown to modulate
Pgp [2] and BCRP [16]. The eVects of CsA, tacrolimus
and sirolimus at 2.5 �M on uptake of mitoxantrone in
MDR cells overexpressing Pgp (HL60/VCR), MRP-1
(HL60/ADR) and BCRP (8226/MR20) are shown in
Fig. 2, in relation to those of the Pgp-, MRP-1- and
BCRP-speciWc modulators PSC-833, MK-571 and FTC
at the concentrations that have been established to be
eVective for modulation. In addition to their known
eVects on drug transport by Pgp [2] and BCRP [16],
both tacrolimus and sirolimus enhanced mitoxantrone
uptake in HL60/ADR cells, consistent with modulation
of transport by MRP-1, with eVects of similar magni-
tude to those of CsA. Comparison of Fig. 2a (K–S
statistic D-value) with Fig. 2b (ratio of MFI) validates
the K–S statistic as a method for evaluating diVerences
in Xuorescence intensity. The K–S statistic method was
applied for analysis of subsequent data presented.

Tacrolimus (Fig. 3) and sirolimus (Fig. 4) were then
tested at a range of concentrations, including their clini-
cally achievable concentrations of 0.08 [40] and 0.25 �M
[34], respectively. The eVects of tacrolimus on Pgp,
MRP-1 or BCRP, largely plateaued at 5 �M. Tacrolimus
did not modulate Pgp, MRP-1 or BCRP at its clinically
achievable concentration of 0.08 �M. The eVects of sirol-
imus on Pgp, MRP-1 and BCRP, plateaued at 2.5 �M.
Sirolimus did not modulate Pgp, MRP-1 or BCRP at its
clinically achievable concentration of 0.25 �M.

Fig. 4 Concentration-dependent sirolimus modulation of mito-
xantrone uptake in cell lines overexpressing Pgp (HL60/VCR),
MRP-1 (HL60/ADR) and BCRP (8226/MR20). HL60 cells,
which express no MDR proteins, are shown as a control. Cells
were incubated with mitoxantrone for 30 min in the presence and
absence of sirolimus at the concentrations shown. Mitoxantrone

uptake in the presence and absence of modulators was compared
by the K–S statistic, generating D-values. Mean § SEM of tripli-
cate experiments are shown. The magnitude of modulation of
drug uptake in cell lines expressing Pgp, MRP-1 or BCRP was
compared to the magnitude of modulation in HL60 cells, which
do not express these MDR proteins, using the Student’s t test
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Since MDR modulation clinical trials commonly use
a loading phase with modulator, prior to administra-
tion of MDR substrate drug(s) [3, 27], we mimicked
this approach in vitro by pre-incubating cells for 30 min
to 6 h with CsA, tacrolimus and sirolimus at their clini-
cally achievable concentrations of 2.5, 0.08 and
0.25 �M, respectively, to determine whether pre-incu-
bation allowed modulation at these concentrations
(Fig. 5a). Pre-incubation with CsA or tacrolimus did not

have a consistent eVect on modulation of mitoxantrone
uptake in any of the three cell lines, but pre-incubation
with 0.25 �M sirolimus for 30 min or more enhanced its
subsequent modulation of mitoxantrone uptake in cells
expressing Pgp, MRP-1 and BCRP. Sirolimus pre-incu-
bation did not alter cellular expression of Pgp, MRP-1
or BCRP, as detected by the MRK-16, MRPm6 and
BXP-21 antibodies, or Pgp, MRP-1 or BCRP function,
measured by mitoxantrone uptake. Surface BCRP

Fig. 5 EVects of sirolimus pre-incubation. a Sirolimus pre-incu-
bation enhanced modulation of mitoxantrone uptake. Cells were
pre-incubated with 0.25 �M sirolimus for the time periods shown,
then incubated with mitoxantrone for 30 min in the presence of
0.25 �M sirolimus. Mitoxantrone uptake modulated by sirolimus
following pre-incubation was then compared to mitoxantrone up-
take without modulation. In contrast, pre-incubation with CsA
and tacrolimus at the clinically achievable concentrations of 2.5
and 0.08 �M, respectively, did not enhance modulation. b Siroli-
mus pre-incubation had no eVect on cellular Pgp, MRP-1 or

BCRP expression or function, but decreased surface BCRP
expression, measured by labeling with the anti-ABCG2 antibody.
Function was measured by modulation of mitoxantrone uptake
by the Pgp-, MRP-1, and BCRP-speciWc modulators PSC-833,
MK-571 and FTC, respectively. Mitoxantrone content and MDR
protein expression were measured by Xow cytometry, and both
mitoxantrone content following uptake under diVerent condi-
tions and staining with antibodies and with isotype controls were
compared by the K–S statistic, generating D-values (see materials
and methods). Mean § SEM of triplicate experiments are shown
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expression decreased, as measured by staining with the
anti-ABCG2 antibody, but this decrease was not
accompanied by a decrease in function (Fig. 5b).
EYcacy of pre-incubation was also demonstrated in
HT1080/DR4 cells, which express MRP-1 and LRP,
and HEK-293 482R cells, which are transfected with
BCRPR482 (data not shown).

We previously demonstrated that CsA at 2.5 �M
enhances nuclear uptake of doxorubicin in cells over-
expressing LRP [35]. The eVects of tacrolimus and
sirolimus on nuclear uptake of doxorubicin were also
studied in 8226/MR20 and HT1080/DR4 cells, both of
which overexpress LRP (Fig. 6). Tacrolimus at 5 �M
did not enhance nuclear uptake of doxorubicin in
either cell line, while sirolimus at 0.25 �M (Fig. 6) as
well as 2.5 �M (not shown) increased doxorubicin
nuclear uptake in both 8226/MR20 and HT1080/DR4
cells, but had no eVect in parental 8226/S or HT1080
cells (data not shown). The 8226/MR20 cells overex-
press BCRP [30], in addition to LRP, but doxorubicin
is a poor substrate for BCRP [19] and, additionally,
FTC, which modulates BCRP, had no eVect on doxoru-
bicin nuclear uptake (data not shown). Similarly,
HT1080/DR4 cells also overexpress MRP-1 [43], but
MK-571, which modulates MRP-1, had no eVect on
doxorubicin nuclear uptake (data not shown).

As the mechanism by which the immunosuppressive
agents studied here modulate BCRP is unclear in the
previous literature [10, 16], we used photoaYnity label-
ing to determine whether these agents interact at the
substrate binding sites of BCRP. [125I]-IAAP, the phot-
oaYnity analog of prazosin, which is also a substrate of
this transporter, has been used to study the interactions
of diVerent substrates with BCRP [10, 42]. As shown in
Fig. 7a, incubation of the crude membranes (20 �g)

from MCF-7 FLV1000 cells with 20 �M CsA, tacroli-
mus, sirolimus or FTC at room temperature for 10 min
inhibited photolabeling by 3–6 nM [125I]-IAAP, sug-
gesting that these compounds interact with the sub-
strate-binding sites of the transporter. We therefore
examined the eVect of these compounds on the
ATPase activity of ABCG2. As shown in Fig. 7b, CsA,
tacrolimus and sirolimus inhibited ATP hydrolysis by
BCRP in a concentration-dependent manner, with IC50
values of 1.40, 2.10 and 1.53 �M, respectively.

Discussion

The immunosuppressive agents CsA, tacrolimus and
sirolimus, used in the setting of solid organ and hema-
topoietic stem cell transplantation, have been
reported to have activity in reversing MDR mediated
by drug transport proteins. We previously demon-
strated that CsA is a broad-spectrum MDR modula-
tor, with eVects on Pgp, MRP-1, BCRP and LRP [35].
Tacrolimus and sirolimus have also been reported to
modulate both Pgp [2] and BCRP [2, 16]. We report
here that tacrolimus modulates MRP-1, in addition to
Pgp and BCRP, but does not modulate LRP, while
sirolimus, like CsA, modulates Pgp, MRP-1, BCRP,
and LRP. Moreover, CsA modulates at a clinically
achievable concentration, and sirolimus also modu-
lates at a clinically achievable concentration if cells
are pre-incubated for 30 min or more prior to expo-
sure to substrate chemotherapy drugs. Of note, peak
blood concentrations (Tmax) are reached within 1 h
after oral sirolimus administration [7, 11, 20, 47]. The
data suggest that sirolimus will likely have eYcacy as
an MDR modulator at a clinically achievable concen-

Fig. 6 CsA, tacrolimus and 
sirolimus modulation of 
cytoplasmic–nuclear 
distribution of doxorubicin, 
studied by confocal 
microscopy, in 8226/MR20 
(top row) and HT1080/DR4 
(bottom row) cells, which 
overexpress LRP

8226/MR20
Control 2.5 µM Cyclosporin A

2.5 µM Cyclosporin A

5 µMTacrolimus

5 µM Tacrolimus

0.25 µM Sirolimus

0.25 µM Sirolimus

HT1080/DR4
Control
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tration, but that tacrolimus will not modulate at
concentrations achieved with immunosuppressive
regimens.

The concentrations at which CsA, tacrolimus and
sirolimus block drug transport by MDR proteins diVer
from the concentrations that are eVective for immuno-
suppression. CsA, tacrolimus and sirolimus, mediate
their immunosuppressive eVects by binding to their
speciWc immunophillins cyclophillin (CsA) and
FKBP12 (tacrolimus and sirolimus), and these com-
plexes inhibit either calcineurin (CsA and tacrolimus)
or mTOR (sirolimus) in T lymphocytes, impairing T
cell cytokine secretion (CsA and tacrolimus) or prolif-
eration (sirolimus). CsA [14], tacrolimus and sirolimus
[2] modulate drug transport mediated by Pgp by com-
petitive inhibition, a mechanism that is independent of
that by which immunosuppression occurs. Moreover,
although these drugs were previously reported not to
be transported by BCRP [10, 16], our data suggest
transport by BCRP and modulation of BCRP by com-
petitive inhibition. The mechanisms of modulation of
MRP-1 and LRP are not yet known.

The literature on CsA modulation of BCRP is incon-
sistent. While our group demonstrated CsA modulation
of BCRP in a previous report [35] as well as in the pres-
ent report, and other groups [13, 16, 33] also demon-
strated the same phenomenon, Ejendal and Hrycyna [10]
found that CsA did not modulate BCRP. Our Wnding
that CsA (20 �M) inhibited the binding of [125I]-IAAP to
BCRP is also contrary to the report by Ejendal and Hry-
cyna [10] that CsA (10 �M) does not compete with the
binding of this photoaYnity analog to BCRP. The diVer-
ences observed could be due to the higher concentration
of CsA used in our experiments. These authors also
showed that CsA does not aVect ATP hydrolysis medi-
ated by BCRP. On the other hand, our results here are
consistent with those in another previous report [33]
demonstrating that CsA inhibits the ATPase activity of
BCRP expressed in insect cells. Ejendal and Hrycyna
[10] attributed the diVerence in the activity to the use of
the insect cell expression system, as opposed to mamma-
lian cells, which may aVect the membrane composition,
other cellular factors or the interaction between BCRP
and other proteins. In addition, the solvent used for the
preparation of stock solution of CsA might aVect its
potency. CsA dissolved in ethanol appears to be more
potent than CsA dissolved in DMSO (SS and SVA,
unpublished data). Our IAAP binding and ATP hydroly-
sis data suggest that CsA, as well as tacrolimus and siroli-
mus, does interact with the substrate binding site of
BCRP, thereby inhibiting its activity. Gupta et al. [16]
previously demonstrated that CsA modulates transport
by BCRP, but is not transported by BCRP.

The fact that pre-incubation enhances the eYcacy of
sirolimus modulation is likely explained at least in part
by its role as a competitive inhibitor. In cells that express

Fig. 7 Mechanism of modulation of BCRP. a CsA, sirolimus and
tacrolimus inhibit [125I]-IAAP photolabeling of BCRP. Crude
membranes (0.2 mg/mL) from MCF-7 FLV1000 cells were incu-
bated with 20 �M of the indicated drugs for 10 min at room temper-
ature in 50 mM Tris–HCl, pH 7.5. 3–6 nM [125I]-IAAP (2,200 Ci/
mmol) was then added and incubated was continued for an addi-
tional 5 min under subdued light. The samples were then cross-
linked with a UV lamp (365 nm) for 10 min at room temperature
and were processed after immunoprecipitation with BXP-21 anti-
body. The autoradiogram from a representative experiment from
three independent experiments is shown, with the arrow represent-
ing the position of BCRP (ABCG2). b CsA, sirolimus and tacroli-
mus inhibit the BeFx-sensitive ATPase activity of BCRP. Crude
membranes (100 �g protein/mL) from High Five insect cells
expressing BCRP were incubated at 37°C with varying concentra-
tions of CsA, sirolimus and tacrolimus in the presence and absence
of BeFx (0.2 mM beryllium sulfate and 2.5 mM sodium Xuoride) in
ATPase assay buVer for 5 min. The reaction was started by the
addition of 5 mM ATP and stopped after 20 min. The graph repre-
sents the percent inhibition of the ATPase activity (Y-axis) as a
function of varying concentrations of diVerent compounds (X-ax-
is). The mean value from three independent experiments, which
were performed in duplicate is shown, and error bars indicate SDs
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Pgp, for which sirolimus is a substrate, pre-incubation
likely saturates binding sites, while a similar eVect is not
seen with CsA at 2.5 �M, since it is already highly eVec-
tive without pre-incubation, nor with tacrolimus at
0.08 �M, which is ineVective with or without pre-incuba-
tion. Sirolimus might also saturate MRP-1 binding sites
during the pre-incubation period. In addition to its likely
eVect as a competitive inhibitor of BCRP, sirolimus also
decreased surface expression of BCRP, likely via inhibi-
tion of mTOR, as has been previously shown to occur
with inhibition of Akt [31, 46]. However, the decrease in
surface expression of BCRP did not correlate with a
decrease in BCRP function, likely because it was only
partial, as has also been seen with Akt inhibition [46].

Sirolimus has intrinsic anti-tumor activity by virtue of
inhibition of mTOR, which regulates cell growth, tran-
scription and translation [8]. Our data suggest that regi-
mens combining sirolimus with chemotherapy drugs
should optimize interactions that exploit not only
mTOR inhibition, but also inhibition of transport of
MDR protein substrate chemotherapy drugs by siroli-
mus. The same considerations likely apply to the siroli-
mus analogs everolimus (RAD001), temsirolimus (CCI-
779) and AP23573, which are currently being studied as
therapeutic agents in diverse malignancies [8].

Finally, modulation of drug transport by MDR pro-
teins has implications not only for reversal of drug
resistance in cancer cells, but also for enhanced absorp-
tion of orally administered Pgp and BCRP substrate
drugs. As pointed out by Gupta et al. [16], the concen-
tration of CsA, tacrolimus and sirolimus following oral
administration should exceed the concentrations
required for modulation, and all three drugs therefore
likely enhance absorption of Pgp and BCRP substrate
drugs by virtue of modulation of Pgp and BCRP
expressed in intestinal mucosal cells.

Acknowledgments Supported by Grant R21 CA 98457 from the
National Cancer Institute and a Leukemia and Lymphoma Soci-
ety Translational Research Program grant (to MRB), a Cancer
and Leukemia Group B Foundation Fellow Grant and an Amgen
Oncology Institute Hematology/Oncology Fellowship Grant (to
AP), Grant T32 CA 09072-31 from the National Cancer Institute,
shared resources of the Roswell Park Cancer Center Support
Grant (P30 CA16056), the Leonard S. LoVullo Memorial Fund
for Leukemia Research and the Dennis J. Szefel Jr. Endowed
Fund for Leukemia Research at Roswell Park Cancer Institute
and the intramural research program of the NCI, National Insti-
tutes of Health, Centre for Cancer Research (to SS and SVA).

References

1. Ambudkar SV (1998) Drug-stimulatable ATPase activity in
crude membranes of human MDR1-transfected mammalian
cells. Methods Enzymol 292:504–514

2. Arceci RJ, Stieglitz K, Bierer BE (1992) Immunosuppres-
sants FK506 and rapamycin function as reversal agents of the
multidrug resistance phenotype. Blood 80:1528–1536

3. Baer MR, George SL, Dodge RK, O’Loughlin KL, Minder-
man H, Caligiuri MA, Anastasi J, Powell BL, Kolitz JE,
SchiVer CA, BloomWeld CD, Larson RA (2002) Phase 3 study
of the multidrug resistance modulator PSC-833 in previously
untreated patients 60 years of age and older with acute mye-
loid leukemia: Cancer and Leukemia Group B Study 9720.
Blood 100:1224–1232

4. Benderra Z, Faussat AM, Sayada L, Perrot JY, Chaoui D,
Marie JP, Legrand O (2004) Breast cancer resistance protein
and P-glycoprotein in 149 adult acute myeloid leukemias.
Clin Cancer Res 10:7896–7902

5. van den Berg AP, van Son WJ, Haagsma EB, The TH, SlooV
MJ, de Leij LM (2001) Prediction of the inhibition of IL-2
production by calcineurin inhibitors. Transplant Proc
33:1076–1077

6. Borgnia MJ, Eytan GD, Assaraf YG (1996) Competition of
hydrophobic peptides, cytotoxic drugs, and chemosensitizers
on a common P-glycoprotein pharmacophore as revealed by
its ATPase activity. J Biol Chem 271:3163–3171

7. Brattstrom C, Sawe J, Tyden G, Herlenius G, Claesson K,
Zimmerman J, Groth CG (1997) Kinetics and dynamics of
single oral doses of sirolimus in sixteen renal transplant recip-
ients. Ther Drug Monit 19:397–406

8. Chan S (2004) Targeting the mammalian target of rapamycin
(mTOR): a new approach to treating cancer. Br J Cancer
91:1420–1424

9. Chen ZS, Aoki S, Komatsu M, Ueda K, Sumizawa T, Furuk-
awa T, Okumura H, Ren XQ, Belinsky MG, Lee K, Kruh
GD, Kobayashi M, Akiyama S (2001) Reversal of drug resis-
tance mediated by multidrug resistance protein (MRP) 1 by
dual eVects of agosterol A on MRP1 function. Int J Cancer
93:107–113

10. Ejendal KF, Hrycyna CA (2005) DiVerential sensitivities of
the human ATP-binding cassette transporters ABCG2 and P-
glycoprotein to cyclosporin A. Mol Pharmacol 67:902–911

11. Ferron GM, Mishina EV, Zimmerman J, Jusko W (1997)
Population pharmacokinetics of sirolimus in kidney trans-
plant patients. Clin Pharmacol Ther 61:416–428

12. Friedman J, Weissman I (1991) Two cytoplasmic candidates
for immunophilin action are revealed by aYnity for a new cy-
clophilin: one in the presence and one in the absence of CsA.
Cell 66:799–806

13. Garcia-Escarp M, Martinez-Munoz V, Sales-Pardo I, Bar-
quinero J, Domingo JC, Marin P, Petriz J (2004) Flow cytom-
etry-based approach to ABCG2 function suggests that the
transporter diVerentially handles the inXux and eZux of
drugs. Cytometry A 62:129–138

14. Goldberg H, Ling V, Wong PY, Skorecki K (1988) Reduced
cyclosporin accumulation in multidrug-resistant cells. Bio-
chem Biophys Res Commun 152:552–558

15. Gummert JF, Ikonen T, Morris RE (1999). Newer immuno-
suppressive drugs: a review. J Am Soc Nephrol 10:1366–
1380

16. Gupta A, Dai Y, Vethanayagam RR, Hebert MF, Thummel
KE, Unadkat JD, Ross DD, Mao Q (2006) Cyclosporin A, ta-
crolimus and sirolimus are potent inhibitors of the human
breast cancer resistance protein (ABCG2) and reverse resis-
tance to mitoxantrone and topotecan. Cancer Chemother
Pharmacol 58:374–383

17. Hamilton G, Muhlbacher F, Roth E, Wolf I, Piza F, Havel M,
Laczkovics A, Schindler J, Wolosczuk W. (1987) Comparison
of cyclosporine A dosage and metabolism in liver and heart
transplant recipients. Transplant Proc 19:1706–1708
123



188 Cancer Chemother Pharmacol (2007) 60:179–188
18. Heidecke CD, Nicolaus C, Stadler J, Florack G, Bollschweil-
er E, Holscher M (1987) Measurement of cyclosporine bioac-
tivity in serum of renal transplant recipients: development
and comparison with RIA. Transplant Proc 19:1734–1736

19. Honjo Y, Hrycyna CA, Yan QW, Medina-Perez WY, Robey
RW, van de Laar A, Litman T, Dean M, Bates SE (2001) Ac-
quired mutations in the MXR/BCRP/ABCP gene alter sub-
strate speciWcity in MXR/BCRP/ABCP-overexpressing cells.
Cancer Res 61:6635–6639

20. Johnson EM, Zimmerman J, Duderstadt K, Chambers J,
Sorenson AL, Granger DK (1996) A randomized, double-
blind, placebo controlled study of the safety, tolerance, and
preliminary pharmacokinetics of ascending single doses of
orally administered sirolimus in stable renal transplant recip-
ients. Transplant Proc 28:987

21. Kahan BD (1985) Individualization of cyclosporine therapy
using pharmacokinetic and pharmacodynamic parameters.
Transplantation 40:457–476

22. Legrand O, Simonin G, Perrot JY, Zittoun R, Marie JP
(1998) Pgp and MRP activities using calcein-AM are prog-
nostic factors in adult acute myeloid leukemia patients. Blood
91:4480–4488

23. Leith CP, Kopecky KJ, Godwin J, McConnell T, Slovak ML,
Chen IM, Head DR, Appelbaum FR, Willman CL (1997)
Acute myeloid leukemia in the elderly: assessment of multi-
drug resistance (MDR1) and cytogenetics distinguishes bio-
logic subgroups with remarkably distinct responses to
standard chemotherapy. A Southwest Oncology Group
study. Blood 89:3323–3329

24. Leith CP, Kopecky KJ, Chen IM, Eijdems L, Slovak ML,
McConnell TS, Head DR. Weick J, Grever MR, Appelbaum
FR, Willman CL (1999) Frequency and clinical signiWcance of
the expression of the multidrug resistance proteins MDR1/P-
glycoprotein, MRP1, and LRP in acute myeloid leukemia: a
Southwest Oncology Group study. Blood 94:1086–1099

25. List AF, Spier C, Greer J, WolV S, Hutter J, Dorr R, Salmon
S, Futscher B, Baier M, Dalton W (1993) Phase I/II trial of
cyclosporine as a chemotherapy-resistance modiWer in acute
leukemia. J Clin Oncol 11:1652–1660

26. List AF, Spier CS, Grogan TM, Johnson C, Roe DJ, Greer JP,
WolV SN, Broxterman HJ, ScheVer GL, Scheper RJ, Dalton
WS (1996) Overexpression of the major vault transporter
protein lung-resistance protein predicts treatment outcome in
acute myeloid leukemia. Blood 87:2464–2469

27. List AF, Kopecky KJ, Willman CL, Head DR, Persons DL,
Slovak ML, Dorr R, Karanes C, Hynes HE, Doroshow JH,
Shurafa M, Appelbaum FR (2001) BeneWt of cyclosporine
modulation of drug resistance in patients with poor-risk acute
myeloid leukemia: a Southwest Oncology Group study.
Blood 98:3212–3220

28. Liu J, Farmer JD Jr, Lane WS, Friedman J, Weissman I,
Schreiber SL (1991) Calcineurin is a common target of cyclo-
philin–cyclosporin A and FKBP–FK-506 complexes. Cell
66:807–815

29. Maki N, Moitra K, Silver C, Ghosh P, Chattopadhyay A, Dey
S (2006) Modulator-induced interference in functional cross
talk between the substrate and the ATP sites of human P-gly-
coprotein. Biochemistry 45:2739–2751

30. Minderman H, Suvannasankha A, O’Loughlin KL, ScheVer
GL, Scheper RJ, Robey RW, Baer MR (2002) Flow cytomet-
ric analysis of breast cancer resistance protein expression and
function. Cytometry 48:59–65

31. Mogi M, Yang J, Lambert JF, Colvin GA, Shiojima I, Skurk
C, Summer R, Fine A, Quesenberry PJ, Walsh K (2003) Akt

signaling regulates side population cell phenotype via Bcrp1
translocation. J Biol Chem 278:39068–39075

32. Nguyen H, Zhang S, Morris ME (2003) EVect of Xavonoids
on MRP1-mediated transport in Panc-1 cells. J Pharm Sci
92:250–257

33. Ozvegy C, Litman T, Szakacs G, Nagy Z, Bates S, Varadi A,
Sarkadi B (2001) Functional characterization of the human
multidrug transporter, ABCG2, expressed in insect cells. Bio-
chem Biophys Res Commun 285:111–117

34. Product Information: Rapamune(R), sirolimus. Wyeth Labo-
ratories, Division of Wyeth-Ayerst Pharmaceuticals Inc. Phil-
adelphia, PA, (PI revised 01/2001), reviewed 03/2001

35. Qadir M, O’Loughlin K, Williamson NA, Fricke SM, Minder-
man H, Baer MR (2005) Cyclosporin A is a broad-spectrum
multidrug resistance modulator. Clin Cancer Res 11:2320–
2326

36. Rogers AJ, Yoshimura N, Kerman RH, Kahan BD (1984)
Immunopharmacodynamic evaluation of cyclosporine-treat-
ed renal allograft recipients. Transplantation 38:657–664

37. Sauna ZE, Smith MM, Muller M, Kerr KM, Ambudkar SV
(2001) Mechanism of action of multidrug-resistance-linked P-
glycoprotein. J Bioenerg Biomembr 33:481–491

38. Schaich M, Soucek S, Thiede C, Ehninger G, Illmer T (2005)
MDR1 and MRP1 gene expression are independent predic-
tors for treatment outcome in adult acute myeloid leukaemia.
Br J Haematol 128:324–332

39. Schreiber SL (1991) Chemistry and biology of the immuno-
philins and their immunosuppressive ligands. Science
251:283–287

40. Scott LJ, McKeage K, Keam SJ, Plosker GL (2003) Tacroli-
mus: a further update of its use in the management of organ
transplantation. Drugs 63:1247–1297

41. Sharom FJ, Lu P, Liu R, Yu X (1998) Linear and cyclic pep-
tides as substrates and modulators of P-glycoprotein: peptide
binding and eVects on drug transport and accumulation. Bio-
chem J 333:621–630

42. Shukla S, Robey RW, Bates SE, Ambudkar SV (2006) The
calcium channel blockers, 1,4-dihydropyridines, are sub-
strates of the multidrug resistance-linked ABC drug trans-
porter, ABCG2. Biochemistry 45:8940–8951

43. Slovak ML, Ho JP, Cole SP, Deeley RG, Greenberger L, de
Vries EG, Broxterman HJ, ScheVer GL, Scheper RJ (1995)
The LRP gene encoding a major vault protein associated with
drug resistance maps proximal to MRP on chromosome 16:
evidence that chromosome breakage plays a key role in MRP
or LRP gene ampliWcation. Cancer Res 55:4214–4219

44. Steinbach D, Sell W, Voigt A, Hermann J, Zintl F, Sauerbrey
A (2002) BCRP gene expression is associated with a poor re-
sponse to remission induction therapy in childhood acute
myeloid leukemia. Leukemia 16:1443–1447

45. Suvannasankha A, Minderman H, O’Loughlin KL, Nakani-
shi T, Greco WR, Ross DD, Baer MR (2004) Breast cancer
resistance protein (BCRP/MXR/ABCG2) in acute myeloid
leukemia: discordance between expression and function.
Leukemia 18:1252–1257

46. Takada T, Suzuki H, Gotoh Y, Sugiyama Y (2005) Regula-
tion of the cell surface expression of human BCRP/ABCG2
by the phosphorylation state of Akt in polarized cells. Drug
Metab Dispos 33:905–909

47. Zimmerman J, Kahan BD (1997) Pharmacokinetics of siroli-
mus in stable renal transplant patients after multiple oral dose
administration. J Clin Pharmacol 37:405–415
123


	DiVerential eVects of the immunosuppressive agents cyclosporin A, tacrolimus and sirolimus on drug transport by multidrug resistance proteins
	Introduction
	Materials and methods
	Cell lines
	Drugs
	Cellular drug uptake
	Intracellular drug distribution
	Pgp, MRP-1 and BCRP expression
	Pgp, MRP-1 and BCRP function
	Photocrosslinking of BCRP with [125I]-iodoarylazidoprazosin
	ATPase assays

	Results
	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


