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Abstract The influence of the antiestrogen tamoxifen
(TAM) on the activity of mitoxantrone (MXN), was
evaluated against wild-type MCF-7/WT and their
multidrug-resistant variant MCF-7/ADR cells. Multi-
drug resistance (MDR) in this cell line which was se-
lected for resistance to Adriamycin (ADR), is associated
with increased expression of P-glycoprotein (P-gp). In
a clonogenic assay it was observed that TAM
(1-10 uM) significantly enhanced the activity of MXN
in the MCF-7/ADR but not in the drug-sensitive cell
line. Isobologram analysis indicated that the effect of
the combination was additive in the parental MCF-
7/WT cells and strongly synergistic in the MDR MCF-
7/ADR cells. Also, TAM (10 M) caused a three-fold
increase in the steady-state levels (C) of MXN in
MCF-7/ADR cells but did not modulate MXN levels in
MCEF-7/WT cells. The observed synergism in MCEF-
7/ADR cells was perhaps due to the increase in Cg of
MXN that may involve interaction of TAM with P-gp.
The combination of MXN and TAM may be useful in
the treatment of drug-sensitive and drug-resistant
breast cancer.
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Introduction
The anthracycline antibiotic ~doxorubicin  or

Adriamycin (ADR) is one of the most active drugs in
the treatment of metastatic breast carcinomas [27, 33].
However, the incidence of cumulative dose-dependent
cardiotoxicity and the occurrence/development of drug
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resistance severely limit the usefulness of this drug
29,35]. MXN, an anthracenedione, is a promising
antitumor compound under phase III clinical invest-
igations in the treatment of advanced metastatic breast
carcinoma [17, 19, 23]. Several studies have indicated
that MXN is less cardiotoxic than ADR, and may be
useful in treating patients with compromised cardiac
function as a substitute for the anthracycline [2, 26].
However, tumor cells that develop multidrug resistance
(MDR) following treatment with anticancer drugs such
as ADR are often cross-resistant to MXN [11, 15,
18, 247. MDR is most often associated with overexpres-
sion of an efflux protein called P-glycoprotein (P-gp)
[29], but other variations including changes in the
levels of DNA topoisomerase II and glutathione-S-
transferase (GST) have also been reported [13, 18]. It
appears that P-gp plays an important role in acquired
MDR in refractory advanced breast cancer. This is
evidenced by high levels of the MDR1 gene that en-
codes P-gp (and the mRNA associated with P-gp) ob-
served in patients treated with chemotherapeutic drugs
(16, 24].

The clinical response rate to MXN is significantly
lower in patients with prior treatment with ADR com-
pared to those without previous exposure to drug
therapy [19,23]. This suggests that acquired drug
resistance restricts the activity of MXN against breast
cancer. Tamoxifen (TAM), a nonsteroidal antiestrogen,
is used as a first line of treatment of estrogen receptor-
positive breast cancers. The low incidence of side effects
observed with TAM in the treatment of advanced
breast cancer makes it a drug of choice for adjuvant
therapy [6, 20]. Interestingly, TAM also appears to be
a promising MDR-reversing agent [4, 8, 20, 28]. Tt is
suggested that TAM inhibits P-gp-mediated drug efflux
from MDR cells [4,8]. In a preliminary study, we
investigated the cytotoxic activity of the combination
of MXN and TAM against breast cancer MCF-7/WT
cells and their MDR variant MCF-7/ADR cells. The
interaction of the two compounds was evaluated using



isobologram analysis and the steady-state cellular
MXN accumulation/retention in the presence and the
absence of TAM was also investigated.

Materials and methods

Drugs and chemicals

MXN.2HCl was a gift from Lederle Laboratories (Pearl River, N.Y.).
TAM citrate was purchased from Sigma Chemical Co. (St. Louis,
Mo.). Cell culture mediam RPMI 1640, fetal bovine serum, penicillin
G and streptomycin, glutamine and trypsin were purchased from
GIBCO BRL (Gaithersburg, Md.). All other miscellaneous chem-
icals and solvents were purchased from commercial sources.

Cell lines

Parental wild-type MCF-7/WT and MDR MCF-7/ADR cells were
provided by Dr. K. H. Cowan (National Cancer Institute, NIH,
Bethesda, Md.). MCF-7 cells are estrogen receptor-positive cells
(58,900 binding sites/cell) [10, 22]. MCF-7/ADR is associated with
a loss of estrogen receptors [36]. In addition to elevated levels of
P-gp, MCF-7/ADR cells overexpress the anionic isozyme of GST
(GSTr) as well as glutathione peroxidase and altered levels of DT-
diaphorase [1, 30]. Both cell lines were grown in RPMI-1640 sup-
plemented with 10%, fetal bovine serum, 20 units/ml penicillin G,
20 pg/ml streptomyein and 3.5 mM glutamine. In the case of MCF-
7/ADR cells, the culture medium was also supplemented with 500
ng/ml ADR. Drug-containing medium was replaced with fresh drug-
free medium 7 days before the initiation of the experiment. Cells
were grown as monolayer cultures and maintained at 37°C in an
incubator with a humidified atmosphere of 5% CO, in air.

Colony formation assay

Cytotoxicity was assessed using a colony-formation assay. Logarith-
mically growing MCF-7/WT cells (400/ml) and MCF-7/ADR cells
(500/ml) were plated in triplicate onto 60 x 15 mm plastic petri
dishes containing 5 ml complete medium. Cells were seeded, depend-
ing on the plating efficiency, to yield 200300 colonies in control
plates. MXN (1-50 nM in the case of MCF-7/WT cells; 0.1-1 puM in
the case of MCF-7/ADR cells) and/or TAM (1-10 uM) were added
24 h later. Following a drug treatment period of 6h, the drug-
containing medium was removed, the cells were washed with phos-
phate-buffered saline solution (PBS) and fresh medium was added.
Cultures were further incubated for a period of 10-12 days and then
stained with (2%) methylene blue solution in methanol. The number
of colonies containing 50 or more cells was determined. Dose re-
sponse of the survival of cells with respect to control was plotted
against MXN concentration.

Median effect analysis

Survival curves obtained from clonogenic assays were analyzed
using median effect analysis as suggested by Chou and Talalay [9].
The median effect equation is shown below:

EJE, =D/D,)" ey

m.

where, D is the dose, F, and F, are the {fraction of cells affected and
unaffected (survived the drug treatment), D,, is the dose required to
produce the median effect (analogous to I1C,, ) and m is the Hill
coefficient that determines the sigmoidicity of the curve. The logar-

369

ithmic transformation of the Eq. 1 yields the following linear rela-
tionship:

log(F/F) = mlog(D} — mlog(D,) (2)
Thus, a plot of log(F,/F,} versus log(drug concentration) yields an
x-intercept [where log(E,/F,) = 0, the value of F,/F, is 1] that corres-
ponds to D, or ICs,. The effect of TAM on MXN activity was

evaluated by the determination of an enhancement index (EI) as
shown below:

IC,, of MXN in the absence of TAM
- IC;, of MXN in the presence of TAM

Isobologram analysis

The nature of the MXN and TAM interaction was evaluated as
described by Berenbaum [3]. The combination of MXN and TAM
was considered homergic since they both exhibited cytotoxicity.
Cells were treated with MXN alone, TAM alone or the combination
of the two agents at several concentrations of TAM (1-10 uM). IC;,
values were determined as described. For each cell line IC,, isoboles
were constructed to determine whether the combination of the drugs
was additive, synergistic or antagonistic.

Cellular drug accumulation

Exponentially growing cells {1 x 10%) were plated in triplicate onto
100 % 20 mn plastic petri dishes in 15 ml medium and incubated for
72h. MXN (2 ug/ml) in the presence and the absence of TAM
(10 pM) was then added. At different time intervals (15, 30, 45, 60
120, 240 and 360 min) after the drug treatment, the drug containing
medium was removed, and the cells trypsinized and harvested.
Following centrifugation, the cell pellets were washed thrice with
2 ml ice-cold PBS (0.1 M; 0°C). Cells were recentrifuged and then
2ml of ethanolic HCI supplemented with ascorbic acid (5% w/v)
was added to the pellet. The cells were disrupted using a sonicator
and the resulting suspension was recentrifuged. The concentration of
the extracted drug in the supernatant was determined using HPLC.
Cell debris was resuspended and an aliquot (100 ul) was withdrawn
for protein determination using the Bradford method [5]. Standard
curves for MXN concentration were obtained by similarly treating
controls and adding known amounts of MXN to the cell pellets
before extraction and drug assay. The solvent extraction was ob-
served to yield complete recovery of MXN.

HPLC analysis of MXN

A previously reported method with modifications was utilized for
the HPLC analysis of MXN [257]. The HPLC apparatus consisted of
a model 2350 solvent delivery system (ISCO), model V* variable
wavelength absorbance detector (ISCO) and a C,, Spherisorb re-
verse-phase column (dimensions 4.6 x 250 ¢m, particle size 5 pm).
MXN was eluted isocratically at ambient temperature with a 45:55
combination of acetonitrile acetate buffer (pH 3.0, 0.01 M) at a flow
rate of 0.8 mi/min. MXN was detected at 662 nm at an AUFS of 0.01
with a sensitivity of 10 ng/ml. The retention time was 4.6 min.

Statistical analysis

Student’s t-test was used for determining the significance of the
observed differences, taking P < 001 as the level of significance,
unless otherwise stated.
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Resuits
Cytotoxicity studies

First, the survival of MCF-7/WT and MCF-7/ADR
cells treated with MXN (0-1pM) was examined.
A comparison of the ICsq values, obtained from the
median effect plots, indicated that the MCF-7/ADR
cells were 36-fold resistant to MXN compared to the
MCF-7/WT cells. The effect of several concentrations
of TAM (1-10 uM) on the sensitivity of cells to MXN
was also examined using a colony formation assay.
Figure 1 shows the survival of the cells treated with
a range of MXN concentrations with or without the
presence of TAM (10 uM). A significant (P < 0.01) en-
hancement in the activity of MXN in the presence of
TAM was observed in the case of MCF-7/WT cells
(Fig. 1A) as well as in the case of MCF-7/ADR cells
(Fig. 1B). For all the dose response curves shown, the
median effect plots (not shown) were observed to have
a correlation coefficient of 0.97 or greater. The Els
indicated that TAM (10 pM) caused a 9-fold and a 25-
fold increase in the activity of MXN in MCF-7/WT and
in MCF-7/ADR cells, respectively. Table 1 lists the
I1Cso values of MXN and the Els in the presence of
several concentrations of TAM. A significant (P < 0.01)
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Fig 1A-D. The influence of TAM on the survival of drug-sensitive
and MDR MCF-7 cells evaluated using a colony formation assay.
A, B Survival of MCF-7/WT {A) and MCF-7/ADR {B) cells treated
with the indicated concentration of MXN and TAM (10 uM).
{O MXN alone, ® MXN + TAM). Each point represents the mean
of triplicate observations. Bars represent SD (shown where larger
than symbol size). C, D Isobologram analysis of the survival data.
The IC,, isoboles were obtained for cells treated with MXN alone,
TAM alone or MXN + TAM (1-10 pM). The solid line joining the
IC,, of each agent represents the expected isobole if the two com-
pounds interacted additively. The dotted curves indicate the ob-
served isoboles for the combination of the two agents in MCF-7/WT
(C) and MCF-7/ADR cells (D)

Table 1 Summary of the effects of several concentration of TAM
and MXN towards the two cell lines. The 1C,, values are means of
triplicate observations {(EI, enhancement index)

TMX Concentration MCE-7/WT MCF-7/ADR
(M)
MXNIC,, EI MXNIC,, EI
(pM) (nM)
0 0.007 - 025 -
1 0.006 1.2 020 1.3
2.5 0.00s 14 010 2.6
5.0 0.003 23 003 9.0
10.0 0.001 8.8 001 25.0

potentiation of MXN activity was observed against
drug-sensitive as well as drug-resistant cells at all TAM
concentrations employed. The degree of potentiation in
the case of the resistant cells was, however, markedly
higher than that in the wild-type parental cells.

Isobologram analysis

At concentrations greater than 5 pM, TAM alone was
cytotoxic to both cell lines. As shown in Fig. 1A and B,
TAM (10 uM) by itself lowered the survival of MCF-
7/WT cells to 53% and of MCF-7/ADR cells to 68% of
the control value. We examined the nature of the inter-
action between MXN and TAM using isobologram
analysis. Fig. 1C and D show the ICsq isoboles ob-
tained for survival of MCF-7/WT and MCF-7/ADR
cells. The solid line joining ICsq of MXN alone (plotted
on the x-axis) and TAM alone (plotted on the y-axis)
for each cell line represents the expected isobole of
additivity. If MXN and TAM interacted additively,
then the ICs, values of the combination would be
represented by this line. For MCF-7/WT cells the ob-
served ICsq isobole for MXN and TAM combinations
(dotted line) almost completely coincides with this line
of additivity (Fig. 1C). On the other hand, the ICs,
values of MXN in MCF-7/ADR cells in the presence of
several concentrations of TAM were well below the
additivity line (Fig. 1D). Thus, it appears that TAM
modulated the activity of MXN in the resistant cells in
a synergistic manner and additively in the case of the
drug-sensitive cells.

Cellular MXN accumulation

Figure 2 shows the accumulation of MXN by MCF-
7/WT and MCF-7/ADR cells over a period of 6 h.
Resistance to MXN in the MDR variants was accom-
panied by a 4.8-fold reduction in the net intracellular
steady-state drug levels. TAM (10 pM) did not signifi-
cantly (P <0.01) alter the MXN levels in the
drug-sensitive cells (Fig. 2A). However, there was a
significant (P < 0.01) increase in the drug levels
in MCF-7/ADR cells incubated with MXN in the
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Fig 2A,B. Intracellular MXN levels in MCF-7/WT (A) and MDR
MCF-7/ADR cells (B). Exponentially growing cells were treated
with MXN (2 pg/ml) with or without TAM (10 uM). Intracellular
MXN levels were determined as a function of time as described in
the Methods (O cells treated with MXN alone, @ cells treated with
MXN + TAM). Each point represents the mean of triplicate obser-
vations. Bars represent SD {shown where larger than symbol size).

presence of TAM at all time points of measurements
(Fig. 2B). For example, TAM (10 uM) caused a three-
fold increase in the C, of MXN.

Discussion

This study demonstrated that TAM significantly en-
hanced the activity of MXN in MCF-7/ADR cells. The
nature of the interaction of the two agents appeared to
be additive in the parent cell line MCF-7/WT and
synergistic in the MDR cells. This difference in the
mode of interaction was accompanied by a marked
increase in the levels of MXN in the MDR cells but not
in the drug-sensitive cells. Since the two cell lines differ
in the expression of P-gp, the synergistic potentiation of
MXN activity in MCF-7/ADR cells may involve inter-
action of TAM with P-gp. The mechanism of modula-
tion of MXN resistance by TAM is not clear. It may
involve competitive inhibition of P-gp, inhibition of
calmodulin or protein kinase C [4, 87. These possibili-
ties are currently under investigation in several laborat-
ories. It is interesting that, compared to MCF-7 cells,
MCEF-7/ADR cells were somewhat resistant to TAM
(approximately 1.6-fold, Fig. 1C and D). This could be
related to the altered estrogen receptor status of MCF-
7/ADR cells [36] or it may suggest that TAM is a sub-
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strate for P-gp-mediated efflux. In this regard, it is
worthwhile to note that TAM has been shown to pre-
vent the binding of [*H]-azidopine to P-gp [22].

Conventionally used doses of TAM (10-20 mg daily)

result in steady-state levels of approximately 0.4—
1.0 utM. However, several studies have shown that
higher levels can be achieved without serious toxicities.
For example, Trump et al. employed TAM at doses of
150 mg/m? which resulted in a mean plasma drug level
of 4 uM without dose-limiting toxicities {34]. In some
other clinical studies, high doses of TAM have been
employed that result in serum levels in the range of
3-8 uM [7,32]. Although at TAM concentrations
> 5 uM a synergistic interaction between MXN and
the antiestrogen was observed in this study, Leonessa
et al. have reported that at these concentrations a TAM
and doxorubicin combination in MCF-7/ADR cells is
antagonistic [22]. Thus it appears that while the clini-
cal utility of TAM levels above SuM is not clear,
concentrations in the range of 4-5 uM can be achieved
safely. The interaction of TAM employed at concentra-
tions of 2.5 and 5 pM with MXN observed in this study
1s, therefore, clinically relevant. Moreover, it is impor-
tant to note that the metabolites of TAM, N-desmethyl
TAM and 4-OH-TAM have also been shown to have
“anti-MDR” activity [21]. The plasma levels of N-des-
methyl TAM are known to approach or exceed those of
the parent compound [20]. It is likely, therefore, that the
sum of the concentrations of TAM and its metabolite(s)
may be in the range of 5-10 uM and these compounds
can synergistically modulate drug resistance in vivo.

The role of P-gp in resistance to MXN is not well
understood. MDR cells derived by treating parental
cells with MXN as a primary selecting agent do not
overexpress P-gp. However, cells with elevated levels of
P-gp that are derived by treatment with other agents
such as ADR and etoposide are often cross-resistant to
MXN [11, 14, 24]. This has been observed in several
cell lines used in our laboratory including MCF-
7/ADR [12]. The poor response rate associated with
MXN therapy in patients with prior treatment with
ADR suggests that acquired cross-resistance between
ADR and MXN is a limiting factor in the use of MXN
for the treatment of breast cancer [19, 23]. Therefore,
efforts to potentiate the activity of MXN in drug-
resistant tumors are important. The two cell lines used
in this study constitute a clinically relevant model for
preliminary evaluation of the combination of MXN
and TAM. MCF-7/WT is an estrogen receptor-positive
cell line established from a malignant pleural effusion in
a female patient with metastatic breast cancer [31].
MDR variant MCF-7/ADR cells were obtained by
stepwise treatment with ADR [14].

In conclusion, the combination of MXN and TAM
could have two advantages. First, whether estrogen
receptor- positive cells are MXN-resistant or sensitive,
simultaneous treatment with this DNA topoisomerase
IT inhibitor and the antiestrogen could be expected, at



372

the least, to be additive. Second, the activity of MXN in
drug-resistant tumors can be synergistically poten-
tiated by TAM because of its “anti-P-gp” activity.
The combination of several chemotherapeutic agents
with TAM and its analog toremifene are currently
being evaluated in several estrogen receptor-positive
and-negative MDR cell lines.
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