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ABSTRACT 

Intracellular drug accumulation was studied in two 

drug resistant variants of the human breast cancer MCF-7 

(MCF7/S) cell line selected with mitoxantrone (MCF7/Mitox) 

and doxorubicin (MCF7/D40). Earlier studies show that both 

cell lines have similar cell cycle characteristics, and 

both are multidrug resistant. Previously, P-glycoprotein 

was detected in MCF7/D40, but not in MCF7/Mitox. Both cell 

lines, however, display decreased drug accumulation. The 

P-glycoprotein chemo-modulator verapamil increased 

mitoxantrone accumulation 1.6 fold in MCF7/D40 cells, thus 

achieving identical intracellular drug levels to the 

MCF7/S cell line. Verapamil had little effect on drug 

accumulation in MCF7/Mitox cells. Rapid influx of 

mitoxantrone from 5 seconds to 60 seconds was not 

significantly different between MCF7/Mitox and MCF7/S. 

Influx in the MCF7/D40 cell line was greater than in the 

MCF7/Mitox or MCF7/S cell lines. Decreased drug 

accumulation was found to be at least partly due to 

enhanced drug efflux. Depletion of 73.9% to 88.9% of 

cellular ATP by sodium azide (NaN3) decreased the efflux of 

mitoxantrone in each cell line, thus demonstrating an 

energy dependence of drug efflux. 
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CHAPTER I 

INTRODUCTION 

Historical Background 

Drug resistance was firBt documented by Sidney Farber 

when he gave aminopterin to children with leukemia. Farber 

observed the phenomenon of drug resistance, and the 

consequental untreatable relapse of disease (Farber et al., 

1948). In the clinic it is common to see the outgrowth of 

drug resistant tumors in initially drug sensitive patients 

(Curt et al., 1984). 

Multidrug Resistance 

A major obstacle to chemotherapy is the development of 

drug resistance. The ability of tumor cells to show cross 

resistance to a wide range of chemically unrelated 

chemotherapeutic agents that are of natural product origin 

is termed multidrug resistance (MDR). Natural product 

drugs include anthracyclines, anthracenes, vinca alkaloids, 

and epipodophyllotoxins (Gottesman & Pastan, 1988). Drug 

resistant neoplastic cells are thought to arise as a result 

of genetic changes from spontaneous mutations which can 

then be inherited (Ling, 1982). The mechanisms for drug 

resistance are diverse. 
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P-qlycoprotein-mediated Resistance 

In certain multidrug resistant tumor cells a high 

molecular weight plasma membrane glycoprotein, P-

glycoprotein, has been found (Juliano & Ling, 1976). P-

glycoprotein was found to have extensive C-terminal 

homology to the bacterial haemolysin transport protein of 

E. coli (Gerlach et al., 1986a). The homology with a 

bacterial protein suggests evolutionary conservation. Of 

the 228 possible amino acid matches, 107 (46.9%) are 

identical and 63 (27.6%) are conserved substitutions. 

Homology between these two proteins was greatest in two 

regions that are involved in nucleotide binding (probably 

ATP) and that are thought to provide direct energy for 

transport. P-glycoprotein (Figure 1) contains twelve 

hydrophobic regions which are capable of spanning the 

membrane. These putative transmembrane segments are 

consistent with channel forming functions. It has been 

shown that P-glycoprotein is expressed in normal cellular 

tissue, including human adrenal, kidney, colon, and the 

secretory epithelium of the uterus during pregnancy (Arceci 

et al. , 1988). 

In cells expressing the MDR phenotype, P-glycoprotein 

is overexpressed, and the level of expression of its mRNA 

can be correlated with the degree of drug resistance (Gros 

et al., 1986a). Gros et al. provided evidence that 

overexpression of P-glycoprotein is sufficient to 
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confer drug resistance. They isolated and cloned DNA 

complementary to the cellular messenger RNA transcripts of 

a hamster multidrug resistant gene (mdr gene). The cDNA 

was inserted into plasmid, which were then transfected into 

drug sensitive mouse cells. The sensitive cells 

transfected with the cDNA were able to survive drug 

selection when tested with the chemotherapeutic agent 

Adriamycin (Gros et al., 1986a). 

Decreased Drug Accumulation 

One characteristic observed in P-glycoprotein-mediated 

multidrug resistance is decreased intracellular drug 

accumulation of resistant cells compared to the sensitive 

parent cell line. This may be due to reduced drug influx, 

increased drug efflux, or a combination of both, or due to 

another mechanism such as altered intracellular drug 

binding. P-glycoprotein has been shown to be involved in 

drug efflux (Hamada et al., 1987). The degree of sequence 

homology with bacterial transport proteins, the ability to 

confer drug resistance by transfecting the mdr gene, and 

the observation that multidrug resistant cells have low 

levels of intracellular drug are consistent with the 

hypothesis that P-glycoprotein is an energy dependent drug 

efflux pump (Greenberger et al., 1988). Two models for the 

role of P-glycoprotein have been proposed. P-glycoprotein 

could either export structurally different drugs directly 
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through a membrane channel, or the drugs could be bound by 

an unidentified protein which is then exported by P-

glycoprotein (Gerlach et al., 1986b). 

Reversal of P-glycoprotein 

Multidrug resistance can be reversed by a variety of 

drugs such as verapamil, quinidine, and reserpine (Tsuruo 

et al., 1981; Pastan & Gottesmann, 1988). Verapamil and 

quinidine appear to be competitive inhibitors of transport 

(Gottesmann & Pastan, 1988). Evidence also indicates that 

verapamil may bind to P-glycoprotein, thereby blocking its 

function (Beck, 1987). In this study, verapamil was used 

as a modulator of P-glycoprotein to confirm the presence or 

absence of P-glycoprotein in the MCF-7 cell lines. 

Non P-qlycoprotein-mediated Resistance 

Cell lines have been developed which display multidrug 

resistance but do not overexpress P-glycoprotein. These 

cell lines may be drug resistant through changes in 

cellular metabolic systems which aid in detoxification of 

the cytotoxic agent, changes in subcellular distribution of 

drug, alterations in the target of the drug, or changes in 

DNA repair capabilities (Bellamy et al., 1988). Metabolic 

enzyme systems that may play a role in drug resistance 

include: 1) glutathione S-transferase, glutathione 

peroxidase, and DNA topoisomerase II (Moscow & Cowan, 
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1988). For example, there is evidence implicating altered 

topoisomerase activity in resistant cells of the human 

leukemia cell line CEM. The CEM line was made resistant to 

teniposide (VM26), and it displayed cross-resistance to 

etoposide and anthracyclines, as is usual in MDR cells, but 

remained sensitive to vinca alkaloids, whereas MDR cell 

lines are resistant to vinca alkaloids (Danks et al., 

1987). The VM26 resistant cells, however, showed no 

difference in drug transport. 

A mitoxantrone resistant human colon carcinoma cell 

line recently characterized showed decreased intracellular 

accumulation of mitoxantrone at one hour exposure. The 

Widr mitoxantrone resistant cell line (Widr/R) does not 

overexpress P-glycoprotein, as determined by immunoblot 

analysis using the C219 monoclonal antibody. Verapamil 

did not reverse resistance to mitoxantrone (Dalton, et al., 

1988). The Widr/R cell line has enhanced efflux of 

mitoxantrone. after a one hour exposure, as compared to the 

parental sensitive cell line. No significant difference 

was seen between the resistant and sensitive cell lines 

during the first 60 seconds of drug accumulation. 

Altered Drug Transport 

There is emerging evidence that alterations in 

membrane transport are one mechanism of multidrug 

resistance (Sirotnak et al., 1979). The resistance of 
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tumor cells can be correlated to the level of intracellular 

drug accumulation, although there are reported cases in 

which accumulation and resistance are not related {Marsh et 

al., 1986). Impaired membrane transport of methotrexate 

has been established as an important mechanism of 

resistance (Mccormick et al., 1981). This transport defect 

was found in the L1210 lymphoma cell line. The transport 

system for methotrexate is shared by the carrier for folate 

compounds. Because the cell lines resistant to 

methotrexate could be maintained in vitro, a second carrier 

system for folates was suggested, and has recently been 

found (Sirotnak et al., 1987). Altered membrane transport 

was also found in multidrug resistant Chinese hamster lung 

cells (Sirotnak et al., 1986). Data indicated evidence for 

carrier mediated influx of vincristine. 

Classical Cellular Pumps 

Energy dependent transport is usually defined in a 

system such as Na+/Glucose Symport, where secondary active 

transport of glucose in renal and intestinal cells is 

mediated by a symport mechanism in which sugar movement 

across the plasma membrane is coupled to movement of Na+ 

down its electrochemical potential gradient {Crane, 1977). 

Other membrane pumps include: Na+/K+ ATPase, and Ca2+ 

ATPase {Carter-Su & Kimmich, 1979; Kennedy & Lever, 1985). 

Mechanisms for transporting amino acids, nucleic acid 
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precursors, carbohydrates, vitamins, growth factors, and 

inorganic ions (mentioned above) have also been identified 

(Sirotnak et al., 1979). 

Multidrug Resistance in Two MCF-7 Cell Lines 

Two resistant sublines have been developed from the 

parental sensitive MCF-7 line (MCF7/S) (Table 1). One 

subline is resistant to mitoxantrone (MCF7/Mitox), and the 

second is resistant to doxorubicin (MCF7/D40). These cell 

lines were recently reported to be cross-resistant to 

anthracenes, anthracyclines, and vinca alkaloids (Taylor et 

al., 1989). The MCF7/Mitox are also resistant to 

alkylating agents melphalan and cisplatinum, whereas 

MCF7/D40 are not. MCF7/D40 cells overexpress P-

glycoprotein by Western blotting with the monoclonal 

antibodies C219 and JSB1, and by mRNA analysis using the p~ 

CHP-1 probe developed by Riordan et al., 1985. MCF7/Mitox 

cells have no detectable P-glycoprotein by these methods 

(Taylor et al., manuscript submitted). Resistance in the 

MCF7/Mitox line is not reversed by chemomodulators such as 

verapamil, whereas resistance in the MCF7/D40 cell line is. 

The MCF7/Mitox cell line is cross-resistant to Gramacidin-

D, an ionophore which creates pores through the membrane, 

thereby allowing ions and molecules to enter the cell. 

Resistance to Gramacidin-D suggests an energy dependent 

pump or carrier system (Gerlach et al., 1986). Preliminary 
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Characteristic 

aP-glycoprotein 
expression 

bDrug Accumulation 

cEffect of chemo-
modulators 

MCF7/S MCF7/Mitox 

absent 

none 

absent 

decreased 

none 

MCF7/D40 

present 

decreased 

reversed 

a P-glycoprotein expression was determined by monoclonal 
antibody and Northern Blotting analysis 

b Drug accumulation measured after one hour exposure to drug 

c Chemo-modulators were verapamil, amiodarone, quinine 
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data showed decreased drug accumulation compared to the 

MCF7/S line in both MCF7/Mitox and MCF7/D40 cell lines. 

Mitoxantrone is a anthracenedione derivative which is 

clinically useful in the treatment of breast cancer, 

leukemias, and non-Hodgkin's lymphomas (Dalton et 

al.,1988). Doxorubicin is an anthracycline that is active 

in the treatment of breast cancer non-Hodgkin's lymphomas, 

acute leukemias, and ovarian carcinomas (Dorr & Fritz, 

1980). Both compounds possess dihydroxyquinones (Figure 

2). Doxorubicin intercalates into DNA (Di Marco et al., 

1971), and inhibits DNA topoisomerase II (Tewey et al., 

1984). 

Hypothesis 

Preliminary data on the cross-resistance patterns of 

the MCF7/Mitox cell line, and the decreased drug 

accumulation in the absence of P-glycoprotein, led to the 

hypothesis that one mechanism of decreased drug 

accumulation in the MCF7/Mitox cell line may be partially 

due to an energy dependent membrane efflux pump unrelated 

to P-glycoprotein. 

Experimental Approach 

If decreased intracellular drug accumulation in the 

resistant MCF7/Mitox line is due to an energy dependent 
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membrane efflux pump, as is P-glycoprotein, depleting cells 

of an energy source such as ATP should cause both resistant 

well lines to accumulate drug up to levels similar to the 

MCF7/S cell line. At normal cellular ATP levels, ranging 

from 38.5 to 52.3 ng ATP/ fig protein, resistant cell lines 

should efflux drug; however, with no energy source, the 

resistant cells will display decreased efflux of drug. 

If the effects of verapamil are limited to reversing 

P-glycoprotein, net drug accumulation in the MCF7/Mitox 

cells should not be affected by the presence of verapamil 

whereas MCF7/D40 cells should accumulate drug at 

concentrations comparable to the MCF7/S line, due to the 

ability of verapamil to interfere with P-glycoprotein. 

Purpose of Study 

The purpose of this thesis was to carry out studies to 

determine the possible mechanisms of decreased 

intracellular drug accumulation in the MCF7/Mitox cell 

line. Comparisons between MCF7/D40, known to overexpress 

P-glycoprotein, and MCF7/Mitox, which does not overexpress 

P-glycoprotein, will be made. Specific objectives set to 

fulfill this purpose include the following: 

I. Evaluation of the dose response and exposure time 

for cytotoxicity of mitoxantrone in each MCF-7 cell line 

will be evaluated by the following parameters: 
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1. Cytotoxicity indicated by decreased metabolism, 

of MTT dye 

2. Inhibition of colony formation 

II. The mechanism of decreased intracellular drug 

accumulation will be elucidated by examining: 

1. Drug accumulation after a one hour exposure to 

mitoxantrone 

2. One hour accumulation of mitoxantrone in the 

presence and absence of verapamil 

3. Measurement of mitoxantrone efflux in drug-free 

media 

4. Accumulation and efflux of mitoxantrone in 

cells depleted of ATP 

5. Measurement of rapid influx of mitoxantrone 
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CHAPTER II 

MATERIALS AND METHODS 

Cell Lines and Culture 

The MCF-7 parent cell line was obtained from the 

American Type Culture Collection (ATCC, Rockville, MD). 

The two drug resistant variants were selected by chronic 

exposure in vitro to mitoxantrone and doxorubicin (Taylor 

et al, manuscript submitted). The MCF-7 cells were grown 

as adherent monolayers in RPMI 1640 medium supplemented 

with 5% (v/v) fetal bovine serum (Whittaker M.A. 

Bioproducts, Walkersville, MD), 1% (v/v) penicillin (100 

units/ml), 1% (v/v) streptomycin (100 pg/ml), and 1% (v/v) 

L-glutamine (GIBCO, Grand Island, NY); this is called RPMI 

complete media. Cells were maintained at 37°C in a 5% CO2-

95% aix- atmosphere. Fetal bovine serum was increased to 

10% (v/v) in the resistant cell lines when the cells were 

not doubling within 48 hours. In addition to increasing 

serum until the cells began to grow steadily, higher cell 

concentrations were seeded in flasks to enhance growth. 

MCF7/Mitox and MCF7/D40 cells were grown in 8 x 10"®M 

mitoxantrone and 4 x 10"7M doxorubicin, respectively. 

Prior to any experiments, cells were maintained in drug-

free medium for at least one week to allow cells to recover 

from drug treatment. 
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Reagents 

Mitoxantrone was obtained from Lederle/Cyanamid of 

Great Britain, Limited (Hamshire, UK); doxorubicin from 

Adria Laboratories (Columbus, OH); sodium azide from Sigma 

Chemical Co. (St. Louis, MO); dye reagent concentrate from 

Bio-Rad Laboratories (Richmond, CA); ATP from Turner 

Designs (Mountain View, CA); D-Luciferin from Sigma 

Chemical Co.; and recombinant Luciferase from Amgen 

(Thousand Oaks, CA). [14C]Dox (specific activity 23.3 

mCi/mmole, 40.2 /iCi/mg) obtained from SRI International 

(Menlo Park, CA); [14C]Mitox (specific activity 8.1 

mCi/mmole, 18.2 /iCi/mg) obtained from Research Triangle 

Institute (Research Triangle Park, NC). 

Cytotoxicity Assay 

A modified MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium) dye assay was used to determine 

cytotoxicity (Carmichael et al., 1987; Denizot 6 Lang, 

1986). This assay based on the ability of the mitochondria 

in viable cells to metabolize MTT to a blue formazan 

product. The percent survival is determined from the 

optical densities of cells treated with drug divided by 

cells untreated and multiplied by 100. Cells were plated 

in 9 6-well microtiter plates (Falcon, Becton Dickinson and 

Company, Oxnard, CA) in 0.2 ml of media containing 

appropriate concentration of drug in replicates of 8. For 
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MCF7/S, 3 x 104 cells were plated , and 1 x 105 cells were 

plated for each resistant line. The number of cells plated 

was based on growth curves done previously. After an 

incubation of 4 days at 37°C, 50 pi of MTT dye was added to 

each well and incubated 4 hours. The media containing dye 

was then aspirated, 100 pi dimethyl sulfoxide (DMSO) was 

added to each well to solubilize the formazan product, 

plates were mechanically agitated for 5 minutes and optical 

density at 570nm was measured on a microplate reader 

(Dynatech Labs, Alexandria, VA). 

Colony Forming Assay 

Clonogenic assays were used to confirm the MTT assay 

(Malinin & Perry, 1967). Cells were plated in 6-well 35mm 

plates (Falcon, Becton Dickinson and Company, Oxnard, CA) 

at concentrations of 1,000 cells/well of MCF7/S and 

MCF7/D40, and 1,500 cells/well of MCF7/Mitox. Cells were 

cultured two days in RPMI complete, and then incubated at 

37°c for either one hour or continuously with varying 

concentrations of mitoxantrone. Cells treated for one hour 

were washed with phosphate buffered saline (PBS) and 

cultured in drug-free RPMI complete media. After 16 days 

the dishes were stained with 0.5% crystal violet in 95% 

ethanol. Colonies of at least 50 cells were counted. 

Percent survival was based on growth of control colonies. 
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Drug Accumulation Experiments 

Cells were plated in 6-well 35mm Falcon culture dishes 

at a concentration of 1 x 106 cells per well. Cells were 

cultured for two days in RPMI complete medium (5% fetal 

bovine serum). The medium was replaced after 24 hours. 

Cells were incubated in RPMI complete medium containing 2% 

fetal bovine serum two hours prior to the drug 

accumulation. When verapamil was used, cells were exposed 

to 6 fig/ral verapamil at 37 °C for 15 minutes prior to and 

during the one hour incubation with 10 /*M 14C-mitoxantrone. 

At the end of one hour, the cells were placed on ice and 

washed twice with ice cold PBS. Cells were then 

trypsinized, placed in vials, and digested with 0.2 N NaOH; 

scintillation cocktail was added, and the counts per minute 

(cpm) determined by liquid scintillation counting. The 

amount of intracellular mitoxantrone was determined by 

subtracting the instantaneous surface bound 14C-

mitoxantrone, measured at 0°c, from the total amount 14C-

mitoxantrone recovered. Intracellular drug accumulation 

was normalized to both 1 x 106 cells and to total protein. 

Drug Efflux Studies 

Cells were incubated with 14C-mitoxantrone for one 

hour without verapamil as described above. Each cell line 

was exposed to a concentration of mitoxantrone which would 

give equivalent intracellular counts at one hour 



27 

accumulation (7.26 fill for MCF7/S; 35.37 pM for MCF7/Mitox; 

11.71 fiM for MCF7/D40). These concentrations were 

calculated from a linear regression analysis of a previous 

one hour accumulation with varying concentrations of 

mitoxantrone. At the end of one hour, cells were placed on 

ice and washed once with ice cold PBS. Cells were then 

placed in drug-free RPMI complete media (2% fetal bovine 

serum) and incubated at 37°C for up to 60 minutes. At the 

end of each time period, cells were washed, trypsinized, 

digested with NaOH, and counted as described previously in 

this section. Efflux at each time point was determined by 

dividing cpm mitoxantrone by cpm mitoxantrone at time 0 

(one hour accumulation) and multiplying by 100. 

Accumulation and efflux in cells depleted of ATP was 

measured by the same method. 

ATP Determination 

ATP was measured from 1 x 106 cells plated in 6 well 

plates and cultured for two days as in accumulation and 

efflux studies previously described. Wells were washed 

with PBS and 500 pi 5% trichloroacetic acid was added to 

lyse the cells and extract the ATP (Dorr et al., 1988). 

Precipitated protein was solubilized with 0.1% SDS in 0.5 N 

NaOH. Samples were frozen at -80°C until assayed. ATP 

levels were then determined photometrically using a 

luciferin-luciferase bioluminescent assay (1251 
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luminometer; LKB-Wallac, Finland; Turner Instruments and 

reagents, Mountain View, CA). The samples were diluted 

1:200 with 0.025 M HEPES buffer, pH 7.75, and 200 /il was 

placed into luminometer cuvettes. One hundred microliters 

of luciferin-luciferase in stabilizing buffer was 

automatically dispensed into the sample. The amount of ATP 

in each sample was calculated from a standard curve of 200 

ng/ml to 10 ng/ml ATP. ATP was expressed as ng ATP//xg 

cellular protein. 

Protein Determination 

Protein was determined using the Bio-Rad dye-binding 

assay (Bio-Rad Laboratories). Bovine serum albumin (BSA) 

was used as standards. 15 jil sample and 1, 2, 4, 8, 12, 

16, and 20 fil of 1 mg/ml BSA were digested in 0.5 N NaOH 

for 5 minutes. Samples and standards were brought up to 

800 fil with deionized, distilled water, and 200 fil Bio-Rad 

dye was added. After 5 minutes, samples and standards were 

vortexed, and optical density was read at 600nm using a 

Biomek 1000 spectrophotometer (Beckman Instruments, Inc., 

Fullerton, CA). 

ATP Depletion 

It has been previously reported that cellular ATP can 

be depleted up to 100% by treatment with NaN3, rotenone, 

iodoacetate, or dinitrophenol (Carter-Su & Kimmich, 1979; 
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Plagemann et al., 1985; Fry et al., 1980). After 

preliminary experiments with varying dose and exposure of 

NaNa, and ensuring cell viability using trypan blue 

exclusion, parameters were determined for ATP depletion 

with at least 90% cell viability. ATP was depleted by a 

two hour treatment of glucose-free RPMI 1640 media 

supplemented with 2% (v/v) fetal bovine serum, 1% (v/v) 

penicillin (100 units/ml), 1% (v/v) streptomycin (100 

fig/ml), 1% (v/v) L-glutamine, and 10 mM NaN3. 

Drug Influx Experiments 

Cells were plated and cultured as in the one hour 

accumulation experiments. Cells were exposed to 10 

mitoxantrone for 5, 10, 15, 20, 40, and 60 seconds at 37°C. 

Transport was quenched with ice cold PBS, and cells were 

placed on ice and washed with ice cold PBS. Cells were 

then trypsinized, digested, and counted as previously 

described in this section. Intracellular mitoxantrone was 

determined by subtracting the instantaneous surface bound 

drug measured at 0°C from total cpm mitoxantrone as 

described before. 

Statistics 

The p-values for the comparison of drug accumulation 

with and without verapamil were calculated using a two-

sample independent t test. The 95% confidence limits of 
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the mitoxantrone efflux were determined from each linear 

portion of the curves (Mood et al., 1974). The efflux 

curves were estimated to be biphasic. The slopes of efflux 

and influx curves were evaluated by Analysis of Covariance 

(Snedecor & Cochran, 1980). 
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CHAPTER III 

RESULTS 

Mitoxantrone Cytotoxicity Studies 

Cytotoxicity assays were carried out with both a one 

hour exposure and a continuous exposure of cells to 

mitoxantrone using colony forming assays or the MTT assay. 

Figure 3 compares the dose response curves against 

mitoxantrone using the colony forming assay. The top panel 

shows the results of a one hour exposure to mitoxantrone, 

and the bottom panel shows the survival of cells after a 

continuous exposure. The 50% inhibitory concentration 

(IC50) of mitoxantrone at a continuous exposure was 

approximately 8.57 x 10~7 M and was greatest for the 

MCF7/Mitox cell line, and was 5.93 x 10"8 M, and the lowest 

for the MCF7/S cell line. The IC50 was consistently lower 

by 6 to 181 fold with the colony forming assays, compared 

to MTT assays. This is probably due to the ability of this 

method to measure the ability of the cells to divide and 

form colonies, whereas the MTT dye assay measures 

mitochondrial function rather than actual growth 

inhibition. In the MTT assay during a continuous exposure 

to mitoxantrone, MCF7/Mitox cells were 320 fold more 

resistant to mitoxantrone than the MCF7/S cells, and 0.03 
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fold more resistant than the MCF7/D40 cells. In the 

cloning assay, MCF7/Mitox cells are approximately 10 fold 

more resistant than either MCF7/S or MCF7/D40 cells during 

a one hour exposure to mitoxantrone. 

One Hour Drug Accumulation 

MITOXANTRONE +/- VERAPAMIL 

Figure 4 illustrates mitoxantrone accumulation with a 

one hour exposure to 10 /*M 14C-mitoxantrone in the presence 

and absence of 6 /ig/ml verapamil. Both resistant cell 

lines have decreased intracellular accumulation of 

mitoxantrone compared to the sensitive cell line. 

Verapamil increased the accumulation of mitoxantrone in the 

MCF7/D40 cell line to levels statistically significant to 

MCF7/S cells (p=0.3544). The presence of verapamil did not 

increase the intracellular accumulation of mitoxantrone in 

the MCF7/Mitox cell line to levels achieved in the MCF7/S 

cell line; however, verapamil did significantly increase 

accumulation of mitoxantrone compared to baseline 

(p=0.0045). This effect of verapamil and mitoxantrone has 

been observed previously in this laboratory in other cell 

lines (data not shown), and could be due to an interaction 

between these two drugs. Verapamil does not reverse 

resistance in the MCF7/Mitox cell line in colony forming 

assays or in the MTT cytotoxicity assay (data not shown). 
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The effect of verapamil in the MCF7/D40 cell line is 

consistent with that seen in other P-glycoprotein positive 

cell lines (Pastan & Gottesman, 1986). 

DOXORUBICIN 

Each cell line was exposed to doxorubicin for one hour 

using 10 /jM and 1.0 /^M drug (Figure 5). Ab seen in the one 

hour accumulation with mitoxantrone, both resistant cell 

lines accumulated less drug than the sensitive cell line. 

Drug Efflux Studies 

MITOXANTRONE EFFLUX 

The observation of a decreased drug accumulation in 

cell lines containing P-glycoprotein is putatively due to 

enhanced drug efflux (Gottesman & Pastan, 1988). To 

elucidate decreased drug accumulation in the P-glycoprotein 

negative MCF7/Mitox cell line, efflux of mitoxantrone was 

studied. Figure 6 illustrates mitoxantrone efflux 

following a one hour exposure to drug (a one hour drug 

accumulation as described previously). After one hour 

efflux of mitoxantrone, MCF7/Mitox cells have 6.5% of the 

drug remaining. The MCF7/D40 cells retain 53.4% of the 

initial concentration of mitoxantrone, and MCF7/S cells 

contain 95.0% mitoxantrone. Both resistant cell lines have 

an enhanced drug efflux which appears to be biphasic, with 
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the most pronounced efflux occurring within the first 5 

minutes. After 5 minutes, efflux appears to stabilize in 

both the resistant cell lines. The MCF7/Mitox cells were 

able to efflux mitoxantrone steadily from 5 minutes to 60 

minutes, but at a rate statistically comparable to the 

MCF7/D40 cells. The MCF7/S cell line was only able to 

efflux 5% of the mitoxantrone. 

Table 2 compares the rates of efflux between each cell 

line using 95% confidence intervals for the efflux curves 

and slopes of the curves. In the first 5 minutes of drug 

efflux the slopes are significantly different overall 

(p=0.0059) between the MCF7/S and MCF7/Mitox and MCF7/D40 

cell lines. In the second phase of the curves, after 10 

minutes, the slopes are not significantly different overall 

(p=0.6354) compared to each other, implying that the rates 

of drug efflux are not different. 

EFFLUX IN ATP DEPLETED CELLS 

P-glycoprotein is dependent on ATP for drug efflux 

(Chin et al., 1989; Hamada & Tsuruo, 1988). Since enhanced 

drug efflux was seen in MCF7/Mitox, we determined whether 

the efflux was dependent on ATP. Table 3 gives the 

conditions for depleting ATP without affecting cell 

viability for each cell line as measured by dye exclusion. 

A two hour treatment with glucose-free medium containing 
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Table 2. Rate of mitoxantrone efflux in MCF7/S, MCF7/Mitox, and MCF7/D40 Cell 
Lines 

0-5 minutes efflux 

cell "ne 

MCP7/S 

MCF7/MII0X 

MCF7/D40 

alQQfi 95% Confidence Interval Intercept 

0.05 (-4.95,5.05) 104.4 

-10.49 (-16.4,-AS) 85 J 

-5.21 (-€.41 ,.2.02) 95J3 

B5% Confidence Intervm 

(69.7,119.1) 

(67.8,102.8) 

(85.9,104.7) 

Overall, slopes are significantly different (p=0.0059) 

efflux after 10 minutes 

Mil line slope 

MCF7/S -0.263 

HCF7/MI10X -0.280 

UCF7/D40 -0.186 

95% Confidence Interval Intercept 

(-0.49,-0.04) 125.51 

(-0.42,-0.14) 41.60 

(-0J4.-0.13) 63.96 

Overall, slopes are qq] significantly different (p=0.6354) 
Intercepts between the throe cell lines aro significantly different (p<0.00l) 

95% Confidence Interval 

(1122,138.8) 

(33.1,50.1) 

(60.5,57.4) 
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Table 3. Depletion of ATP by NaN3ln MCF7S, MCF7/Mitox, and MCF7/D40 Cell Lines 

% Viability % Viability 
Qgll Line ATP(-) NatJa* ATP M10 mM NaN., % ATP Remaining" of Untreated Cells' of ATP Depleted Cells 

MCF7/S 30.5 +/• 14.4 5.1 W-1.9 13.2+/-Z9 95,6 95.4 

MCF7/Mltox 52.3 12.0 5.0 +/- 2.6 11.1 +Z-2.3 88.8 90.1 

MCF7/D40 48.2+/. 13.8 12.6+V-7.5 26,1+/-7.0 91.0 94.6 

1 Expressed as ng ATP/kj protein 

b Calculated by |ATP] (•) NaN, x 100 

[ATP] (-) NaNa 

' Viability determined by Trypan Blue Exclusion 
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10 mM NaN3 depleted ATP levels to 11.1 to 26.1% of control. 

Cell viability in ATP depleted cells was approximately 

90.1%, as measured by trypan blue exclusion. 

Figure 7 illustrates efflux of mitoxantrone in cells 

depleted of ATP. Efflux is decreased in each cell line, 

demonstrating energy dependence. After one hour drug 

efflux in cells depleted of ATP, MCF7/Mitox retained 69.6%, 

compared to 31.3% in control MCF7/Mitox where ATP levelB 

were normal. In MCF7/D40 ATP depleted cells, 77.0% of the 

drug was retained at one hour compared to 30.8% in non-ATP 

depleted cells. In MCF7/S ATP depleted cells there was no 

difference in drug retention between the two conditions. 

Drug Influx Experiments 

Rapid influx of mitoxantrone is illustrated in Figure 

8. Cells were exposed to 10 yiM mitoxantrone for various 

time intervals up to one minute. The influx curves were 

statistically analyzed for significant differences by 

testing for homogeneity of the slopes. Overall, the slopes 

are statistically different (p<0.0001). Influx of 

mitoxantrone in MCF7/D40 compared separately to both 

MCF7/Mitox and MCF7/S was significantly greater 

respectively (p<0.0001). MCF7/Mitox and MCF7/S slopes 

compared were p=0.0569,and were assumed to be the same. 
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CHAPTER IV 

DISCUSSION 

Mitoxantrone Cytotoxicity 

During this project, it was essential to periodically 

confirm the cytotoxicity of mitoxantrone in each cell line. 

This was done to confirm the sensitivity of the MCF7/S cell 

line, and resistance to drug in the MCF7/Mitox and MCF7/D40 

cells. Both the MTT dye assay (Carmlchael et al., 1987) 

and the clonogenic assay were useful in verifying 

resistance for MCF7/Mitox and MCF7/D40 compared to the 

sensitive parent cell line (MCF7/S). 

Decreased Intracellular Drug Accumulation 

Decreased accumulation of mitoxantrone and doxorubicin 

was observed in the MCF7/D40 cell line. This observation 

is due to the presence of the putative membrane efflux 

pump, P-glycoprotein. Verapamil increased intracellular 

drug to levels achieved by sensitive cells. In the P-

glycoprotein negative MCF7/Mitox cell line, however, 

decreased intracellular accumulation of mitoxantrone and 

doxorubicin were also observed. Verapamil did not increase 

drug accumulation to levels of MCF7/S, verifying the 

absence of P-glycoprotein. The ability to accumulate less 

drug than sensitive cells suggests a drug efflux mechanism 
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present in MCF7/Mitox cells. Resistance to Gramacidin-D 

supports an energy dependent efflux pump, as this 

resistance has been seen in cell lines that contain P-

glycoprotein (Gerlach et al., 1986). 

Enhanced Drug Efflux 

MCF7/D40 cells display an enhanced efflux of 

mitoxantrone. This is expected due to the presence of P-

glycoprotein. The MCF7/Mitox cell line also shows enhanced 

drug efflux, at least partly explaining decreased 

accumulation of drug. Both resistant cell lines were able 

to efflux a significant amount of drug rapidly within the 

first 5 minutes of incubation in drug-free media. 

MCF7/Mitox were most effective in effluxing mitoxantrone, 

as seen in Figure 6. This could be because resistance was 

selected with mitoxantrone, whereas doxorubicin was used in 

the MCF7/D40 cell line, and MCF7/Mitox are more efficient 

in handling mitoxantrone. MCF7/Mitox, however, also 

accumulated less doxorubicin than MCF7/D40 (Figure 5). 

From this observation, the MCF7/Mitox do not appear to 

accumulate less mitoxantrone preferentially. 

ATP Dependence of Drug Efflux 

In cells depleted of ATP, efflux of mitoxantrone was 

decreased in the resistant cell lines. Energy dependence 

of drug efflux was expected in the MCF7/D40 cell line, 
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since P-glycoprotein utilizes ATP (Chin et al., 1989; 

Hamada & Tsuruo, 1988). ATPase activity varies in 

differing conditions of pHf and Mg2+. The maximum activity 

of purified P-glycoprotein was 1.7 nmol/mg/min when 100 /*M 

ATP was used (Hamada & Tsuruo, 1988). MCF7/Mitox cells 

appear to be dependent on ATP for efflux of raitoxantrone. 

This evidence could suggest an energy dependent drug efflux 

pump distinct from P-glycoprotein, but does not exclude 

other explanations for apparent drug efflux. 

Decreased intracellular drug in resistant cells could 

result from alterations in drug binding, causing more drug 

to be available for efflux out of the cell. Drug that is 

retained is presumably tightly bound. Mitoxantrone has 

been found to bind persistantly to soluble cytoplasmic 

proteins, and to cytokeratins (Roberts, et al., 1989). Beck 

et al. reported energy dependent reduced drug binding in 

CEM/VLB1oo cells (Beck et al., 1983). Cells resistant to 

vinblastine accumulated less drug than sensitive cells, 

apparently due to alterations in energy dependent drug 

binding. This mechanism could be involved in the decreased 

intracellular drug accumulation observed in the MCF7/Mitox 

cell line. 

Drug Influx 

MCF7/S and MCF7/Mitox showed no difference in rapid 

influx of mitoxantrone. MCF7/D40, however, was 
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significantly different from each of the other two cell 

lines. MCF7/D40 contained more intracellular mitoxantrone, 

as shown in Figure 8. 

Drug influx was measured in the first 60 seconds of 

exposure to minimize drug efflux. Drug accumulation is a 

dynamic process involving drug influx and drug efflux. 

Steady state levels of intracellular drug occur when this 

process is balanced; drug influx equals drug efflux. 

Efflux as well as influx of drug are presumably concurrent. 

While it is possible to measure drug efflux without influx 

interferring (by preloading cells to equivalent 

intracellular drug concentrations), it is difficult to 

block drug efflux without altering normal cellular 

processes. Inhibitors of cellular pumps such as ouabain 

could be used; however, use of another drug in a system 

introduces more variables that must be explained. 

Summary 

Through my research I have shown that decreased 

intracellular accumulation of mitoxantrone in the 

MCF7/Mitox cell line is at least partially due to energy 

dependent drug efflux. MCF7/D40 cells served as the 

positive control in that P-glycoprotein is an energy 

dependent drug efflux pump. Dependence on ATP was 

demonstrated by depleting ATP and decreasing drug efflux in 

both MCF7/Mitox and MCF7/D40. Rapid influx of mitoxantrone 
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does not appear to govern the extent of intracellular drug 

accumulation. 

Future Studies 

Further studies in the MCF7/Mitox cell line should be 

directed toward determining if decreased intracellular drug 

accumulation is due to an alternate drug efflux pump. Two 

approaches could be taken: 1) generating a monoclonal 

antibody to a unique protein in the MCF7/Mitox cell line; 

and 2) constructing a cDNA library and looking for 

differential gene expression in MCF7/Mitox. A unique 

protein or expression of a differential gene in the 

MCF7/Mitox cell line could be a mechanism of multidrug 

resistance. The unique protein would have to be shown to 

function in conferring multidrug resistance to both the 

MCF7/Mitox and MCF7/S cell lines. 
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LIST OP ABBREVIATIONS 

VM26 Teniposide 

Mitox Mitoxantrone 

Dox Doxorubicin 

ATP adenosine triphosphate 

MTT 3-(4,5-dimethylthiazol-
2-yl) -2,5-diphenly 
tetrazoliura 

DMSO dimethyl sulfoxide 

PBS phosphate buffered 
saline 

NaOH sodium hydroxide 

NaN3 sodium azide 

BSA bovine serum albumin 

IC50 Inhibitory concentration 
at 50% 

fi M micromolar 

mM millimolar 

ng nanogram 

nm nanometer 

fil microliter 

fiCi microcurie 
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