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Purpose. Geldanamycin and its analogues belong to a new class of anticancer agents that inhibit the
molecular chaperone heat shock protein 90. We hypothesized that membrane transporters expressed on
tumor cells may contribute at least in part to cellular sensitivity to these agents. The purpose of this study
is to identify novel transporters as determinant for sensitivity and resistance to geldanamycins.
Methods. To facilitate a systematic study of chemosensitivity across multiple geldanamycin analogues, we
correlated mRNA expression profiles of majority of transporters with anticancer drug activities in 60
human tumor cell lines (NCI-60). We subsequently validated the gene–drug correlations using
cytotoxicity and transport assays.
Results. The GA analogues displayed negative correlations with mRNA expression levels of the
multidrug resistance protein 1 (MRP1, ABCC1). Suppressing MRP1 efflux using the inhibitor MK-571
and small interfering RNA in cell lines with intrinsic and acquired MRP1 overexpression (A549 and HL-
60/ADR) and in cell lines stably transduced with MRP1 (MCF7/MRP1) increased intracellular drug
accumulation and increased tumor cell sensitivity to geldanamycin analogues.
Conclusions. These results suggest that elevated expression of MRP1, like the alternative efflux
transporter MDR1 (ABCB1, P-glycoprotein), can significantly influence tumor cell sensitivity to
geldanamycins as a potential chemoresistance factor.
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INTRODUCTION

Geldanamycin (GA, NSC 122750), a naturally occurring
benzoquinone ansamycin antibiotic produced by yeast, exhib-
its a potent anti-proliferative activity against tumor cells

(1,2). The target of geldanamycin is heat shock protein 90
(Hsp90), a molecular chaperone that maintains stability of
multiple “client proteins” implicated in tumor growth and
survival, including protein kinases, transcription factors and
mutated oncogenic proteins (3). Treatment of tumor cells with
GAblocksATP binding to theHsp90 and results in proteasome-
mediated degradation of Hsp90 client proteins (4). The novel
anti-tumor mechanism of GA has stimulated a strong interest in
the development of analogues with reduced systemic toxicity
and increased water solubility. Two analogues, 17-(allylamino)-
17-demethoxygeldanamycin (17-AAG, NSC 330507) and 17-
(2-dimethylaminoethyl)amino-17-demethoxygeldanamycin
(17-DMAG, NSC 707545), showing reduced liver toxicity
without losing their cytotoxic potency of GA against tumor
cells, have yielded encouraging results in clinical trials (5).

GA as well as its analogues 17-AAG and 17-DMAG show
various anti-tumor activity against different tumor types and
individual patients (6). Identifying genetic determinants of
sensitivity or resistance to these drugs will be important for
optimizing cancer therapy. Since a prerequisite for any anticancer
drug to inhibit tumor growth is sufficient intracellular drug
accumulation, membrane transporters may determine the sensi-
tivity to GA analogues (7). To identify transporters potentially
associated with response to GA analogues, we have used DNA
microarray to analyze mRNA expression of a majority of human
membrane transporters in the NCI-60, a panel of 60 diverse
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human cancer cell lines from the Developmental Therapeutics
Program (DTP) of the National Cancer Institute (NCI) for
anticancer compound screening (8). Next, we applied a pharma-
cogenomics approach in which transporter gene expression
profiles were correlated with anticancer potency of drugs tested
against the NCI-60. A strong negative correlation between
expression of a transporter gene and drug potency means that
cells expressing higher levels of this transporter are less sensitive
to this compound, suggesting a chemoresistance mechanism. In
contrast, a strong positive transporter–drug correlation indicates
that cells with higher expression of this transporter are more
sensitive to this compound. Using this approach, we have
successfully identified and validated a number of novel drug–
transporter interactions (for review of our findings and detailed
methods, see references (7,9)). As an extension of these studies,
we conducted analysis focusing on multiple GA analogues and
transporter gene expression in the NCI-60. Significant negative
correlations were detected between the GAs and transporter
genes encoding two of the membrane efflux pumps, multidrug
resistance transporter 1 (MDR1, ABCB1 or P-glycoprotein) and
multidrug resistance-associated protein 1 (MRP1 or ABCC1),
indicating their contribution in resistance to these drugs (10).
Further investigation confirmed thatGAanalogues are substrates
as well as inhibitors of MDR1 (10).

Both MDR1 and MRP1 belong to the ATP-binding
cassette (ABC) transporter protein family (11). Despite lack of
amino acid sequence identity with MDR1 (approximately 19%
overall), MRP1 is able to confer resistance to anthracyclines,
vinca alkaloids and others, a resistance profile similar to that of
MDR1 (12). Unlike MDR1, MRP1 transports glutathione and
other drug conjugates (13). MRP1 also transports unconjugated
compounds, although free glutathione may also be required for
this process (12). In addition to its expression in drug-resistant
tumor cells, MRP1 is ubiquitously expressed in normal tissues,
including those important for drug absorption (lung and gut),
metabolism and elimination (liver and kidney), and barrier sites
(blood–brain barrier, blood–cerebral spinal fluid barrier, blood–
testis barrier and the maternal–fetal barrier or placenta) (14).

Based on the results from pharmacogenomic analysis, we
hypothesized that GA analogues may also be subject to the
resistance mechanism mediated by MRP1-decreased accumula-
tion in tumor cells through active drug efflux. In the present study,
we aimed to validate the relationship betweenGAanalogues and
MRP1. Negative correlations occur betweenMRP1 gene expres-
sion and all the 25 GA analogues analyzed, with 16 drugs
reaching statistical significance (P<0.05). Using cytotoxicity and
transport assays, in the presence and absence of MRP1 inhibitor,
small interfering RNA (siRNA) and stable MRP1 gene trans-
duction, our results showed that elevated expression of MRP1 is
associatedwith resistance toGAanalogues and these compounds
may be MRP1 substrates. These results contribute to our
understanding of interactions between GAs and MRP1 efflux
as a potential chemoresistance mechanism.

MATERIALS AND METHODS

Compound Potency Database for NCI-60

The September 2003 release of NCI antitumor drug
screening database was obtained from the NCI’s DTP website
(Human Tumor Cell Line Screen: http://dtp.nci.nih.gov/docs/

cancer/cancer_data.html), containing screening results and
chemical structural data of GA analogues. For each com-
pound and cell line, growth inhibition after 48 h of drug
treatment had been assessed from changes in total cellular
protein using a sulforhodamine B (SRB) assay (15,16). The
data provide GI50 values for each compound–cell line pair
(GI50, the concentration causing 50% growth inhibition).

Gene Expression Databases of NCI-60

A customized oligonucleotide microarray containing
probes targeting 461 transporter and 151 channel genes, as
well as 100 probes for unrelated genes was used to measure
transporter gene expression in the NCI-60. Array hybridiza-
tion, data analysis and database were described in a previous
study (8). A second gene expression database, the Novartis
microarray dataset, was also employed for comparison and
validation. This data set contains the average of triplicate
expression measurements for 59 NCI cell lines based on
12,626 oligonucleotide probes from Affymetrix U95Av2
arrays, available at NCI/DTP’s website (http://dtp.nci.nih.
gov/mtargets/download.html).

Correlation of Gene Expression Profiles with Compound
Potency Patterns

Pearson correlation coefficients were calculated to cor-
relate gene expression profiles with patterns of compound
potency across the NCI-60 as described previously (17). To
identify transporter genes associated with GA, correlation
analysis was initially performed for expression profiles
measured with microarray against the potency of six GA
analogues. Unadjusted p values were obtained using Efron’s
bootstrap resampling method (18), with 10,000 bootstrap
samples for each gene–drug comparison. To identify the
correlation between MRP1 and 25 GA analogues, P values
for the correlation coefficients were obtained by fitting a
linear regression model. In the presence of missing values the
correlation between each pair of variables is computed using
all complete pairs of observations on those variables.

Chemicals

Geldanamycin (GA), 17-(Allylamino)-17-demethoxygeldana-
mycin (17-AAG), 17-(dimethylaminoethylamino)-17-demethoxy-
geldanamycin (17-DMAG), FITC-GA, 17-(2-(pyrrolidin-1-yl)
ethyl)amino-17-demethoxygeldanamycin (17-AEP-GA) and
17-(dimethylaminopropylamino)-17-demethoxygeldanamycin
(17-DMAP-GA) were purchased from InvivoGen (San
Diego, California). Macbecin II, NSC 658514 and 661581
were obtained from NCI/DTP. 3-([3-(2-[7-Chloro-2-quinolinyl]
ethenyl)phenyl-(3-dimethylamino-3-oxopropyl)-thio-methyl]
thio)propanoic acid (MK-571) was from BIOMOL Research
Laboratories (Plymouth Meeting, PA). Others were purchased
from Sigma Chemical Co. (St. Louis, Missouri).

Cell Culture

The cell lines were cultured in RPMI 1640 medium
containing 5 mM L-glutamine, supplemented with 10% fetal
bovine serum (FBS), 100 U/mL sodium penicillin G and
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100 μg/mL streptomycin. Cells were grown in tissue culture
flasks at 37°C in a 5% CO2 atmosphere. HL-60/ADR cell line
was a gift from Dr. Kenneth K. Chan, The Ohio State
University (Columbus, Ohio). MCF7/MRP1 and MCF7/
pLNCX cells were kindly provided by Dr. Charles Morrow
at the Wake Forest University School of Medicine (Winston-
Salem, North Carolina). Other cell lines were obtained from
the Division of Cancer Treatment and Diagnosis at NCI.

Cytotoxicity Assay

Growth inhibitory potency for attached cells was tested
using SRB assay (Sigma) (8, 19). Cells growing in suspension
were assessed with the MTS (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)2Htetrazolium,
inner salt) assay (Promega, Madison, WI). Three thousand to
4,000 cells/well for SRB assay, 5,000–10,000 cells/well for
MTS assay were seeded in 96-well plates and incubated for
24 h. Before exposure to test compounds, cells were treated
individually with MK-571 or medium (as control) for 10 min.
Test compounds were added in a dilution series in three
replicated wells for 4 days. To determine IC50 values, the
absorbance of control cells without drug was set at 1. Dose–
response curves were plotted using Prism software (San
Diego, California). Each experiment was performed indepen-
dently at least twice. Student’s t test was used to determine
the degree of statistical significance.

FACS Analysis—FITC-GA Efflux Assay

HL-60/ADR cells (1×106) were pre-incubated for 5 min
at 37°C in RPMI 1640 medium, with or without 50 μM MK-
571. FITC-GA was then added to a final concentration of
5 μM, and the cells were incubated for 10 min at 37°C, then
sedimented by centrifugation, and resuspended in cold PBS.
Green fluorescence intensity was measured using a flow
cytometer equipped with a 488 nm argon laser (Becton
Dickinson Biosciences, San Jose, California). Acquisition of
events was stopped at 12,000 counts.

HPLC Analysis and GA Uptake Study

To confirm that GA is the substrate of efflux pump
MRP1, HPLC analysis was used to investigate GA uptake in
HL-60/ADR cells. Reversed-phase HPLC analysis was con-
ducted on a Hewlett-Packard 1050 HPLC system (Avondale,
PA) employing a 50×4.6 mm Vydac 218TP3405 C18 column
(Deerfield, IL). Isocratic elution was carried out using 44%
acetonitrile in 0.1% trifluoroacetic acid with a flow rate of
1 ml/min. The detection was made at 308 nm. Under this
condition, the retention time of GA was 2.5 min. Following
addition of 2.5 μM of GA, in the presence or absence of
50 μM of MRP1 inhibitor MK-571, samples of 1×106 cells in
200 μl of serum-free RPMI 1640 medium were incubated at
37°C. The drug concentration was measured in the medium
over time for up to 60 min. Before measuring drug
concentration, the samples were centrifuged to remove cells.
The supernatant (100 μl) was injected to the column for the
determination of GA remaining in the medium.

Small Interfering RNA (siRNA)-Mediated Down-Regulation
of ABCC1 Gene Expression

siRNAduplexes for humanABCC1 genewere predesigned
and chemically synthesized by QIAGEN, Inc. (Valencia, CA),
available as four siRNA for a single gene, Hs_ABCC1_2 HP,
Hs_ABCC1_3 HP, Hs_ABCC1_4 HP and Hs_ABCC1_5 HP
(FlexiTube siRNA). Chemically synthesized mock siRNA
(fluorescein-labeled, nonsilencing) was also purchased from
QIAGEN. Transfection was performed with HiPerFect Trans-
fection Reagen (QIAGEN) using 20 nM of siRNA in 60-mm
culture plates. To measure cytotoxic drug potency, 24 h after
siRNA transfection, cells grown in 60-mm plates were subcul-
tured into 96-well plates. After 24 h of incubation, the cells were
further incubatedwith the test drugs for 3 days before SRBassay.

Real-Time Quantitative Reverse Transcription-PCR

Total RNA was prepared by using the TRIZOL reagent
(Invitrogen), following the protocol of the manufacturer. Two
micrograms of total RNA was incubated with RNase I and
reverse transcribed with oligo(dT) with Superscript III RT-
PCR kit (Invitrogen). One microliter of reverse transcription
product was amplified by primer pairs specific for MRP1.
GAPDH was used as a normalizing control. Primers used for
MRP1 were 5′-GGA CCT GGA CTT CGT TCT CA-3′ (forward) and
5′-CGT CCA GAC TTC TTC ATC CG-3′ (reverse). The primers for
GAPDH were 5′-AGC CAC ATC GCT CAG ACA C-3′ (forward)
and 5′-GCC CAATAC GAC CAA ATC C-3′ (reverse). Relative gene
expression was measured with the Applied Biosystems 7300
Real-Time PCR System. All amplification controls and
samples were performed in triplicate.

RESULTS

MRP1 Gene Expression Negatively Correlated
with Anticancer Potency of GA Analogues in NCI-60

The mRNA expression was measured in the NCI-60 cell
lines with a customized microarray containing oligonucleotide
probes targeting the majority of transporter genes presently
known to be relevant to drug transport (8). To identify genes
potentially involved in sensitivity to GA analogues, we
performed correlation analysis between microarray gene
expression profiles and growth inhibitory potency of six
representative GA analogues across the NCI-60. MRP1
(ABCC1) was one of the five transporter genes showing
significant correlations with these compounds from the
pharmacogenomic screening (10). We next performed corre-
lation analysis between gene expression of MRP1 and growth
inhibitory potency of 25 GA analogues across the NCI-60.
The GA analogues were identified according to the common
chemical substructures, the benzoquinone ansamycin moiety
(see Table II in reference (10)). This yielded Pearson
correlation coefficients for each MRP1–drug pair. All of the
GA analogues showed negative MRP1 correlations, and the
mean correlation coefficient was −0.33, suggesting that
the majority of these compounds are substrates of MRP1
(Fig. 1A). Sixteen out of 25 compounds showed statistically
significant correlations with MRP1 expression. The parent
compoundGA (NSC 122750) showed the strongest correlation
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coefficient, −0.53 (P<0.0001). 17-AAG (NSC330507) and 17-
DMAG (NSC 707545) also showed negative correlation, −0.22
(P>0.05) and −0.36 (P<0.05), respectively. These results
suggest that MRP1 may function as an efflux pump for GA and
its analogues. For comparison, Fig. 1A also showed the MRP1
correlations for daunorubicin (r=−0.21, P>0.05), doxorubicin
(r=−0.18, P>0.05) and cisplatin (r=0.11, P>0.05). Although the
correlation was not significant, daunorubicin and doxorubicin
have been known to be MRP1 substrates (20), while cisplatin is
not a MRP1 substrate (21). Fig. 1B shows a representative
relationship between MRP1 expression level and growth inhib-
itory potency for GA and cisplatin. This pharmacogenomic
approach has biological limitation, in that the relationships
established between compounds and genes are merely correla-
tive, not causal (22). In addition, the P values for the Pearson
correlation coefficients gave false negative prediction for dauno-
rubicin and doxorubicin. Therefore, the hypotheses generated
on the association between MRP1 and multiple GA analogues
need experimental validation.

MRP1 Reduced Intracellular GA Accumulation

We used the HL-60/ADR cells as an experimental model
to investigate whether overexpression of MRP1 could de-
crease intracellular accumulation of GA analogues. HL-60/

ADR, a subline of HL-60 promyelocytic leukemia cells, have
been isolated in vitro by subculturing in progressively higher
concentrations of doxorubicin (23,24). This cell line exhibited
a multidrug-resistant phenotype, defective in the cellular
accumulation of MRP1 substrate drug, and contain elevated
levels of MRP1. Despite the multidrug-resistant properties,
these cells do not overexpress ABCB1 (MDR1) and do not
contain detectable levels of P-glycoprotein (25). We firstly
used the fluorescent derivative of GA, FITC-GA, to investi-
gate the role of MRP1 on transport and efflux of GA from
the HL-60/ADR cells. Following incubation with FITC-GA
for 10 min at 37°C, HL-60/ADR cells contained less of the
fluorescent compound than did the HL-60 cells. The
decreased accumulation in HL-60/ADR was reversible by
addition of the MRP1 inhibitor MK-571 (50 μM) (which had
no effect on the parental cells), supporting the hypothesis that
GA is a MRP1 substrate (Fig. 2A). To exclude the influence
of the fluorescein-5-isothiocyanate dye linked to GA at the
C17 position on the FITC-GA molecule (26), we used an
alternative method to confirm the contribution of MRP1 to
GA transport and uptake. GA (2.5 μM) was incubated with
HL-60/ADR cells for various time points up to 60 min. The
drug remaining in the culture media was measure using a
HPLC method. GA showed a time-dependent uptake/metab-
olism by the HL-60/ADR cells (Fig. 2B). MRP1 inhibition by

Fig. 1. Relationship between drug sensitivity and MRP1 expression in the NCI-60 for a set of 25 GA analogues. A Plot of sorted Pearson
correlation coefficients (r) between MRP1 gene expression and cytotoxic activities of 25 GA analogues, plus cisplatin, daunorubicin and
doxorubicin for comparison. NSC # of compounds is shown for each drug. Black bars indicate compounds which are available for experimental
validation. *P value <0.05; B Scatter plot showing the correlation (r) of MRP1 expression with sensitivity of the 60 cells to cisplatin (NSC
119875) (r=0.11, P>0.05) and GA (NSC 122750) (r=0.53, P<0.0001). The circle indicates the location of A549 cells which have relatively high
expression MRP1 and are relatively more resistant to GA.
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50 μM MK-571 in the HL-60/ADR cells significantly
increased the rate of GA uptake/metabolism by the cells
from the medium. All together, these results indicate that GA
is the substrate of MRP1.

MRP1 Overexpression in Intrinsic and Acquired Drug
Resistant Cell Lines Mediated Resistance to GA Analogues

To test whether high expression of MRP1 confers
resistance to the GA analogues, we used cytotoxicity assays
on A549, HL-60 and HL-60/ADR cell lines. A549 cells were
used due to its high level of MRP1 expression among the
NCI-60 (Fig. 1B). A pair of sensitive and resistant cell lines,
HL-60 (MDR1(−)/MRP1(−)) and HL-60/ADR (MDR1(−)/
MRP1(+)) were also included in the cytotoxicity study. These
cell lines were treated with increasing concentration of GA
compounds, with and without the presence of MK-571
(50 μM). As shown in Fig. 3A, MK-571 significantly sensitized
the A549 cells to the GA and 17-AAG. In Fig. 3B, when
compared with HL-60, HL-60/ADR cells proved much more
resistant to GA and 17-AAG. MK-571 reversed the resis-
tance to GA and 17-AAG in HL-60/ADR cells. These results
provide evidence that the observed resistance to GA
analogues was linked to the MRP1 function. Further experi-
ments were conducted for other available GA analogues,
including 17-DMAG (NSC 707545), macbecin II (NSC
330500), NSC 658514, NSC 661581, and the novel GA
derivative 17-AEP-GA and 17-DMAP-GA. Our results

showed that resistance in HL-60/ADR cells to these GA
analogues was reversible by MK-571 in each case (Table I). In
A549 cells, which express lower levels of MRP1 than HL-60/
ADR, MK-571 had modest sensitization effects on macbecin
II and doxorubicin (P>0.05, Table I), suggesting that they are
weaker MRP1 substrates. MK-571 did not have effect on the
non-substrate drug cisplatin in A549 and HL-60/ADR cells
(Table I).

MRP1 Overexpression in MRP1-Transducted Cell Line
Conferred Resistance to GA Analogues

A549 and HL-60/ADR are cells with intrinsic resistance
or acquired resistance by drug selection. Other genetic or
phenotypic changes may have occurred during resistance
development or drug selection, such as altered expression of
other transporters. To unequivocally attribute GA resistance
to MRP1, we used cell line derived from parental breast
cancer cell line MCF7 stably transduced with MRP1 gene
(27). MCF7/MRP1 cells showed a high MRP1 protein level
comparable to drug-selected MRP1-overexpressing cells (27).
The vector control MCF7/pLNCX cells were more sensitive
to GA and 17-AAG than the MCF7/MRP1 cells, but showed
no difference to cisplatin (Fig. 4A). In the presence of MK-
571, MCF7/MRP1 cells were sensitized to GA and 17-AAG,
but not to cisplatin. To rule out the role of other genes in
these cell lines, we performed RT-PCR analysis for genes

Fig. 2. GA uptake in HL-60/ADR cells. A Accumulation of the
fluorescent compound FITC-GA in MRP1-overexpressing HL-60/
ADR cells after incubation with 5 μM FITC-GA for 10 min at 37°C in
the presence or absence of 50 μM MK-571. B Analysis of GA uptake
by HL-60/ADR cells by HPLC method after incubation with 2.5 μM
GA at 37°C in the presence or absence of 50 μM MK-571. The cell
uptake was followed over time up to 60 min. Data is reported as
percent of drug removal (uptake) from the medium.

Fig. 3. Validation of MRP1-GA correlations by inhibiting MRP1
function with MK-571 in A549, HL-60 and HL-60/ADR cells. A
Growth inhibition curves are shown for A549 cells, which expresses
high levels of MRP1, in response to GA and 17-AAG, with or
without treatment with MK-571 (50 μM). B Growth inhibition curves
for HL-60 and HL-60/ADR cells in response to GA and 17-AAG,
with or without treatment with MK-571 (50 μM). The cytotoxicity
results are expressed as percentage survival of control cells without
drug treatment (means + SD from three replicates).
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possibly involved in GA response, MDR1, MRP1, SLC7A11
and SLC3A2, in A549, HL-60, HL-60/ADR, MCF7/pLNCX,
and MCF7/MRP1 cells. As can be seen from Fig. 5, the
expression levels of MRP1 in HL-60/ADR and MCF7/MRP1
cells were higher than other cells tested. In contrast, the
expression levels of MDR1, SLC7A11 and SLC3A2 were
either absent or not visibly different in these cells. These
results support the conclusion that MRP1 mediates the
resistance to GA analogues in MRP1 overexpressing cells.

MRP1 Small Interfering RNA Reverses Drug Resistance
to GA Analogues

To specifically down-regulate MRP1 expression, we
treated the cancer cells with four sets of siRNA duplexes
predesigned by QIAGEN Inc. to target human MRP1 mRNA
sequence. We selected cell lines HL-60/ADR and A549
expressing high levels of MRP1 for the siRNA study. The
effects of gene down-regulation were detected by real-time

Table I. Effects of Inhibition of MRP1 Activity on Cytotoxicity of GA Analogues in HL-60/ADR and A549 Cells

NSC # Name r

IC50 (μM)

HL-60/ADR A549

(−) MK-571 (+) MK-571 (−) MK-571 (+) MK-571

122750 GA −0.53 0.59±0.16 0.02±0.004* (35) 0.069±0.004 0.019±0.003* (3.7)
330500 Macbecin II −0.39 7.3±1.1 3.6±0.7* (2.1) 0.12±0.005 0.06±0.003 (1.1)
330507 17-AAG −0.22 2.4±0.004 0.58±0.01* (4.2) 0.12±0.005 0.06±0.003* (2.1)
707545 17-DMAG −0.36 >5 0.40±0.13* (>13) 0.10±0.001 0.052±0.001* (1.9)
– 17-AEP-GA – 1.4±0.04 0.08±0.05* (22) 0.043±0.008 0.017±0.001* (2.6)
– 17-DMAP-GA – >4.3 0.79±0.53* (>9.2) 0.12±0.005 0.079±0.004* (1.6)
658514 −0.41 10±2.1 3.7±0.21* (2.7) 2.1±0.057 0.56±0.12* (4.0)
661581 −0.48 3.9±0.48 0.73±0.08* (5.4) 0.41±0.085 0.13±0.024* (3.2)
123127 Doxorubicin −0.18 > 5 2.9±0.16* (>1.8) 0.14±0.023 0.07±0.010 (2.1)
119875 Cisplatin 0.11 1.5±0.1 1.7±0.04 (0.93) 39±11 44±17 (1.1)

MK-571 (50 μM) was used to suppress MRP1 transport activity. r is the Pearson correlation coefficients between compound potency and MRP1
expression. IC50 is the concentration that produced 50% inhibition of cell growth compared to controls. Numbers in the parentheses represent
fold-reversal, which is the IC50 for the cytotoxic drug in control cells divided by that in MK-571-treated cells. Doxorubicin, a MRP1 substrate,
and cisplatin, a non-substrate, are included in the experiment for comparison. Results represent mean±SD of at least three experiments.
*P<0.05 versus controls without adding MK-571

Fig. 4. Validation of MRP1-GA correlations in MRP1-transfected cell lines. A Growth inhibition
curves are shown for MCF7/pLNCX (vector control) and MCF7/MRP1 cells in response to cisplatin
(NSC 119875), GA (NSC 122750), and 17-AAG (NSC 330507). B Growth inhibition curves are
shown for MCF7/MRP1 cells in the presence or absence of 50 μM MK-571. The cytotoxicity results
are expressed as percentage survival of control cells without drug treatment (means + SD from
three replicates).
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RT-PCR. Fig. 6A shows that 48 h after transfection,
Hs_ABCC1_3 HP (siRNA#3) was the most effective siRNA
in down-regulating MRP1 mRNA expression in A549 cells,
resulting in >80% reduction in MRP1 mRNA levels. Al-
though the expression of MRP1 is much higher in HL-60/
ADR cells than in the A549 cells, none of the four siRNA
sets affected MRP1 expession in this cell line (data not
shown). Therefore, we used siRNA#3 in the A549 cells for
further experiments. To assess how siRNA-directed suppression
of MRP1 affects drug sensitivity, we compared drug potency of
siRNA-treated cells with that of mock-treated control cells. The
sensitivity to GA and 17-AAG was significantly increased in
MRP1 down-regulated cells. Fig. 6B illustrates the effects of
siRNA on drug potency. Thus, these results obtained using
siRNA are consistent with the results using MRP1 inhibitors.

DISCUSSION

The natural product geldanamycin (GA) and its synthetic
analogues belong to a new class of anticancer agents inhibiting
the molecular chaperone Hsp90. They demonstrate multiple
downstream effects by simultaneous depletion of a number of

Fig. 6. Effects of siRNA against MRP1 gene on activity of GA and 17-AAG. A Quantitative RT-
PCR analysis of MRP1 gene. The cells were transfected with four siRNA duplexes, Hs_ABCC1_2
HP (siRNA#2), Hs_ABCC1_3 HP (siRNA#3), Hs_ABCC1_4 HP (siRNA#4) and Hs_ABCC1_5
HP (SiRNA#5). After 48 h, relative MRP1 expression in A549 cells after transfection with different
siRNA was determined by real-time RT-PCR. Expression levels were normalized to GAPDH
levels. The MRP1 expression level in the control of A549 cells was set as 1. B Effects of siRNA
transfection using siRNA#3 targeting MRP1 on drug potency in the cell line A549. Twenty-four
hours after transfection, cells were exposed to GA or 17-AAG for 3 days and cell growth was
measured using SRB assay.

Fig. 5. Expression of MRP1, MDR1, SLC3A2, SLC7A11 and β-actin
control was detected by RT-PCR and gel-electrophoresis analysis in
A549, HL-60, HL-60/ADR, MCF7/pLNCX, and MCF7/MRP1 cells.
The MRP1 showed a strong overexpression in HL-60/ADR and
MCF7/MRP1 cells in comparison with HL-60 and MCF7/pLNCX
cells. The MDR1 gene does not express in all the cells tested.
SLC7A11 and SLC3A2 expression showed no difference between
HL-60/ADR and MCF7/MRP1 cells and their parental cells.
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oncogenic “client” proteins of Hsp90. This unique mechanism
of action possibly impedes the development of resistance, an
advantage over the agents inhibiting a single target. However,
targeted therapy with GA and its analogues is also subject to
general drug resistance mechanisms, such as, reduced drug
accumulation due to abnormal membrane transport.

This study initiated from a pharmacogenomics investiga-
tion, in which expression levels of several transporter genes
obtained by microarray analysis were found significantly
correlated with anticancer potency (i.e., in-vitro drug re-
sponse) of GA analogues on 60 diverse human cancer cell
lines (NCI-60) (10). The membrane efflux pumps ABCB1
(MDR1, or P-glycoprotein) and ABCC1 (MRP1), the cystine/
glutamate transporter SLC7A11 (xCT, encoding the light
chain of amino acid transport system x�c ) and SLC3A2
(4F2hc, encoding the heavy chain of transport system x�c )
displayed negative correlations with subset of GA analogues,
suggesting a role in chemresistance. Subsequently, using
cytotoxicity assay and transport analysis, all the GA ana-
logues tested were confirmed to be not only substrates but
also inhibitors of MDR1 (10). The SLC7A11 and SLC3A2
genes, encoding the heterodimeric amino acid transporter x�c ,
have been implicated in chemoresistance, by supplying cystine
to the cell for glutathione synthesis (28). We experimentally
confirmed that the x�c transporter confers resistance selectively
to GA analogues with methoxy group or unsubstituted at C17
position, but not to analogues with amino group at the C17
position (29). Thus, using pharmacogenomics approach we
have identified that, multiple transporters, either directly (by
substrate-transporter interaction) or indirectly (by increasing
glutathione levels), may contribute to tumors’ sensitivity and
resistance to GA analogues.

The current study focused on the interactions between
MRP1 and GAs. As a member of the ABC transporter
superfamily, MRP1 conveys chemoresistance to its substrates
by decreased accumulation in target cells through active drug
efflux (12). In NCI-60, its expression shows negative correla-
tions with response to GAs. Thus, we hypothesized that GAs
are MRP1 substrates, and that tumors cells that do not
express MDR1 may develop resistance to GAs through
MRP1 overexpression. The overlapping substrate profiles of
MDR1 and MRP1 (12) support the conjecture that GAs may
be substrates for both transporters. Combining pharmacoge-
nomic and functional analysis in cell lines with low or high
levels of MRP1 expression, our results support the above
hypothesis. We examined the effects of suppressing MRP1
using known inhibitor MK-571, in MRP1 overexpressing cell
lines, HL-60/ADR (obtained by doxorubicin selection) and
MCF7/MRP1 (obtained by gene transduction). The resistant
phenotype to GAs was significantly alleviated by MK-571.
MK-571 also increased the intracellular accumulation of GA
in HL-60/ADR cells. However, the potentiation by MK-571
in MCF7/MRP1 cells (Fig. 4B) were not as strong as that in
HL-60/ADR cells (Fig. 3B), although the two cell lines
showed similar expression levels of MRP1 (Fig. 5). One of
the potential explanations is that in the drug selection
procedure to obtain HL-60/ADR, the overexpression of
MRP1 may be accompanied with other changes. Possible
changes may happen in the levels of glutathione and/or
glutathione S-transferases (GSTs), which commonly result in
enhanced drug detoxification and resistance. The gene-

transduced MCF7/MRP1 cells showed modest resistance to
GA analogues probably because they have only MRP1
overexpression, but no other changes. Since MRP1 and GSTs
or glutathione pathway have shown combined effects in drug
resistance (12, 30, 31), we speculate that the activity of the
MRP1 pump toward GA analogues could be made manifest
by coexpression with GST gene family. However, the precise
mechanism by which glutathione participates in MRP1-
mediated efflux of drugs is currently unclear. Glutathione
may form conjugates with GA analogues, which possibly
renders them less cytotoxic, facilitates MRP-mediated trans-
port out of the cells, and prevents binding to the target
(Hsp90). Two recent reports showed that GA, 17-AAG, and
17-DMAG could react chemically (i.e., nonenzymatically)
with glutathione (32, 33), although the conjugation proceeds
rapidly with GA and less rapidly with 17-DMAG and 17-
AAG. Further experiments should be done to examine the
ability of GA analogues to target Hsp90 in the presence of
glutathione and perform drug transport study in the presence
or absence of glutathione. From the drug accumulation study
shown in Fig. 2B, it is interesting to observe that after 1 h of
incubation, the amount of GA remaining in the culture media
of HL-60/ADR cells in the presence of MK-571 showed no
significant difference from that in the absence of MK-571.
However, in the cytotoxicity study the presence of MK-571
strongly sensitized the effects of GA after 3 or 4 days of drug
exposure (Fig. 3). The inconsistency may result from the
methodology we used: in the accumulation study, instead of
measuring intracellular level of GA, we measured the drug
remaining in the media. This method only detected the amount
of drug removed from the medium, without considering drug
transformations (i.e., metabolism) after the drug enters the cells.
Therefore, even though the same amount of GA remains in the
medium after 1 h, it is possible that the intracellular accumulation
of activemetabolites ofGAshowa difference in cells with different
activity of MRP1. Further studies are needed to characterize the
differences in the intracellular levels of GA metabolites.

For several GA analogues (e.g., 17-AAG) and doxoru-
bicin, the Pearson correlation coefficients were not significant
(Fig. 1), while the experimental results demonstrated that
they are MRP1 substrates as well. The false negative
prediction could result from the interference of other genes.
These may include the presence of cofactors such as MDR1,
SLC7A11 or GSTs, which may express discordantly in the 60
cells and mask the contribution of less potent transporters of
the same drugs. The false negative correlation of 17-AAG
and other drugs with the expression of MRP1 is probably a
consequence of the positive correlation of the expression of
MRP1 with SLC7A11 (r=0.36) and NAD(P)H: quinone
oxidoreductase 1 (NQO1) (r=0.31). MRP1, SLC7A11 and
NQO1 genes are under regulation by NF-E2-related factor-2
(NRF2), a transcription factor that binds to antioxidant
response element (ARE) sequences located in the gene
promoters (34–36). For 17-AAG, expression of the metabo-
lizing enzyme NQO1 was found important for tumor cell
sensitivity (37). Thus, drugs showing positive correlation with
NQO1, such as 17-AAG (r=0.2) are therefore less likely to
have strong negative correlation with MRP1 expression.

In conclusion, GA analogues should be added to the
extensive list of drugs that can be affected by the multidrug
resistance mechanism mediated by MRP1. In many tumor cells,
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the amount of MRP1 expression is significantly elevated above
that of normal cells. This active efflux renders cells resistant and
requires elevated dosages of chemotherapy, which in turn results
in increased toxicity in normal cells. Therefore, expression of
MRP1, together with MDR1, SLC7A11 and SLC3A2, could
serve as the predictor for resistance to GA analogues. In clinical
terms, documentation of MRP1 overexpression might preclude
prescription of GA-related agents.
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