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ABSTRACT. Acquired drug resistance is a major factor in the failure of doxorubicin-based chemotherapy
in breast cancer. We determined the ability of megestrol acetate and/or tamoxifen to reverse doxorubicin
drug resistance in a doxorubicin-resistant breast cancer line (the human MCF-7/ADR). The cytotoxicity of
doxorubicin, megestrol acetate, and/or tamoxifen was determined in the sensitive and resistant cell lines utilizing
the sulphorhodamine B assay. Tamoxifen alone produced an 1C5, (concentration resulting in 50% inhibition
of control growth) of 10.6 uM, whereas megestrol acetate alone resulted in an IC5, of 48.7 uM in the MCF-
7/ADR cell line. The 1csq of doxorubicin in MCF-7/ADR was 1.9 pM. Neither megestrol acetate alone nor
tamoxifen alone at 1 or 5 pM altered the 1C5,, of doxorubicin. However, the combination of tamoxifen (1 or 5
M) and megestrol acetate (1 or 5 wM) synergistically sensitized MCF-7/ADR cells. Additionally, megestrol
acetate and tamoxifen inhibited iodoarylazidoprazosin binding to P-glycoprotein, and, in their presence, there
was an increased doxorubicin accumulation in the MCF-7/ADR cells. Furthermore, the combination of tamoxi-
fen and megestrol acetate had much less effect on the cytotoxicity of doxorubicin in MCF-7 wild-type cells.
Clinically achievable concentrations of tamoxifen and megestrol acetate can largely sensitize MCF-7/ADR to
doxorubicin. The combination of these three drugs in a clinical trial may be informative. BIOCHEM PHARMA-
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Cancer of the female breast is a common malignancy oc-
curring in approximately 10% of women in some popula-
tions. Although surgery alone can cure approximately 50%
of patients, the impact of adjuvant hormonal therapy or
chemotherapy on breast cancer survival has been signifi-
cant, but adjuvant therapy does not prevent relapse in a
substantial number of patients. A significant percentage of
patients with breast cancer do relapse, and they ultimately
die from metastatic disease. The development of combina-
tion chemotherapy has resulted in significant responses in
the majority of patients with metastatic breast cancer.
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However, the median duration of response is usually less
than 1 year with median survivals of 18-24 months. A
small percentage of responses are long-term, complete re-
missions that are durable for several years [1-7].

Doxorubicin is the most active agent in the treatment of
breast cancer, with a reported objective response rate as
high as 47% in previously chemotherapy naive patients
with metastatic breast cancer [8]. The development of drug
resistance is a major factor responsible for treatment failure.
Acquired drug resistance to the anthracyclines is associated
with cross-resistance to a large number of compounds that
are chemically unrelated. This phenomenon, MDR,# is
associated with overexpression of a membrane protein (P-
glycoprotein) and other factors [9]. Reversal of MDR has
been accomplished by a growing number of agents includ-
ing verapamil, quinidine, and cyclosporine [10, 11]. Unfor-
tunately, the concentration x time of many of these agents
that is necessary to reverse drug resistance is difficult to
achieve in vivo. Possible mechanisms of reversal of MDR
include cell membrane alterations [12] and decreased efflux
via competition for binding sites on the P-glycopro-
tein [13].
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The ability of tamoxifen at 3-8 uM to partially reverse
doxorubicin drug resistance associated with MDR has been
demonstrated in P388/ADR [14] and, more recently, in the
human breast cancer cell line MCE-7/DOX [15]. Moreover,
tamoxifen has an 1C55 of 10 M in MCF-7/DOX cells [15].
Clinically achievable concentrations of high-dose tamoxi-
fen (120 mg/m?® p.o. b.i.d.) and its active metabolites are
approximately 8 pM [16].

Progesterone at 2-25 pM can partially reverse vinblas-
tine resistance of P-glycoprotein overproducing murine
macrophage-like cells. This reversal of resistance is associ-
ated with increased vinblastine accumulation [17]. There
are no reports of the effects of antiestrogens plus proges-
teronal agents on reversal of MDR (doxorubicin). The ef-
fects of tamoxifen and megestrol acetate on the reversal of
doxorubicin drug resistance in breast cancer cells are inves-
tigated in this report.

MATERIALS AND METHODS
Drugs and Reagents

Tamoxifen and megestrol acetate were purchased from the
Sigma Chemical Co. (St. Louis, MO, U.S.A.). In all ex-
periments, desiccated tamoxifen was used. Doxorubicin hy-
drochloride as a stock isotonic solution of 2 mg/mL was
available from a commercial source (Adria Laboratories of
Canada Ltd., Toronto, Ontario). Tamoxifen and doxoru-
bicin were stored at 4°. Megestrol acetate was stored at
room temperature. Tamoxifen and megestrol acetate were
solubilized in 95% (w/v) ethanol HPLC grade before each
experiment and freshly used. The final volume of ethanol in
treated wells was <0.1%. Control wells were treated with
the vehicle (medium and similar amount of ethanol). Each
experimental condition was repeated in triplicate in at least
two separate experiments. Doxorubicin was protected from
light during experiments. Dilutions were made in cell cul-
ture medium (RPMI-1640 plus 10% FBS and antibiotics)

prior to usage.

Materials

RPMI-1640, FBS, penicillin-streptomycin, MEM non-
essential amino acids, MEM sodium pyruvate, trypsin-
EDTA, and trypan blue were purchased from Gibco (Grand
Island Biological Co., Grand Island, NY, U.S.A.). Hypo-
xanthine-thymidine was purchased from ICN Biomedicals
(ICN BIOMEDICALS Canada Ltd., Ontario). SRB and
Tris base were purchased from the Aldrich Chemical Co.
(Milwaukee, WI, U.S.A.).

Cell Culture

WT sensitive and ADR sublines were used in this study.
The human breast cancer cell line MCF-7 is a hormonally
responsive (estrogen receptor positive) line. The corre-
sponding ADR cells are approximately 50- to 200-fold re-
sistant, and they have been demonstrated to overexpress
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MDR-1, as well as glutathione-utilizing enzymes. They are
estrogen receptor negative, and are sensitized significantly
but not completely to doxorubicin by verapamil [18-20].
The human breast carcinoma cell line MCF-7/ADR resis-
tant to doxorubicin was obtained from NCI, DCT Tumor
Repository, NCI-FCRF, Frederick, MD, and maintained in
RPMI-1640 supplemented with 10% FBS, 2 mM L-
glutamine, 100 U/mL penicillin, 2 mg/mL streptomycin,
and 3 x 107® M doxorubicin. Three passages prior to the
experiments, MCF-7/ADR was passaged in drug-free me-
dium. The doxorubicin-resistant phenotype of MCE-7 is
not altered after 52 weeks of serial passages in drug-free

medium [20].

Assay of Cytotoxic Activity

The sensitivity of doxorubicin-resistant cells to tamoxifen,
megestrol acetate, doxorubicin alone, and various combi-
nations of the drugs was determined by the SRB assay. The
methodology was essentially the same as that described by
Skehan et al. [21]. SRB binds to the amino groups of in-
tracellular proteins in low density cell populations per well
as well as at postconfluent densities for adhered cells. Cells
were used in cytotoxicity studies when 90% confluence was
reached in T25 flasks. Both adherent lines were harvested
with 0.05% Trypsin-EDTA and counted with a Coulter
counter {Coulter Electronics, model ZM). Viability was de-
termined by trypan blue exclusion. MCF-7 and MCF-7/
ADR were seeded into 96-well plates at 7 x 10° viable cells
per well and left to attach to the plates for 24 hr. After 24
hr, cells were incubated for 72 hr with various concentra-
tions of drugs in the following ranges: tamoxifen and meges-
trol acetate 1072 to 10* uM plus doxorubicin 107* to 10
uM. Following a 72-hr drug exposure, the cells were fixed
with 10% trichloroacetic acid for 60 min at 4°. Wells, in-
cluding control, were washed five times with water and
stained for 10 min at room temperature with 0.4% SRB
dissolved in 1% acetic acid. The wells were then washed
four times with 1% acetic acid. Plates were air dried, and
the dye was solubilized with 200 pL of 10 mM Tris base.
The O.D. of each well was measured by spectrophotometry
at 540 nm (single wavelength) with a Bio-Rad model 3550
microplate reader (Bio-Rad Laboratories, Mississauga,
Canada) interfaced to an IBM compatible computer. The
mean background absorbance was subtracted automatically,
and mean values for each concentration (3 wells) with
SEM were obtained by a microplate manager data analysis
software. The 1Cs, values were calculated using sigmoidal
concentration—response curve-fitting methods (Graph Pad,
Prizm software) and the logit-log equation. In all cases, best
fits were obtained with the coefficient of correlation R*
ranging from 0.94 to 0.99.

ANALYSIS OF SYNERGY. Synergy was determined by the
calculation I = d,/D; + d,/D, + d5/D; where d is the con-
centration of the agent in the combination and D the con-
centration that would on its own be isoeffective with the
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combination. I is the interaction index that is 1, <1, or >1
when the combination shows, respectively, zero interac-
tion, synergy, or antagonism [22].

Photodffinity Labelling

For photoaffinity labelling of P-glycoprotein, 1 x 10° cell
fractions (MCF:7/ADR) were incubated with 10 nM
[***Tiodoarylazidoprazosin (IAAP) in the absence or the
presence of 500-fold molar excess of colchicine, verapamil,
vinblastine, tamoxifen, or megestrol acetate. The incuba-
tion was continued for another 30-60 min, and then was
UV irradiated for 10 min at 254 nm on ice (Stratagene UV
crosslinker, Stratagene, CA, U.S.A.). Following UV irra-
diation, cells were pelleted by centrifugation and extracted
with 20 pL of 10 mM Tris—-HCI, pH 8.0, containing 1%
NP40 and 250 mM sucrose. The detergent-soluble proteins
were fractionated on SDS-PAGE [23-25].

POLYACRYLAMIDE GEL ELECTROPHORESIS. Total cell ly-
sate (~100 ng) from NP40-extracted cells was resolved on
SDS-PAGE using the Fairbanks gel system with some
modifications [23]. Briefly, the proteins were mixed with
1/5 vol. of 5x solubilization buffer I (2% SDS, 50 mM
dithiothreitol, 1 mM EDTA, and 10 mM Tris-HCI, pH
8.0), and added to an equal volume of buffer II (2x buffer
I, and 9 M urea). Gel slabs containing the resolved mem-
brane proteins were fixed in 40% methanol, 10% acetic
acid before drying. Dried SDS-PAGE gels were exposed to
Kodak X-ray film at —70°.

FLOW CYTOMETRY. Doxorubicin accumulation in cells
was tested according to Bruno and Slate [26]. Briefly, doxo-
rubicin was added to MCF-7 and MCF-7/ADR cells at a
final concentration of 2 pg/mL, along with various concen-
trations of megestrol acetate and tamoxifen. Treated cells
were incubated at 37° for 2.5 hr for standard assays. After
incubation, cells were harvested by gentle scraping, pel-
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leted, and then washed with PBS, pH 7.0. The cells were
then resuspended in PBS containing 5% FBS.

Flow cytometry was performed using a Becton Dickinson
FACScan instrument on 1-3 x 10° cells. Forward-angle
light scatter was used to define the cell population to be
analysed (FL1, in arbitral units emission at 530 + 15 nm).
The LYSYS II software package was used to generate FL1
histograms and to calculate the means of the logarithmic
fluorescence distribution. Data represent means of tripli-
cates.

RESULTS

The human breast cancer cell line MCF-7/ADR was >100-
fold resistant to the effects of doxorubicin as compared with
MCEF-7(WT) (Table 1). As previously reported [18], the
IC5, values of tamoxifen were 10.6 pM in MCF-7/ADR and
17.5 pM in MCF-7(WT). The ICs, of megestrol acetate was
48.7 pM in MCF-7/ADR and 33.9 uM in MCF-7(WT).
The ability of different concentrations of tamoxifen andfor
megestrol acetate to partially reverse doxorubicin drug re-
sistance was examined in MCF-7/ADR and MCF-7(WT)
(Table 1). Neither tamoxifen alone nor megestrol acetate
alone at 1 or 5 uM altered the cytotoxicity of doxorubicin
in MCF-7/ADR cells. Tamoxifen did not sensitize the
MCE-7({WT) cells to the effect of doxorubicin as previously
reported [27], whereas megestrol acetate was mildly syner-
gistic with doxorubicin. The ICsy of doxorubicin in MCF-
7/ADR was decreased significantly in the presence of the
combinations of megestrol acetate and tamoxifen (1 or 5
wM). This effect was synergistic, as indicated by the I value
of <1 (Table 1). In particular, the combination of tamoxi-
fen (5 pM) and megestrol acetate (5 uM) sensitized the
MCEF-7/ADR cells close to the IC5y concentration in WT
cells (40-fold sensitization). While the combination of
tamoxifen and megestrol acetate sensitized the MCF-
7(WT) cells, the magnitude of the sensitization was much
less (2.5-fold maximum sensitization) (Table 1).

TABLE 1. Interaction of tamoxifen, megestrol acetate, and doxorubicin in

MCF-7 cells
MCF-7/ADR MCF-7(WT)

Drug combination (ICso, p)M* R*% I% (IC,opuM) R? I
Dox alone 1.9 099 - 0.012 098 -
Dox + tml1§ 2.3 0.96 >1 0.011 0.94 0.98
Dox + tm5 1.9 0.99 >1 0.014 098 »>1
Dox + megl! 2.4 096 >1 0.009 0.99 0.78
Dox + meg5 2.1 098 >1 0.006 0.99 0.65
Dox + tm1lmegl 0.9 0.99 0.59 0.02 098 »>1
Dox + tm1meg5 0.15 0.99 0.28 0.005 098 0.76
Dox + tm5megl 0.32 0.99 0.66 0.005 0.99 0.73
Dox + tm5meg5 0.047 0.98 0.60 0.01 0.97 >1

* The concentration of doxorubicin necessary to produce 50% inhibition of cell growth.

 R? = the square of the correlation coefficient.

%1 is the interaction index that is 1, <1, or >1 when the combination shows, respectively, zero
interaction, synergy, or antagonism calulated at the 1C;5 concentration.

§ tm1 and tm5 are tamoxifen 1 pM and tamoxifen 5 uM, respectively.

"megl and meg5 are megestrol acetate 1 pM and megestrol acetate 5 M, respectively.
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CTL _COL _VRP VLB _TAM MEG
Inhibition (%) 0 19 90 79 30 43

FIG. 1. Effect of drugs on photoaffinity labelling of P-glycoprotein with IAAP. MCF-7/ADR cells were photoaffinity labelled
with 10 nM IAPP in the absence (lane 1) and in the presence of 500-fold molar excess of cholchicine (COL), verapamil (VRP),
vinblastine (VLB), tamoxifen (TAM), or megestrol acetate (MEG) (lanes 26, respectively). The inhibitory effect of drugs on
photoaffinity labelling of P-glycoprotein with IAAP is shown below the figure for each drug. The percent inhibition results of

P-glycoprotein photoaffinity labelling with drugs were consistent and were calculated from one such experiment.

To determine if reversal of the MDR phenotype in the
presence of tamoxifen or megestrol acetate is due to direct
interaction of these drugs with P-glycoprotein, MCF-7/
ADR cell fractions were incubated with IAAP (a P-
glycoprotein specific photoactive drug [24]) in the absence
and in the presence of various hydrophobic drugs, including
tamoxifen or megestrol acetate. The results in Fig. 1 show
the photoaffinity labelling of P-glycoprotein without drugs
(lane 1) and in the presence of 500-fold molar excess of
colchicine, verapamil, vinblastine, tamoxifen or megestrol
acetate (lanes 2-6, respectively). These results show that
the presence of verapamil or vinblastine inhibited the pho-
toaffinity labelling of P-glycoprotein by ~90 or 79%, respec-
tively. Similar concentrations of tamoxifen or megestrol
acetate resulted in 30 or 43% inhibition of photoaffinity
labelling, respectively. In contrast, colchicine, which also
interacts directly with P-glycoprotein [25], inhibited P-
glycoprotein photoaffinity labelling by 19%. Taken to-
gether, these results suggest that both tamoxifen and meges-
trol acetate inhibit P-glycoprotein photoaffinity labelling
with IAAP. However, megestrol acetate was consistently
better than tamoxifen.

The accumulation of doxorubicin MCF-7/ADR cells was
much less than in MCF-7(WT) cells (Fig. 2). Megestrol
acetate and/or tamoxifen did not increase the doxorubicin
accumulation in MCE-7(WT) cells, whereas, in contrast,
the combination of megestrol acetate and tamoxifen in-
creased doxorubicin accumulation in MCFE-7/ADR cells,
similar to accumulation in MCE-7(WT) cells. Thus, the
reversal effect of tamoxifen and megestrol acetate on the
MDR phenotype of MCF-7/ADR cells is likely to be, at
least partially, mediated by the competition of these drugs

for the P-glycoprotein drug binding domain, resulting in
increased doxorubicin accumulation.

DISCUSSION

Previous studies demonstrated that tamoxifen can partially
sensitize doxorubicin-resistant cell lines at clinically ob-
tainable concentrations [14, 15]. A recent study has dem-
onstrated that tamoxifen at 120 mg/m? p.o. b.i.d. results in
tamoxifen plasma concentrations of 3.1 pM and N-

MCF-7 MCF7/ADR
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FIG. 2. Intracellular doxorubicin (Dox) accumulation in
MCEF-7 and MCFE-7/ADR cells. Cells were exposed for 2.5 hr
to 2 pg Dox/mL in the absence or presence of tamoxifen
(tm) and/or megestrol acetate (meg), and the intracellular
concentration of Adriamycin was measured as described in
the text. Key: (1) Dox 2 pg/mL; (2) Dox 2 pg/mL + tm 5 pM;
(3) Dox 2 pg/mL + meg 5 pM; and (4) Dox 2 pg/mL + tm 5
pM + meg 5 pM.
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desmethyl tamoxifen of 4.9 uM [16]. The N-desmethyl me-
tabolite of the tamoxifen analogue, toremifene, is approxi-
mately equivalent in its sensitizing activity to toremifene in
MCEF-7/ADR [15], and N-desmethyl tamoxifen at 4 pM
decreases intrinsic multidrug resistance in human renal cell
carcinoma lines in a fashion similar to 4 uM tamoxifen
[28]. Thus, the concentrations of tamoxifen utilized in this
study are clinically obtainable. Moreover, it has been dem-
onstrated recently that megestrol acetate (800 mg/daily)
results in a plasma concentration of 2 uM [29]. Further-
more, megestrol acetate has been given at 1600 mg daily
without undue toxicity. Therefore, it should be possible to
obtain clinical concentrations of 5 pM tamoxifen and
probably 5 pM megestrol acetate. At these concentrations,
one can sensitize the human breast cancer cell line MCF-
7/ADR to the effects of doxorubicin. This effect is syner-
gistic as indicated by the I value <1 in Table 1. In contrast,
megestrol acetate alone or megestrol acetate plus tamoxifen
mildly sensitized MCF-7(WT) to doxorubicin. In a previ-
ous study, megestrol acetate mildly potentiated doxorubicin
cytotoxicity in the MCF-7/ADR model in vitro and in
breast cancer sublines in vivo [30]. Tamoxifen, alone, in our
studies failed to sensitize MCF-7/ADR cells in contrast to a
previous report [15]. This may be due to differences in
experimental conditions, especially the concentration of
FBS (5% [15] vs 10% in our studies) since tamoxifen is
extensively protein bound. Tamoxifen and its metabolites
are extensively protein bound with <1% of the total
plasma concentrations representing free drug. However, tu-
mor concentrations of tamoxifen are substantially higher
than plasma concentrations [16, 31, 32]. Thus, tamoxifen
modulation of clinical doxorubicin resistance may be fea-
sible in spite of the extensive binding to plasma proteins.
Both tamoxifen and megestrol acetate inhibited binding
of IAAP to P-glycoprotein. While the combination did not
further inhibit binding of IAAP (results not shown), these
in vitro effects may not represent effects of these compounds
on whole cells. Berman et al. [33] have demonstrated in-
creased accumulation of doxorubicin in the presence of 10
or 50 uM tamoxifen with human MDR leukemia cells. This
increased accumulation correlated with increased doxoru-
bicin cytotoxicity. Similarly, megestrol acetate can increase
doxorubicin accumulation in MDR cell lines [30]. In our
investigations with tamoxifen and megestrol acetate, en-
hanced cytotoxicity is associated with increased doxorubi-
cin accumulation in MCF-7/ADR cells, which is likely me-
diated by competition of tamoxifen and megestrol acetate
with doxorubicin for the P-glycoprotein binding domain.
In summary, clinically obtainable concentrations of
tamoxifen and megestrol acetate can synergistically sensi-
tize MCF-7/ADR to doxorubicin and mildly sensitize MCF-
7(WT) cells. Studies in in vivo models should determine the
potential therapeutic benefit of this combination.

This work was supported by funds from Martinex Inc. as well as from
the Cancer Network (Pharmacologie) of the Fonds de la Recherche en
Santé du Québec.
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