Jpn. J. Cancer Res. 85, 542-549, May 1994

Modulation of Adriamycin Resistance in Human Breast Carcinoma MCEF-7 Cells

in vitro and in vivo by Medroxyprogesterone Acetate
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The combination effect of adriamycin (ADM) and medroxyprogesterone acetate (MPA) was ex-
amined in vitro against human breast carcinoma MCF-7 and its ADM-resistant line (MCF-7/ADM),
MCEF-7 cells, which are positive for estrogen receptors, progesterone receptors and high-affinity
MPA-binding activity, were more susceptible to the growth-inhibitory activity of ADM or MPA than
MCF-7/ADM cells. A combination effect of ADM and MPA was observed against MCF-7/ADM
cells, which are negative for steroid receptors, and furthermore against human nasopharynx carcinoma
KB and its ADM-resistant line KB-A1. This combination effect of ADM and MPA against MCF-7/
ADM cells was demonstrated to be synergistic by using the median effect plot method. The activity
of MPA was almost equivalent to that of chlormadinone acetate or tamoxifen, greater than that of
progesterone, and less than that of verapamil. The accumulation of ADM in MCF-7/ADM cells was
enhanced by treatment with 10 zM MPA as well as 10 g M verapamil. The efflux of accumulated
ADM from MCF-7/ADM cells was also partially inhibited by treatment with MPA or verapamil.
MPA augmented the growth-inhibitory activity of ADM against MCF-7/ADM tumors inoculated
into nude mice, although statistical significance was not observed. It is suggested that the clinical
advantage of the combination of MPA with ADM against advanced breast cancers may be partly

explained by the modulation of ADM resistance by MPA.
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The effectiveness of hormonal therapy with high-dose
MPA,® a synthetic progesterone derivative, has been
established clinically against advanced breast cancer?
and endometrial cancer.>* Furthermore, MPA can aug-
ment the efficacy of first-line combination chemotherapy
of advanced breast and endometrial cancer including
cyclophosphamide, ADM or 5-fluorouracil.>® We have
demonstrated that the combination of MPA and 5-fluo-
rouracil had additive growth-inhibitory activity against
cultured human breast carcinoma MCF-7 cells and stom-
ach carcinoma cells {n vitro, while MPA reduced the
lethal toxicity and bone marrow toxicity of 5-fluorouracil
in mice,”® indicating the rationale of this combination.
Concerning the combination of ADM and MPA, the
pretreatment of MCF-7 cells with MPA was reported to
augment the growth-inhibitory activity of ADM addi-
tively.”

* To whom correspondence should be addressed.

¢ Abbreviations: MPA, medroxyprogesterone acetate; ADM,
adriamycin; CI, combination index; ICs, concentration re-
quired for 50% growth inhibition; PBS ( —), Dulbecco’s phos-
phate-buffered saline (Ca?*-, Mg?t-free); TAM, tamoxifen.
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The emergence of drug-resistant tumor cells during
treatment is one of the major problems in cancer chemo-
therapy. When tumor cells acquire resistance to Vinca
alkaloids or anthracyclines, they usually show cross-
resistance to other antitumor agents, i.e., so-called multi-
drog resistance." ') The mechanism of multidrug resis-
tance is an enhanced efflux of drugs from tumor cells and
subsequent reduction of intracellular drug concentra-
tion.'* '» P-Glycoprotein is involved in this efflux, and its
overexpression has been reported in many multidrug-
resistant tumor cells."'® Various compounds including
verapamil have been found to overcome multidrug resis-
tance.'® ' Another endocrine drug, tamoxifen, is also
reported to modulate multidrug resistance ir vifro in
ADM-resistant murine P388 leukemia'® and human
breast carcinoma MCF-7 cells.'” Various steroid hor-
mones alse inhibit the binding of Virca alkaloids to
P-glycoprotein, and progesterone has the highest affinity
to P-glycoprotein among them.” " Although MPA ex-
hibits higher growth-inhibitory activity against hormone-
dependent breast cancer cell lines than progesterone, its
effect on multidrug resistance has not been reported. The
present study was carried out in order to investigate the



in vitro combination effect of ADM and MPA in terms of
ADM resistance.

MATERIALS AND METHODS

Chemicals ADM (Kyowa Hakko Kogyo Co., Tokyo),
was dissolved in sterile distilled water. MPA (Kyowa
Hakko Kogyo Co.), progesterone (Nacalai Tesque Co.,
Kyoto), hydrocortisone, progesterone, chlormadinone
acetate and TAM (Sigma Chemical Co., St. Louis, MO),
[FHIMPA (44.9 Ci/mmol, New England Nuclear,
Boston, MA), and [*H]178-estradicl (110 Ci/mmol,
Amersham International, Buckinghamshire, UK) were
each dissolved in ethanol. Verapamil (Sigma Chemical
Co.) was dissolved in dimethyl sulfoxide. These drug
solutions were diluted with the culture medium, and the
final concentration of solvent was 0.5% or less. [“C]-
ADM (55 mCi/mmol, New England Nuclear) was dis-
solved in methanol.
Tumor cells Human breast carcinoma MCF-7 and its
ADM-resistant line (MCF-7/ADM, gift from Dr. K. H.
Cowan, National Cancer Institute, USA)**?) were pas-
saged in RPMI-1640 medium (Grand Island Biological
Co., Grand Island, NY) containing 109 fetal bovine
serum {Grand Island Biological Co.), 100 IU penicillin,
100 pg streptomycin/m! (Grand Island Bioclogical Co.)
and 10 nM 178-estradiol (Sigma Chemical Co.) at 37°C
in a humidified atmosphere containing 5% CO; in air.
Human nasopharynx carcinoma KB and its ADM-
resistant line (KB-Al, gift from Dr. K. Ueda, Kyoto
University)' were passaged in Duibecco’s minimal es-
sential medium (Nissui Pharmaceutical Co., Tokyo) con-
taining 10% fetal bovine serum.
Cell growth-inhibitory activity The cells (2.5 X 10°/well)
were precultured for 24 h in 24-well multidishes (Nunc,
Roskilde, Denmark) with Q.75 ml of Eagle’s minimal
essential medium (phenol red-free, Nissui Pharmaceu-
tical Co.) containing 5% calf serum (HyClone, Logan,
UT), 110 ¢g sodium pyruvate/ml, 1% (v/v) non-essen-
tial amino acids (Flow Lab., McLean, VA} and 1 nM 173-
estradiol (hereafter designated as culture medium) in
each well, and treated with various compounds for 144 h.
The growth-inhibitory activity of compounds was evalu-
ated by counting cell number using a Micro-cell counter
(Toa Medical Electronics Co., Hyogo).
Analysis of combination effect The combination effect
of ADM with each compound was analyzed in terms of
expected ICs value and combination index, respectively.
The expected ICs, value for ADM used in combination
with a certain concentration of each compound was
obtained from the expected growth percentage calculated
by use of the following formula®):
Expected growth (%) =[growth (%) with ADM]
> [growth (%) with each compound] X 1/100.

Modulation of ADM Resistance by MPA

When the actual ICs value of ADM in combination with
a certain concentration of a compound is equal to the
expected ICso value, the interaction is considered to be
additive; when the actual ICs; value is less than expected
1Csy value, synergism is indicated, and when the actual
ICs value is over the expected 1Cs, value, antagonism is
indicated.

For more precise analysis of combination effect, the
median effect plot method established by Chou and
Talalay was used.” A combination index (CI) was deter-
mined by drawing a least-squares regression line on a
computer graphic system. When Cl is I, the interaction is
considered to be additive; when CI is less than 1, syner-
gism is indicated, and when CI is over 1, antagonism is
indicated.

Binding of steroids to the cells The cells (I X 10°/well)
were precultured in 24-well multidishes (Nunc) contain-
ing 0.5 ml of the culture medium in each well at 37°C for
24 h. For the assay of 173-estradiol binding, the culture
medium was deprived of it. The cells were then treated
with ['H]MPA (10 nM) or [*H]178-estradiol (10 nM)
with various concentrations of unlabeled MPA or 175-
estradiol, respectively, and incubated at 37°C for 60 min.
The cells were treated with PBS(—) containing 10%
(v/v) glycerol and 0.5% (w/v) bovine serum albumin
at 4°C for 30 min, and washed twice with the above
buffer solution. The cells were lysed with 1 & NaQOH
solution at 37°C overnight, and their radioactivity was
measured with a liquid scintillation counter.

Uptake and efflux of labeled ADMs The cells (1 X 10%/
well) were precultured in 6-well plates (Nunc) con-
taining 2 ml of the culture medium in each well at 37°C
for 24 h. The cells were then treated with 0.1 ml of
[*C]ADM and 0.1 ml of each compound solution, in-
cubated for the indicated time, and washed twice with
ice-cold PBS(—). The cells were lysed with 1 ¥ NaOH
solution at 37°C overnight, and their radioactivity was
measured. For the determination of efflux of [*C]ADM,
the cells (1X10%/2 ml) precultured in 6-well plates for
24 h were treated with 0.1 ml of [“C]ADM at 37°C for
60 min. Then the cells were washed twice with PBS(—)
and incubated with each compound at 37°C for the
indicated time. The radicactivity of cells was measured as
described above.

In vivo antitumor activity MCF-7/ADM cells were
prepared from the in vitro-cultured cell line, inoculated
into the flank of male 7- or 8-week-old BALB/c-nu/nu
mice (nude mice) weighing 20-25 g (obtained from Clea
Japan Inc., Tokyo), and passaged in vivo. To evaluate the
antitumor activity, the length and width of tumors were
measured twice a week, and their volume was calculated
by using the following formula according to the method
of the National Cancer Institute®®:
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Length (mm) X [width {(mm)]?
2

Tumor growth rate was expressed as the mean V/V,

value, where V is the tumor volume on the day of eval-

uation and V, is that on the day of initial administration.

Tumor volume (mm?®)=

RESULTS

Effect of MPA on growth-inhibitory activity of ADM
We first examined the characteristics of steroid receptors
of the cell lines used in this experiment, and their sensi-
tivity to ADM or MPA (Table I). Among them, only
MCF-7 cells possessed estrogen receptors and high-
affinity MPA-binding activity, and showed significant
sensitivity to MPA. MCE-7/ADM and KB-Al cells were
confirmed to have acquired marked resistance to ADM.

The combination effect of ADM and MPA was ex-
amined in ADM-sensitive and -resistant cell lines (Table
IT). The actual ICs, values of ADM were measured at
each concentration of MPA, and they were compared
with the expected ICs, values of ADM in combination
with MPA. The combination effect of ADM plus MPA
against sensitive MCF-7 cells could not be analyzed due
to the significant sensitivity of MCF-7 cells to MPA.
Potentiation was observed by MPA at 1-10 ¢ M in MCF-
T/ADM cells, 10 g Min KB cells and 1-10 4 M in KB-A1l
cells, suggesting that the combination effect of ADM and
MPA is synergistic in these ranges of concentration. For
more precise analysis of their combination effect, the
median effect plot method was applied (Fig. 2) based on
the result of Fig. 1, in which dose-responses of ADM,
MPA or ADM plus MPA against MCF-7/ADM cells are

Table I. Growth-inhibitory Activity of ADM and MPA on ADM-sensitive and -resistant Tumor Cells
Estrogen MPA -binding Growth-inhibitory
receptors proteins activity

Cell I Affnity IC

o hine High Low 0 (M)
Ky Sites/cell K4 Sites/cell Ka Sites/cell
@M) (X109 (M) (X109 (M  (xi¢) APM o MPA

MCF-7 0.18 1.6 0.51 1.3 850 0.014 0.044

MCF-7/ADM ND? ND 0.59 1300 0.57 26

KB ND ND 0.59 790 0.0031 22

KB-Al ND ND 0.41 670 0.19 10

a) Not detected.

Table II.
-resistant Tumor Cells

Effect of MPA on Growth-inhibitory Activity of ADM against ADM-sensitive and

Cell line MPA Inhibition ICy of ADM (M) Potentiation®
(M) by MPA (%) Actual Expected?
MCF-7 0 0 0.014 0.014 1.0
0.01 45 0.0062 0.0037 0.60
0.1 53 0.00059 ND? ND
1 57 < 0.00041 ND ND
10 76 <0.00041 ND ND
MCE-7/ADM 0 0 0.57 0.57 1.0
1 4 0.47 0.53 1.1
3 4 0.28 0.53 1.9
10 14 0.13 0.40 3.1
KB 0 0 0.0031 0.0031 1.0
10 8 0.0016 0.0029 1.8
KB-Al 0 0 0.19 0.19 1.0
1 12 0.13 0.14 1.1
3 19 0.066 0.095 1.4
10 72 <0031 ND ND

a) Indication of additive effect of ADM and MPA.

b) Expected ICs; versus actual ICs value.
¢) Not determined.
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shown. The CI values of the group treated with ADM
plus MPA were less than 1 at high concentrations, in-
dicating that the cell growth-inhibitory activity of this
combination regimen is synergistic. This result also indi-
cates that the results of the median effect plot method are
well correlated with those of the expected value method
(Table II). Therefore, further examination was per-
formed by this expected value method.
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Fig. 1. Combination effect of ADM and MPA against
MCF-7/ADM cells. MCF-7/ADM cells (2.5 X 10°/well) were
cultured on day 0, and treated with ADM (C), MPA (D)
or ADM plus MPA (@) on day 1. For the combination, 2-
fold dilutions of ADM (0.125-2 £ M) and MPA (2.5-40 u M)
were combined from the lowest concentration, and drug con-
centrations were expressed based on ADM concentration.
The cell number was counted on day 7, and mean values are
shown. The standard deviations were less than 109 of mean
values.

Modulation of ADM Resistance by MPA

The combination effect of ADM plus MPA was com-
pared with those of ADM plus other steroid hormones,
TAM and verapamil (Table IIT). Marked potentiation
was observed with the combination of ADM with MPA,
chlormadinone acetate, TAM or verapamil, indicating
that these compounds exhibit synergistic growth-inhibi-
tory activity in combination with ADM. Verapamil ex-
hibited the most marked combination effect with ADM.
The effect of MPA was almost equivalent to that of
chlormadinone acetate or TAM, and more significant
than that of progesterone. The combination effects of
ADM with MPA, TAM or verapamil were observed at
various concentrations of ADM (Fig. 3). MPA (10 M)
potentiated the cell growth-inhibitory activity of 0.031-

index

Combination

o 0.2 04 0.8 0.8 1.0

Fractional inhibition

Fig. 2. Analysis of synergism of combination effect of ADM
plus MPA. The results shown in Fig. 1 were analyzed by the
median effect plot method.

Table III.  Effect of Stercid Hormones, TAM and Verapamil on Growth-inhibitory Activity of ADM

against MCF-7/ADM Cells

Dose Inhibition by ICs of ADM (M) S
Modulator (M) modulator (%) Actual Expected? Potentiation
None 0 0 0.56 0.56 1.0
MPA. 10 14 0.13 0.42 3.2
Progesterone 10 17 0.37 0.38 1.0
Chlormadinone acetate 10 19 0.11 0.36 3.3
Hydrocortisone 10 0 0.52 0.56 1.1
‘None 0 0 0.34 0.34 1.0
TAM 10 24 0.054 0.16 3.0
Verapamil 5 3 0.048 0.30 6.3

a) Indication of additive effect of ADM and each compound.
b) Expected ICsp versus actual ICs, value.
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0.5 M ADM, TAM (10 y M) potentiated that of 0.063—
0.5 uM ADM, and verapamil (5 g M) that of 0.031-0.5
UM ADM.

Effect of MPA on uptake and efflux of ADM The effect
of MPA on the uptake of ADM in MCF-7/ADM cells
was compared with that of verapamil (Fig. 4A). ADM
was accumnulated time-dependently in the cells, and its
intracellular concentration was 13.3 pmol/10° cells after
120 min. This accumulation of ADM was enhanced in
the presence of 10 uM MPA or 10 yM verapamil, and

after 120 min, the amount of ADM in the cells treated
with MPA or verapamil was 1.5 or 2.4 times more than
that in the control cells, respectively.

Since the mechanism of ADM resistance of MCF-7/
ADM cells was reported to be the expression of P-
glycoprotein, which transports ADM from the cells to
the extracellular fluid,? the influence of MPA on the
efflux of ADM was compared with that of veraparnil in
MCF-7/ADM cells (Fig. 4). ADM, which had accumu-
lated in the cells during the 1-h treatment, was gradually
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Fig. 3.

Effect of MPA, TAM and verapamil on growth-inhibitory activity of ADM against MCF-7/ADM cells. MCF-7/ADM

cells (2.5 10%/well) were cultured on day 0, and treated with ADM alone (M) or in combination with MPA, TAM or
verapamil ( ®) on day 1. The cell number was counted on day 7, and mean values are shown. The standard deviations were less
than 109 of mean values. Expected cell number with combination (O).
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Fig. 4. Effect of MPA and verapamil on uptake and efflux of ADM in MCF-7/ADM cells. (A) The precultured cells (1< 10%/
well) were treated with 0.5 uM [C]ADM alone (O) or in the presence of 10 pM MPA (@) or verapamil (B). At the indi-
cated time, the radioactivity of cells was measured. (B) The precultured cells (1< 10%/well) were treated with 0.5 u M [“C]ADM
for 60 min. The cells were then washed and incubated in culture medium alone () or in the presence of 10 uM MPA (@) or
verapamil (M). At the indicated time, the radicactivity of cells was measured, and mean values are shown. The standard

deviations were smaller than the size of the symbols.
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Fig. 5. Antitumor activity of ADM and MPA against

MCF-7/ADM cells inoculated into nude mice. When tumeors
were between 100 and 300 mm® (designated as day 0), ADM
(13.5 mg/kg) was administered i.v. MPA (126 mg/kg/day)
was administered p.o. daily on days 0-4 and 7-11. Each
group consisted of 5 mice. O, untreated; ®, ADM: O, MPA;
N, ADM plus MPA. Mean = SE is shown.

released from the cells. This efflux of ADM was partially
inhibited by treatment with MPA or verapamil, although
their effects were not marked, suggesting that MPA as
well as verapamil inhibited the function of P-glycopro-
tein. An experiment on [*H]azidopine photolabeling of
P-glycoprotein indicated that MPA binds to P-glyco-
protein as well as verapamil (data not shown).
Antitumor activity of ADM and MPA To elucidate
whether the in vitro combination effect of ADM plus
MPA as described above is therapeutically beneficial, an
in vivo experiment was conducted using nude mice in-
oculated with MCF-7/ADM cells (Fig. 5). ADM did not
significantly inhibit the growth of this tumor, indicating
that it retained ADM-resistance even after in vivo pas-
sage. MPA also did not significantly inhibit the growth of
this tumor, presumably due to the lack of high-affinity
MPA-binding activity in the tumor. However, when
ADM and MPA were used in combination, their anti-
tumor activities were augmented, although statistical sig-
nificance was not observed versus the ADM- or MPA-
treated group because of the large individual variations
of tumor size.

DISCUSSION

Concerning the in vitro combination effect of ADM
and MPA, Shaikh et al. demonstrated that the growth-
inhibitory activity of ADM against MCF-7 cells was aug-

Modulation of ADM Resistance by MPA

mented by pretreatment of the cells with MPA.® How-
ever, the mechanism is unknown. Here we have demon-
strated that MPA augmented the growth-inhibitory
activity of ADM against ADM-resistant MCF-7 cells
(Tabies I1 and III, Figs. 1-3). This effect of MPA was
also demonstrated against human nasopharynx carci-
noma KB and its ADM-resistant line KB-Al (Table II).
Various steroid hormones were reported to modulate
the multidrug resistance by inhibiting the binding of
drugs to P-glycoprotein.”®*"?" Among them, progester-
one had the highest affinity to P-glycoprotein®; inter-
estingly, progesterone is not transported by P-glycopro-
tein, while other steroids such as cortisol, aldosterone
and dexamethasone are.”™ Our results show that MPA
modulates ADM resistance more potently than proges-
terone in MCF-7/ADM cells. This effect of MPA was
due to the higher intracellular ADM concentration in-
duced by inhibition of the eflux of ADM from MCF-7/
ADM cells (Fig. 4). The efflux of ADM from the cells
was observed to some extent even in the presence of
MPA or verapamil. It would be interesting to examine
whether MPA is transported from the cells by P-glyco-
protein.

MCF-7/ADM cells were reported to be negative for
expression of estrogen receptors and progesterone recep-
tors.”” Our results confirmed this, and furthermore, high-
affinity MPA-binding activity, which was detected in
sensitive MCF-7 cells, was not detected in MCF-7/ADM
cells (Table I). The low sensitivity of MCF-7/ADM cells
to MPA may be explained by the absence of high-affinity
MPA-binding activity. The alternative possibility that
the insensitivity of MCF-7/ADM cells to MPA is due to
the expression of P-glycoprotein is unlikely if MPA is not
transported by P-glycoprotein, as reported previously for
progesterone.”” The high-affinity MPA-binding activity
is supposed not to be involved in the mechanism of
modulation of multidrug resistance by MPA, since the
ADM resistance of MCF-7/ADM cells, which do not
express such activity, was modulated by MPA. This
speculation is also supported by the results found in KB
and KB-Al cells (Table II). In MCF-7 cells, the syn-
ergistic combination effect of ADM and MPA was not
observed (Table IT). This may be explained by presuming
that the ICs, value of MPA against MCF-7 cells was too
small to modulate the eflux of ADM from MCF-7 cells.
The overcoming of ADM resistance of MCF-7/ADM
and KB-Al cells by MPA was incomplete (Table II),
suggesting that other mechanisms of ADM resistance
may exist in these cell lines.

MCF-7/ADM cells became transplantable in nude
mice, and were available for the in vivo evaluation of
antitumor activity (Fig. 5). ADM and MPA did not
inhibit the growth of MCF-7/ADM cells, as predicted
from the in vitro sensitivity to both drugs. However,

547



Jpn. J. Cancer Res. 85, May 1994

when ADM and MPA were used in combination, their
growth-inhibiting activity was augmented, although sta-
tistical significance was not observed versus the ADM- or
MPA -treated group, suggesting a correlation with the in
vitro combination effect of ADM and MPA (Table 1I,
Figs. 1-3). The doses of ADM and MPA were 13.5 mg/kg
and 126 mg/kg/day, which correspond to about 40 and
380 mg/m?, respectively, at a conversion rate based on
the body surface area for mouse. Actually 40 mg/m’
of ADM and 600 mg/body of MPA are used clinically
for the combination chemotherapy of breast cancers, and
they exert sufficient antitumor activity.® These results
indicate that the clinical advantage of the combination of
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