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Abstract Drug resistance continues to be a serious
problem in cancer therapy. We investigated whether
indomethacin, which inhibited cyclooxygenases, would
overcome doxorubicin resistance in K562/ADR leuke-
mia cells. Indomethacin at 10 lM increased the cyto-
toxicity of doxorubicin, as well as vincristine in K562/
ADR. Both multi-drug resistant protein1 (MRP1) and
P-glycoprotein were overexpressed in K562/ADR cells
when compared with K562 parent cells (K562/P).
Expression of MRP1 mRNA and protein, but not
P-glycoprotein, was significantly decreased in K562/
ADR cells after indomethacin treatment. Indomethacin
treatment increased 5(6)-carboxyfluorescein diacetate
(CFDA) efflux, as well as decreased accumulation in
K562/ADR cells. The activity of the MRP1 promoter
decreased after indomethacin treatment in Hela cells.
These data strongly suggest that the cyclooxygenase
inhibitor, indomethacin, increased the cytotoxicity of
doxorubicin with decreasing expression of MRP1
through inhibition of MRP1 promoter activity.
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Introduction

Drug resistance remains a serious problem in cancer
therapy and has been attributed to mechanisms such as
overexpression of P-glycoprotein genes in doxorubicin-
resistant leukemia cell lines and in leukemia patients [5].
Although several therapeutic approaches, including the
use of reversal agents against P-glycoprotein export have
attempted to overcome doxorubicin resistance in leuke-

mia patients, the results have been unsatisfactory to date
[6]. To analyze the mechanism of doxorubicin drug
resistance, we recently investigated the gene expression
profile of a doxorubicin-resistant myeloid leukemia cell
line by microarray and confirmed cyclooxygenase-1
(Cox-1) overexpression in the doxorubicin-resistant cells
[2]. These results prompt us to investigate whether
indomethacin, which is an inhibitor of cyclooxygenases,
is able to increase the cytotoxicity of doxorubicin in
doxorubicin-resistant leukemia cells. In the present
study, we found that indomethacin sensitized the
doxorubicin-resistant leukemia cells to doxorubicin and
vincristine with decreasing expression of multi-drug
resistance protein 1 (MRP1), as a result of inhibition of
MRP1 promoter activity.

Materials and methods

Reagents and drugs

RPMI 1640 medium, phosphate buffer saline (PBS),
foetal calf serum (FCS), and Hanks Balanced Salt
Solution (HBSS) were purchased from Invitrogen Inc.
(Tokyo, Japan). Adriamycin (doxorubicin), etoposide,
vincristine, indomethacin, verapamil, Rhodamine 123,
5(6)-carboxyfluorescein diacetate (CFDA), and pro-
teinase inhibitors were purchased from Wako Pure
Chemicals Co Ltd. (Osaka, Japan).

Cell lines

K562 cells (human erythroleukemia cell line) and Hela
cells were obtained from American Type Culture
Collection (Manassas, VA. USA). Parent cells (K562/P)
were incubated in RPMI 1640 containing 10% FCS
(R10 media) under 5% CO2 in a humidified incubator. A
doxorubicin-resistant cell line (K562/ADR) was estab-
lished by stepwise and continuous exposure to doxoru-
bicin using the limiting dilution method [2]. Cell lines
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were confirmed free from mycoplasma organisms using
the MycoFluorTM Mycoplasma detection kit (Molecular
Probes, Eugene, OR, USA).

Cytotoxicity assay and cell treatment with indomethacin

Cytotoxicity was measured by trypan blue dye exclusion
assay, as described previously [2]. Briefly, 1·106 cells
were incubated with various concentrations of doxoru-
bicin for 72 h and viable cells were counted after trypan
blue staining. Indomethacin treatment was carried out at
10 lM for 72 h [7], and verapamil treatment was carried
out at 5 lg/ml for 72 h [10].

P-glycoprotein expression in leukemia cells by flow
cytometric analysis

Cultured under various conditions, 5·105 cells were
incubated with PE-labeled anti-human P-glycoprotein
antibody (Immunotech, Marseille, France) for 30 min at
room temperature, washed with PBS three times and
analyzed by flow cytometry (Coulter, CA, USA).

RNA extraction and northern blot analysis

RNA extraction was conducted as described previously
[1, 2]. Fragment of complimentary DNA (cDNA) syn-
thesis and RT-PCR were performed according to man-
ufacturer’s instructions (Takara, Ohtsu). Briefly, total
RNA (1 lg) of samples were added to RT-PCR buffer
(Takara, Tokyo), 5 mM of MgCl2, 1 mM dNTPs, oligo
dT-adaptor primer (final concentration 0.125 lM),
RNase inhibitor (0.8 U/ll), AMV reverse transcriptase
(0.1 U/ll), AMV-optimized Taq polymerase (0.1 U/ll)
to provide a final total volume of 50 ll. RT-PCR con-
ditions were: 30 min 50�C, 2 min 94�C, following
25·30 s/94�C; 30 s/55�C; 60 s/72�C; and 7 min 72�C for
MRP1, Cox-1, and b-actin and 30 min 50�C, 2 min 94�C,
following 25·30 s/94�C; 30 s/55�C; 60 s/72�C; and 7 min
72�C for Cox-2. Primers used were: for MRP1, 5¢-
CCGTGTACTCCAACGCTGC-3¢, 5¢-CTGGACCGC-
TGACGCCGTGAC-3¢, yielding a PCR product of
326 bp [13]; Cox-1, 5¢-TGTTCGGTGTCCAGTTC-
CAAT-3¢, 5¢-CGCAACCGCATTGCCATGGAGT-3¢,
yielding a PCR product of 80 bp [14]; for Cox-2, 5¢-
GTTTGCATTCTTTGCCCAGC-3, 5¢-CAGGCACC-
AGACCAAAAGACC-3¢, yielding a PCR product of
300 bp [16]; and for b-actin, 5¢-GTGGGGCGCCCCA-
GGCACA-3¢, 5¢-CTCCTTAATGTCACGCACGATT-
TC-3¢, yielding a PCR product of 548 bp [3]. The PCR
products were run on 2% agarose gels and visualized by
ethidium bromide staining. Northern blot was performed
as described previously [1]. cDNAs were labeled with
digoxigenin using digoxigenin labeling kit (Roche
Molecular Biochemicals, Tokyo), and hybridized with
the membranes according to manufacture’s instruction.

For densitometric analysis, band intensity was assessed
using NIH image software (http://www.rsb.info.nih.gov/
nih-image/). After band intensity was adjusted by b-actin
intensity, data were calculated the mean ± standard
deviation of at least three experiments. Results were
presented as percentage in intensity compared with
K562/P cells without indomethacin treatment.

Protein extraction and western blotting

Protein blots were performed as described before [15].
Briefly, total cell lysates were made by lysing harvested
cells in 10 mM KCl/1.5 mM MgCl2/10 mM Tris–HCl,
pH 7.4/0.5% (wt/vol) SDS supplemented with 1 mM
phenylmethylsulfonyl fluoride, leupeptin (2 lg/ml),
pepstatin (1 lg/ml), and aprotinin (2 lg/ml). DNA was
sheared by sonication and samples containing 25 lg of
protein were fractionated by 7.5% polyacrylamide gel.
The proteins were transferred onto nitrocellulose filter
(Bio-Rad, Hercules, CA, USA) by electroblotting.
Non-specific binding sites were blocked for 2 h with
Tris-buffered saline containing 0.2% Tween 20 and
10% non-fat skim milk. Mouse monoclonal anti-MRP1
antibody (1:50 dilution, MRPm6, Kamiya Biochemcal,
Seattle, WA, USA) was incubated to the membrane for
1 h at room temperature. Following a second series of
washes, a secondary horseradish peroxidase mouse Ig
antibody in Tris-buffered saline with 0.1% Tween 20
was added (1:15,000 dilution) and incubated for 60 min
at room temperature. After washing with Tris-buffered
saline containing 0.2% Tween 20, the blot was visual-
ized by chemiluminescence (ECL) detection using the
enhanced ECL system (Amersham Bioscience,
Buckinghamshire, UK) according to manufacture’s
instruction.

Rhodamine 123, CFDA accumulation and efflux assays

Rhodamine 123 and CFDA were used as transport dyes
for P-glycoprotein and MRP1, respectively [4, 11, 12].
Prior to the study, the cells were incubated with or
without 10 lM of indomethacin for 72 h. To study up-
take, 1·106 of the treated cells each of K562/P and
K562/ADR were incubated with 1 mg/ml of Rhodamine
123 or 2 lM CFDA for 30 min. For accumulation as-
say, the cells were harvested at 0, 10, and 30 min. The
cells were washed with ice-cold PBS(�) twice and then
suspended with 1 ml of PBS and the fluorescence
intensity was measured. For efflux assay, the tumor cells
were further washed with ice-cold PBS(�) twice, then
incubated in drug-free medium for 120 min. At each
time point, 1·106 cells were removed and washed twice
with 5 ml of ice-cold PBS(�) and then suspended with
1 ml of PBS and the fluorescence intensity was mea-
sured. Fluorescence intensity of the samples was deter-
mined with a fluorescence spectrophotometer (Ultrospec
3300 pro, Amersham Biosciences, Tokyo, Japan) at
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excitation and emission wavelengths of 490 and 550 nm.
For accumulation assay, the fluorescence arbitrary units
were calculated with subtraction of the value at time 0.
For efflux assay, % retain was calculated the fluores-
cence arbitrary units at 30, 60, 90, and 120 min after
removal of fluorescence dye subtracted from the fluo-
rescence arbitrary units from the cells incubated without
fluorescence dye (auto-fluorescence) divided by the
fluorescence arbitrary units at 0 min after removal of
fluorescence dye subtracted from the auto-fluorescence.

b-galactosidase assay for MRP1 promoter activity

The promoter region of the MRP1 gene [8] was amplified
using primer set 5¢-ATCAGGCTGCTCACGGGTTTG-
3¢ (�612 to�591), and 5¢-CCGCAACGCCGCCTGGT-
3¢ (+42 to +22; yielding a 655-bp product) from K562/
ADR cells. Samples were added to PCR buffer (Takara,
Tokyo), 2 mM of MgCl2, 0.25 mM dNTPs, 1 units Taq
polymerase, and provided a final total volume of 50 ll.
PCR conditions were: 45·45 s/94�C; 45 s/60�C; 60 s/
72�C; and 7 min 72�C. The PCR product was cloned into
a pBlue-TOPO vector (Invitrogen). Correctly oriented
cloned genes in the pBlue-TOPO vector were confirmed
by Sma I digestion (correct orientation showed 4,462 and
3,991 bp bands) and PCR using primer sets of the T7
promoter LacZ gene (PCR conditions were: 45·45 s/
94�C; 45 s/58�C; 60 s/72�C, and 7 min 72�C) and the
inserted gene. Reporter genes (20 lg) were transfected
into 2·106 of Hela cells cultured under various conditions
using Lipofect AMINE (Invitrogen) for 48 h. The cells
were lysed using freeze and thaw cycle and the extracted
protein were assayed using a b-gal assay kit (Invitrogen)
according to the manufacturer’s instructions. Protein
concentration was measured using a Bradford protein
assay kit (BioRad, Tokyo, Japan) and b-gal strength was
adjusted with protein concentration.

Results

Cytotoxicity in doxorubicin resistant leukemia cells

As shown in Table 1, the doxorubicin-resistant cell line
(K562/ADR) was strongly resistant to doxorubicin and
vincristine, but not to etoposide, when compared with
the parent cell line (K562/P). Indomethacin treatment
significantly increased the cytotoxicity of doxorubicin
and vincristine in K562/ADR cells (p<0.05, Table 1).

RT-PCR analysis of cyclooxygenase RNA expression
in K562/ADR cells after indomethacin treatment

We then examined whether indomethacin treatment
decreased expression of cyclooxygenases in K562/ADR
cells. Cox-1 expression was increased in K562/ADR cells

when compared with K562/P cells. Indomethacin
treatment decreased Cox-1 and decreased Cox-2
expressions in K562/ADR cells, but had little effect in
K562/P cells (data not shown).

P-glycoprotein expression in K562/P and ADR cells
after indomethacin treatment

K562/ADR cells showed an increase in P-glycoprotein
expression on the cell surface when compared with
K562/P cells. Indomethacin treatment did not affect
expression of P-glycoprotein in K562/ADR cells or in
K562/P cells when compared with untreated cells (data
not shown).

MRP1 RNA and protein expression in K562/ADR cells
was decreased after indomethacin treatment

We next investigated MRP1 expression in K562/P and
K562/ADR cells. As shown in Fig. 1, MRP1 expression
was significantly increased in K562/ADR cells (p<0.05).
Indomethacin treatment significantly decreased expres-
sion of MRP1 in K562/ADR cells (p<0.05).

Accumulation and efflux of Rhodamine 123 in K562
cells after indomethacin treatment

We examined the transport activity of P-glycoprotein in
K562/P and K562/ADR cells. Decreased accumulation
and increased efflux of Rhodamine 123, which is trans-
ported by P-glycoprotein efflux pump, were observed in
K562/ADR cells when compared with K562/P cells
(p<0.05). Indomethacin treatment showed slight in-
crease Rhodamine 123 concentration in K562/ADR
cells, but not significant. Indomethacine did not affect
accumulation and efflux of Rhodamine 123 in K562/P
cells when compared with non-treated cells (data not
shown). These results were similar to murine and human
cell lines expressing MRP1 [4]. However, verapamil
treatment significantly increased accumulation and de-
creased efflux of Rhodamine 123 in K562/ADR cells
(data not shown).

Table 1 IC50 in K562 parent cells and resistant cells

Doxorubicin
(nM)

Vincristine
(nM)

Etoposide
(nM)

K562/P 20±3 2.0±2.1 10±4
K562/P with indomethacin 18±3 1.8±2.0 9±5
K562/ADR 250±20* 20.2±8.1* 15±10
K562/ADR with indomethacin 50±50** 5±3** n.d.

Leukemia cells were incubated with various doses of anti-cancer
drugs for 72 h, and cytotoxicity was evaluated by trypan blue dye
exclusion. Data are average ± SD from three experiments
*p<0.05; resistant cells versus parent cells
**p<0.05; Cytotoxicity with indomethacin treatment versus cyto-
toxicity without indomethacin treatment
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Fig. 1 MRP1 mRNA (a), and protein (b) expression in K562/P,
and K562/ADR with or without indomethacin treatment Increased
expression of MRP1 was observed in K562/ADR cells when
compared with K562/P cells. Indomethacin treatment decreased
expression of MRP1 in K562/ADR cells. Representative data from
five independent experiments. Densitometric analysis of MRP1
mRNA (c), and protein (d) expression in K562/P, and K562/ADR
with or without indomethacin treatment. Significant increased
expression of MRP1 was observed in K562/ADR cells when

compared with K562/P cells (p<0.05). Indomethacin treatment
significantly decreased expression of MRP1 in K562/ADR cells
(p<0.05). For densitometyric analysis, band intensity was assessed
using NIH image software. After band intensity was adjusted by b-
actin intensity, data were calculated the mean ± SD of five
independent experiments. Results were presented as percentage in
intensity compared with K562/P cells without indomethacin
treatment. (�) represents without indomethacin treatment and
(+) with indomethacin treatment
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Accumulation and efflux of CFDA in K562 cells after
indomethacin treatment

Accumulation of CFDA, which is a representative
chemical transported by MRP1, was significantly

decreased in K562/ADR cells when compared with
K562/P cells (Fig. 2, p<0.05), and efflux was also sig-
nificantly increased in K562/ADR cells (Fig. 2, p<0.05).
Indomethacin treatment significantly decreased efflux of
CFDA in K562/ADR cells (p<0.05) and intracellular
concentration of CFDA was increased in indomethacin-
treated K562/ADR cells when compared with non-
treated K562/ADR cells (Fig. 2, p<0.05).

MRP1 promoter activity after indomethacin treatment

To investigate the mechanism of MRP1 RNA alterna-
tion by indomethacin, we performed promoter assay for
MRP1 gene, which encompass from �612 to +42, from
K562/ADR cells. Indomethacin treatment significantly
decreased the activity of the MRP1 promoter in Hela
cells (p<0.05, Fig. 3).

Discussion

Drug resistance is a serious problem in cancer therapy.
Using indomethacin, a cyclooxygenase inhibitor, we
were able to overcome doxorubicin resistance in K562/
ADM cells with decreasing expression of MRP1, as well
as decreasing the export functions of MRP1, but not
p-glycoprotein. There have been numerous clinical
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Fig. 2 a CFDA accumulation in K562/Parent and K562/ADR cells
after indomethacin treatment. CFDA accumulation was signifi-
cantly decreased in K562/ADR cells when compared with K562/P
cells (p<0.05). Accumulation of CFDA was significantly increased
in indomethacin-treated K562/ADR cells when compared with
untreated K562/ADR cells. Data are average ±SD from six
independent experiments. (�) represents without indomethacin
treatment and (+) with indomethacin treatment. b CFDA efflux in
K562/Parent and K562/ADR cells after indomethacin treatment.
CFDA efflux was significantly increased in K562/ADR cells
compared to K562/P cells (p<0.05). Indomethacin treatment
significantly decreased efflux of CFDA in K562/ADR cells
(p<0.05) and consequently inctracellular concentration of CFDA
was increased in indomethacin-treated K562/ADR cells when
compared with untreated K562/ADR cells. Data are aver-
age ± SD from six independent experiments. (�) represents
without indomethacin treatment and (+) with indomethacin
treatment

Fig. 3 MRP1 promoter activity in Hela cells with or without
indomethacin treatment. The MPR1 promoter isolated from K562/
ADR cells was cloned into a pBlue-TOPO vector. Expression
vectors were then transfected into Hela cells with or without
indomethacin treatment, and b-galactosidase activity was measured
and normalized for protein concentration described in Materials
and methods. Indomethacin treatment significantly decreased
promoter activities (p<0.05). Results were presented as percentage
in intensity compared with Hela cells without indomethacin
treatment. Data are average ± SD from three independent
experiments
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attempts to overcome resistance related to P-glycopro-
tein [6], but the results have been unsatisfactory to date.
In refractory cases, drug-resistant leukemia often
exhibits dual expression of P-glycoprotein and MRP1
[9]. Combination treatment of verapamil and indo-
methacin in K562/ADR cells, which overexpressed in
P-glycoprotein and MRP1, significantly sensitized the
cell to doxorubicin and vincristine when compared with
treatment of verapamil or indomethacin alone [Asano T,
unpublished data]. We believe that simultaneous block-
ing of both P-glycoprotein and MRP1 activity is
necessary to overcome drug resistance to doxorubicin.

The major promoter activity of MRP1 resides in a
highly GC-rich region of �91 to +103. It was also
observed that the activity of the MRP1 promoter could
be modulated both by positive and negative regulatory
elements in �92 to �411 [8]. It is of interest that the
region contains the sequence AACCTCTCT, which is
characteristic of the NE-1-negative element found in a
number of different genes [17]. The possibility, there-
fore, exists in a coordinated control of MRP1 gene
expression through the use of NE-1 (�380 to �370)
and PRE (�454 to �449). Thus, these two elements
residing in a tandem array could function as molecular
switches turning MRP1 on or off during certain
developmental processes. Decreased MRP1 promoter
activity by indomethacin treatment in our experiments
indicated that those elements might contribute de-
creased activity.

In conclusion, we found that indomethacin was a
novel sensitizer in doxorubicin resistant leukemia cells,
with decreased export pump function. As indomethacin
is available in human as an anti-inflammatory drug and
10 lM of indomethacin, which we used, is tolerate dose
in human, and it might be worthy for clinical use in
refractory cases of leukemia.
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