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ABSTRACT 

Tumor cells in cancer patients acquire drug resistance as a result of 

chemotherapy. One type of acquired drug resistance is multidrug resistance 

(MDR) caused by the overexpression of P-glycoprotein, a transmembrane 

efflux protein. Inhibitors of P-glycoprotein or chemosensitizers such as 

verapamil are used to reverse MDR in cancer patients. Clinical studies have 

shown that some patients with P-glycoprotein positive cancer cells respond to 

the chemosensitizing effect of verapamil. However, this response is short 

lived and tumor cells become resistant to chemosensitizers. In order to study 

the mechanism of resistance to chemosensitizers, a human myeloma cell 

line, 8226/MDR10V, was selected from a P-glycoprotein positive cell line, 

8226/Dox40, in the continuous presence of doxorubicin and verapamil. 

MDRlOV cells are consistently more resistant to MDR drugs than the parent 

cells, Dox40. Chemosensitizers were less effective in reversing resistance in 

the MDRlOV compared to D0X40 cells. Despite higher resistance to cytotoxic 

agents, MDR10V expresses less P-glycoprotein in the plasma membrane 

compared to Dox40. However, total cellular P-glycoprotein was the same in 

both cell lines suggesting a relocation of P-glycoprotein from plasma 

membrane into cytoplasm. Confocal immunofluorescence microscopy 

showed 2.5X more P-glycoprotein in the cytoplasm of MDR10V cells as 

compared to D0X40 cells. The relocation of P-glycoprotein was associated with 

a redistribution of doxorubicin. In D0X40 cells, doxorubicin was concentrated 

in the nucleus, whereas in MDRIOV cells, 90% of doxorubicin was found in 

the cytoplasm. We hypothesized that P-glycoprotein trafficking from the 

_____________ •••• __ 0-0-.---
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endoplasmic reticulum to the plasma membrane may be interrupted 

resulting in a higher concentration in the cytoplasm. To test this hypothesis, 

endoglycosidase H sensitivity of newly sensitized P-glycoprotein was 

examined. Medial Golgi processing of P-glycoprotein was identical between 

the two cell lines and the N-glycosylation of P-glycoprotein was complete by 3 

hours. No mutations were found in MDR1 cDNA from MDR10V cells 

compared to Do"40 cells. These results suggest that increased resistance to 

cytotoxic drugs and chemosensitizers is associated with an altered 

intracellular location of P-glycoprotein which in turn causes a redistribution 

of doxorubicin . 

----_. __ .. - .. _.. - ._ ... _ .. _- .... - ........• ---.. --- _ .. 
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CHAPTER 1 

INTRODUCTION 

The use of chemotherapeutic drugs in the treatment of cancer has been 

plagued by the emergence of resistant cells. Patients with malignancies may 

initially respond favorably to chemotherapy. However, a large group of 

patients subsequently relapse and do not respond to further treatment due to 

a selection for drug-resistant cells over time. This is termed "acquired" 

resistance and it frequently occurs in cancer types such as acute myeloid 

leukemia (AML) and small cell lung cancer (SCLC). In contrast to this 

resistance, some common malignancies, such as prostate carcinoma, non

small cell lung cancer (NSCLC) and colon carcinoma, show a poor response to 

chemotherapy even during the initial treatment. These tumors have 

"intrinsic" or "de novo" drug resistance. The basis of intrinsic resistance is 

not fully understood. However, with the exception of resistance based on 

physical barriers for the drugs to reach the tumor cells, it is generally believed 

that acquired and intrinsic resistance display common biochemical processes 

at the cellular level. 

Cellular mechanisms associated with drug resistance in human tumor 

cells, following exposure to antitumor agents, have been extensively 

investigated in the laboratory. One of the most widely studied types of 

cellular drug resistance is multidrug resistance (MDR). Multidrug resistance 

develops following repeated exposure to natural product antineoplastic 

agents. Although the resistant cells have been selected for resistance to a 
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single cytotoxic agent, these cells display a cross-resistance to many other 

structurally and functionally unrelated cytotoxic drugs. Antineoplastic agents 

which are frequently involved in MDR include the vinca alkaloids, 

vincristine and vinblastine; the epipodophyllotoxin derivatives, VP-16 and 

VM-26; the intercalating agent, actinomycin D; the anthracycline antibiotics, 

doxorubicin and daunorubicin; and mitomycin-Co Some investigators have 

reported that even certain antimetabolites such as trimetrexate and synthetic 

compounds such as mitoxantrone may be involved in the MDR mechanism 

(Assaraf et al. 1989, Dalton et al. 1986). Early studies of MDR cells showed that 

these cells were able to maintain a lowered intracellular drug concentration 

through an increased activity of an ATP-dependent drug efflux. Later this 

was associated with an overexpression of a 170 kD plasma membrane 

glycoprotein called P-glycoprotein (P-gp), ("P" for permeability). 

P-glycoprotein is the product of MDRI gene. 

A direct correlation between the amount of P-gp and the degree of 

resistance has been established in vitro both in rodent and human MDR cell 

lines that are selected with different cytotoxic drugs (Kartner et al. 1983, 

Kartner et al. 1985, Dalton et al. 1989b). To evaluate the role of P-gp in clinical 

drug resistance, more specific and sensitive techniques of detection of P-gp or 

MDR1 were developed to detect minute concentrations that may be present in 

small tissue specimens. This resulted in a new finding that P-gp is also 

expressed in certain normal tissues and normal circulating cells (Fojo et al. 

1987, Chaudhary et al. 1992, Klimecki et al. 1994). Thus, not only the assays for 

detection of P-gp have to be specific and sensitive, but they also must be able 

to discriminate between normal and neoplastic tissues. In light of these 

-----------_._._ .. _-- --.- ------------------
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critical factors in detection of P-gp in clinical specimens, a correlation exists 

between expression of P-gp or MDR1 in human tumors and treatment 

failures of the drugs associated with MDR (Goldstein et al. 1989, List et al. 

1993, Sikic, 1993, Dalton et al. 1994). However, this correlation appears to be 

stronger in hematologic malignancies than in solid tumors (List et al. 1993, 

Dalton et al. 1994, Sikic 1993). 

Ever since P-gp was implicated in clinical drug resistance, means of 

circumventing this efflux pump have been investigated. Tsuruo et al. (1981) 

reported that calcium channel antagonist, verapamil, can increase the 

intracellular accumulation of cytotoxic drugs by blocking P-gp drug efflux. 

This resulted in reversal of drug resistance in P388 leukemia in vivo and in 

vitro. Subsequently, many other agents that can inhibit P-gp function such as 

quinine and quinidine, calmodulin inhibitors such as phenothiazines, and 

cyc1osporine have been identified. These agents are called 

"chemosensitizers". How these compounds inhibit P-gp is poorly 

understood. However, several chemosensitizers including verapamil and 

cyclosporin A are believed to bind P-gp and compete for binding of cytotoxic 

drugs. 

Verapamil was the first chemosensitizer used in clinical trials. The 

results of phase I clinical trials indicated that patients with P-gp positive 

tumors responded to a combination chemotherapy of cytotoxic drugs and 

verapamil. However, this response was transient, indicating that tumor cells 

were becoming resistant to the chemosensitizing effect of verapamil. The 

focus of this thesis is to evaluate the mechanism of resistance to the 

chemosensitizing effect of verapamil. 

-----_. __ ._ ..... _ .. _-- .. -.---



20 

Purpose 

To answer the research question: "why malignant cells become 

resistant to the chemosensitizing effect of verapamil?". 

A new human multiple myeloma cell line, 8226/MDR10V, was 

selected in the continuous presence of doxorubicin and verapamil. This cell 

line has the MDR phenotype and it is also resistant to the chemosensitizer 

verapamil which makes it possible to study the mechanisms of resistance to 

the chemosensitizing effect of verapamil. The purpose of this thesis is to 

describe the characteristics of the new cell line and examine the following 

possible mechanisms of resistance to the chemosensitizing effect of verapamil 

in 8226/MDRlOV cell line: 

1. Increased amount of P-glycoprotein 

2. Altered P-glycoprotein 

(2.1) Altered structure of P-gp through mutation or post-translational 

modification 

(2.2) Altered intracellular distribution of P-gp 

3. Alternative non-P-gp mediated MDR mechanisms 

Specific Aims 

1. Assay the level of expression, gene copy, and function of P-gp in 

8226/MDRlOV as compared to the parental cell line, DoX40. 

(1.1) Measurement of P-gp protein level 

(1.1.1) Measure the amount of P-gp using immunoblot analysis 

(1.1.2) Using immunofluorescence and flow cytometry, 

measure surface staining of P-gp in live cells 

-------_._---- ._-_._-------------
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(1.2) Analyze MDR1 mRNA expression using northern blot analysis 

(1.3) Examine MDR1 DNA amplification using southern blot analysis 

(1.4) Analyze P-gp mediated efflux in absence or presence of 

verapamil or cyclosporin A. This is performed by measuring 

intracellular accumulation of doxorubicin using flow cytometry. 

2. Study P-glycoprotein alterations in structure or intracellular 

localization, which may explain the greater MDR and non

responsiveness of 8226/MDRlOV cell line to chemosensitizers 

(2.1) Study P-gp structural alteration(s) 

(2.1.1) Examine P-gp binding affinity for chemosensitizers 

using tritiated-Azidopine photoaffinity labeling of P-gp 

and its binding competition with unlabeled verapamil. 

(2.1.2) Examine MDR1 cDNA sequence of 8226/MDRlOV for 

mutations using Reverse Transcriptase-Polymerase 

Chain Reaction-Single Stranded Conformation 

Polymorphism (RT -PCR-SSCP). 

(2.2) Examine indirectly the effect of P-gp phosphorylation on its 

function using inhibitors of protein kinase C-a.. 

(2.3) Analyze P-gp metabolism and processing 

(2.3.1) Determine the half life of P-gp by 35S-Methionine pulse

chase studies using monoclonal antibody C219 to 

immunoprecipitate P-gp 

(2.3.2) Study P-gp processing and trafficking through the 

secretory pathway by examining the N-glycosylation 

state of newly synthesized P-gp. 

------------------- --- -- -._--------------
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(2.4) Examine the P-gp intracellular localization using indirect 

immunofluorescence and confocal microscopy. 

(2.4.1) Examine doxorubicin intracellular distribution using 

confocal microscopy which may be associated with 

altered P-gp intracellular localization. 

3. Analyze intracellular accumulation of verapamil using 3H-verapamil, 

which may explain the non-responsiveness of 8226/MDRlOV to 

verapamil. 

4. Analyze several known non-p-gp mediated mechanisms of drug 

resistance in 8226/MDRlOV. 

(4.1) Analyze the expression of MRP mRNA using a RT-PCR assay. 

(4.2) Measure the expression of the 110 kD vesicular protein 

associated with cellular entrapment using the monoclonal 

antibody, LRP56, by immunocytochemistry. 

(4.3) Analyze Topoisomerase II-mediated MDR by measuring the 

level of expression and the activity of the enzyme. 

(4.3.1) Assay the level of expression of Topoisomerase II at 

protein and mRNA level using immunoblot and 

northern blots. 

(4.3.2) Examine the catalytic activity of Topoisomerase II using 

the assay of K+ /SDS cleavable complex formation and 

also decatenation assay. 

------- -- ------ ------------
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CHAPTER 2 

LITERA TURE REVIEW 

Drug Resistance and Its Origin 

Chemotherapy has proven to be effective in many cancers, and has led 

to the cure of many childhood and adult cancers such as leukemia, 

lymphomas, sarcomas, choriocarcinomas, and testicular cancers. 

Chemotherapy can improve long-term survival in cancers such as breast 

cancer where there is no evidence of metastasis at the time of presentation 

but where there is a statistical likelihood of recurrent cancer from 

undiagnosed, microscopic metastatic disease. Unfortunately these examples 

of long term survival after chemotherapy represent the minority of cases. 

Most metastatic cancers are either resistant to chemotherapy (intrinsic 

resistance), or respond to chemotherapy but later relapse as cancers that have 

acquired chemotherapy resistance (De Vita 1989, Dalton et al. 1991). 

Resistance to chemotherapy can be due to various factors. These factors 

can either be considered at the level of the entire organism or at the level of 

the individual cells. The factors at the level of the entire organism are mostly 

physiologic factors which are crucial for a successful outcome of therapy. The 

physiologic disposition of drugs includes absorption, distribution, 

metabolism, and elimination, which are significant determinants in 

successful cancer chemotherapy. These factors determine whether an 

effective tumoricidal concentrations of drug is achieved at the site of tumor. 

-----------_. __ . ---- -.------------------
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Drug disposition can easily be manipulated by changing route of 

administration, drug dosage, and scheduling (DeVita 1990). 

A significant component of the drug resistance of tumors resides at the 

level of the individual tumor cells, which is not readily manipulatable. Drug 

resistance in malignant cells can be traced back to the occurrence of genetic 

alterations. These alterations cause spontaneous generation of variant forms 

having different phenotypic and genotypic properties (Goldie et al. 1985). 

Genetic alterations such as mutations, deletions, translocations, and gene 

amplifications can lead to an inheritable form of resistance that is passed on 

from one generation of cells to another.. These changes can lead to altered 

gene products, which may be directly involved in the development of drug 

resistance at the cellular level. The criteria for a genetic basis of a drug 

resistant phenotype is outlined in Table 1 (Ling, 1982). 

The classic Luria-Delbriick fluctuation analysis demonstrated the 

spontaneous generation of mutant bacteria resistant to viral lysis (Luria et al. 

1943). In this analysis, subclonal cultures of a cell population are allowed to 

replicate for an appropriate defined number of generations and then each 

subclone is analyzed for the frequency of resistant colonies. Because of the 

spontaneous nature of generation of mutants, the fluctuation among 

sub clonal populations will be large. These investigators were able to show 

that resistant variants originated spontaneously and randomly and with a 

heritable transmission of their resistance. 

Fluctuation test was also adapted to demonstrate the genetic origin of 

drug resistance in mammalian tumor cell lines. Law (1952) used this test to 

show that the origin of resistance of murine L1210 leukaemic cells to folic acid 

----------- ---- -- ----- -----------------
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Table 1. Criteria associated with a genetic origin of a drug resistant 

phenotype 

1. Phenotype is stably inherited in the absence of selection. 

2. Spontaneous generation of drug resistance phenotype with a rate 

consistent with mutation rates in natural populations. 

3. The frequency of appearance is induced with known mutagens. 

4. An altered gene product can be demonstrated. 

5. Chromosomal localization of the determinant is associated with the 

drug-resistance trait. 

6. An altered gene can be demonstrated at the DNA level. 

(Adapted from Ling 1982, Goldie et a!. 1985) 

------.---....... -- -.-- ... -------------
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antagonists was genetic alteration due to a selection. A rate for the generation 

of drug-resistant mutants in a given cell population can be estimated using 

fluctuation analysis. In established cell cultures, typical spontaneous 

frequencies of mutations for a variety of stably drug-resistant phenotypes 

occur at 10-5 to 10-7 (Ling 1982). The higher mutation rate results in an earlier 

appearance of drug resistance in a tumor cell population. Frequently, smaller 

tumor mass corresponds to the fewer number of doublings which reduces the 

chance of having cells with mutations toward a drug-resistant phenotype. As 

the tumor burden increases, the number of cell doublings also increase, 

resulting in a greater likelihood of mutation to a resistant phenotype. This 

results in an inverse relationship between curability of the tumor and tumor 

burden which has been mathematically described by Goldie and coldman 

(1983) (Goldie et al. 1983): 

p( cure) = e-aN 

where a equals the mutation rate per cell generation and N equals the size of 

the tumor. 

An example that demonstrates this model is when one considers 

various stages of a malignant disease such as non-Hodgkin's lymphoma. The 

clinical course and the potential for cure of patients with diffuse large-cell 

lymphoma, a common subtype of non-Hodgkin's lymphoma, is directly 

related to the stage of disease at the time of initial diagnosis. In general, stage 

of disease at presentation correlates with the tumor burden. Patient's 

survival with treatment ranges from 90% for localized stage I disease with 

low tumor burden to 30% for stage IV with advanced disease and higher 

tumor burden (Dalton et al. 1991). The patients with higher tumor burden at 

--- --- ---------------------------- - --------------- ------------
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the later stages of disease are more likely to relapse and die of drug-resistant 

disease. In acquired drug resistance, chemotherapy selects the resistant 

mutants which eventually dominate the remaining population. This 

dominant resistant population of cells expands and reappears as recurrent 

and drug resistant disease. This is compatible with the Goldie-Coldman 

model that spontaneous mutations causing drug resistance occur early in the 

course of disease. 

The overall growth kinetics of the tumor may in fact be more 

important than tumor burden in dictating response to chemotherapeutic 

agents. Tumors with a slow growth rate such as colon carcinoma or non

small cell lung cancer have a greater degree of cellular heterogeneity than 

faster growing tumors such as Hodgkin's disease or acute leukemia. This 

cellular heterogeneity is due to cellular differentiation. The differentiated 

cells lose the ability for self renewal and eventually die during the course of 

tumor growth. When the population of cells that are capable of self renewal 

(stem cells) within a tumor is low, the tumor must undergo more doublings 

before reaching a clinically detectable size, generally 109 cells (Buick 1984, 

Goldie et al. 1983). Frequencies in mutation to drug resistance (approximately 

one mutation for every 106 cell divisions) are such that tumors that undergo 

more cell divisions to reach the same tumor size are expected to contain a 

higher number of resistant cells. These findings indicate that both intrinsic 

and acquired drug resistant tumors undergo similar genetic alterations to give 

rise to a drug resistant population of cells. The difference is that the tumors 

with intrinsic resistance have the resistant phenotype in the majority of their 

cells at the time of diagnosis. However, the tumors with acquired resistance 

--------- --- --- ---- ----
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have only a small fraction of cells that have undergone mutation toward 

resistance and the majority of cells are sensitive to drugs. 

Mechanism of Cellular Drug Resistance 

Processes leading to cellular drug resistance can be subdivided into at 

least two groups. First, drug resistance may be caused by a decreased 

concentration of the active drug at the site of the target within tumor cells. 

Decreased concentration of the active drug in tumor cells can occur either by 

altered transport of cytotoxic drugs or altered metabolism of cytotoxic drugs by 

detoxification enzymes. Second, drug resistance may be caused by changes in 

expression and/or structure/activity of the target proteins. 

Decreased Concentration of Cytotoxic Drugs 

There are numerous reports of drug resistance associated with drug 

accumulation defects in the resistant tumor cells. Drug accumulation is a 

dynamic process which is dependent on both drug uptake as well as drug 

efflux. For example, uptake of the antitumor agent methotrexate is an active 

process mediated by the reduced folate carrier. Reduced expression of this 

carrier can cause resistance to methotrexate (Sirotnak 1985). Many of the 

multi drug resistant cell lines, to be described later, display a decreased drug 

accumulation. This decrease in drug accumulation is facillitated by an 

increased activity of an ATP-dependent drug efflux. This is associated with 

the overexpression of P-gp. This protein pumps a variety of drugs out of the 

cell, thus reducing the cellular drug concentration (Endicott et al. 1989, 

Gottesman et al. 1993). More recently, a new putative drug transporter called 

-- ---- --- ----- - -- --------.---------------
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MRP (Multidrug Resistance associated Protein) was cloned from a non-P-gp 

MDR cell line willi a defect in drug accumulation (Cole et al. 1992). The MRP 

gene shows the characteristic features of the family of ATP Binding Cassette 

(ABC) transport proteins, where P-gp is also a member. The MRP gene or its 

190 kD protein product were shown to be overexpressed in many non-P-gp 

MDR cells (Cole et al. 1992, Zaman et al. 1993, Slovak et al. 1993). Grant et al. 

(1994) demonstrated that transfection of MRP displayed an increase in MDR 

phenotype proportional to the level of the 190 kD integral membrane protein 

recognized by anti-MRP antibodies (Grant et al. 1994). Recently, Kruh et al. 

(1994) also established that MRP is capable of conferring a MDR phenotype by 

transferring an expression cDNA library from Adriamycin resistant cells to 

drug-sensitive NIH/3T3 cells. 

Another mechanism that results in a decreased concentration of the 

active drug at the target site may be drug detoxification. Tumor cells may also 

utilize systems which normal cells usually evoke to detoxify and protect 

themselves from environmental insults. In one such mechanism, the cell 

has to protect itself from various alkylating species by utilizing cellular thiols 

such as glutathione to bind and thereby inactivate the drug. Drug 

detoxification mechanisms, associated with changes in glutathione and 

glutathione-related enzymes, have been implicated in decreasing the 

cytotoxicity of several alkylating antitumor agents such as doxorubicin and 

platinum analogs (Hayes et al. 1988). Because of its quinone function (figure 

1), doxorubicin can undergo a redox cycling which has been shown to produce 

free radical species (Doroshaw 1986). Increases in protective enzymes like 

glutathione peroxidase, DT diaphorase, superoxide dismutase, and catalase 

-------- ----- -----------------
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DOXORUBICIN 

Figure 1. Structure of doxorubicin . 

.. -... _- ._._._-------- .... -- ..... _._--._ .•. _-
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would help reduce the cytotoxic potential of doxorubicin and thus confer 

resistance to the cell. 

Alterations in the Drug Target 

Alterations in the drug target can cause resistance to the cytotoxic 

antineoplastic agents. Perhaps one of the best understood mechanisms is the 

resistance to methotrexate which is caused by overexpression of its target 

dihydrofolate reductase (DHFR) (Schimke, 1984). The overexpression of 

DHFR is usually due to an amplification of the gene encoding DHFR. In 

addition to the increased production of DHFR, alterations in the DHFR 

molecule have been reported to change the binding affinity of metothrexate 

(Goldie et al. 1983). Simonsen et al. (1983) demonstrated that a single 

nucleotide substitution in the DHFR gene resulted in a single amino acid 

substitution which caused a reduced binding affinity of DHFR for 

methotrexate in a methotrexate-resistant murine cell line. 

Topoisomerase enzymes are also targets for chemotherapeutic agents. 

Both type I and II topoisomerase enzymes cause relaxation of supercoiled 

DNA. Additionally, type II topoisomerase can catalyze unknotting of knotted 

DNA and decatenation of intertwined DNA molecules. Only topoisomerase 

II requires ATP hydrolysis for its activity (Wang 1985). DNA topoisomerase II 

is the intracellular target for a structurally diverse group of anticancer agents 

(anthracyclines, m-AMSA, ellipticines). These agents inhibit topoisomerase II 

enzymes by trapping the enzyme-DNA complexes on newly replicated DNA 

compared to bulk DNA, which suggests that this enzyme is present either at 

or near the replication fork (Nelson et al. 1986). The drugs allow enzyme 
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binding and DNA cleavage to proceed, but block DNA religation, which leads 

to either single or double DNA strand breaks. 

Resistance to topoisomerase-directed agents may be mediated by 

quantitative or qualitative alterations in the cellular target. Reduced 

expression of topoisomerase II enzyme leads to decreased drug-target 

interaction and thus renders cells resistant to cytotoxic drugs (Beck 1989). 

Tumor cells can acquire resistance to topoisomerase II-targeted agents 

following growth selection either in vitro or in vivo with the drug. Some of 

these cell lines show the MDR phenotype, but they are not always associated 

with overexpression of P-gp. Multidrug resistance associated with alterations 

in DNA topoisomerase II is termed at-MDR (altered topoisomerase) (Danks et 

al. 1988). Alterations in topoisomerase II can be in the content, activity, point 

mutation in the gene, and/or depletion of nuclear matrix topoisomerase II 

(Fernandes et al. 1993). 

Resistance to camptothecin has been associated with resistant forms of 

its target, topoisomerase I (Kjeldsen et al. 1988). The majority of cell lines 

selected for resistance to camptothecin such as murine leukemia P388/CPT 

cell line (Sugimoto et al. 1990) have reduced topoisomerase I content. A 

second major form of resistance to camptothecin is the mutated 

topoisomerase 1. This was demonstrated in two different cell lines selected 

for resistance to camptothecin (Tamura et aI. 1990, Gupta et al. 1988). Higher 

levels of resistance were found in these cell lines than in the resistant cell 

lines that have a quantitative decrease in topoisomerase I activity. 

The mechanisms of drug resistance discussed above are mostly specific 

for a group of antitumor agents with a similar cytotoxic action. However, 
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development of cross-resistance to a variety of antitumor agents of dissimilar 

structure and proposed mechanism of action, following exposure to one 

single agent, has often been observed. This phenomenon of MDR and its 

underlying mechanism involving P-gp is the main focus of this thesis. 

Multidrug Resistance And P-glycoprotein 

From the earliest studies on MDR, resistance has been associated with a 

decrease in intracellular accumulation of the drugs. Kessel et al. (1968) 

demonstrated a decreased accumulation of daunomycin in various drug 

selected P388 murine leukemia cell lines in vitro and in vivo. The amount 

of accumulation of daunomycin was inversely proportional to the degree of 

resistance. The authors also noted a cross-resistance between daunomycin, 

actinomycin-D, vinca alkaloids, daunorubicin, and terephthalanilide 

derivatives (Kessel et aI. 1968). In 1970, Biedler and Riehm showed that 

chinese hamster lung cells selected for resistance to actinomycin-D were cross

resistant to various drugs including mithramycin, vinblastine, vincristine, 

daunomycin, and mitomycin C. The level of accumulation of 3H

actinomycin-D was inversely related to the degree of resistance. When these 

investigators derived daunomycin-resistant cell lines, they observed a similar 

cross-resistance to other drugs, including actinomycin-D (Biedler et al. 1970). 

The reduced accumulation of drugs in drug resistant cell lines was 

initially attributed to either increased drug efflux (Dano 1973) or decreased cell 

permeability (Ling et al. 1974). Therefore, it was proposed that the decrease in 

drug accumulation, due to a reduced drug influx and enhanced drug efflux, 

was the underlying mechanism for resistance to structurally and functionally 

-.. _._._._--_.- .. __ ..... -.-.-.-. ---.-- -_ .•.... 
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unrelated antitumor agents. Dano (1973) demonstrated the possibility of an 

active, energy dependent, drug efflux pump in Ehrlich ascites tumor cells 

selected for daunomycin resistance. He also observed that vincristine and 

vinblastine increased the steady-state level of daunomycin in resistant cells, 

suggesting that these drugs are transported by the same putative drug efflux 

pump. This was in agreement with the reciprocal cross-resistance between 

these drugs, and the decreased uptake of daunomycin in cells selected for 

resistance to vincristine and to vinblastine. Other investigators (Skovsgaard 

1978, Inaba et al. 1979) confirmed Dano's results. They showed that when 

resistant cells are depleted of ATP as an energy source, there is an increase in 

the steady state drug concentrations as compared to the drug-sensitive 

counterparts. The depletion of A TP was accomplished by either removal of 

glucose from the culture media or adding metabolic inhibitors such as 

sodium azide, cyanide, or iodoacetate. When these energy-deprived drug 

resistant cells were placed back into a medium containing glucose, the 

intracellular drug accumulation was decreased, which supports the presence 

of an energy dependent efflux pump in these cells. In addition to the 

possibility of a drug efflux pump, Skovsgaard (1978) reported that the influx of 

daunorubicin in the resistant Ehrlich ascites tumor cells is probably carrier 

mediated (Skovsgaard 1978). Sirotnak et al. also claimed that both the vinca 

alkaloids and anthracyclines may be entering the cell by a carrier-mediated 

process (Sirotnak et al. 1986). Figure 2 shows the schematic representation of 

drug influx and energy-dependent drug efflux (kinetic analysis) from analysis 

of several different MDR cell lines (Gottesman et al. 1993). 

The first analysis of the biochemistry of MDR cell lines suggested that 

------- -------_._- ------------------- ----- --------_.- -- ------
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Figure 2. Schematic representation of reduced drug influx and increased 
energy-dependent drug efflux in MDR cells: kinetic analysis. The dashed 
lines represent the initial rates of drug influx in drug-sensitive and -resistant 
cells (from Gottesman et al. 1993). 
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one or more major protein alterations affected plasma membrane proteins 

(Biedler et al. 1975, Juliano et al. 1976). Juliano and Ling (1976) observed that 

the chinese hamster ovary cells (CHO), selected for colchicine resistance, have 

an increased expression of a cell surface glycoprotein, which they termed 

P-glycoprotein ("P" for permeability). This integral membrane glycoprotein of 

approximately 170 kO was detected using surface labeling of galactose and 

galactoseamine residues followed by membrane purification and 50S-PAGE. 

Furthermore, they showed that the amount of this protein correlated with 

both the level of drug resistance and the amount of drug accumulation in 

these cells. The role of P-gp in MOR became evident from transfection 

experiments which revealed that the expression of the MOR1 gene, which 

encodes P-gp, is sufficient for development of MOR (Gros et al. 1986c, Veda et 

al. 1986). More recent studies, using purified, reconstituted P-gp provide 

biochemical evidence supporting the hypothesis that P-gp is the transporter 

itself (Ambudkar et al. 1992, Sharom et al. 1993, Shapiro et al. 1994). 

The general features of MOR are outlined in table 2. MOR cells exhibit a 

broad cross-resistance to many natural product antitumor agents. The drugs 

are actively pumped out of the cell against a concentration gradient 

(Lankelma et al. 1990). Besides a reduced cellular accumulation of drugs, the 

cellular distribution of drugs has been altered (Schuurhuis et al. 1989, 

Gervasoni et al. 1991). Table 3 lists classes of agents in clinical or laboratory 

use to which MOR cells are resistant or that are thought to interact with P-gp 

responsible for resistance. This list includes hydrophobic natural products 

(Le. derived from plants, or microorganisms), semi-synthetic analogs of such 

products, and synthetic organic compounds. Although these diverse group of 
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Table 2. General features of P-gp MDR 

1. Broad cross-resistance pattern 
2. Decreased cellular drug accumulation 
3. Altered cellular drug distribution 
4. Increased energy-dependent drug efflux 
5. Overexpression of P-gp /MDR1 
6. Resensitization by membrane-active agents 

------- ._._._.--.... _--- - ------------ .- -_.-._-_ .• _-_._-_._------



Table 3. Classes of agents that interact with P-glycoprotein 

CATEGORY 

Anticancer drugs 
Vinca alkaloids 
Anthracyc1ines 
Epipodophyllotoxins 
Antibiotics 
Others 

Other cytotoxic agents 
Antimicrotubule drugs 
Protein synthesis inhibitors 
DNA intercalators 
Toxic pep tides 

EXAMPLES 

Vinblastine, Vincristine 
Doxorubicin, Daunorubicin 
Etoposide 
Actinom ycin D 
Mitomycin C, Taxol, Topotecan, 
Mithramycin, Mitoxantrone, 
Trimetrexate 

Colchicine, Podophyllotoxin 
Puromycin, Emetine 
Ethidium bromide, Acridine orange 
Valinomycin, Gramicidin D, 
N -acety l-leucy l-leucy I-norleucinal 
(ALLN) 

(From Gottesman et a1. 1993, Dalton 1993) 
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compounds share no structural similarities, they are all amphipathic 

compounds that are preferentially soluble in lipid. These agents also have a 

tendency to be positively charged at neutral pH. Other agents that reverse 

drug resistance by interacting with P-gp will be discussed in the later sections. 

MDR1 Gene Family 

Several laboratories used independent approaches to isolate MDR 

cDNAs from mouse, Chinese hamster, and human cells (Roninson et al. 

1984, Gros et al. 1986b, Fojo et al. 1985). All of these approaches took 

advantage of the fact that MDR genes are overexpressed at very high levels in 

MDR cells which have been selected in multiple steps to high levels of 

resistance. Cytogenetic analysis of these cells indicated the presence of 

homogeneously staining regions (HSRs) and double minute chromosomes 

(Biedler et al. 1970, Fojo et al. 1985) both of which are characteristics of 

amplified genes. Biedler et al. 1988 demonstrated that indeed the extra 

chromosomal regions in MDR cell lines contain multiple copies of mdr1 gene 

(Biedler et al. 1988). 

Based on the observation that MDR cells have gene amplification, a 

novel technique known as in-gel renaturation (Roninson 1983) which allows 

direct cloning of amplified segments of genomic DNA from gels, was used to 

isolate amplified genomic sequences in MDR hamster cells (Roninson et al. 

1984, Gros et al. 1986b). An amplified genomic fragment that detected 

mRNAs in drug-resistant cells was then used to identify and isolate human 

genomic fragments from MDR epidermoid carcinoma KB cells. These KB 

cells also contained amplified genes (Fojo et al. 1985, Roninson et al. 1986). 
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Gros et al. (1986) used the same amplified genomic fragment from hamster as 

a probe to detect cross-hybridizing cDNAs in the mouse. Another approach to 

clone mdr1 gene was to use a monoclonal antibody specific for P-gp (C219) to 

screen a cDNA expression library from a drug-resistant Chinese hamster 

ovary cell line (Kartner et al. 1985). 

Analysis of genomic fragments and mRNAs encoded by these MDR 

genes revealed that there is more than one MDR gene in mouse, hamster, 

and human. The hamster P-glycoprotein gene family is composed of three 

members known as pgp1, pgp2, and pgp3 Guranka et al. 1989). There are also 

three mdr genes in mouse designated as mdr1a, mdr1b, and mdr2 (Gros et al. 

1991b). The mouse genes corresponding to the human MDR1 gene are mdr1a 

(also referred to as mdr1) and mdr1b (also known as mdr3). Both mdr1 and 

mdr3 in mouse encode functional transporters. The murine mdr2 does not 

appear to be involved in drug resistance. The human probes detected two 

MDR genes, called MDR1 and MDR3 (also known as MDR2). However, only 

the MDR1 probes consistently detect mRNAs of approximately 4.5 Kb in drug

resistant cell lines (Roninson et al. 1986, Shen et al. 1986). Gros et al. (1986) 

demonstrated that only MDR1 confers MDR by transfecting a full length 

cDNA of the MDR1 gene into drug-sensitive mouse cells. They found that the 

transfectants had acquired the MDR phenotype (Gros et al. 1986c). Veda et al. 

(1987) obtained similar results using a cDNA coding for the human 

MDR1(Ueda et al. 1987a). The function of the closely related MDR3 gene is 

not known and it has not been shown that the product of the MDR3 gene 

functions as a transporter. Members of the MDR gene family from different 

species can be categorized in classes based on sequence similarity of the 3'-
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untranslated regions (Ng et al. 1989). Table 4 shows the nomenclature for 

MDR genes. 

The human MDR genes are adjacent to each other on the long arm of 

chromosome 7 near band 7q21.1 (Fojo et al. 1986). The human MDR1 gene 

has been cloned on a series of overlapping cosmids and has been shown to 

contain 28 exons with a total span of greater than 100 kb (Chen et al. 1990). 

The protein coding region of this gene contains 27 exons, 14 coding for the 

amino-terminus and 13 coding for the carboxy-terminus of the P-gp 

(Roninson, 1991). 

MDR1 Regulation 

Two different human MDR1 promoters have been identified based on 

transcripts found in MDR cultured cells and some drug-resistant tumors 

(Veda et al. 1987b, Veda et al. 1987c, Rothenberg et al. 1989a). Veda et al. (1987) 

used primer extension analysis and Sl nuclease mapping to demonstrate that 

transcription of the human MDR1 gene is initiated from a major downstream 

promoter, 136 to 140 nucleotides upstream from the translation-initiating 

ATG in the cDNA. The only major transcripts found in normal human 

tissues such as liver, kidney, and adrenal were initiated at this promoter 

(Veda et al. 1987c, Chin et al. 1989). Less prominent transcripts were initiated 

from minor upstream promoters, either 155-180 bases upstream from the first 

ATG codon in vinblastine- or adriamycin-selected KB cell lines or 482-630 

bases upstream in colchicine-selected KB cell lines. The minor upstream 

promoters may be cryptic promoters activated by selection but not normally 

utilized (Veda et al. 1987b). 
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Table 4. Nomenclature for multidrug-resistance genes 

Designation 

Species Class I Class IT Class ill 

Human MDRl MDR3a 
Mouse mdr3 mdr1 mdr2 
Hamster pgp1 pgp2 pgp3 

aAlso known as MDR2. (From Bellamy et al. 1994) 

-------------------------------- -- -- - -- ._-_._---.---
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The major (downstream) MDRI promoter has a consensus CAAT box 

and two GC rich regions (putative SP-1 binding sites) but no TATA sequence 

(Veda et al. 1987c, Veda et al. 1987b). In mammalian RNA-polymerase II

dependent promoters, the TATA box is believed to be associated with the 

formation of stable preinitiation complexes and contributes to efficient, 

accurate transcription that initiates at precise downstream start sites 

(reviewed in Sawadogo et al. 1990). Although MDR1 lacks a TATA box, it 

supports accurate RNA polymerase IT-dependent transcription from a limited 

number of specific start sites. Madden et al. (1993) identified essential 

sequences in the vicinity of MDR1 transcription start sites that are 

homologous to initiator elements (Inr) of other mammalian promoters like 

murine terminal deoxynuc1eotidyltransferase (TdT) promoter that also lacks a 

TATA box. Vsing MDR-CAT (chloramphenicol acetyltransferase) fusion 

vectors, these downstream sequences were shown to be essential for proper 

initiation of transcription and thus influence expression of the human MDRI 

gene. These sequences that are in a region from 5 to 127 nuc1eotides 

downstream from the major transcription initiation site are believed to be the 

"Inr" elements in the MDR1 gene (Cornwell 1990, Madden et al. 1993, van 

Groenigen et al. 1993). Goldsmith et al. (1993) identified a Y-box consensus 

sequence that is required for basal expression of the human MDRI gene. 

These sequences are perfectly homologous to the Y -box sequence in the 

promoters of all major histocompatibility complex class-IT (MHC II) which are 

required for accurate and efficient transcription and contains the sequence 

CCAAT in the reverse orientation. Mutations in the reverse CCAAT 

sequence of the Y-box consensus substantially reduce expression of a MDR-
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CAT vector and eliminate nucleoprotein binding in an electrophoretic 

mobility shift assay. These results suggest that proteins which bind to the 

putative Y-box consensus sequence are critical for basal transcriptional 

regulation of the human MDR1 gene (Goldsmith et al. 1993). 

Several potential transcriptional regulatory elements have been found 

within the human MDR1 gene including several heat shock consensus 

elements and a phorbol ester response element. Increased MDR1 mRNA 

expression was reported following heat shock, cadmium chloride, and 

sodium arsenite treatments. Synthesis of new RNA was required for this 

induction of MDR1 mRNA (Bellamy et al. 1994). Cotransfection of MDR1 

promoter-CAT constructs with expression vectors for c-Ha-Ras-1, wild-type 

p53, and mutant p53 in NIH3T3 demonstrated modulatory effects on the 

promoter of the human MDR1 gene. The stimulatory effect of c-Ha-Ras-1 was 

not specific for the MDR1 promoter alone, whereas a mutant p53 specifically 

stimulated the MDR1 promoter and wild-type p53 exerted specific repression. 

These results implied that the MDR1 gene can be activated during tumor 

progression associated with mutations in Ras and p53 (Chin et al. 1992b). 

Recently, Cornwell et al. (1993) suggested that the MDR1 gene is 

transcriptionally regulated through a signal transduction pathway involving 

the proto-oncogene c-raf kinase. 

Characteristics of P-glycoprotein 

The human MDR1 cDNA encodes a protein with 1280 amino acids 

which is a single polypeptide chain. Sequence analysis using hydrophobicity 

plots indicates the presence of 12 transmembrane domains which form 6 

- .-- ._- ---------------
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transmembrane loops in two homologous halves (43% identical residues). 

This suggests that two halves were generated by a gene duplication event 

(Chen et al. 1986). A model of P-gp based on the deduced amino acid sequence 

of the human protein is shown in figure 3A. Each half of the protein 

contains a nucleotide binding fold which is involved in ATP binding and 

hydrolysis (Riordan et al. 1989, Ambudkar et al. 1992). The regions of greatest 

identity in the two halves of P-gp molecule are also very homologous to 

similar sequences in the ATP binding subunits of bacterial transport proteins 

(Chen et al. 1986, Catterall 1988). The overall structure of P-gp appears to be 

indicative of membrane channels and transporters (Le., in humans, voltage

sensitive Na+ channel, cystic fibrosis transmembrane conductance regulator) 

and is a conserved motif throughout evolution (Catterall 1988, Riordan et al. 

1989). 

Yoshimura et al. (1989) studied the validity of the predicted cytoplasmic 

orientation and two symmetrical domain structure of P-gp using sequence

specific antibodies. They synthesized peptides corresponding to amino acid 

residues of the two cytoplasmic ATP binding domains of P-gp and used these 

peptides to produce polyclonal antibodies. These antibodies bind to MDR 

cells (KB-C2) with permeabilized plasma membrane but do not bind to 

nonpermeabilized KB-C2 cells or parental KB cells, supporting the predicted 

cytoplasmic orientation of these sequences (Yoshimura et al. 1989a). 

Although this study supports the original model of 12 transmembrane 

regions of P-gp, an alternative model has recently appeared where a different 

topology in the C-terminus of P-gp at transmembrane 8 and 9 was shown 

(figure 3B) (Zhang et al. 1991). To further investigate the membrane 
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Figure 3. Models of P-glycoproteins. A. The original model of P-gp based on 
the deduced amino acid sequence of the human P-glycoprotein (modified 
from Chen et al. 1986). B. An alternative model of P-gp with extracellular 
TM 8 and 9 (modified from Skach and Lingappa 1993). 

--_._. -.. -- ._-- --_._------------
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orientation of P-gp, Zhang and Ling (1991) expressed a full length cDNA of 

. mouse mdr1 as well as its truncated forms in a cell-free system supplemented 

with dog pancreatic microsomal membranes. They coupled in vitro 

translation and translocation of P-gp into dog pancreas microsome 

membranes to determine which domains transversed the membranes by 

analyzing their resistance to protease digestion and their glycosylation state. 

Surprisingly, based on the presence of a glycosylated segment in the carboxy

terminal half of P-gp, the eight and ninth transmembrane domains, and the 

amino acids between transmembrane domains 8 and 9, may be extracellular 

rather than cytoplasmic. Furthermore, they discovered that P-gp is 

translocated into membranes via signal recognition particle (SRP)I docking 

protein. At least two functional SRP I docking protein dependent signal 

sequences was found, one at the N-terminal half and the other at the C

terminal half. Based on these results, they suggested a new topological model 

for in vitro synthesized P-gp which may be relevant to its in vivo topology 

(Zhang et al. 1991). Skach et al. (1993) supported the above results by in vivo 

expression of truncated P-gp chimeras in Xenopus oocytes as well as by in 

vitro expression of intact human P-gp in a cell-free translation-translocation 

system. They also showed that the peptide region between the eighth and 

ninth putative transmembrane helices is N-linked glycosylated unlike the 

theoretical structural model of P-gp (figure 3B) (Skach et al. 1993a). 

Transmembrane topology and membrane anchoring of eukaryotic 

bitopic integral membrane proteins into the endoplasmic reticulum (ER) 

membrane are directed by the action of discrete sequences within the nascent 

chain, termed topogenic sequences. Several types of topogenic sequences 

._- ._.- .. ---------------
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have been functionally defined which direct four specific events in protein 

biogenesis: (1) targeting the nascent chain to the ER membrane, (2) initiating 

translocation of flanking protein domains, (3) terminating ongoing 

translocation, and (4) integrating the chain into the lipid bilayer (reviewed in 

Skach et a1. 1993c). Skach and Lingappa (1993) examined the amino-terminal 

assembly and topology of human P-gp at the ER using cell-free transcription

linked translation and whole cell expression systems to express MDR1 cDNA 

coding regions in native and heterologous context. They demonstrated that 

both TMI and TM2 are able to interact with a signal recognition particle to 

direct targeting to the endoplasmic reticulum, resulting in correct 

transmembrane orientation. The TMI of P-gp targets the nascent chain to the 

ER membrane, translocates its carboxy flanking sequences, and spans the 

membrane. However, chains translocated by TMI alone are not integrated 

into the lipid bilayer. The second predicted membrane spanning region along 

with its flanking sequences (TM2) also directs ER targeting, translocates its 

amino terminus, and achieves a transmembrane topology which is the 

reverse of TM1. As was observed for TMl, TM2 also fails to integrate the 

chain into the membrane. However, when TMI and TM2 are both present, as 

occurs in the amino terminus of native MDRl, they direct both topogenesis 

and integration of the nascent chain into the ER membrane through a 

cooperative action. These results reveal that during MDRI biogenesis, the 

events of targeting, translocation initiation, and translocation termination 

(Le. events which direct transmembrane topology) appear to be dissociated 

from subsequent events of membrane integration. A synergistic requirement 

for both TM1 and TM2 is necessary to achieve chain integration. 

---------- ----- -------
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Furthermore, they demonstrated that unlike TM7 and TM8 in the C

terminus half of P-gp, their homologous transmembrane domains in the N

terminus, TMl and TM2, achieve the orientation predicted by conventional 

structural model (Skach et al. 1993b). More recently Skach and lingappa (1994) 

reported that the topology of TM3 and TM4 is also the same as the predicted 

topology by amino acid sequence. Furthermore, they found an internal signal 

sequence encompassing TM3 and a significant portion of TM4 (residues 139-

226) that reinitiates translocation of the MDR1 nascent chain. These results 

indicate that the N-terminus TM orientation and topology is different from 

the C-terminus half of P-gp. 

P-glycoprotein Structure-Function 

The hallmark of MDR phenotype mediated by P-gp in MDR tumor 

cells is a decrease in drug accumulation (Dano 1973, Biedler et al. 1970, 

Skovsgaard 1978, Inaba et al. 1979, Beck et al. 1982, Dalton et al. 1986, Fojo et al. 

1985). A reduced intracellular drug concentration may be due to a reduction 

in drug influx, an alteration in intracellular drug binding, or an enhancement 

of drug efflux. Most of the drugs involved in MDR cross-resistance are 

amphipathic and readily cross cell membranes without the aid of specific 

transport systems. A major unsolved problem in the field of MDR is how a 

single integral membrane protein, the product of a single gene in human, can 

transport various drugs with unrelated structure, mechanisms of action and 

hydrophobic peptides with a wide array of structures. The focus of this 

section is to review the studies that elucidate the function of P-gp. These 

studies include mutational analysis of P-gp, photoaffinity labeling studies 

-------_._- --- --- ------. ---------------- ----
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with substrates for P-gp, the potential role of posttranslational modification 

(i.e. phosphorylation) in P-gp function and finally the recent studies that 

utilized purified and reconstituted P-gp to answer directly the question of 

transport and ATP utilization. 

Mutational Analysis of P-glycoprotein 

The analysis of mutant P-gp elucidated the function of this molecule. 

Some MDR cell lines are significantly more resistant to the selecting agent 

than to the other drugs. Preferential resistance to the selective agent was 

observed in human KB (a Hela sub clone) carcinoma cells selected with 

colchicine, but not in vinblastine- or Adriamycin-selected cells. This 

preferential resistance was later attributed to a spontaneous mutation in the 

MDR1 gene. Choi et al. (1988) compared the structure of mRNAs from 

colchicine-selected KB cells which are preferentially resistant to the selecting 

agent, and from vinblastine-selected KB cells which show similar levels of 

resistance to different drugs. This comparison revealed the existence of three 

nucleotide differences which resulted in a sense change at codon 185 of P-gp 

where glycine is encoded in vinblastine- or Adriamycin-selected cells and 

valine is encoded in colchicine-selected cells. To determine whether the 

differences between the MDR1 mRNA sequences in these cell lines resulted 

from genetic polymorphism or from mutations that occurred during drug 

selection, the genomic DNA of different KB cell lines were analyzed for this 

mutation. The authors demonstrated that the sequence differences arose as a 

result of mutations that occurred during colchicine selection at an 

intermediate step of selection (Choi et al. 1988). The functional role of this 

-----~- .. -.. - .. -- .. --~-.-------------' 
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amino acid substitution was directly demonstrated by gene transfer studies 

where transfectants with P-gp containing the substituted amino acid valine, 

showed a greater resistance to colchicine than to vinblastine or Adriamycin 

(Choi et al. 1988). In cells expressing the mutant protein, increased resistance 

to colchicine and decreased resistance to vinblastine correlated with a 

decreased accumulation of colchicine and increased accumulation of 

vinblastine (Safa et al. 1990). The effect of the amino acid substitution at 

position 185 on P-gp drug interactions was demonstrated directly by analyzing 

the binding of photoaffinity-labeled analogs of vinblastine and colchicine 

(Safa et al. 1990). Unexpectedly, the mutant P-gp showed an increased binding 

of photoactive analog of vinblastine and a decreased binding of a photoactive 

colchicine analog. These results suggested that the Gly-185 to Val-185 

substitution does not affects the initial drug-binding site of P-gp but another 

site associated with the release of drug into the extracellular space and 

therefore decreasing the efficiency of the vinblastine efflux (Safa et al. 1990). 

Alterations in transporter proteins associated with preferential 

resistance to the selective agents is not unique to the mammalian systems. 

Foote et al. (1990) demonstrated spontaneous mutations in the 

transmembrane 11 domain of the Plasmodium falciparum homolog of mdr1 

(pfmdrl). These mutations were shown to associate with an increased 

resistance to chloroquine in this parasite (Foote et al. 1990). 

Devine et al. (1992) also identified mutations in the hamster P-gp 

resulting in an altered MOR phenotype. In chinese hamster lung cell line 

selected for MOR with actinomycin 0, they found a mutant form of P-gp 

containing two amino acid substitutions within the putative TM6. These 
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substitutions were Gly to Ala at position 338 and Ala to Pro at position 339. 

Cells transfected with the altered P-gp conferred a cross-resistance phenotype 

that was different significantly from that conferred by the normal protein, 

displaying a decreased cross-resistance to several drugs while maintaining 

maximal resistance to actinomycin D (Devine et al. 1992). The authors 

postulated that the TM6 domain may be involved in the mechanism of P-gp 

drug recognition and efflux. Furthermore, they indicated a close functional 

homology between P-gp and the cystic fibrosis transmembrane regulator in 

which the sixth transmembrane domain has also been shown to influence 

substrate specificity (Devine et al. 1992, Anderson et al. 1991). 

Gros et al. (1991) demonstrated that site directed mutagenesis of 

murine mdr1 and mdr3 corresponding to the predicted phosphorylation sites 

in P-gp molecule altered MDR phenotype. They introduced a single Ser to 

Phe substitution within the predicted TMll domain of mdr1 (position 941) 

and mdr3 (position 939). The mutated full-length cDNAs were cloned in the 

mammalian expression vector and were introduced in drug sensitive LR73 

hamster cells by cotransfection with a neomycin-resistance marker. Drug

resistant colonies were isolated from mass population of G418-resistant clones 

after vinblastine selection. The Ser-941 to Phe-941 substitution in mdr1 

produced a unique mutant protein that retained the capacity to confer 

vinblastine resistance but lost the ability to confer adriamycin and colchicine 

resistance. The replacement of Phe-939 to Ser-939 in mdr3 caused a 

considerable and general increase in the drug-resistance levels conferred by 

this protein over control levels detected in LR73 cells. These authors also 

suggested that the predicted TM11 domain of proteins encoded by mdr and 
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mdr-like genes play an important role in the recognition and transport of 

their specific substrates (Gros et a1. 1991a). Later, Kajiji et a1. demonstrated 

that these mutations in TMll reduced drug transport by decreasing initial 

drug binding to P-gp. They showed a strong reduction in binding of 

photoactivatable P-gp ligands iodoarylazidoprazosin and azidopine in cloned 

cells with mutant P-gp containing a Ser to Phe substitution in the putative 

TMll. Furthermore, a reduction in the ability of chemosensitizers such as 

verapamil and progestrone to block the mutant P-gp drug efflux and reverse 

drug resistance was observed (Kajiji et a1. 1993). In contrast to the phenotype 

described by Kajiji et aI., the spontaneous mutation near TM3 in human 

MDR (position 185), resulted in decreased drug transport which was 

associated with increased drug binding and decreased drug release from P-gp 

(Safa et a1. 1990). 

Subsequent studies by Kajiji et a1. (1994) demonstrated the importance 

of Ser941 in mdrl and Ser939 in mdr3 of mouse in efficient interaction of P-gp 

with structurally different P-gp chemosensitizing agents, a cyclic peptide 

(cyclosporin A, CsA), a diaminoquinazoline (CPI00356), and a chiral, tricyclic 

structure (CPll7227). They showed that the Ser to Phe substitution affected 

the potency and P-gp isoform specificity of some of the chemosensitizers, in 

particular that of CP1l7227 (racemic mixture and enantiomers), which were 

active against wild-type but not mutant mdr3. These authors also examined 

the effect of additional mutations (Ala, Cys, Thr, Asp, Tyr, Trp) at the 

Ser941/939 site on potencies of CsA, CPll7227 enantiomers, and CPI00356. 

Each chemosensitizers showed a unique pattern of preferential activity (either 

increased, decreased or no change) for wild-type and individual mutant P-gp 



54 

tested. The authors concluded that the three chemosensitizers interacted 

directly with P-gp and the Ser939/941 residue was an important determinant. 

Furthermore, the similar effect of mutations at that site on either P-gp

mediated drug resistance or chemosensitizer potency indicated that drug 

molecules and reversal agents are recognized by a similar complex binding 

site and mechanism. Moreover, the recognition of chemosensitizers by P-gp 

at the Ser939/941 was independent of their capacity to be transported (CsA) 01' 

not (CPl17227) by P-gp (Kajiji et a1. 1994). 

Various mutational analysis implicated different regions of the P-gp 

molecule in drug binding and transport. The altered drug-resistant 

phenotypes conferred by these variant P-gp molecules are also different. 

Nevertheless, it is tempting to speculate that even though the domains 

defined by these amino acid substitutions are well separated in the lineal' 

structure of the P-gp molecule, they interact to form a structure capable of 

mediating drug resistance. Such a structure might require these domains to 

be proximally situated in three-dimensional space in the folded native P-gp 

molecule. Unless the native P-gp is highly purified followed by 

crystallography and three dimensional domain studies, the exact domains 

involved in drug binding and efflux can not be determined. 

The importance of the two halves of P-gp in proper functioning of the 

molecule was determined by studies that demonstrated loss of transport due 

to deletions in either the C- or N-terminal portion of the molecule (Currier et 

a1. 1989). 

Azzaria et a1. (1989) reported that mutations in the two ATP binding 

sites of murine mdr1 on either half of the P-gp molecule abolish transport 
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activity. This suggests that these two sites are not acting independently of one 

another. The wild-type P-gp contains two consensus GXgxST sequences 

described by Walker et al. (1982) as the A motif of a nucleotide binding fold. 

Within these sites, they targeted the two adjacent glycine and lysine residues 

which are conserved in a number of eukaryotic and prokaryotic proteins 

known to bind ATP (Hodgman 1988). A single mutant of one ATP binding 

site or a double mutant of both ATP binding sites of P-gp lost the ability to 

confer drug resistance to LR73 drug sensitive cells and failed to reduce 

intracellular accumulation of r3H]vinblastine. However, the ability to bind 

the photoactiveable ATP analog, 8-azido ATP, was retained in mdr1 mutants. 

This suggested that an essential step subsequent to ATP binding, possibly ATP 

hydrolysis, was impaired in these mutants (Azzaria et al. 1989). 

Drug Binding and Photoaffinity Labeling 

The binding of drugs to P-gp as transport substrates was first 

demonstrated using r3H]vinblastine which bound to membranes prepared 

from MDR KB cells (Cornwell et al. 1986a). Percoll density gradient 

fractionation of total vesicle preparations showed that the majority of the 

r3H]vinblastine was associated with the vesicles of low and intermediate 

density. This suggested that the active vesicles contained plasma membrane 

and perhaps some intracellular membranes from endosomes and the Golgi 

complex, but not from mature lysosomes (Cornwell et al. 1986a). These 

authors further proved that r3H]vinblastine is not binding the tubulin 

component of vesicles which is the major intracellular vinblastine-binding 

protein. They demonstrated this by measuring the amount of tubulin in the 

----------- --- --- --- -- ----
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vesicle preparations from drug sensitive and resistant cells and found no 

differences. The partial trypsin sensitivity of the binding suggested that the 

major drug-binding component in the membranes of MDR cells was a 

protein (Cornwell et al. 1986a). Later, it was demonstrated by electron 

microscopic techniques that P-gp is primarily localized to plasma membrane 

(Willingham et al. 1986). 

The principle of photoaffinity labeling was used to identify the 

component of the membrane from MDR cell lines which was responsible for 

binding vinblastine. Cornwell et al. (1986) identified a 150- to 170-kD protein 

in membrane vesicles from two independently selected MDR KB cell lines 

that were specifically labeled with two photoactiveable analogs of vinblastine. 

Furthermore, this drug-protein complex was immunoprecipitated from 

solution by the addition of a polyclonal antibody to P-gp (Cornwell et al. 

1986b, Safa et al. 1986). Photoaffinity labeling was shown to be specific because 

it could be inhibited by an excess of various cytotoxic substrates for the 

multi drug transporter or nontoxic agents that reverse drug resistance such as 

verapamil (Safa et al. 1986). This study which showed the specificity of the 

photoaffinity labeling of P-gp, pointed to a mechanism by which agents that 

reverse drug resistance might work, as competitive inhibitors of drug binding 

and/ or transport. Since these initial studies, a large number of substrates and 

substrate analogs of P-gp have been shown to be photoaffinity labels, 

including azidopine, verapamil, iodomycin, colchicine, azidoprazosin, 

forskolin, and cyclosporin A (reviewed in Beck et al. 1992). 

------_._ .........•... _._ ... _-----------
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P-glycoprotein Drug Transport 

Horio et al. (1988) demonstrated [3H]vinblastine transport using plasma 

membrane vesicles prepared from MDR cells positive for P-gp. This transport 

required the continuous presence of ATP and an ATP-regenerating system 

and it was osmotically sensitive. They showed that [3H]vinblastine 

accumulates against a concentration gradient within the sealed vesicles, 

suggesting that at least some of these vesicles must be inside out. The 

requirement for ATP follows Michaelis-Menten kinetics, with a Km of 38 JlM. 

The nonhydrolyzable ATP analog AMP-PNP is a competitive inhibitor of 

ATP for the transport process, indicating that hydrolysis of ATP is required. 

Drugs to which MDR cell lines are cross-resistant are inhibitors of 

[3H]vinblastine transport by this in vitro system (Horio et al. 1988). The order 

of potency of these drugs as inhibitors, vincristine > actinomycin D > 

daunomycin> colchicine = puromycin, is the same as the order of potency of 

these drugs as inhibitors of photoaffinity labeling of P-gp by photoactiveable 

analog of vinblastine (Horio et al. 1988, Cornwell et al. 1986b). These results 

suggested that all these drugs may be transported by the same transporter 

molecule and a competitive inhibition of transport process may occur. 

Lelong et al. (1992) confirmed the transport function of P-gp and also showed 

that ATP can be replaced by other purine nucleotide triphosphates where GTP 

is the most efficient (Lelong et al. 1992). 

The first purification of P-gp was reported by Riordan and Ling (1979) 

who used standard biochemical techniques to prepare denatured material for 

antibody studies (Riordan et al. 1979). Subsequently, Hamada and Tsuruo 

(1988) purified P-gp by affinity chromatography over MRK-16 antibody affinity 
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columns in the presence of the detergent CHAPS, and they showed the 

preparation contained small amounts of ATPase activity with low specific 

activity that was not drug dependent (Hamada et al. 1988). When the partially 

purified P-gp is reconstituted into phospholipid vesicles, it is possible to show 

drug-stimulated ATPase activity (Ambudkar et al. 1992). P-glycoprotein 

constituted 25-30% of the reconstituted protein in proteoliposomes. ATP 

hydrolysis by proteoliposomes was stimulated 3-4 fold by the addition of 

vinblastine, doxorubicin, or daunorubicin and P-gp inhibitor, verapamil, but 

it was unaffected by camptothecin which is not transported by P-gp. The basal 

and drug stimulated ATPase activities were inhibited by vanadate (Ambudkar 

et al. 1992). The necessity to reconstitute P-gp to demonstrate drug-dependent 

ATPase activity was also shown by other investigators (Sharom et al. 1993, 

Shapiro et al. 1994). Shapiro and Ling (1994) purified P-gp (approximately 90% 

purity) using a combination of anion exchange and the C494 immunoaffinity 

column chromatography from MDR CHO cells. When the purified P-gp was 

reconstituted into proteoliposomes, the ATPase activity became highly 

stimulated by several chemosensitizers and drugs involved with MDR. 

Verapamil consistently showed the highest degree of stimulation of ATPase 

activity (Shapiro et al. 1994). This is consistent with the hypothesis that 

chemosensitizers inhibit P-gp drug transport by competing strongly for drug 

binding sites and their transport. 

A model for the mechanism of P-gp as drug efflux pump has been 

proposed in which the transmembrane domains form a pore in the plasma 

membrane. P-glycoprotein extrudes the drugs from the cytoplasm through 

the pore out of the cell using energy derived from ATP hydrolysis. In this 
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model, the decrease in cellular drug accumulation is explained by an 

enhanced efflux of the drugs from the cytoplasm. Schematic diagram of this 

model is shown in figure 4A. Comparison of P-gp structure to other known 

transport proteins in various organisms ranging from bacteria to eukaryotes 

(Higgins et al. 1986, Gros et al. 1986a) also supports this model of drug 

transport. For example, P-gp shares a significant sequence homology with 

several bacterial transport systems such as a-hemolysin and malK transport 

systems in Escherichia coli and the histidine permease (hisP) system in 

Staphylococcus typhimw'ium (Chen et al. 1986, Gerlach et al. 1986, Gros et al. 

1986a). MDR1 is a member of the ABC (ATP-binding cassette) superfamily of 

transporters which in addition to bacterial transporters and P-gp includes a 

transporter for the a-peptide mating factor (pheromone) of yeast 

Saccharomyces cerevisiae (STE6), human CFTR protein and MRP (Juranka et 

al. 1989, Cole et al. 1992). More recently, a new gene in the major 

histocompatibility complex (MHC) class II was found. This gene encodes two 

novel proteins that are related to the ABC superfamily of transporters. These 

transporter molecules may playa role in antigen presentation in the immune 

system (Deverson et al. 1990, Trowsdale et al. 1990). 

An alternative model of P-gp relates the mechanism of drug transport 

to the bacterial transport protein, hemolysin-B, which transports the toxin a

hemolysin (Gerlach et al. 1986). In this model, P-gp transports multiple drugs 

via a carrier protein. A schematic representation of this model is shown in 

figure 4B. 

Other investigators have different theories about P-gp drug transport. 

They suggest that P-gp does not exclusively function as a "pore", pumping the 
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Figure 4. Models of P-glycoprotem drug transport. A. Direct binding of the 
drug to the efflux protein. B. P-glycoprotein transport of multiple drugs via a 
carrier protein. (Modified from Dalton et al. 1991) 
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drugs from the cytoplasm, but may also function as a "flippase", "flipping" 

drugs from the inner leaflet to the outer leaflet of the lipid bilayer or directly 

into the extracellular medium (Higgins et al. 1992). This model might explain 

the general observation that P-gp reduces the initial uptake of drugs as well as 

increases the drug efflux. The decreased cellular accumulation of 

acetoxymethylesters of fluorescent dyes such as BCECF-AM, in MDR cells 

expressing P-gp may support this model (Homolya et al. 1993). The 

acetoxymethylester derivatives of the fluorescent dyes permeate the plasma 

membrane and are rapidly cleaved by cytoplasmic esterases. However, the 

free acid forms are no substrate for P-gp. Therefore, the reduced 

accumulation of these dyes may suggest that efflux of the acetoxymethylesters 

of the fluorescent dyes may occur directly from the plasma membrane 

without entering the cytoplasm of the ester compounds (Homolya et al. 1993). 

The "flippase" model would predict a lower concentration of drugs in the 

plasma membrane. However, no reduced daunorubicin concentration was 

detected in the P-gp MDR SW-1573/2R160 cell line compared to the parental 

cell line by fluorescence energy-transfer experiments (Mulder et al. 1993). 

Although all results indicate that P-gp is indeed the broad-specificity efflux 

pump, the exact molecular mechanism by which the drugs are effluxed from 

the cells is still not known. 

Posttranslational Modifications of P-glycoprotein 

The predicted molecular weight of P-gp based on the amino acid 

sequence is 140 kD. But the observed size of the protein following 

fractionation by polyacrylamide gel electrophoresis indicates a size of 
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approximately 170-180 kD. This difference in the size of protein appears to be 

due to glycosylation and phosphorylation of P-gp. P-glycoprotein is known to 

be posttranslationally modified by glycosylation and phosphorylation (Carlsen 

et al. 1977, Hamada et al. 1987, Mellado et al. 1987, Richert et al. 1988, Ichikawa 

et al. 1991). 

Glycosylation 

A cluster of N-linked glycosylation is found between the first and 

second transmembrane domain on the first extracellular loop of P-gp. 

Multiple forms of P-gp have been demonstrated in a number of MDR mouse 

cell lines that are likely the products of different P-gp genes which can 

undergo differential N-linked glycosylation (Greenberger et al. 1987, 

Greenberger et al. 1988). The vinblastine-selected cell line J7.V1-1 and the 

colchicine-selected cell line J7.C1-100 both express a P-gp precursor of 125 kD 

that can undergo rapid (T1/2 equals approximately 20 minutes), differential 

N-linked glycosylation to a mature P-gp of molecular size 135 kD or 140 kD, 

respectively (Greenberger et al. 1987). The taxol-selected cell line J7.Tl-50 

expresses two distinct P-gp precursors with molecular sizes of 120 kD and 125 

kD that have been shown to be the products of distinct P-gp genes 

(Greenberger et al. 1988). These two precursors are Endo-b-N

acetylglucosaminidase H (En do H) sensitive and treatment with this enzyme 

further decreases the observed molecular size of each precursors by 

approximately 5 kD in each case (Greenberger et al. 1987). 

P-glycoprotein glycosylation was also studied in human MDR cell lines 

such as epidermoid carcinoma KB cells selected for vinblastine resistance 
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(Richert et al. 1988). Pulse-chase labeling experiments demonstrated only a 

single P-gp precursor of 140 kD in this cell line which was slowly converted 

over 2-4 hours to a final molecular size of 170 kD through N-linked 

glycosylation. Tunicamycin treatment blocked the conversion of the 

precursor to the mature form, and removal of N-linked oligosaccharides with 

Endo F reduced the relative molecular weight of P-gp to 140 kD. The P-gp 

half-life in KB-V1 cells was estimated to be between 48 and 72 hours (Richert 

et al. 1988). Yoshimura et al. (1989) also reported the half life of P-gp to be 

greater than 24 hours in human MDR KB (KB) cells selected for resistance to 

colchicine (Yoshimura et al. 1989b). 

It seems unlikely that glycosylation significantly affects the function of 

P-gp. Beck et al. (1982) reported that loss of the N-linked glycosylation of P-gp 

does not affect drug resistance in lymphoblasts resistant to vinblastine (VLB), 

CEM/VLB cells. They showed that exposure of cells to pronase for 45 to 60 

min or growth of the cells for 2 days in tunicamycin, an inhibitor of N-linked 

glycosylation, did not alter [3H]-VLB accumulation or the level of drug 

resistance in CEM/VLB cells (Beck et al. 1982). Mutant MDR cells that had 

greatly reduced glycosylation of P-gp also did not exhibit any change in their 

P-gp drug efflux activity and their degree of resistance (Ling et al. 1983). Taken 

together, these results indicate that the carbohydrate moiety of P-gp is not 

necessary for the MDR phenotype. 

Phosphorylation 

Early studies suggested that changes in P-gp phosphorylation can alter 

the MDR phenotype (Carlsen et al. 1977). P-glycoprotein has been shown to be 
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phosphorylated in the basal state on serine and threonine residues (but not 

tyrosine residues) at different sites of the protein as detected by 

phosphorylated tryptic fragments (Hamada et al. 1987). P-glycoprotein 

phosphorylation at one of these phosphorylation sites (a 20 kD fragment of 

P-gp) is stimulated by treatment with the phorbol ester TPA which increases 

drug resistance and decreases drug accumulation in human breast cancer and 

small cell lung cancer MDR cells (Hamada et al. 1987, Fine et al. 1988). 

Reduced accumulation of drugs due to stimulation of P-gp phosphorylation 

by phorbol ester treatment have been associated with translocation of Protein 

Kinase C (PK-C) to a membrane-bound form in vivo (Chambers et al. 1990). 

Protein Kinase C (PK-C) can phosphorylate P-gp in vitro (Chambers et al. 

1992). Chambers et al. (1993) identified serine residues 661, 671, 667, 675, and 

683 of P-gp as some of the exact sites of phosphorylation. These sites are 

clustered in the linker region located between the two homologous halves of 

P-gp. They used in vitro phosphorylation with purified PK-C and [y_32p]ATP 

to phosphorylate P-gp in membrane vesicles of human KB-V1 cells. 

Phosphopeptides from phosphorylated P-gp were generated by digestion with 

lys-C endoproteinase or trypsin and subsequently sequenced by Edman 

degradation. Sequence comparison with the deduced amino acid sequence of 

human P-gp identified the exact residues as sites of phosphorylation 

(Chambers et al. 1993). Membrane-associated protein phosphatases 1 and 2A 

appear to be involved in dephosphorylation of P-gp phosphorylated by PK-C 

(Chambers et al. 1992). Phosphorylation/ dephosphorylation cycles may 

modulate the P-gp function and affect the drug resistance in MDR cells. 
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To confirm the role of PK-C in MDR phenotype, transfection of cDNAs 

encoding PK-C isozymes was performed. Human breast carcinoma, MCF-7, 

cells transfected with a cDNA encoding PK-C alpha exhibited an increased 

drug resistance. Transfection of PK-C b 1 eDNA in rat fibroblasts also 

conferred MDR phenotype. These data suggest a possible role for PK-C in 

regulating activity of P-gp. However, since these transfection studies require 

the transfected cells to be isolated by selection in tissue culture they must be 

interpreted with caution. Therefore, PK-C may have an indirect effect on 

P-gp, such as by altering membrane composition or increasing mRNA levels. 

Proof of a direct role of PK-C mediated phosphorylation in regulating the 

activity of P-gp remains to be demonstrated using pure P-gp functionally 

reconstituted into transporting vesicles (Gottesman et al. 1993). In addition to 

PK-C, other protein kinases appears to be involved in phosphorylation of 

P-gp. These include the cAMP-dependent protein kinase A and a novel 

kinase which has not been fully characterized (Mella do et al. 1987, Staats et al. 

1990). 

Hamada et al. (1987) reported that treatment of MDR cells with 

chemosensitizing agents such as verapamil and calmodulin inhibitors such 

as trifluoperazine resulted in an increase in the level of phosphorylation of 

P-gp. Calmodulin inhibitors also inhibit Ca2+-dependent protein kinases 

such as calmodulin kinase and PK-C. This also suggests that different kinases 

are involved in P-gp phosphorylation and that perhaps phosphorylation of 

different serine/threonine residues may result in different functional states of 

P-gp . 

. _--_. __ . -----. __ ._-----------



66 

MDRl Expression 

Normal Tissue and Circulating Leukocytes 

The first studies on expression of the MDRl gene in normal tissues 

measured MDRl RNA levels (Fojo et al. 1987). These authors found the 

MDR1 mRNA at a very high level in the adrenal gland, at a high level in the 

kidney, at intermediate levels in the lung, liver, lower jejunum, colon, and 

rectum, and at low levels in many other tissues. Subsequent to this study, 

Thiebaut et al. (1987) measured the levels of P-gp in various human tissues by 

an immunohistochemical analysis using the monoclonal antibody MRK16, 

which recognizees an extracellular epitope of P-gp (Hamada et al. 1986). They 

found P-gp levels in various human tissues consistent with the MDR1 

mRNA levels. Table 5 shows a list of the human tissues in the order of the 

level of MDR1 expression. Interestingly, Thiebaut and coworkers observed 

specific localization of P-gp in certain cell types in liver, pancreas, kidney, 

colon, and jejunum. In liver, P-gp was detected exclusively on the biliary 

canalicular front of hepatocytes and on the apical surface of epithelial cells in 

small biliary ductules. In pancreas, P-gp was found on the apical surface of 

the epithelial cells of small ductules but not larger pancreatic ducts. In 

kidney, P-gp was found concentrated on the brush border (lumenal surface) of 

the proximal tubules. Colon and jejunum both showed high levels of P-gp 

on the apical surfaces of superficial columnar epithelial cells (Thiebaut et al. 

1987). The polarized localization of P-gp at apical (luminal) epithelial surfaces 

suggests that P-gp normally pump xenobiotics and metabolites into excretory 

compartments. This is further supported by studies in which the MDR1 

---------.----- ---- -._--------------



Table 5. MDR1 expression in normal human tissuesa 

High levels of expression 
Adrenal Medulla, Cortex 
Kidney 

Intermediate levels of expression 
Colon 
Liver 
Lung 
Jejunum 
Rectum 

Low levels of expression 
Brain 
Prostate 
Skin 
Skeletal muscle 
Heart 
Bone Marrow 
Lymphocytes 
Spleen 
Ovary 
Stomach 
Esophagus 
Spinal Cord 

aAdapted from (Fojo et al. 1987, Thiebaut et al. 1987) 

------- ----.-------
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cDNA was expressed in monolayers of kidney epithelia grown on filters. In 

these epithelia, basal to apical transport of various drugs and other agents can 

be demonstrated (Horio et al. 1990, Pastan et al. 1988). Pastan et al. transfected 

a retroviral vector containing a full-length MDR1 cDNA into the dog kidney 

cell line MDCK. P-glycoprotein was expressed in a polarized manner on the 

upper surface of the cells showing that the cloned cDNA also encodes 

information for polarized expression of P-gp (Pastan et al. 1988). 

Unlike the polarized expression of P-gp in organs such as kidney, 

adrenal gland shows high levels of P-gp diffusely distributed in cells of both 

cortex and medulla (Thiebaut et al. 1987). A role for P-gp as an intracellular 

transporter of steroids in this organ was substantiated by the observation that 

hydrophobic sterol, and progestrone interact directly with this molecule (Yang 

et al. 1989, Qian et al. 1990). In addition, inhibitors of P-gp block secretion of 

steroids in mouse adrenal Y-1 cells (Chin et al. 1992a). Arced and coworkers 

showed that P-gp is not expressed in the normal, non-gravid mouse uterus. 

However, increased P-gp expression was demonstrated in the mouse uterus 

during pregnancy using in situ hybridization, northern blot analysis, and 

immunohistochemistry (Arced et al. 1988). Furthermore, the authors 

observed localized expression of P-gp in the columnar epithelial cells in the 

secretory glands of the uterus with polarization toward the lumenal sides of 

the cells. This suggested a normal secretory function for P-gp in the murine 

uterus (Arced et al. 1988). 

P-glycoprotein has also been detected at lower levels in capillary 

endothelial cells of the brain and the testis using HYB-241 and C219 mouse 

monoclonal antibodies (Cordon-Cardo et al. 1989). This may explain blood-
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brain and blood-testis-type barriers in regulating the entry of certain 

molecules into the central nervous system and the testis. The functionality of 

P-gp in brain capillary endothelial cells was proven when rhodamine-123 and 

vincristine were demonstrated to be actively transported out of these cells 

(Tsuji et al. 1992). The steady-state uptake of vincristine was increased in the 

presence of metabolic inhibitors, MRK16, verapamil, and steroid hormones 

in the primary cultured bovine brain capillary endothelial cells. 

Furthermore, efflux of vincristine from these cells was inhibited by 

verapamil (Tsuji et al. 1992). 

P-glycoprotein expression and function has been documented in 

human circulating leukocytes (Drach et al. 1992, Chaudhary et al. 1992, 

Klimecki et al. 1994). Klimecki et al. reported P-gp and MDR1 expression in 

individual leukocyte lineages. Natural killer (CDS6+) cells expressed the 

highest levels of MDR1 mRNA followed by T-cytotoxic/suppressor (CDS+) > 

T-helper (CD4+) > granulocytes (CD1S+) > B-Iymphocytes (CD19+) > 

monocytes (CD14 +) as measured by quantitative reverse transcription

polymerase chain reaction. Klimecki determined P-gp function for each 

lineage using dual-labeling for lineage and P-gp substrate (rhodamine 123). 

All the lineages expressed functional P-gp except granulocytes. Although 

granulocytes expressed both the MDR1 message and protein, this expression 

was not associated with transport of rhodamine 123 (Klimecki et al. 1994). 

The presence of P-gp without transport function in granulocytes 

suggests that MDR1 is involved in diverse and possibly unrelated 

physiological processes in different normal organs. For example, Valverde et 

al. and Gill et al. reported recently that P-gp is associated with a volume-

_._.---- -._- ---- -- -------------
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regulated chloride channel activity (Valverde et al. 1992, Gill et al. 1992). 

Whole cell chloride currents in NIH3T3 fibroblasts permanently transfected 

with the full-length human MOR1 cDNA were measured by patch-clamp 

techniques (Valverde et al. 1992). These authors demonstrated a volume

regulated chloride current in MOR1 transfected cells distinct from those 

activated by cAMP and Ca2+. Gill et al. took this further and showed that the 

drug transport and chloride channel functions of human P-gp can be 

separated (Gill et al. 1992). They demonstrated that drug transport requires 

ATP hydrolysis while, in contrast, ATP binding is sufficient to enable 

activation of the chloride channel. This was shown by directed mutations in 

the A TP binding domains of the protein. Furthermore, drugs tha tare 

transported by P-gp prevent channel activation but have no effect on channel 

activity once it has been preactivated by hypotonicity (Gill et a1. 1992). 

Further studies are required to delineate the normal functions of P-gp. 

More definitive information are obtained in studies where MOR1 genes are 

ablated in transgenic animals. 

Tumor Expression and Clinical Significance of MORl 

To determine the role of MOR1 in clinical drug resistance, many 

investigators measured MORl RNA or P-gp in human cancers. Bell et a1. 

(1985) published the first report on the expression of P-gp in tumor ascites 

cells of patients with advanced, non-responsive ovarian cancer using 

immunoblot analysis. They detected P-gp in two of five patient specimens. 

An importance observation in this study was that a sequential analysis of one 

of the two P-gp positive patients showed an increase in P-gp levels following 

__ ._.oo. ____ ·_.·_· .0 •• _._ •• ____________ _ 
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chemotherapy (Bell et a!. 1985). Later studies also indicated that some tumors 

can acquire MDR1 expression following initial chemotherapy giving rise to 

acquired MDR which has been associated with disease progression and 

chemotherapy failure (Fojo et a1. 1987, Ma et a!. 1987, Goldstein et a1. 1989, 

Chan et a1. 1990, Chan et a1. 1991, Campos et a1. 1992, Grogan et a!. 1993). Fojo 

et a1. also demonstrated the MDR1 expression by measuring mRNA levels in 

various human tumors using slot blot hybridization analysis. Sequential 

analysis of tissue samples from one patient with pheochromocytoma showed 

increased MDR1 mRNA (- 6 fold) in sample taken from time of relapse after 

initial chemotherapy. The patient had a progressive disease with a fatal 

outcome (Fojo et a!. 1987). 

Goldstein et a!. (1989) surveyed more than 400 bulk tissue specimens 

from different human cancers for the expression of MDR1 RNA using slot 

blot hybridization and RNAase protection assays. Tumors derived from 

organs with P-gp as a normal epithelial component generally expressed high 

levels of MDR1 mRNA. These tumors were untreated, intrinsically drug

resistant tumors including colon cancer, renal cell carcinoma, adrenocortical 

carcinoma, hepatoma, pheochromocytoma, islet cell tumors of the pancreas, 

carcinoid tumors, and non-smaIl-cell carcinoma with neuroendocrine 

properties. Table 6 shows the expression of MDR1 in untreated solid tumors. 

Furthermore, they showed that MDR1 mRNA levels were increased in some 

cancers at relapse after chemotherapy. These cancers include acute 

lymphocytic leukemia (ALL), acute non-lymphocytic leukemia (ANLL), breast 

cancer, neuroblastoma, pheochromocytoma, and nodular, poorly 

differentiated lymphoma (Goldstein et a1. 1989). These authors concluded 
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Table 6. Expression of MDR1 in untreated solid tumors 

Tumor No. of Samples 
Tumors With Moderate to High 

Expression 
Colon 41 
Renal 50 
Hepatoma 12 
Adrenocortical carcinoma 9 
Pheochromocytoma 20 
Pancreatic carcinoma 4 
Carcinoid 9 

Tumors With Low Expression 
Breast 
Bladder 
Esophageal 
Gastric 
Head and neck 
Melanoma 
Ovarian 
Prostate 
Thyroid 
Wilms' tumor 

(Modified from Goldstein et al. 1991) 

57 
6 

14 
2 

14 
3 

16 
3 
4 

20 

% Positive 

85 
80 

100 
77 
75 
50 
77 

15 
16 
o 
o 
o 
o 
o 
o 
o 
o 

--- '- ._. - .. ------._---- -_. -------
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that the consistent association of MDR1 expression with several intrinsically 

resistant cancers and the increased expression of the MDR1 gene in certain 

cancers with acquired drug resistance indicate that the MDR1 gene contributes 

to MDR in many human cancers. Furthermore, they noted that evaluation of 

MDR1 expression may prove to be a valuable tool in the identification of 

individuals whose cancers are resistant to specific agents. 

It is important to note the limitations of the clinical studies that 

examined the role of MDR1 expression in drug resistance. The clinical 

studies that used bulk tissue from various human tumors were relatively 

insensitive and did not discriminate between normal and neoplastic tissues 

(Dalton et al. 1991). However, attempts to address these issues have been 

successful. The use of immunohistochemistry in the clinical specimens have 

proven to be valuable in detecting P-gp in a single cell, allowing for small 

sample size, and the ability to distinguish P-gp expression in normal cells 

versus in cancerous cells. This is particularly important when one considers 

the heterogeneity of cells in clinical specimens. With the improvement of 

the sensitivity and specificity of the immunohistochemistry, this technique of 

P-gp detection is considered to be useful in determining the significance of 

MDR1 in clinical drug resistance and possibility of measuring MDR1 

expression in patient tumor samples as a prognostic factor (Chan et a1. 1988, 

Dalton et al. 1989b, Grogan et a1. 1990). Another technique that is capable of 

detecting P-gp in single cells is fluorescence-activated cell sorting (FACS). 

Both immunocytochemistry and FACS assays use monoclonal antibodies 

against P-gp that have the potential of cross-reacting to other proteins. 

Therefore, it is necessary to confirm the results of these assays using assays 

,-------------- -- --------,--------------
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that measure MDR1 mRNA such as reverse transcriptase-polymerase chain 

reaction (RT-PCR) which utilizes MDR1 specific oligonucleotide primers 

(Dalton et aI. 1994). 

Several investigators have confirmed the observation of increased 

levels of MDR1 expression in relapsing patients with prior chemotherapy 

(Pirker et aI. 1989, Marie et aI. 1991, Campos et aI. 1992, Grogan et al. 1993). 

Campos et al. (1992) analyzed 150 patients with newly diagnosed ANLL for 

P-gp expression by immunohistochemistry using MRK16 monoclonal 

antibody. They demonstrated that leukemias arising from previous 

myelodysplasia syndromes (MDS) and therapy-induced leukemias were more 

frequently P-gp positive. They also reported that patients whose tumors were 

P-gp positive had significantly lower complete remission rates (32%) than 

those who had P-gp negative tumors. They also showed an association 

between P-gp expression and stem cell phenotype (CD34+) expression. These 

investigators concluded that P-gp is an important prognostic indicator in 

ANLL (Campos et al. 1992). Grogan et al. (1993) reported a strong correlation 

between P-gp expression and prior chemotherapy (particularly vincristine and 

doxorubicin) in a total of 106 consecutive bone marrow samples from 104 

multiple myeloma patients. Using immunocytochemical assay of P-gp, they 

were able to demonstrate that myeloma patients with no prior chemotherapy 

had a low incidence of P-gp expression (6%), while those receiving 

chemotherapy had a significantly higher incidence of P-gp positivity (43%). 

When patients received higher doses of vincristine and doxorubicin, the 

incidence of P-gp expression also increased up to 100% (Grogan et aI. 1993). 

-_ ....... _ ... -- .. -.-------------
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The prognostic value of P-gp was examined in soft tissue sarcoma and 

neuroblastoma of children by Chan and coworkers (Chan et al. 1990, Chan et 

al. 1991). These authors measured P-gp in frozen samples using an 

immunohistochemical assay and demonstrated that patients with P-gp 

negative biopsy samples had a higher probability of both relapse-free survival 

and overall survival. These studies supported the fact that MDRl does playa 

role in clinical drug resistance and may have a prognostic value. 

In general, it has been easier for cancer investigators to demonstrate the 

prognostic significance of MDR1 expression in tumors that "acquire" MDR 

following the initial chemotherapy with natural products. If a tumor has an 

intrinsic drug resistance such as most solid tumors, it would be more difficult 

to demonstrate a relationship between P-gp expression and response to 

therapy using sequential specimens. Tumors such as breast cancer, soft-tissue 

sarcomas, malignant lymphomas, myeloma, and acute leukemias respond 

well to initial therapy of natural products but then relapse and develop drug

resistant disease. Sequential analysis of specimens from these tumor-types 

prior- and after chemotherapy can determine the prognostic significance of 

MDR1 expression (Dalton et al. 1994). The hematopoietic tumors are generally 

sensitive to chemotherapeutic agents prior to therapy. However, after relapse 

the response rate is less and usually of shorter duration and is often associated 

with the MDR phenotype. Therefore, these malignancies are the most 

appropriate to determine the significance of P-gp in the development of 

acquired drug resistance (Dalton 1993, Bellamy et al. 1994). 

Thus, it can be concluded that MDR1 is expressed in various human 

tumors and is significant in clinical drug resistance. Furthermore, MDRl 

---------_._----.- -- -_._. -----------_._---
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may prove to be an important prognostic factor particularly in hematologic 

malignancies. 

Chemosensitization or Reyersal of MDR 

Riehm et al. were the first to report the reversal of MDR phenotype 

using the surfactants Tween 80 which simply perturb lipid bilayer (Riehm et 

al. 1972). However, the major development in the field was the finding of 

Tsuruo et al. (1981) showing that verapamil, a calcium channel blocker, can 

sensitize vincristine-resistant P388 leukemia cells to the cytotoxic actions of 

vincristine and vinblastine. They also showed the MDR reversal effect of 

verapamil in mice bearing vincristine-resistant Ehrlich ascites tumors 

(Tsuruo et al. 1981). Furthermore, Tsuruo and colleagues revealed that 

verapamil and other calcium channel antagonists and calmodulin inhibitors, 

phenothiazines, enhanced anticancer drug cytotoxicity by increasing their 

accumulation and retention in P388 leukemia MDR cells (Tsuruo et al. 1982). 

Since these findings, a wide variety of agents have been identified to reverse 

the P-gp mediated MDR (table 7). 

Structure-activity studies by Zamora et al. indicated that the most 

potent chemosensitizers are hydrophobic molecules with two planar aromatic 

rings and a tertiary basic nitrogen which is charged at physiological pH 

(Zamora et al. 1988). Figure 5 shows the structure of verapamil which has the 

characteristic planar aromatic rings and the tertiary nitrogen. There are 

exceptions to this rule such as cyc1osporins. The cyc1osporins are highly 

hydrophobic cyclic peptides and do not appear to resemble the alkaloids 

(figure 5) but they are potent inhibitors of P-gp (Twentyman et al. 1987). 
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Table 7. List of chemosensitizers, agents that reverse drug resistance by 

inhibiting P-glycoprotein-mediated transport 

CHEMICAL CLASS EXAMPLE REFERENCE 

Detergents Tween 80 (Riehm 1972) 

Calcium channel Phenylalkylamines (Verapamil) (Tsuruo 1981) 
blockers Dihydropyridines (Nifedepine) (Nogae 1989) 

Calmodulin Phenothiazines (Higgins 1992) 
Inhibitors 

Coronary Quinidine, Amiodarone (Chauffert 1986) 
Vasodilators 

Antihypertensives Reserpine (Wakusawa 1984) 
(Indole Alkaloids) 
Antibiotics Hydrophobic cephalosporins (Gosland 1989) 

Anthracyc1ine analogs N-acetyl daunorubicin (Skovsgaard 1980) 
Cyanomorpholino doxorubicin (Scudder 1988) 
N-benzyladriamycin-14-valerate (Ganapathi 1989) 

Quinolines Chloroquine, quinine (Zamora 1988) 

Acridines Quinacrine (Zamora 1988) 

L ysosomotropic agents Monensin, nigericin (Klohs 1989) 

Bisbenzy lisoquinoline Cepharanthines (Shiraishi 1986) 
Alkaloids 

Isoprenoids N-(p-methylbenzyl) (Nakagawa 1986) 
(pol yprenoids) decaprenylamine 

Steroid hormones Progestrone (Yang 1989) 

Modified hormones Tamoxifen (Ramu 1984) 

Cyc1osporins Cyclosporin A, C, G (Twentyman 1987) 
PSC833 (Keller 1992) 

(Adapted from Beck 1991, Gottesman et al. 1993) 

--------------- -.. ----- ----------------
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Verapamil 
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Cyc1osporin A 

-
Figure 5. Structures of chemosensitizers verapamil and cyc1osporin A. 
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The exact mechanism by which the chemosensitizers inhibit P-gp 

function is unclear. However, several chemosensitizers have been shown to 

bind to P-gp (Safa 1988, Yang et al. 1989, Ryffel et al. 1991). This suggests that 

these compounds can cause a competitive inhibition of drug efflux or act as 

allosteric inhibitors (non-competitive inhibition). Figure 6 shows a model of 

chemosensitizers binding to P-glycoprotein and inhibition of drug efflux. 

Verapamil appears to be a competitive inhibitor of P-gp drug transport. 

Safa et al. demonstrated that verapamil can inhibit the binding of a 

photoactive analog of vinblastine (NASV) to P-gp in MDR chinese hamster 

lung cells selected for vincristine resistance (Safa et al. 1986). More recently, 

several studies showed the direct binding of verapamil to P-gp using 

photoaffinity analogs of verapamil. This binding could be inhibited to 

different degrees by various MDR drugs as well as other calcium channel 

blockers including nifedipine, azidopine, and diltiazem (Safa 1988, Yusa et al. 

1989, Qian et al. 1990). Intracellular accumulation of verapamil in drug 

resistant cell lines was demonstrated to be reduced compared to drug

sensitive parent cells (Kessel 1986, Cano-Gauci et al. 1987). This suggested that 

verapamil was transported by P-gp and was shown to be dependent on A TP 

hydrolysis (Broxterman et al. 1988). These results supports the competitive 

nature of verapamil inhibition of P-gp drug transport. However, until the 

exact site or sites where drugs and chemosensitizers bind to P-gp are 

identified, the exact mechanism of chemosensitizer inhibition of P-gp drug 

transport remains unclear. 

The functional analysis of P-gp suggests that chemosensitizers can be 

divided into two types. The first type of chemosensitizers, i.e., verapamil, 
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Figure 6. A model of chemosensitizer binding and inhibition of 
P-glycoprotein. Chemosensitizers such as verapamil may bind 
P-glycoprotein and lock the efflux of cytotoxic drugs (modified from Dalton 

et al. 1991). 
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cyc1osporin A, azidopine, diltiazem, and FK506, are transported by P-gp and 

exert their inhibitory effect not only by blocking the initial binding of the 

anticancer drugs but also throughout the course of the transport process (Yusa 

et a1. 1989, Tarnai et a1. 1991, Naito et a1. 1993, Saeki et a1. 1993a). The second 

type of chemosensitizers, like progestrone and nitrendipine, are not 

transported by P-gp and reverse MDR by only blocking the initial binding of 

the cytotoxic drug to P-gp (Veda et a1. 1992, Saeki et a1. 1993b). 

The results of in vitro and animal studies with chemosensitizers were 

promising and prompted further studies with chemosensitizers using tumor 

cells from patients (Rothenberg et a1. 1989b, Dalton et a1. 1989a, Gruber et a1. 

1989, Nooter et a1. 1990). These studies revealed that verapamil increased the 

accumulation of either vincristine or daunorubicin in patient cells with 

hematologic malignancies. In addition, the patient cells that responded to 

verapamil chemosensitization were shown to be P-gp positive (Rothenberg et 

a!. 1989b, Dalton et a1. 1989a). Nooter et a1. demonstrated that cyclosporin A 

was more effective than verapamil in increasing daunorubicin intracellular 

accumulation in leukemic cells from patients with acute myelocytic leukemia 

(AML). They also showed that the degree of cyclosporin A-induced increase 

in daunorubicin accumulation correlated with the levels of MDR1 mRNA 

(Nooter et a1. 1990). 

Initial phase I clinical studies using verapamil as a chemosensitizer 

demonstrated a dose-limiting cardiotoxicity and no augmentation of 

cytotoxicity of chemotherapy regimens (Benson et a1. 1985, Ozols et a1. 1987). 

The problem with these studies was that they did not measure MDR1 

expression in clinical tumor specimens. Therefore, the results of these 

------------------- ----- ---------------------- ----
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studies are difficult to interpret. Particularly, If the tumors in patients did not 

express P-gp, then one should not observe reversal of P-gp mediated MDR. 

Clinical studies of chemosensitizers in hematologic malignancies were 

the most promising in demonstrating the potential for reversing MDR. 

Dalton and colleagues achieved some success in inducing a remission in 

patients with refractory multiple myeloma after adding verapamil by 

continuous intravenous infusion to the vincristine-doxorubicin

dexamethasone (VAD) regimen (Dalton et al. 1989a, Salmon et al. 1991). 

These investigators measured P-gp in patient samples using 

immunohistochemistry and were able to correlate P-gp expression and 

verapamil effect. The response rate in P-gp positive patients treated with 

VAD-verapamil regimen was 40%. However, the duration of response in 

these patients was short lived, with a median of 5.4 months (Salmon et al. 

1991). Miller et a1. (1991) examined the effectiveness of verapamil in 

lymphoma patients. Clinical drug resistance was confirmed by a high 

incidence of MDR1 expression, 2% of newly diagnosed and 64% of previously 

treated patients. In this study patients received a 5-day continuous infusion 

of verapamil in combination with cyclophosphamide (C)VAD. Overall, 13 of 

18 patients (72%) responded to treatment including five complete remissions 

(28%). The duration of response in these patients was short, with a median of 

200 days (Miller et al. 1991). These results suggest that resistance to the 

chemosensitizing effect of verapamil has emerged. 

---_._---_.----._-- --'---- --------------
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CHAPTER 3 

MATERIALS AND METHODS 

Reagents 

All reagents were purchased from Sigma, St. Louis, MO unless 

specifically indicate~. Reagents were analytical grade or of the highest grade 

available. 

Cell Lines. Drug Selection 

Drug selected derivatives of the RPMI 8226 multiple myeloma cell line, 

8226/Dox40, and 8226/MDRlOV were developed in the laboratory of Dr. 

William S. Dalton. The parent line was obtained from ATCC. 8226/Dox40 

was selected from 8226/S by continuous exposure to doxorubicin (10 to 400 

oM) (Dalton et al. 1986). 8226/MDRlOV was selected from 8226/Dox40 by 

continuous culture in 10,u g/ml verapamil (22 11M, racemic) and doxorubicin. 

The addition of verapamil to doxorubicin in the selection pressure of 

8226/Dox40 required a reduction in the doxorubicin concentration from 400 

oM to 10 oM. Over the course of one year, the doxorubicin concentration was 

increased to 100 oM (figure 7). KB-C1, KB-V1, epidermoid carcinoma cell 

lines and H69, H69AR, lung cells were kindly provided by Dr. Igor Roninson 

and Dr. Susan Cole, respectively. Cells were maintained in RPMI 1640 media 

(Gibco, Grand Island, NY) which was supplemented with 5% fetal calf serum 

(FCS), 1% (v /v) penicillin (100 U /ml), 1% (v /v) streptomycin (100 U /ml) and 

1 % (v /v) L-glutamine (Gibco, Grand Island, NY). This culture media is 
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Figure 7. The drug selection scheme used to generate 8226/MDRlOV, a cell 
line resistant to chemosensitizers. Four MDRIOV clones were also isolated 
and their characteristics were similar to the selected MDRlOV cell line . 
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referred to as RPMI throughout the dissertation. Cell cultures were incubated 

in a 37°C incubator with saturated humidity and an atmosphere of 95% air 

and 5% C02 (tissue culture incubator). Cell lines were sub-cultured every 7 

days. 

Cytotoxicity Assay 

Cytotoxicity of drugs were measured In vitro using the MIT assay 

(Alley et al. 1988). The assay relies on the conversion of a soluble tetrazolium 

salt (3,4,S-dimethylthiazol-2,S diphenyl tetrazolium bromide) into an 

insoluble formazan product by mitochondrial succinate dehydrogenases. The 

insoluble product was dissolved in DMSO and measured by recording optical 

density at 540 run. Cells were plated at 8,000 - 10,000 cells/well in 96 well 

microtiter plates, drug was added, and the plate was placed in a tissue culture 

incubator for 4 days. MTT dye (50 ~l of a 1 mg/ml solution) was added and 

the plates were incubated for 4 additional hours. The plates were centrifuged 

at 300 X g for 5 minutes, the supernatant was aspirated, and DMSO was added 

to the pelleted cells/formazan dye. The plates were agitated for 5 min and 

assayed on an automated spectrophotometer. ICSO values were calculated by 

linear regression analysis. 

The results of MTT assays were confirmed by a two-layer, soft agar 

culture system (Dalton et al. 1986). Drug exposure was either for 1 hour prior 

to plating or continuously by incorporating the agent into the agar. Cells were 

plated in triplicate at a concentration of 2.0 x 105 cells/35-mm tissue culture 

dish (Falcon Plastics, Division of Becton Dickinson and Co., Oxnard, CA). 

Tumor cell colonies were evaluated using inverted microscopy 10-14 days 
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after plating. Percentage of survival was based upon the ratio of the plating 

efficiency of treated to control cells. The IC50 for each particular drug was 

defined as the concentration of the drug which reduces colony formation to 

50% of untreated control cells. A relative resistance index was expressed as 

the ratio of the IC50 of the resistant cells to the IC50 of the sensitive (8226/S) 

cells. 

Drug Accumulation and Efflux Analysis 

Cell lines were analyzed for retention of P-gp substrate, doxorubicin. 

Intracellular doxorubicin fluorescence was used as a measure of drug 

accumulation and efflux. For doxorubicin accumulation experiments, cells 

were washed with PBS and resuspended at a cell concentration of 1 x 106 

cells/m!. One ml of this cell suspension was transferred to 15 ml conical 

tubes and incubated as a suspension in tubes submerged in a water bath at 

37°C. Some tubes received a chemosensitizer, verapamil or cyclosporin A, at 

various concentrations ranging from 1 to 200 /lM. After a 15 min incubation, 

10 ~ of doxorubicin was added to each tube except the control cells. Samples 

were incubated for 1 hour at 37°C with intermittent mixings at every 10 min. 

Samples were then washed twice in cold PBS and resuspended in Iml cold 

PBS. Samples were kept in dark, on ice, and analyzed immediately on a 

FACSCAN flow cytometer. Fluorescence from doxorubicin was measured at 

585 nm. Cells with no exposure to doxorubicin were used as a control for 

au tofl uorescence. 

To determine the role phosphorylation of P-gp by PKC particularly 

PKC-a in the activity of P-gp in MDRlOV cell line, inhibitors of PKC were 
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used in the doxorubicin accumulation assay. Cells were preincubated with 

various concentrations of Staurosporine, a non-specific inhibitor of PKC, or 

CGP 41251 (Cibn Geigy), a specific inhibitor of PKC-a for 30 min at 37°C water 

bath. Then 10 ~ of doxorubicin was added to each tube and incubated for 1 

hour at 37°C. Intracellular accumulation of doxorubicin was determined as 

above. 

To compare the efflux of doxorubicin from drug sensitive and resistant 

8226 cell lines, cells were incubated with 10 IlM doxorubicin in a manner 

similar to that described above. Following this incubation period, the cells 

were washed once in PBS and then resuspended in a drug-free medium and 

placed in a 37°C water bath. At intervals of 5, 15, 30, and 60 min, aliquots of 

cells (1 x 106) were diluted in large volumes of cold PBS to minimize the P-gp 

efflux of doxorubicin and pelle ted at 2000 rpm for 2 min at 4°C. Doxorubicin 

fluorescence was measured as described above. 

Verapamil Uptake 

Intracellular accumulation of [3H]verapamil in MDR10V cells was 

compared with DoX40 cell line. Cells were washed in PBS and resuspended in 

RPMI at a cell concentration of 1 x 106 cells/mi. 200 III of the cell suspension 

(2 x 105cells) was transferred into each well of a 96-well plate in multiples of 5 

wells for each cell line. 20 J..Ll of a working solution of verapamil containing 

0.1 ~ of [N-Methyl-3H]-verapamil hydrochloride (New England Nuclear, 

Boston, MA) plus 9.9 IlM of unlabeled verapamil was added to each well. The 

96-well plate was incubated at 37°C for 15 min (this time point was chosen to 

be consistent with the doxorubicin uptake studies). Following the incubation, 

- - --- -- ------
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cells were harvested onto filter papers using a cell harvester. The filters were 

washed with saline and later air dried and then transferred to scintillation 

tubes. Cells were digested in 100 ~l of 1N NaOH and neutralized with 100 ~l 

of 1N HC!. Radioactivity was measured in scintillation cocktail by 

scintillation counter. [3H]verapamil uptake was expressed as cpm/~g of 

protein for each cell line. Protein determination was performed on a total of 

2 x 105 cells in triplicate wells of a 96-well plate using the BioRad Bradford 

assay of protein determination. 

Immunoblot Analysis for P-glycoprotein 

Cells (1.5-2 x 108) were swelled in hypotonic lysis buffer (10 mM Tris

HCI, pH 7.4, 10 mM KCI, 1.5 mM MgCI2) in the presence of protease inhibitor, 

Phenylmethylsulphonyl fluoride (PM SF) (2 mM) for 1 hour at room 

temperature. The swollen cells were ruptured in homogenizer with a B 

peste!. Lysed cells were centrifuged at 5700 RPM in a J2-21M centrifuge 

(Beckman, Palo Alto, CA) using a JS13.1 rotor for 10 min to remove large 

particulates. The supernatant was then centrifuged at 25,000 RPM for 1 hour 

in a L8-70 centrifuge (Beckman) using a SW28 rotor. The pellet was 

centrifuged through a sucrose gradient at 27,000 RPM for 4 hours in a 

swinging bucket (SW50.1) rotor to yield a purified membrane fraction. All 

centrifugation were performed at 4°c' The membrane-enriched fractions 

from 8226/S, Dox40, and MDR10V cell lines were separated in a 7% 

SDS/polyacrylamide gel by electrophoresis and transferred to nitrocellulose. 

Blots were probed with the monoclonal antibody, C219 (Signet, Dedham, 

MA), or JSB1 (Boehringer-Manheim), or C494 (Signet), followed by reaction 
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with 1251 conjugated goat-anti-mouse antibody. Quantitation of the 170 kD

P-gp band was performed on blots using a phosphor-imaging system. 

Immunofluorescence and Flow Cytometer Analysis of P-glycoprotein 

Cells (1 x 106) were incubated with 5 J.l.g of MRK16 (Kamiya, Thousand 

Oaks, CA) or IgG2a control (Dako) in 200 J.1.l of PBS + 2% fetal bovine serum 

(FBS) for 30 min at 25°C. Prior to this experiment, titration of MRK16 was 

performed to determine the concentration of antibody (5 J.l.g) which yielded 

maximal staining for P-gp, and minimal non-specific staining of isotypic 

control samples. Cells were washed with PBS + 2% FBS, then incubated with 

FITC-conjugated goat anti-mouse Ig (1:50) for 15 min on ice and they were 

kept in the dark. Cells were then washed and analyzed immediately using a 

FACSCAN flow cytometer with excitation at 488 run and emission measured 

at 515 run for FITC. Fluorescence ratios were calculated by dividing the mean 

fluorescence value of the MRK16-stained population by the mean 

fluorescence value of the isotypic control (IgG2a)-stained population. 

Immunocytochemistry 

Cell suspensions were processed as cytospins, fixed, and stained for the 

presence of desired protein. P-gi ycoprotein was detected using the 

monoclonal antibody C494 (Signet) or a 110 kD vesicular protein associated 

with MDR was detected by the monoclonal antibody, LRP56, kindly provided 

to us by Dr. Rick Scheper. Cells were suspended in RPMI at 2 X 105 Cells/m!. 

This suspension was mounted on s1ide5 using a cytospin centrifuge 

(Shandon, Sewickley, P A). Slides were fixed in acetone, air-dried, and stained 
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with the primary antibody. For P-gp detection, a 1:20 dilution of C494 

monoclonal antibody was used and for the detection of the 110 kD vesicular 

protein, a 1:800 dilution of LRP56 monoclonal antibody was used. The second 

stage consisted of a biotin-conjugated goat anti-mouse antibody (1:200 

dilution), (CaItag, San Francisco, CA). The third stage used an avidin-linked 

alkaline phosphatase protein. An irrelevant isotypic antibody was used as a 

control for non-specific staining. Alkaline phosphatase was used for the third 

stage detection. 

RNA Isolation 

Total cellular RNA was isolated by guanidium isothiocyanate cell lysis 

and cesium chloride purification (Chirgwin et al. 1979). Cells are washed with 

PBS and lysed in guanidium isothiocyanate lysis buffer (4 M guanidium 

isothiocyanate, 20 mM sodium acetate, 0.5% sarkosyl, 0.1 mM DTT in diethyl 

pyrocarbonate treated water). Diethyl pyrocarbonate (DEPC) was used to 

inhibit any RNAase activity. One ml of this lysis buffer was used for every 1 x 

107 cells. The cell lysate was passed through a 20 gauge needle to shear 

chromosomal DNA. 400 ~ of 5.7 M CsCl, 1 mM EDTA solution was added to 

a Beckman polyallomer open-top centrifuge tube (11 x 34 mm). The cell lysate 

was gently overlayed onto CsCI (no more than 1.5 ml of lysate per tube). An 

interface between the guanidium and CsCI layers was easily seen. Samples 

were centrifuged in TLS-55 swinging bucket rotor of Beckman TL-100 

ultracentrifuge at 49,000 RPM for 2.5 hours at 20°C. Carefully, all liquids were 

aspirated off except the last 0.5 ml. Tubes were quickly inverted and let stand 

upside down for 3-5 min. RNA was visible as a clear pellet at bottom of tube. 

-- .. _-- .. ----
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Gelatinous RNA pellets were resuspended with 100 III of DEPC-H20. The 

resuspended RNA was transferred to a sterile RNAase free microcentrifuge 

tube. 30 Jll of DE PC-treated 3 M sodium acetate was then added and mixed. 1 

ml of ice-cold 100% ethanol was added. Tubes were gently inverted and 

incubated at -80°C for a minimum of 20 min to precipitate the RNA. RNA 

was pelleted in micro centrifuge at top speed for 30 min at 4°C. Supernatant 

was aspirated and RNA pellet was washed in 70% ethanol and again pelle ted 

by centrifuging for 10 min. RNA pellet was then resuspended in 300 III of 

DEPC-H20. RNA was reprecipitated and washed with 70% ethanol 

depending on the required purity. RNA pellet was then washed with 100% 

ethanol and resuspended in small volumes (- 50 Ill) of DEPC-H20. RNA was 

quantitated from spectrophotometric absorbance measurements at 260 nm (1 

O.D. = 40 Ilg RNA/ml). 

Northern Blot Analysis 

MDR1 mRNAs in the cell lines were quantitated by Northern blot 

analysis. 20 Ilg of total cellular RNA was size fractionated on an agarose gel 

using glyoxal/dimethyl sulfoxide (DMSO) denaturation as previously 

described (Sambrook et al. 1989). In sterile microfuge tubes, 5.4 III of 6 M 

glyoxal (deionized), 16.0 III DMSO, 3.0 III of 0.1 M sodium phosphate (pH 7.0), 

and 5.4 III RNA (20 Ilg) were mixed and incubated for 60 min at 50°C. Ten Ilg 

of lambda Hind In molecular weight marker was denatured like the RNA 

samples. While incubating the RNAs, a 6.5 mm, 1% SEAKEM GTG agarose 

(FMC BioProducts, Rockland, ME) gels were poured. The gels were poured 

and ran in 10 mM sodium phosphate (pH 7.0). Following the incubation of 

----_._-_ ... -... _ ... -.--.- •. _------------
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RNA, the samples were chilled on ice, and then centrifuged to collect 

condensates. Then, 3 J.Ll of DEPC-treated glyoxal /DMSO loading buffer (50% 

glycerol, 10 mM sodium phosphate, pH 7.0, 0.25% bromophenol blue, and 

0.25% xylene cyanol FF) was added to each sample and the samples were 

loaded into the wells of the gel. The samples were then electrophoresed at 80 

volts until the bromophenol blue migrated 8 em through the gel. The buffer 

was circulated while the gel was running to maintain the pH below 8.0 which 

is necessary to prevent dissociation of glyoxal from RNA. After the RNA 

samples migrated 8 em, the gel was stained with ethidium bromide (0.5 

Ilg/ml) for 30 min to visualize and determine the RNA integrity. The RNA 

samples were transferred to a Nytran (Schleicher, Keene, NH) nylon 

membrane in 10 X standard sodium citrate (1 X SSC = 0.15 M NaCl, 0.015 M 

tri-sodium citrate, pH 7.0) overnight. The outside lane which contained a 

duplicate RNA sample, was excised and stained with methylene blue 

allowing visualization of the 18S and 28S ribosomal RNA bands for 

subsequent size estimation of probed bands. Following the transfer, the 

membrane was washed for 5 min in 500 ml 5 X SSC on a rotating platform. 

Then, the stratalinker was used at 1200 mAmp to crosslink the RNA to the 

membrane. Prehybridization of the membrane was carried out in 50% 

formamide, 10% dextran sulfate,S X SSC, 1% SDS, 1 X Denhardt's solution, 

and 250 Ilg/ml sheared, denatured, salmon sperm DNA at 42°C for at least 4 

hour. Hybridization was performed in the same solution to which 106 

cpm/ml denatured randomly primed 32P-Iabeled probe was added. The 

MDR1 specific probe used was a 401-base pair MDR1 cDNA fragment derived 

from PCR products (Futscher et al. 1993). Following hybridization, the 
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membrane was first washed in 2 X SSC, 0.5% SDS for 30 min at room 

temperature. The membrane was then washed twice in a large volume of 0.1 

X SSC, 0.5% SDS for 30 min at 65°c' Radioactivity in the probed blot was 

quantitated using a phosphorImager (Molecular Dynamics, Sunnyvale, CA). 

Consistency in RNA loading was verified by probing the stripped blot with a 

2-kilobase chicken ~-actin cDNA (Cleveland et al. 1980). 

Southern Blot Analysis 

High molecular weight DNA was isolated from drug sensitive and 

resistant 8226 cell lines using basic lysis solution and gentle organic extraction 

(Sambrook et al. 1989). Genomic DNA was digested to completion with 

EcoRl, electrophoresed on 0.8% agarose gels, and capillary transferred to 

nytran membranes. Hybridization and wash conditions were the same as 

those used in the northern blot analysis. The 401-base pair MDR1 PCR probe 

was used as the hybridization probe. Radioactivity in the probed blot was 

quantitated using phosphor imaging. 

Photoaffinity Labeling of P-glycoprotein 

Plasma membrane vesicles from exponentially growing cells were 

prepared as described above and photolabeled with [3H]azidopine (Safa et al. 

1987). 50 Jlg purified plasma membranes were photolabeled in 40 mM 

potassium phosphate buffer (pH 7.5) containing 10 JlM CaCl2, 20 JlM 

[3H]azidopine (Amersham corp., England) in final volume of 50 Jll. This 

mixture was incubated in dark for 1 hour at 25°C in the absence or presence of 

nonradioactive competing verapamil (10 - 200JlM) and then irradiated for 20 

------.---.... -- . __ .. _ ... --------~----
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min at 2SoC with a UV lamp equipped with two lS-W self-filtering 302-nm 

lamps (Model XX-IS), Ultra-violet products Inc., San Gabriel, CA. 

Photolabeled membranes were analyzed by 7% SDS-PAGE and fluorography 

(Safa et a1. 1986). Quantitation of radiolabeled protein bands were 

accomplished by densitometer readings using an Ambis image acquisition 

and analysis software (Ambis Inc., San Diego, CA). The least squares 

regression line of the area 0.0. by log baselO of verapamil concentration was 

calculated for each cell line. An analysis of covariance was done to test for 

differences in verapamil competition of [3H]azidopine binding between 

00"40 and MDRlO V cell lines. 

RT-PCR-Based Site Directed Mutagenesis 

A reverse transcription-polymerase chain reaction (RT-PCR)-based site 

directed mutagenesis technique was used to introduce a mutation in the 

cDNA region of MDRI corresponding to the first nucleotide binding fold 

(NB-IA) of P-gp. This mutated fragment was then used as a control for the 

mutational analysis of the entire MDRI cDNA in MDRIOV cell line. The 

schematic representation of this technique is shown in figure 8. Three 

oligonucleotide primers were used in 2 separate PCR reactions to generate a 

mutation in the middle of the final PCR product as previously described 

(Sarkar et a1. 1990). RNA (2S0 ng) was reverse transcribed in a mixture 

containing 1 X PCR buffer (10 mM Tris, pH 8.3, SO mM KCI, l.S mM MgCI2), 2 

mM dNTP mixture, 500 picomoles random hexamer, 100 units of RNAase 

inhibitor (Boehrenger-Manheim, Indianapolis, IN), 60 units avian 

myeloblastosis virus (AMV)-reverse transcriptase (Boehringer-Mannheim). 

------_._. __ .... - -- ._._- . __ . 
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Figure 8. Polymerase chain reaction-based site-directed mutagenesis. This 
method involved using three oligonucleotide primers in 2 separate peR 

reaction. (Adapted from Sarkar et al. 1990) 
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This reaction mixture was incubated at 42°C for 45 min, then 99°C for 5 min, 

followed by a 4°C quick chill. PCR primers (Biosynthesis, Lewistown, TX) 

used in this study were composed of the following sequences: 

"A" : 5' AAGGGCCTGAACCTGAAGGT 3' 

"B": 5' GGGATGGTCAATGTTGATGG 3' 

"C": 5' TTTCACGGCCATAGCGAATG 3' 

The middle PCR primer (B) contained a single nucleotide substitution, 

G to A (underlined), which was used in the first PCR reaction with the MDR1 

3' primer (C) to amplify a 136-base pair fragment. B to C region amplification 

was performed by adding 80 III of the PCR reaction mixture (1 X PCR buffer, 25 

picomoles of each primer, and 2 units of Taq DNA polymerase (Boehrenger

Manheim)) to the equivalent of 250 ng of starting RNA template (20 III of the 

cDNA reaction). Amplification parameters were 94°C denaturation for 1 min, 

and 35 cycles of 94°C for 15 sec, 65°C for 15 sec, 72°C for 15 sec, a final extension 

at 72°C for 1 min, and a quick chill to 4°C in a 9600 thermocycler (Cetus Perkin 

Elmer, Emeryville, CA). The product of this amplification was purified and it 

was used as a large primer, "B-C mega primer", along with the "A" primer for 

the second PCR reaction which amplified a 250-base pairs final product 

containing the nucleotide substitution in the middle of it. The template for 

this amplification was the A-C product that was amplified separately. The 

amplification parameters for the second PCR reaction was the same as the 

first reaction. Amplification products were separated by gel electrophoresis 

using a 3% agarose gel in Tris-Borate-EDTA (TBE) buffer at 80 volts. Products 
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were detected in gels by direct visualization of the ethidium-stained gels 

under UV. transillumination. 

Plasmid Preparation 

Small-scale preparation of plasmid DNA using the method of bacterial 

lysis by boiling was performed as previously described (Sambrook et al. 1989). 

A single bacterial colony was transferred into 2 ml of LB medium containing 

ampicillin in a loosely capped 15-ml tube. The culture was incubated 

overnight at 37°C with vigorous shaking. 1.5 ml of the culture was poured 

into a microfuge tube and centrifuged at 12,000 x g for 30 sec at 4°C in a 

microfuge. The bacterial pellet was resuspended in 350 III of STET (0.1 M 

NaCl, 10 mM Tris-HC1, pH 8.0, 1 mM EDTA, pH 8.0, 5% Triton X-100). 25111 of 

a freshly prepared solution of lysozyme (10 mg/ml in 10 mM Tris-HCI, pH 

8.0) was added and mixed by vortexing for 3 sec. The tube was placed in 

boiling-water bath for exactly 40 sec. Bacterial debris were removed by 

centrifugation at 12,000 x g for 10 min. Plasmid DNA was precipitated by 

addition of 40 III of 2.5 M sodium acetate (pH 5.2) and 420 III of isopropanol, 

followed by 5 min incubation at room temperature. Plasmid DNA was 

pelleted and washed with 70% ethanol. Extra care was taken in removing 

most of the supernatant from the tube before dissolving the plasmid DNA in 

50 III of TE (pH 8.0) containing DNAase-free RNAase (20 Ilg/ml). Plasmid 

DNA was quantitated from spectrophotometric absorbance measurements at 

260 nm (1 O.D. = 50 Ilg DNA/ml). 

------.-.-........ -- --_._ ... _._-_.---------
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DNA Sequencing 

The mutagenized MDRI cDNA fragment was cloned into the pCRII 

plasmid using Invitrogen plasmid cloning kit (Invitrogen, San Diego, CA) for 

sequencing. Chain termination sequencing reaction was performed using a 

USB sequenase kit, version 2.0 (United States Biochemical, Cleveland, OH). 

This chain termination method involved the synthesis of a DNA strand by a 

T7 DNA polymerase in vitro using the single-stranded pCRII plasmid 

containing the mutagenized NB-IA. Synthesis was initiated only at the one 

site where the T7 or SP6 oligonucleotide primer annealed to the template. 

The synthesis reaction was terminated by the incorporation of a nucleotide 

analog, the 2',3'-dideoxynucleoside 5'-triphosphates (ddNTPs). These lack the 

3'-OH group necessary for DNA chain elongation. When proper mixtures of 

dNTPs and one of the four ddNTPs were used, enzyme-catalyzed 

polymerization was terminated in a fraction of the population of chains at 

each site where the ddNTP gave complete sequence information. 

[35S]methionine labeled nucleotide was also included in the synthesis so the 

labeled chains of various lengths was visualized by autoradiography after 

separation by a denaturing gel electrophoresis. 

RT-PCR-SSCP Analysis of MDRI 

Figure 9 shows a schematic representation of the Reverse

Transcriptase-Polymerase Chain Reaction-Single Stranded Conformation 

Polymorphism (RT-PCR-SSCP) analysis. First-strand cDNAs were 

synthesized from total cellular RNA (100 ng) with AMV-RT in the presence 

of RNA inhibitor, RNAasin, deoxynucleotides, and random hexamers, or 

------------------- -- -_.- -.-
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Figure 9. Schematic representation of the reverse-transcriptase-polymerase 
chain reaction-single stranded conformation polymorphism (RT-PCR-SSCP) 
analysis. Under non-denaturing conditions, single stranded PCR products 
that are mutated migrate differently from the wild-type products depending 
only on their secondary structures (Orita et al. 1989). 
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down stream primers as described above. Different regions of mdr1 cDNA 

were amplified in the presence of [cx._32p]dCTP using 20 different sets of 18-22 

nucleotide primers for 32-35 cycles in 9600 thermocycler. The products were 

diluted 10 times in 98% formamide, 20mM EDTA, 0.05% bromophenol blue, 

and 0.05% xylene cyanol, heated at 75°C for 5 min, and 10 ml was promptly 

applied to non-denaturing polyacrylamide or mutation detection 

enhancement (MDE) gels a.T. Baker, Phillipsberg, NJ). Three different gels 

and electrophoresis temperatures were used to maximize the detection of 

mutation(s) in mdrl mRNA of MDRI0V cells as compared to DOX40. These 

include 6% polyacrylamide, 5% glycerol at RT, 6% polyacrylamide, no glycerol 

at 4°C and 0.5X MDE at RT. The MDE gels were electrophoresed at 8 watts for 

14-15 hours. The polyacrylamide gels were electrophoresed at 40 watts for 5-7 

hours. Gels were dried using a BioRad gel dryer and autoradiography was 

performed. 

Topoisomerase II Assays 

Topoisomerase II (Topo II) assays were performed by Nils Foley in Dr. 

Dalton's laboratory. Nuclear extracts were prepared from exponentially 

growing cells as previously described (Wolverton et al. 1989). In order to 

minimize proteolysis, all procedures were performed at 4°C and 1.0 mM 

Pefabloc (Boehringer Mannheim, Indianapolis, IN) was added to buffers A-F. 

In addition, antipain, aprotinin, leupeptin, and pepstatin A (each at 20llg.ml) 

were added to buffers B-F. 3-4xl0B cells were initially washed twice with PBS, 

then pelleted and resuspended in 15 mls of Buffer A (0.15M NaCl, 10mM 

KH2P04). Cells were washed a second time in Buffer A, then resuspended in 
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10 m1 of buffer B (5mM KH2P04, 2mM MgCl2, 4mM OTT, 0.1 mM Na2EOTA) 

and allowed to swell for 30 min on ice. Cells were then dounce homogenized 

for 10 strokes and the released nuclei were collected at 2500 x g for 15 minutes. 

Nuclei were resuspended in 4 m1 of Buffer C (Buffer B + 0.25 M sucrose) and 

layered over 1.2 ml of Buffer 0 (Buffer B + 0.6 M sucrose). This sucrose 

gradient was centrifuged in a LS-70 centrifuge (Beckman) using a swinging 

bucket rotor (SW2S) for 20 min at 2000 x g. The nuclear pellet was 

resuspended in 300 III of Buffer E (5mM KH2P04, 4mM OTT, 1mM 

Na2EOTA) and the total volume measured. An equal volume of Buffer F 

(40mM Tris pH 7.5, 2M NaCI, 4mM DTT) was added and the solution was 

placed on ice for 1 hour. After adjusting to 10% glycerol, the solution was 

centrifuged at 100,000 x g for 1 hour and the supernatant divided into aliquots 

and stored at -70°C. Protein concentrations were determined with the BioRad 

protein assay kit according to manufacturer's instructions. For 

immunoblotting, the nuclear extract was used immediately while frozen 

preparations could be used for up to 30 days to assay for topo II activity. 

For immunoblotting, 50 Ilg of fresh nuclear extract from the cell lines 

were separated on a 7% 50S-Polyacrylamide gel, transferred to PVOF, and 

blocked as described above. The blot was probed with a polyclonal antibody 

kindly provided to us by Dr. Mary Oanks. This antibody recognizes both 170 

and ISO kO (alpha and beta, respectively) isozymes of topoisomerase II. 

Following the incubation with the primary antibody, the blot was washed and 

probed with 125I-Iabeled goat anti-rabbit IgG (specific activity 6.20 IlCi/llg, 

New England Nuclear, Boston, MA). Finally the membrane was washed, 

dried, and autoradiography was performed. 
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Catalytic activity was measured as the decatenation of networks of 

kinetoplast DNA (kDNA) isolated from Crithidia fasciculata in the following 

manner. Various amounts of nuclear extracts were added to a microfuge tube 

containing 0.5 Ilg kDNA and Topo II reaction buffer (50mM Tris, pH 7.5, 85 

mM KCI, 10mM MgCl2, 0.5 mM DTT, 0.5 mM Na2EDTA, 30 Ilg/ml BSA, 1 

mM ATP). The samples were incubated for 30 min at 30°C, and the reactions 

were terminated by the addition of 5 III of 0.05% bromophenol blue, 2% SDS, 

and 50% glycerol. The samples were then electrophoresed (1% agarose gel) for 

2.5 hours at 75 v, and DNA was visualized using Ethidium Bromide staining. 

Agarose gel electrophoresis of released minicircles was used to determine 

Topo II activity. 

The ability of another Topo II interactive drug, etoposide (VP-16), to 

stimulate the formation of covalent Topo II-DNA complexes was examined 

by the K+ /SDS precipitation assay (Liu et aI. 1983, Nelson et al. 1984). Nuclear 

extract proteins (50 ng) isolated from log phase cells were incubated with 

linearized, 32P-end-labeled pBR322 in the presence of varied concentrations 

of VP-16 (0-50 11M). Drug-induced Topo II-DNA complexes were then 

precipitated by the addition of SDS and KCl. The amount of Topo II-DNA 

complex was quantitated and expressed as the percent precipitation of 

available 32P-labeled pBR322. 

Reverse Transcriptase-Polymerase Chain Reaction Analysis of MRP 

A single large scale cDNA reaction for use in different gene-specific 

amplifications was prepared. A 60 III reverse transcription reaction mixture, 

prepared at 25°C and containing 1x PCR buffer (10 mM Tris, pH 8.3, 50 mM 
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KC1, 1.5 mM MgC12), 1mM each dATP, dGTP, dCTP, and dTTP, 500 pmol 

random hexamer, 100 Units RNasin, 60 Units AMV-RT and 300ng of total 

cellular RNA was incubated at 42·C for 45 min, then 99°C for 5 min, followed 

by a 4°C quick chill. 

M R P amplification was performed as previously described 

(Abbaszadegan et a1. 1994) by adding 80 J.ll of the PCR reaction mixture (Ix PCR 

buffer, 25 pmol of MRP-specific amplimers, and 2 units of Taq DNA 

polymerase) to the equivalent of 100 ng starting RNA template (20 III of the 

large scale cDNA reaction) followed by incubation at 94·C for 1 min, then 29 

cycles of 94·C for 15 sec, 58·C for 15 sec, 72·C for 15 sec, a final extension at 

72·C for 1 min, and a quick chill to 4·C in 9600 thermocycler. Ten percent of 

PCR products were separated on an ultrapure 3% agarose gel and the gel was 

stained with ethidium bromide for visualization. 

To accurately estimate MRP mRNA levels by PCR, the exponential 

range of amplification for MRP was determined using RNA from the low 

level expressing cell line H69 and the overexpressing variant, H69AR. PCR 

was performed on cDNA derived from 100 ng of total RNA from H69 or 

H69AR in the presence of [a._32p]dCTP (3000 Ci/mmol) for varying numbers 

of cycles. Analysis was performed by fractionation of PCR products through 

non-denaturing Ix TBE - 6% polyacrylamide gels at 85 volts for 2.5 hours. 

Gels with radio-labeled PCR products were dried, quantitated on a 

PhosphorImager (Molecular Dynamics, Sunnyvale, CA) and 

autoradiographed for figures. The amplimer sequences for MRP correspond 

to nucleotides 4109-4128 and 4381-4400 of the cDNA sequence obtained from 

------_._-_ ... _ .. -- ._-- -._-------------
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Genbank (accession number L05628). The MRP amplimer sequences are as 

follows: 

MRP upstream: 

MRP downstream: 

5' GGACCTGGACTTCGTTCTCA 3' 

5' CGTCCAGACTTCCTTCATCCG 3' 

PCR parameters and amplimer sequences for histone H3.3 are as 

described previously except that 29 cycles of PCR was performed (Futscher et 

aI. 1993). cDNA from the equivalent of SOng of input RNA was amplified for 

29 cycles which is in the exponential range of amplification for H3.3. 

Alkaline Elution Assay 

This assay was performed by William T. Bellamy (Abbaszadegan et al. 

1995). Nuclear isolation was performed according to a modification of the 

method of Ross et aI. (1984). Briefly, [14C]thymidinelabeled cells were washed 

twice and resuspended in 1 ml of a solution containing 1 mM KH2P04, 5 mM 

MgCI2, 150 mM NaCI, 2 mM ethyleneglycol bis(a-aminoethyl 

ether)N,N,N'N'-tetraacetic acid, 4 mM disodium EDTA, 0.3 mM spermine, 

and 1 mM spermidine, pH 6.4. The cells were then lysed by adding 9 ml of a 

0.3% Triton X-100 solution, swirling briefly, and diluting to 50 ml with the 

first solution. Cells were then centrifuged at 800 rpm for 20 min at DoC. The 

resulting supernatant was poured off and the remaining nuclear pellet was 

gently resuspended in a solution of 1 mM KH2P04, 5 mM MgCI2, 150 mM 

NaCI, 0.3 mM spermine, 1 mM spermidine, and 0.5 mM ATP. Isolation was 

performed in the dark to protect the nuclei from UV-induced strand breaks. 

---... -.- .... ---- .---------------
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The nuclei of 8226/5, 8226/Dox40 and 8226/MDR10V were exposed to 5 f.J.M 

doxorubicin for 30 min at 37°C, after which they were immediately placed on 

ice and assessed for DNA damage by alkaline elution. 

Based on results obtained from accumulation studies concentrations of 

doxorubicin were chosen which would yield approximately equivalent 

intracellular concentrations in all cell lines. Doxorubicin-induced DNA 

protein crosslinks (DPC) were measured as previously described (Kohn et al. 

1981). Cells labeled with [14C]thymidine (0.1 uCi/ml, 55" mCi/mmol; ICN 

Radiochemical, Irvine, CA) were exposed to doxorubicin for 1 h at 37°C and 

washed twice with fresh medium at 40C. They were then resuspended in cold 

RPMI medium prior to irradiation with X-rays at 270 rads/min using a 4-meV 

linear accelerator (Linac 4; Varian Associates, Palo Alto, CA). The cells were 

irradiated to a total of 30 Gy in order to produce very short DNA strands 

which are retained on the polyvinyl chloride filter only if the DNA strand is 

covalently linked to a large protein (Kohn et al. 1979). Following irradiation, 

the cells were then gently loaded onto 25 mm, 2 f.J.m pore size polyvinyl 

chloride filters (type BS; Millipore Corp., San Francisco, CA) housed in 50 ml 

filter stacks. The cells were then washed twice with iced phosphate-buffered 

saline, pH 7.4, and lysed immediately on the filter with a solution of 2 M 

NaCl-0.04 M disodium EDTA-0.2% N-Iauroylsarcosine, pH 10.0. DNA was 

eluted with a 0.02 M EDTA solution adjusted to pH 12.2 with 

tetrapropylammonium hydroxide (RSA Corp., Ardsley, NY). The elution 

procedure was carried out in the dark to prevent UV light-induced DNA 

damage. Fractions of approximately 2.5 ml were collected for 15 hour and 

diluted into 15 ml of acidified scintillation fluid (0.7% glacial acetic acid; West 

----_._._ ...... -- .. _._ ... _------------
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Chem, San Diego, CA). The radioactivity (14C cpm) in the elution fractions 

and the filter was determined by liquid scintillation counting (LS-350; 

Beckman Instruments, Palo Alto, CA). The DPC lesions were converted to 

rad equivalents using the bound-to-one-terminus model of Ross et al (1979): 

Pc = [(1- r)-l - (1 - ro)-l] x Ph 

where Ph is the frequency of DNA single strand breaks produced by 30 Gy and 

rand ro are the fractions of DNA eluting in the slow elution phase in the 

presence or absence of drug, respectively. The degree of which r exceeds ro is a 

measure of DPC. 

Metabolic Labeling and Immunoprecipitation of P-glycoprotein 

A modified method of Blobe et al. and Greenberger et al. was used 

(Blobe et al. 1993, Greenberger et al. 1987). Exponentially growing Cells were 

washed in PBS twice and resuspended in methionine free RPM! 1640 (Cellgro, 

Mediatech, Washington D.C.) to cell concentration of 2 x 106 cells/ml. Cells 

were plated in 25-cm2 (1'25) flask (1 x 107 cells/flask). Cells were labeled with 

50-100 J..lCi/ml of [35S]methionine, Expre35S35S labeling mix (New England 

Nuclear, Boston, MA), in methionine free RPM! in a humidified 37°C, 5% 

C02 incubator for 3 hours. After metabolic labeling, cells were washed in PBS 

and lysed in 0.5 ml of lysis buffer (50 mM Tris-HCl, 140 mM NaCl, 1% Triton 

X-100, 0.5% Deoxycholate, 0.1% SDS, 5 mM NaF, 1 mM Na Vanadate, 2 mM 

EDTA, 100 J..lg/ml Pepstatin A, 200 J..lg/ml Aprotinin, 0.5 mM phenylmethyl 

sulfonyl fluoride) and transferred to a microfuge tube. The celllysates were 

------------------ ----------------------
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mixed on a sample rotator for 1 hour at 4°C. Cell debris were removed by 

centrifuging at 15,000 x g for 10 min in an Eppendorf microfuge (Brinkmann 

Industries, Westbery, N.Y.). 

The [35S]methionine incorporation was measured as the trichloroacetic 

acid (TCA) precipitated counts. Five ~l of labeled cell lysate was added to 

triplicate microfuge tubes. Hundred ~ of 1 mglml bovine serum albumin 

(BSA) was added to each tube. Then 100 ~ of 100% TCA was added to 

precipitate proteins. This mixture was incubated for 20 min on ice. The 

precipitated proteins were collected by filtration on Whatman #1 disks. The 

precipitated proteins on the filters were washed with 10% TCA and 100% 

ethanol. The filters were air dried and the radioactivity was counted in liquid 

scintillation cocktail. 

Aliquots containing equivalent amounts of TCA-precipitated 

radioactivity were immunoprecipitated using monoclonal antibody C219 to 

P-glycoprotein. Five ~g of C219 MoAb was added to approximately 500 ~l of 

35S-labeled cell extract (at least 2 x 107 cpm/aliquot of cell extract) in 

microfuge tubes. Tubes were rotated for 1 hour at 4°C. During antibody

antigen reaction, 15 mg of protein A-Sepharose beads for each reaction were 

presoaked in PBS on sample rotator for 1 hour at 4°C to swell the beads. The 

beads were then washed 3 times with cell lysis buffer to remove any broken 

bead particulates. Following immune-complex formation, an equal volume 

of 25% (v Iv) suspension of protein A-Sepharose were added to the cell extract 

and incubated on the sample rotator overnight at 4°C. The immune 

complex-beads were collected by centrifugation for 1 min in a microcentrifuge 

and washed at 4X alternating between a high salt wash solution, 50 mM Tris-

- .- ._. -----_._----- ...... _._------
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HCI (pH 7.5), 1 M NaCI, 1% NP-40, and a low salt/urea wash solution that. 

contained everything as the cell lysis buffer plus 1M urea. The immune 

complexes were dissociated from the beads by incubating in 150 JlI of sample 

buffer for 10 min at 30°C. Beads were pelleted by centrifugation and samples 

were electrophoreses on 7% Laemli discontinuous polyacrylamide gels for 3-4 

hours at 35 mAmp. Then the gels were dried using the BioRad gel drier 

(BioRad Laboratory, Hercules, CA) and autoradiography was performed. 

;e-glycoprotein Half-Life Determination 

Pulse-chase experiments were performed to determine the half-life of 

P-gp in Dox40 and MDR10V cells. Cells were metabolically labeled as 

described above. After being labeled, the cells were either harvested 

immediately (TO) or washed with PBS and transferred into complete RPMI 

growth medium and harvested at various times thereafter. P-gp was 

immunoprecipitated from all the samples as described above and 

electrophoresed in 7% Laemli polyacrylamide gel. P-gp was quantitated using 

Ambis densitometer software. Linear regression analysis was used to 

determine the half-life of P-gp. 

Indirect Immunofluorescence and Confocal Microscopy 

Intracellular localization of P-gp was determined by indirect 

immunofluorescence and confocal microscopy. A cytospin from the cell 

suspension (2 x 105 cells/ml) was prepared. Cells were permeabilized in 

acetone for 5 min and labeled with monoclonal antibody C219. A secondary 

Ab conjugated to Texas Red fluorochrome was used to create fluorescence 
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images on a Zeiss confocal laser scanning microscope (LSM10) with an Ai 

laser and a scan time of 16 sec with the assistance of Dr. Anne Cress. Both 

whole-cell and optical sections (Z interval = 500 nm) were recorded. 

Intracellular distribution of doxorubicin was also determined using the same 

confocal microscope following a 30 min exposure to 1 mM doxorubicin at 

37°C as described above. Quantitation of C219 staining and doxorubicin 

fluorescence was by NIH Image, v.1.5 (fpu). 

P-glycoprotein Cellular Processing 

The kinetics of conversion of Asparagine (Asn)-linked oligosaccharides 

from high-mannose to complex-type forms was examined in Dox40 and 

MDR10V cell lines as a measure of transit of P-gp through the secretory 

pathway. The specificity of endoglycosidase H (Endo H) was used to trace 

movement of newly synthesized P-glycoprotein through the endoplasmic 

reticulum (ER) and Goigi apparatus. Endo H sensitivity of glycoproteins in 

general at different organellar compartments of secretory pathway are shown 

in table 8. Proteins remain sensitive to Endo H while they are in the ER and 

in early cis portions of the Golgii they become Endo H-resistant after they are 

processed by enzymes located in the middle (medial) Golgi. Endo H cleaves 

N-linked oligosaccharides from proteins as long as they have not lost one of 

the mannose residues cleaved by Golgi mannosidase II. After removal of a 

mannose, the oligosaccharide becomes resistant to Endo H cleavage. Endo H 

cleaves the bond between the two N-acetylglucosamine (GlcNAc) residues in 

the core of N-linked oligosaccharides. One GlcNAc residue remains attached 

to the protein or peptide through an Asn residue and the remainder of the 

---------------- .-- ._--- ._--------------
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Table 8. Endoglycosidase H (Endo H) sensitivity of proteins in different 

organellar compartments of secretory pathway. 

Organellar 
Compartment 

Endoplasmic Reticulum 

Cis Golgi 

Medial Golgi 

Trans Golgi 

Type of 
Oligosaccharide 

Mannose-rich 

Mannose-rich 

Complex form 

Complex form 

+ = N-linked oligosaccharide of proteins are cleaved by Endo H. 

EndoH 
Sensitivity 

+ 

+ 

- = N-linked oligosaccharide of proteins are resistant to Endo H cleavage. 

------- -_ .. _ ... _- -_ .. _ .. _-------------
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chain is released as an intact unit (Tarentino et al. 1989). Cells were labeled 

for 30 min with [35S]methionine as described above and chased in complete 

RPM! for 30 min and 3 hours. P-glycoprotein was then immunoprecipitated 

with C219 as described above. The immune complexes were dissociated from 

beads in endoglycosidase H (Boehringer Mannheim) buffer (10 mM Tris-HCI, 

pH 6.5, 5 mM EDTA, 1% SDS, 1 % ~-mercaptoethanol, 5 mM PMSF) and 

divided into 2 aliquots. One aliquot of immunoprecipitated proteins were 

digested with Endo H overnight in 37°C water bath and the second aliquot did 

not receive any Endo H. Both samples were electrophoresed in 7% Laemli 

polyacrylamide gel at 35 mAmp for approximately 5 hours. The bands 

corresponding to mature P-gp (endo H undigested) and immature P-gp (endo 

H digested) were quantitated using a phosphorlmager. The molecular 

weights of mannose-rich, endo H sensitive P-gp and complex-type 

glycosylated, endo H resistant P-gp molecules were estimated by Rf values and 

linear regression analysis. 

----------_ ...... --.- .. ---...• ---
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CHAPTER 4 

RESULTS 

Selection and Characterization of MDRl.Q.V Cell Line 

A human myeloma cell line, 8226/MDR10V (MDR10V), was selected 

from a P-gp positive, MDR cell line 8226/Dox40 (Dox40) by continuous 

exposure to verapamil (racemic) and a stepwise increase in doxorubicin 

concentration (figure 7). At the concentrations used, verapamil alone was 

nontoxic to the cells (data not shown). Twenty two J.1.M of verapamil was 

chosen for selection of MDR10V cell line because this concentration of 

verapamil was the highest non-cytotoxic dose used to completely reverse P-gp 

drug efflux and reverse MDR in 8226 doxorubicin resistant cell lines (Bellamy 

et a1. 1988). The cell line selected in the presence of doxorubicin and 

verapamil did not differ from the parent lines in doubling time or percent S

phase of the cell cycle (table 9) (Abbaszadegan et a1. 1995). 

The pattern and degree of drug resistance in MDR10V cell line was 

analyzed. Figure 10 shows the results of one MIT cytotoxicity assay of the 

MDR10V and its parent, Dox40, exposed to the natural products, vincristine 

and doxorubicin. Despite reducing the concentration of doxorubicin in the 

selection process from that used to select the parent cell line, Dox40, the 

MDR10V cells were shown to be approximately 13-fold more resistant to 

doxorubicin and approximately 4-fold more resistant to vincristine than 

Dox40. Repeated MIT experiments reproduced similar results showing that 

- -- -- ------



Table 9. Cell line growth characteristics 

Doubling Time, hours 
(95% confidence limits) 
apraction of cells 

in 5 phase 

8226/5 

31.6 
(28.9-34.7) 
45.3 

~ 
32.4 

(29.6-35.8) 
40.5 

MURlQY 
32.2 

(29.4-35.5) 
46.5 

113 

aDetermined by using propidium iodide and flow cytometry 
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Figure 10. Effect of cytotoxic agents on 8226/MDR10V and its parent cell line, 
8226/Dox40. Cytotoxicity was measured by MIT assay. A. Doxorubicin 
cytotoxicity [ICso for 8226/5 = 7.9xlO-9, Do"40 = 8.lx10-7(100), MDRlOV = 
1.1x10-S(1322)] ,B. Vincristine cytotoxicity [ICso for 8226/5 = 4.3x10-9, Do"40 = 
2.Sx10-7(S8), MDRlOV = 9.1xlO-7(212). The numbers in paranthesis are the 

degree of resistance which is calculated by dividing the ICSO of 8226/Resistant 

cells by the 1CSO of 8226/5ensitive cells. 
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M D R 1 0 V cells were consistently more resistant to doxorubicin and 

vincristine than Do"40 cells. 

Table 10 shows the drug resistance profile of the MDRlOV and its 

parent cell line, Dox40, exposed to a number of other chemotherapeutic 

agents with varying mechanisms of action. MDRlOV cell line has a resistance 

profile similar to its P-gp positive parent Do"40. However, the degree of 

resistance is consistently higher in MDRlOV. 

The effectiveness of various chemosensitizers to reverse drug 

resistance in Dox40 and its verapamil selected cell line, MDR1 0 V, was 

examined using MTT cytotoxicity assay. The dose modifying factor for each 

cytotoxic agent was calculated as the IC50 of that agent in the absence of a 

chemosensitizer divided by its IC50 in the presence of a chemosensitizer. 

Only verapamil and cyclosporine A demonstrated a substantial drug resistant 

reversal effect on these 2 cell lines. Interestingly, both verapamil and 

cyc1osporin A which inhibit P-gp function were only one half as effective in 

reversing resistance to doxorubicin and vincristine in the MDRlOV cell line 

compared to the Do"40 cell line (Table 11). These results indicate that 

MDRIOV cell line is resistant to the chemosensitizing effects of verapamil 

and cyclosporine A. 

Drug accumulation in the MDRlOV and Do"40 cell lines was measured 

by intracellular fluorescence of doxorubicin using flow cytometry. The level 

of doxorubicin intracellular accumulation at 1 hour was very low for both cell 

lines. However, when increasing doses of a chemosensitizer was used to 

block doxorubicin efflux, these agents were only partially effective in the 

MDRlOV compared to the Do"40 cell line (figure 11). A least-squares linear 
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Table 10. Drug resistance profile of 8226/MDR10V and its parent cell line, 

8226/DoX40 

B226LDQ~~Q B226LMDR1QY 
Class/ Agent 

Anthracyclines 
Doxorubicin 138* 1245 

Topo II inhibitors 
Mitoxantrone 95 118 
Etoposide 48 201 

Vinca Alkaloids 
Vincristine 269 1149 
Vinblastine 85 107 

Alkylating Agents 
Melphalan 3.4 2.3 

Antimetabolites 
Methotrexa te 1.1 1.5 
Ara-C 1.4 1.3 
Decadron 0.4 1.0 

* D f DR' ICso 8226/Resistant egree 0 rug eSlstance = -------
ICso 8226 I Sensitive 

Calculated by Linear Regression Analysis 
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Table 11, Effectiveness of various chemosensitizers on drug-resistant 8226 

cell lines 

Oox40 MDR1QY 
Doxorubicin 

Verapamil (6 IlM) 45* 25 

Quinine (5 IlM) 2 4 
Cyclosporin (1 1lM) 16 7 
Trifluoroperizine (1 IlM) 2 2 

Vincristine 
Verapamil (6 IlM) 72 31 

*0 M d'f' F t ICso Doxorubicin alone ose 0 1 ymg ac or = 
ICso Doxorubicin + Chemosensitizers 

-------.---....... =~ ... ,=~~ ..•. ~.~. ----------- - --_._- ---_ .. _----.- - ------.-
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regression analysis of the area O.D. by log basel0 of the verapamil 

concentration was calculated for each cell line. This analysis showed a 

significant difference (p < 0.01) between slopes indicating that verapamil is 

less effective in reversing P-gp doxorubicin efflux in MDRlOV compared to 

Dox40 (figure 11A). Similar results were observed for cyclosporin-A (figure 

11B). 

The efflux of doxorubicin was measured in the absence or presence of 

verapamil in MDRlOV and its parent cell line, D0X40 (figure 12). The rate of 

doxorubicin efflux was similar in both cell lines in the absence or presence of 

chemosensitizer verapamil (figure 12 A). However, more doxorubicin was 

being effluxed out of MDRlOV cells compared to DoX40 in the presence of 

verapamil (figure 12B). These results also indicate that MDR10V cell line is 

resistant to the P-gp inhibitory effect of verapamil. 

Intracellular accumulation of [3H]verapamil in MDRlOV cells was 

compared with DoX40 cell line which might explain the non-responsiveness 

of MDR10V cells to chemosensitizers. The intracellular radioactivity was 

measured by scintillation counting and expressed as CPM/~g of protein for 

each cell line. Intracellular uptake of [3H]verapamil was equal in both DoX40 

(28 ± 3 CPM/~g of protein) and MDRlOV (26 ± 2 CPM/~g of protein) cell lines. 

This rules out the possibility of lowered intracellular concentration of 

verapamil in MDRlOV which could explain the resistance to chemosensitizer 

verapamil. However, the level of [3H]verapamil uptake in 8226/5 (52 ± 10 

CPM/~g of protein) was almost twice the level in P-gp expressing, drug 

resistant cell lines, Dox40 and MDRlOV. This supports the idea of verapamil 

transport by P-gp (Cane-Gauci et al. 1987, Broxterman et al. 1988). 
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Figure 11. Intracellular accumulation of doxorubicin in 8226 sensitive and its 
drug resistant variant cell lines. A. In the absence or presence of verapamil. 
B. In the absence or presence of cyclosporin A. Intracellular fluorescence 
were compared between cell lines by Kolmogorov-Smirnov statistics. 
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Figure 12. Efflux of doxorubicin in the absence or presence of 
chemosensitizers. Doxorubicin efflux was measured in 8226/MDRlQV and 
compared to 8226/DoX40 in absence of verapamil (A) or presence of 10 ~M 

verapamil (B). Cells were preincubated ± 10 ~M verapamil for 15 min and 
then exposed to 10 ~M doxorubicin for 1 hour at 37°C. Cells were then 
washed and replated in a drug free medium to be incubated at 37°C for the 
indicated time points. Efflux of doxorubicin was measured as a reduction in 
the level of doxorubicin fluorescence over time. 
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Possible Mechanisms of Resistance to Chemosensitizers 

Increased Amounts of P-glycoprotein in MDRlQY 

Several possibilities could explain the differences observed between 

Dox40 and MDRlOV cell lines. The first possibility was an increase in the 

level of P-gp in MDRlOV. To address this possibility, immunoblot analysis of 

P-gp and northern blot analysis of MDR1 mRNA was performed. Cell 

membrane-enriched fractions from 8226/5, DoX40, and MDRlOV cell lines 

were separated by SDS/polyacrylamide gel electrophoresis, transferred to 

nitrocellulose, and probed with C219, a monoclonal antibody specific for P-gp 

(figure 13). Surprisingly, MDRlOV had approximately 40% lower membrane 

bound P-gp compared to its parent cell line, DoX40, which was determined by 

densitometer quantitation of P-gp bands. This was observed in repeated 

experiments using C219 as well as other monoclonal antibodies against 

internal epitopes of P-gp, C494, and JS5-1 (data not shown). The level of P-gp 

in the plasma membrane of MDR10V was decreased in spite of a greater 

degree of drug resistance than DoX40 cell line. Another unique protein 

(approximately 55 kD) was also detected by C219 monoclonal antibody (figure 

13) and the other monoclonal antibodies against P-gp (data not shown) in 

both MDR10V and Dox40 cell lines, but not in the parental drug sensitive 

8226/5 cell line. This protein was termed P-55. The level of P-55 was greater 

in MDR 10V than in DoX40. Since, all three monoclonal antibodies against 

P-gp crossreacted with P-55, this protein might be the product of P-gp 

processing in these cell lines. The difference in the level of P-55 between 

MDR10V and DoX40 may be due to the differences in P-gp half-life and 

----------_ ..... _ ... _ .. _- .. _--------------_.. ---
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200· .- P·glycoprotcin 

97· 

65· 

• P·55 

43· 

Figure 13. Immunoblot analysis of P-glycoprotein. Membrane enriched 
fraction of 8226 sensitive and its drug resistant variant cell lines were size 
fractionated by 50S-PAGE and transferred to nitrocellulose for P-gp detection 
using the C219 monoclonal antibody. MORlOV exhibited approximately 40% 
less P-gp in its plasma membrane compared to Oox40 as determined by 

densitometry (Ambis System). 
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turnover in these cell lines. This was examined in later pulse-chase 

experiments (figure 43). 

In order to confirm the immunoblot results, the amount of P-gp on the 

surface of cells was analyzed by FACS analysis using the MRK16 monoclonal 

antibody. This antibody recognizes an external epitope of P-gp and allows for 

analysis of live cells (Arced et al. 1993). Titration of MRK16 monoclonal 

antibody against P-gp in DoX40 cell line was performed to determine the 

concentration of antibody (5 Ilg) which yielded maximal staining for P-gp and 

minimal non-specific staining of isotypic control samples (figure 14). This 

concentration of antibody was used to measure the amount of P-gp on the 

surface of cells (Figure 15). Results of this assay also showed a reduction in 

the amount of P-gp on the surface of MDRlOV cells (approximately 33%) 

compared to Dox40 which confirms the results of immunoblot analysis. 

MDR1 mRNA levels in MDRlOV and DoX40 cell lines were measured 

using northern blot analysis of total cellular RNA. Following size separation 

on an agarose gel and transfer to a nylon membrane, the RNAs from these 

cell lines were probed with a PCR derived MDR1 cDNA oligonucleotide 

(Futscher et al. 1993) which had been 32P-Iabeled. Figure 16 shows an 

autoradiograph of this analysis where similar levels of MDR1 RNA 

expression were seen in both cell lines. Consistent with the MDR1 mRNA, a 

4.5 kb band of hybridization was observed in the Dox40 and MDRlO V cell 

lines. The expression of the constitutively expressed ~-actin gene was 

examined to demonstrate similar loadings between cell lines. These results 

were puzzling at first and they were in contrast to the results of immunoblot 

and FACS analysis which showed less P-gp on the surface of MDRlOV cells 

------------. ----
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Figure 14. Titration of MRK16 monoclonal antibody against P-glycoprotein in 
8226/ Dox40 cells. 5 Ilg of antibody yielded maximum P-gp staining with 

minimum non-specific antibody staining as determined with P-gp negative 

cell line, 8226/5. 
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Figure 15. FACS analysis of viable cells using MRI<16 monoclonal antibody 
which recognizes an external epitope of P-glycoprotein. Kolmogorov
Smirnov statistics were used for comparisons of 10,000 events. MDRlOV was 
found to have significantly less P-gp compared to D0)(40 (approximately 33%). 

----------.- .. --.. _--- --_._-------------



126 
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Figure 16. Northern blot analysis of MOR1 in 8226 drug sensitive and 
resistant cell lines. A 401-base pair peR derived MOR1 cONA probe was used 
to hybridize to the 4.5 kb MOR1 mRNA in drug resistant 8226 cell lines, 
8226/0ox6 cell line is a lower resistant variant of 8226/5 cell line which 

overexpresses P-gp without MORl gene amplification. 
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compared to Dox40 cells. However, in the later studies, the results of 

immunoprecipitation of whole celllysates and immunofluorescence confocal 

microscopy demonstrated that there was more P-gp in the cytoplasm of the 

MDRlOV compared to Do"40 cells which explains the similar levels of MDR1 

message in these cell lines (figures 42). 

MDR1 gene amplification in MDR cell lines has been shown to be one 

mechanism of the overexpression of MDR1 mRNA (Roninson, 1992). 

Therefore, MDR1 gene copy number was measured in MDRlOV cells and was 

compared to its parent cell line, Do"40. The MDR1 probe that was used for 

hybridization in southern blot analysis was the same one used in northern 

blot analysis. An autoradiograph of the MDR1 southern blot from one of 

three experiments is shown in figure 17. The radioactivity in each lane of the 

gel was quantitated using a PhosphorImager. The results showed an increase 

in MDR1 gene copy (4-5 fold) in both Do"40 and MDRlOV as compared to 

8226/5 cell line. However, there was no difference in the amount of MDR1 

gene between the MDRlOV and Do"40 cell lines. MDRI gene amplification 

was not demonstrated in 8226/Dox6 cell line, a lower drug resistant variant of 

8226/5 cell line. However, this cell line overexpresses MDRI mRNA. Figure 

18 shows a picture of an ethidium bromide stained agarose gel running the 

EcoR1 digested genomic DNA from 8226 cell lines which were then blotted to 

nylon membranes for southern blot analysis shown in figure 17. This picture 

demonstrates equal loadings of EcoRl digested DNA of the cells. 

Altered P-glycoprotein 

Given the observations of decreased membrane bound P-gp, increased 

-_ ..... - .... _.- ._-----------



23 • 

9.4 • 

.,
"',""""';" ; .. I A. ", 

" ' 

, ".~ :: 

2.3 • 

2.0 • 

, ,,', 

,'''- ,"" 
.: ·~:~;i~~ .. '~i'. . 
,.tU·~/~-J":': "i,; .' t': 

, '.' ,I ~ .' "'. 

".",'1:. 

'·'I':'! :' 

"I 

128 

Figure 17. Southern blot analysis of MDR1 gene in 8226/5 and its drug 
resistant variants. A 40l-base pairs peR amplified MDRl cDNA probe was 
hybridized to MDRl gene in EcoRl digested genomic DNA. Southern blot 
was exposed to PhosphorIrnaging plates and ~he amount of radioactivity was 
quantitated in each lane by Molecular Dynamic PhosphorImaging. 
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Figure 18. Southern blot analysis control of gel loading. A picture of 
ethidium bromide stained agarose gel of southern blot analysis shown in 

figure 17 demonstrating an equal loading of EcoR1 digested DNA. 

-----------------... ----- -- --------------
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drug resistance, and reduced responsiveness to chemosensitizers in the 

MDRlOV cells, we considered two different possibilities. One possibility was 

that P-gp in MORlOV was mutated which altered binding of chemosensitizers 

reducing their efficacy, but this mutation enhanced efflux of cytotoxic drugs. 

The second possibility was that an alternative non-P-gp drug resistance 

mechanism had emerged with selection. 

Altered P-gp Binding Affinity for Chemosensitizers 

Tritiated-azidopine photoaffinity labeling of P-gp and inhibition of 

binding with unlabeled verapamil was performed in MDRlOV and 00"40 to 

examine indirectly the P-gp molecule for any alterations which could affect 

the binding affinity of azidopine (figure 19). A verapamil dose related 

inhibition of azidopine binding to P-gp was observed. The results indicated 

that there was no difference in affinity for azidopine binding to P-gp in both 

cell lines as analyzed by a three way analysis of variance comparing slopes 

calculated from least squares regression lines. However, there was a 

difference between the level of [3H]azidopine binding in Do"40 and MORlOV 

cell lines. Consistent with the results of immunoblot and FACS analysis of 

P-gp, there was less [3H]azidopine binding of P-gp to plasma membrane in 

MDRlOV compared to Dox40 cell line (p < 0.01). Interestingly, azidopine also 

bound the P-55 protein detected earlier by several monoclonal antibodies 

against P-gp. This binding was also inhibited by verapamil. 

Mutation 

A more direct assay for alterations in P-gp structure was the analysis for 
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Figure 19. Tritiated-azidopine photoaffinity labeling of P-glycoprotein. 50 ~g 
purified plasma membranes were photolabeled with [3H]azidopine at 25°C in 
the absence or presence of non-radioactive competing verapamil (10-200 ~M). 
Photolabeled membranes were analyzed by SDS-PAGE and fluorography. 
Radiolabeled protein bands were quantitated by densitometer and analysis of 
covariance was performed to test for differences in verapamil competition of 
[3H]azidopine binding between D0X40 and MDR10V cell lines. 

-_ ... _ .. _ ... -.- .. _-----
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mutations. The hypothesis was that the P-gp molecule in MDR10V was 

mutated such that it reduced the efficacy of verapamil but enhanced the efflux 

of cytotoxic drugs. Reverse transcriptase-polymerase chain reaction-single 

stranded conformation polymorphism (RT-PCR-SSCP) involving 20 sets of 

overlapping primers was used to compare the sequence of MDR1 cDNA from 

MDR10V and Do"40. The MDRlOV-selected population, rather than isolated 

clones, was used for PCR-SSCP analysis because the characteristics of the 4 

different isolated clones were similar to the selected population. 

Furthermore, immunocytochemistry studies of MDRlOV-selected population 

using anti-P-gp monoclonal antibody (C219) showed a homogenous 

population in P-gp expression (figure 20). Moreover, the sensitivity of PCR

SSCP assay was shown to be high enough to detect mutations present in as 

low as 5% of the cell population (Orita et al. 1989, Suzuki et al. 1990). Figure 

21 shows the location of primer sets along the full length cDNA (4646 b.p.) of 

the MDR1 gene. The sequence of the oligonucleotide primers, the eDNA 

position, and the corresponding regions of P-gp that were amplified with 

these primers are shown in table 12. To maximize mutation detection using 

PCR-SSCP, 3 different gel conditions were used, 6% non-denaturing 

polyacrylamide gels with glycerol at room temperature (RT), without glycerol 

at 4°C, and Mutation Detection Enhancement (MDE) gel at RT (Soto et al. 

1992). Two different sets of controls were used for the SSCP analysis. Control 

set #1 was the mutagenized nucleotide binding fold motif 1A (NB-1A) of P-gp 

engineered by a PCR based site-directed mutagenesis technique (Sarkar et al. 

1990). Primer set 7 and a third primer with a nucleotide substitution from 

wild-type (wt) sequence (primer B, see materials and methods and figure 8) 

.-... _---_.- _ .. __ ._. -_ .. __ ._----_ .... _. ------- .-. _.--' 



133 

t, 

A AL ___ ·· 

"<~~i"!~j 
'I, " ", 

i:('· 

I,' : 

c D 

Figure 20. Immunocytochemistry of P-glycoprotein. 8226/MDR10V (A), 
8226/DOX40 (B), 8226/5 (C), and negative control (D). High levels of P-gp 

staining was detected using anti-P-gp monoclonal antibody (C219) in both 
DOX40 and MDRlO V cells. P-gp staining appeared to be homogeneous in 

both cell lines. 
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Figure 21. PCR primers for RT-PCR-SSCP analysis of MDR1 eDNA. Twenty 

sets of overlapping primers were used for RT-PCR-SSCP analysis of MDR1 
eDNA. 
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Table 12. List of MDR1 PCR primers for RT -PCR-SSCP 

Primer cDNA P-gp 
Setsa Sequence, 5' to 3' Position Regionb 

1US TCCAAGGAGCGCGAGGTC -3 TM1 
lOS GCATTTGCAAAGATATCTGTC 224 " 
2US TCATGATGCTGGTGTTTTGG 219 TM2 
20S TTTCTAATTTTGTGTATTTGTC 424 " 
3US ATTTTGGTGCCTGGCAGCTG 422 TM3 
30S AATCACAAGGGTTAGCTTCC 633 " 
4US ATAGTAGGATTTACACGTGG 632 TM4 
40S TCCCAATTCTTTTAGCTTCT 845 " 
SUS AAGAACTTGAAAGGTACAAC 835 TM5/6 
50s CAAATGCTTCAATGCTTGG 1046 " 
6US CTnJAGTGTTGGACAGGCA 1044 TM6 to NB-IA 
60S CAGGGCCACCGTCTGCC 1259 " 
7US AAGGGCCTGAACCTGAAGGT 1251 NB-1A 
70S TTTCACGGCCATAGCGAATG 1460 " 
8US TTGCCACCACGATAGCTGAA 1459 NB-1B 
80s TCTGTGTCCAAGGCTGACGT 1671 " 
9US AGATCCTCCTGCTGGATG 1669 Linker region 
90s ATTTCCTGCTGTCTGCATTG 1879 " 

10U5 GAAAGGCATTTACTTCAAAC 1874 " 
100S GCTTCATAATCCTCCAAAAG 2087 " 
11US GATGAAAGTATACCTCCAGT 2085 TM7/8 
1l0S CAAATGTGAAACCCTGAAGG 2312 " 
12US CTAGCCCTTGGAATTATTTC 2298 TM8/9 
12DS TATTCCTGTCCCAAGATTTG 2521 " 
13US GCTTGCTGTAATTACCCAGA 2516 TM9/10 
130S GAGCATACATATGTTCAAAC 2747 
14US TGTTTCTTTGACTCAGGAGC 2744 TMll 
140S CCATGGCACCAAAGACAACA 2942 " 
15US TCCTATGCTGGATGTTTCCG 2874 TM12 
1505 AATGTGTTCGGCATTAGGCC 3072 " 
16US ATCA TTGAAAAAACCCCTTTG 3052 NB-2A 
160S TTTCCCTGCCAAGGGGTC 3252 " 
17US GACTGAGCCTGGAGGTGAAG 3175 NB-2A&more 
17DS CCCGGCTGTTGTCTCCATAG 3394 " 
18US GCAGCATTGCTGAGAACATT 3392 NB-2B 
180S TCTGTATCCAGAGCTGACGT 3606 
19U5 TGGCCAGAAACAACGCATTG 3564 NB-2B&Cyto.dom. 
1905 TAGATGCCTTTCTGTGCCAG 3782 " 



Table 12. List of MDR1 PCR primers for RT-PCR-SSCP (continued) 

Primer 
Setsa 

20US 
20DS 

cDNA 
Sequence,S' to 3' Position 

GAATGGCAGAGTCAAGGAG 3760 
GAAATGTT AAACAGATACCTC 3976 

aUS is upstream primer and DS is down stream primer. 

P-gp 
Regionb 

Cytopl. domain 
II 

136 

bTM is the transmembrane domain and NB is the nucleotide binding fold 
domain of P-glycoprotein. NB-1A, 1B, 2A,or 2B refers to the different motifs 
of A TP binding folds. 

------------_.-_ .. _- ._-- - -----------_. 
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were used to create a mutant 250 b.p. fragment with an altered mobility on 2 

of 3 SSCP gels as compared to the wild-type PCR products (figure 22). 

Sequencing of this PCR-mutagenized MDR1 fragment that was sub cloned 

into a sequencing plasmid actually showed no substitution at the expected 

position in the middle of the fragment but rather a nucleotide deletion at the 

end of the fragment shown as asterisk in figure 23. This was perhaps due to 

an artifact of the mutagenesis assay itself or a faulty synthesis of "B" middle 

primer missing a G nucleotide. Although a minor band shift was detected 

using this control in 2 of 3 SSCP gels, a search for a better control resulted in 

using another control for SSCP gels in addition to control set #1. Control set 

#2 included the KB-C1 cell line with a mutation in its mdrl gene 

corresponding to the amino acid residue 185 of P-gp (gly to val). Using primer 

set 3 which flanked the substituted nucleotides, an amplicon of 211 b.p. was 

amplified from both the mutant, KB-C1(gly), and the wild-type, KB-V1(val) 

cell lines and applied to three different gels for SSCP analysis (figure 24). 

Band shifts could be seen with KB-C1 as compared to KB-V1 in 2 of 3 gels, 

MDE and 6% polyacrylamide with 5% glycerol. It is important to note that 

these controls only control for the SSCP gel conditions and not for every 

mutation in MDRl. Different mutations alter the conformation of the single 

stranded PCR molecules differently, therefore, causing a different gel mobility 

that is dependent only on their sequence and not their size. 

Using the 2 control sets for SSCP gels, PCR products representing the 

entire translated regions of MDRl cDNA from MDRlOV and 00"40 cell lines 

were analyzed for mutations on all three different gel conditions. Figures 25 

through 28 show the autoradiographs of the MOE gels analyzing the PCR 
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6% POLYACRYLAMIDE 

MDE 5% GLYCEROL, RT 0% GLYCEROL, 4°C 

Figure 22. Control #1 for RT-PCR-SSCP analysis of MORl. The nucleotide 
binding fold motif 1A (NB-1A) of P-gp in MOR10V was mutagenized by a 

PCR based site-directed mutagenesis technique (Sarkar et al. 1990). An extra 

band can be seen with NB-1A mutant (mu) (arrow) compared to NB-1A wild
type (wt) only in the MOE gel electrophoresed at 8 watts for 14 h. The 
polyacrylamide gels did not clearly show the difference between the NB-1A 
(wt). However, there may be a difference in the polyacrylamide gel run at 
25°C (arrow). 

------ --------- -----------
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Figure 23. Sequence of mutagenized nucleotide binding fold motif 1A (NB-
1A). A G nucleotide deletion was detected in sequence of mutagenized NB-
1A (arrow, asterisk). No nucleotide substitution, G to A, was found in these 

sequences. 

-------- _ .. -.. _-- -_ .. _ ... _._-------------
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6% POLYACRYLAMIDE 

MOE 5% Glycerol, RT 0% Glycerol, 4°C 

c" ~" 
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Figure 24. Control #2 for RT-PCR-SSCP analysis of MDRl. KB-C1 cell line 
contains mutations in its MORI sequence coding for amino acid 185 of P-gp 
(gly to val). KB-V1 is the wild-type. Band shifts can be seen with KB-C1 
(arrows) as compared to KB-Vl in 2 of 3 gels, MOE and 5% glycerol, 
polyacrylamide. The substituted nucleotides in MORI of KB-Cl lies in the 
middle of the PCR fragment amplified by primer set 3 . 

... -_._-- ._ .. _ ... _._----------
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Figure 25. RT-PCR-SSCP analysis of MDR1 eDNA of MDR10V and Do"40 cell 

lines. This analysis was performed on a MDE gel running at 25°C for 15 hours 
at 8 watts . 
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Figure 26. RT-PCR-SSCP analysis of MDR1 eDNA of MDRlOV and DoX40 cell 

lines. This analysis was performed on aM DE gel running at 25°C for 14 hours 

atB watts . 
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Figure 27. RT-PCR-SSCP analysis of MOR1 eDNA of MDR10V and 00"40 cell 

lines. This analysis was performed on a MOE gel running at 25°C for 14 hours 

at 8 watts. 
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Figure 28. RT-PCR-SSCP analysis of MOR1 cDNA of MDRlOV and 00"40 cell 

lines. This analysis was performed on a MOE gel running at 25°C for 14 hours 

at8 watts. 

------.------.-- --_ .. ---------------- ---
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products using all 20 primer sets for MDR1 cDNA. Figures 29 through 32 

show the autoradiographs of the 6% polyacrylamide gels with no glycerol in 

which all the MDR1 PCR products were run at 4°C. Figures 33 through 35 

show the autoradiographs of 6% polyacrylamide containing 5% glycerol in 

which all the MDR1 PCR products were run at 25°C. 

Bruggemann et al. reported that transmembrane domains 5 and 6 in 

amino half which are homologous to TM 11 and 12 in carboxy half of P-gp 

may be involved in the binding of cytotoxic drugs and chemosensitizers. 

They demonstrated that both halves of P-gp molecule bind [3H]azidopine at 

specific amino acid residues within TM5/6 and TMll/12 and this binding can 

be inhibited with vinblastine. They further speculated that these two 

homologous halves of P-gp come together to form the drug binding sites 

(Bruggemann et al. 1992). This report prompted us to sequence the PCR 

fragment corresponding to TM 5/6 to confirm the negative results obtained by 

SSCP analysis. The PCR product encompassing amino acid residues 279-349 

(TM 5/6) of P-gp was cloned in a sequencing plasmid pCRll and sequenced to 

more accurately compare between MDRlOV and D0X40. No differences were 

observed (data not shown). These results indicated that P-gp molecules at the 

region of TM 5/6 in MDRlOV were not altered by mutation as compared to 

DoX40 cell line. 

Skach and Lingappa reported that TM1 and TM2 in the amino half of 

P-gp contain signal sequences that could interact with signal recognition 

particles and direct targeting of P-gp to the endoplasmic reticulum causing 

nasc~nt chain translocation, and correct transmembrane orientation (Skach et 

al. 1993b). Therefore, we carefully examined this region for any alterations 
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Figure 29. RT-PCR-SSCP analysis of MDR1 cDNA of MDRlOV and Do"40 cell 

lines. This analysis was performed using a 

glycerol running at 4°C for 7 hours at 40 watts. 
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Figure 30. RT-PCR-SSCP analysis of MDR1 cDNA of MDRlOV and Dox40 cell 

lines. This analysis was pel'formed using a 6% polyacrylamide gel, 0% 

glycerol running at 4°C for 7 hours at 40 watts. 
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Figure 31. RT-PCR-SSCP analysis of MDR1 cDNA of MDRlOV and Dox40 cell 

lines. This analysis was performed using a 6% polyacrylamide gel, 0% 
glycerol running at 4°C for 7 hours at 40 watts . 
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Figure 32. RT-PCR-SSCP analysis of MDR1 cDNA of MDRlOV and Dox40 cell 

lines. This analysis was performed using a 6% polyacrylamide gel, 0% 

glycerol running at 4°C for 7 hours at 40 watts. 
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Figure 33. RT-PCR-SSCP analysis of MORl cDNA of MORlOV and Oox40 cell 

lines. This analysis was performed using a 6% polyacrylamide gel, 5% 
glycerol running at 25°C for 7 hours at 40 watts. A band shift can be seen with 
the PCR products amplified with primer set 2 (arrow). The PCR products 
from MORlOV appears to migrate slower than the products from Oox40 cell 

line. 

-------------. --------------
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Figure 34. RT-PCR-SSCP analysis of MOR1 cONA of MDR10V and 00"40 cell 

lines. This analysis was performed using a 6% polyacrylamide gel, 5% 

glycerol running at 25°C for 7 hours at 40 watts. 
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Figure 35. RT-PCR-SSCP analysis of MDR1 cDNA of MDRlOV and Dox40 cell 

lines. This analysis was performed using a 6% polyacrylamide gel, 5% 
glycerol running at 25°C for 7 hours at 40 watts. 
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using PCR primer sets 1 and 2 in the SSCP analysis and found a band shift 

only in the 6% polyacrylamide and 5% glycerol gel with the PCR product of 

the primer set 2 which corresponds to TM2 (figure 33). To confirm the 

presence of a mutation in this region, the PCR products from MDRlOV and 

Dox40 cell lines were sequenced in both forward and reversed directions by 

the Macromolecular Structure Facility, the University of Arizona. These 

sequences were compared with each other and the wild-type MDR1 sequence 

(Chen et al. 1990) using a sequence editor software (Applied Biosystem, Foster 

city, CA). These results indicated no mutations in the PCR products that 

correspond to TM2 in MDRlO V cell line. 

In conclusion, the results of an extensive mutational analysis using 

RT-PCR-SSCP, coupled with DNA sequencing indicated that P-gp in MDR10V 

was not altered by mutation. 

Altered P-gp Phosphorylation 

Phosphorylation of P-gp has been shown to affect its function. Protein 

kinase C-cx is the predominant enzyme responsible for phosphorylation of 

P-gp. Therefore, inhibiting PKC-cx may result in altered phosphorylation state 

of P-gp which in turn may alter its function. The working hypothesis was 

that "hyperphosphorylation of P-gp molecules by PKC-cx in MDRlOV cell line 

resulted in enhanced activity of P-gp causing a reduced drug accumulation 

even in the presence of chemosensitizers". To test this hypothesis, the effect 

of P-gp phosphorylation on its function was indirectly examined using 

inhibitors of PKC-cx. Accumulation of doxorubicin in the absence or presence 

of PKC-cx inhibitors was examined in MDRlOV cell line and compared to its 

_0. _____ .•• ____ ~ ____ . ______ _ 



154 

parent cell line, 00"'10. Staurosporine, a non-specific PKC inhibitor was llsed 

in the doxorubicin accumulation assay (figure 36). The results of these 

experiments indicated that even saturating concentration of staurosporine (10 

JlM) did not inhibit the doxorubicin efflux activity of P-gp in MDR10V as 

compared to 00"'10 cell line. The pattern of staurosporine inhibition of 

doxorubicin efflux in these 2 cell lines appeared to be similar to the 

chemosensitizers, verapamil and cyclosporin A (figure 11). Staurosporine 

may act as a chemosensitizer by binding to P-gp and inhibiting its function 

(Chaudhary et al. 1992) 

A more specific PKC-a inhibitor, CGP 41251 (Ciba Geigy), only partially 

inhibited the drug efflux activity of P-gp in both 00"'10 and MOR10V cell lines 

at high concentrations (figure 37). However, no difference was found in the 

level of CGP 41251 P-gp inhibition between MOR10V cells and its parent cell 

line, DoX40. These results suggested that PKC-a does not playa major role in 

the MOR phenotype of MDR1 0 V and its resistance to chemosensitizers. 

Additionally, no mutation was found in the phosphorylation sites of P-gp as 

analyzed by PCR-SSCP. Therefore, it is unlikely that an alterations in 

phosphorylation of P-gp plays a role in MDR10V drug resistance and its non-

responsiveness to chemosensitizers. 

Alternatiye Non-P-gp Mediated MDR Mechanisms 

At this point, we considered that an alternative non-P-gp drug 

resistance mechanism had emerged with the selection of MDR10V. 

Therefore, several known non-P-gp mediated mechanisms of drug resistance 

._--_ .. _--_. __ ... -- .---. -------------
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Figure 36. Doxorubicin accumulation in the absence or presence of 
staurosporine. Cells were preincubated ± staurosporine (0.1-10 11M) for 30 
min and then exposed to 10 J.1M doxorubicin for 1 hour at 37°C. Doxorubicin 
uptake was measured as the intracellular doxorubicin fluorescence by flow 
cytometry. 
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Figure 37. Doxorubicin accumulation in the absence or presence of CGP 
41261, a specific PKC inhibitor. Cells were preincubated ± CGP 41261 (10-
500 nM) for 30 min and then exposed to 10 ~ doxorubicin for 1 hour at 37°C. 
Doxorubicin uptake was measured as the intracellular doxorubicin 

fluorescence by flow cytometer. 
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including Topoisomerase II (Topo II) (Danks et a1. 1988), overexpression of 

MRP gene (Cole et a1. 1992), and a 110 kD vesicular protein associated with 

drug resistance and detected by LRP56 monoclonal antibody (Scheper et a1. 

1993) were examined in MDRlOV and compared to Do"'10 cell lines. 

First, the protein and mRNA levels of Topo II were measured in these 

cell lines (Abbaszadegan et a!. 1995). The results of immunoblot analysis and 

northern blot analysis for Topo IT protein and mRNA, respectively, indicated 

that there was no difference in the levels of Topo II expression between 

MDRlOV and D0"'10 cell lines (figure 38A and B). Additionally, the ability of 

another Topo II interactive drug, etoposide (VP-16), to stimulate the 

formation of covalent Topo IT-DNA complexes was examined by the K+ /SDS 

precipitation assay (tiu et a1. 1983, Nelson et a!. 1984). Nuclear extract protein 

(50 ng) isolated from log phase cells was incubated with linearized, 32P-end

labeled pBR322 in the presence of varied concentrations of VP-16. Drug

induced Topo II-DNA complexes were then precipitated by the addition of 

SDS and KC1. The amount of Topo II-DNA complex was quantitated and 

expressed as the percent precipitation of available 32P-Iabeled pBR322. 

Results of these experiments showed no differences between Dox40 and 

MDRIOV (figure 39). However, the level of Topo II-DNA complexes in these 

drug resistant variants of 8226 line was less than their drug sensitive parent 

cell line, 8226/5. This suggested that Topo II played a role in the drug 

resistance of both Do"'10 and MDRlOV cell lines and the MDR phenotype was 

multifactorial rather than just being associated with P-gp alone. The role of 

Topo IT in the phenotype of MDRlOV was further examined by measuring the 

-- ... _---_._--- ._- -- --- ._-----
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Figure 38. Immunoblot and northern blot analysis of topoisomerase II. The 
levels of Topo II protein and mRNA was measured in 8226 drug sensitive 
and its variant drug resistant cell lines . 

.. -.... _- -.- .. ------------
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Topo II K+ /SDS Cleavable Complex Assay 
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Figure 39. Topoisomerase II activity measured by the K+ /SDS precipitation 
assay, Nuclear extract proteins (50 ng) isolated from log phase cells were 
incubated with linearized, 32P-end-Iabeled pBR322 in the presence of VP-16 
(0-50 ~). Drug-induced Topo IT-DNA complexes were then precipitated by 
the addition of SDS and KCl. The amount of Topo II-DNA complex was 
quantitated and expressed as the percent precipitation of available 32P-Iabeled 
pBR322. 

---------.----.-- ------------------
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decatenation activity of this enzyme. Catalytic activity was measured as the 

decatenation of networks of kinetoplast DNA (kDNA) isolated from Crithidia 

fasciculata. Figure 40 shows the results of this assay where no difference in 

Topo II activity was found between DoX4O and MDRlOV cell lines. 

The above data suggested that topoisomerase II-mediated drug 

resistance did not playa role in the increased multi drug resistance seen in 

MDRlOV when compared to its parent line, DoX4O. 

We also examined the cell lines for overexpression of the multidrug 

resistance-associated protein (M R P) gene using a RT /PCR assay 

(Abbaszadegan et al. 1994). MRP was cloned from H69AR, a drug resistant 

variant of H69, a small lung cell carcinoma cell line (Cole et al. 1994). To 

accurately estimate MRP mRNA levels by PCR, the exponential range of 

amplification for MRP was determined using RNA from the low level 

expressing cell line H69 and the overexpressing variant, H69AR. PCR was 

performed on cDNA derived from 100 ng of total RNA from H69 or H69AR 

in the presence of [a._32p]dCTP for varying numbers of cycles. Following size 

fractionation by gel electrophoresis, the gel was dried and exposed to 

PhosphorImaging plates. The relative amounts of radioactivity incorporated 

into each MRP PCR product was quantitated on a Molecular Dynamics 

PhosphorIrnager. Figure 41 is a graphic representation of these results. The 

exponential range of amplification for H69AR was from approximately 20 to 

32 cycles. The exponential range of amplification for H69 was from 

approximately 27 to 38 cycles. These results showed that the overlap in the 

exponential range of MRP amplification for H69 and H69AR was between 27 
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Figure 40. Topoisomerase II catalytic activity as measured by the decatenation 
of networks of kinetoplast DNA (kDNA) isolated from Crithidia fasciculata. 
Various amounts of nuclear extracts were mixed with 0.5 Ilg kDNA in topo II 
reaction buffer and incubated for 30 min at 30°c' The reaction was terminated 
by the addition of 5 III of 0.05% bromophenol blue, 2% SDS, and 50% glycerol 
and then electrophoresed (1% agarose gel) for 2.5 hours at 75 v. DNA was 
visualized using Ethidium Bromide staining and the activity of topo II was 

determined as the release of minicirc1e DNAs (the second band in each lane) . 

... -.. -... _.- .. =-======:.;...;-'--".:.......:--~-



162 

10 6 

~ 
~ 

10 5 

~ --0- H69 
10 4 • H69AR 

103~------~c=~----~--------~--------~ 
10 20 30 40 so 

NUMBER OF PCR CYCLES 

Figure 41. Exponential range of amplification for MRP. PCR was performed 
on cDNA derived from 100 ng of total RNA from H69 or H69AR in the 
presence of [cx_32p]dCTP for varying numbers of cycles. Following size 
fractionation by gel electrophoresis, the gel was dried and exposed to 
Phosphor Imaging plates. Radiolabeled PCR products were quantitated on a 
PhosphorImager and plotted. 
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and 32 cycles of PCR. In all subsequent experiments, 29 cycles of PCR were 

performed. 

Complementary DNA reaction products from the equivalent of 100 ng 

of input RNA from the various drug-sensitive and dug-resistant cell lines 

were used for analysis of MRP expression. Following PCR of the cDNA 

reaction products, 10% of the respective PCR products were separated on an 

ultrapure 3% agarose gel and stained with ethidium bromide. Figure 42 

shows the picture of this gel. In the top panel of this figure, minimal 

expression of MRP can be seen in all the cell lines. The expression of MRP in 

these cell lines was not more than the level of MRP mRNA in the drug 

sensitive H69, except for MRP expression in H69AR. H69AR cell line 

overexpressed MRP which caused MDR in this cell line (Cole et al. 1994, 

Grant et al. 1994). To ensure RNA integrity and to provide a gene expression 

reference point, a cell cycle independent, ubiquitously expressed histone gene, 

H3.3 (Wells et al. 1987, Wells et a1. 1985), was amplified from the same cDNA 

reaction. Like MRP, amplification of H3.3 was performed for 29 cycles but 

cDNA from the equivalent of 50 ng of input RNA was amplified. Ten 

percent of the respective PCR products were separated on an ultrapure 3% 

agarose gel and stained with ethidium bromide. Figure 42, bottom panel 

shows a picture of this gel. This shows that RNA from all the cell lines was 

intact and all the cell lines appeared to express the same amount of H3.3. 

These results indicated that MRP did not playa role in the drug resistance 

phenotype of MDRlOV. 

Immunocytochemistry analysis using LRP56 monoclonal antibody 

against a 110 kD protein that has been implicated with drug resistance 

------.----.... - - ... - -----
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Figure 42. Relative expression of MRP mRNA (top), and H3.3 mRNA 

(bottom). MRP expression was measured in 8226/5 and its drug resistant 
variants and several lung cell lines, H69, H69AR, A549, SK-LC6. cDNA 
derived from 100 ng (or 50 ng for H3.3 amplification) of total RNA starting 
material underwent 29 cycles of PCR. Ten percent of the respective PCR 

reaction products were separated in 3% agarose gel and stained with ethidium 

bromide. 

-----~-"---------------- ------ ---
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Figure 43. Immunocytochemistry analysis of a 110 kD vesicular protein. 
LRP56, a monoclonal antibody against this protein was used in the 
immunocytochemistry reaction. The intracellular brown staining is 
indicative of the presence of the 110 kD protein. 8226/MDR10V (A), 
8226/Dox40 (B), 8226/5 (C), and negative control (D). 
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(Scheper et al. 1993) showed staining in all 8226 cell lines, regardless of drug 

sensitivity or resistance (figure 43). The staining with anti-110 kD protein 

(LRP56) was heterogeneous in all 3 cell line population. These results 

indicated that the 110 kD protein does not playa role in the MDR phenotype 

of Do"40 or MDR10V cells. Obviously an infinite number of alternative 

mechanisms could exist to explain the enhanced resistance and decreased 

efficacy of chemosensitizers in the MDR1 0 V cell line, but to date no 

"alternative", non-P-gp mechanisms have been found. 

P-glycoprotein Relocalization 

In order to determine if differences between MDRlOV and Dox40 

occurred at the level of nuclear damage, alkaline elution studies were 

performed to measure doxorubicin-induced DNA protein crosslinks using 

whole cells and isolated nuclei (Abbaszadegan et al. 1995). Results of these 

experiments are shown in table 13. In the presence of equivalent intracellular 

doxorubicin, there was a decrease in DNA crosslinks in the MDRlOV cell line 

compared to the Do"40 cell line. When isolated nuclei from log phase cells 

were exposed to 5 IlM doxorubicin for 30 min at 37°C, equivalent DNA 

damage was observed for Do"40 and MDRlOV cells. Comparing results for 

DOX40 and MDR10V suggests that an extranuclear component of drug 

resistance exists. The~e findings suggested that altered drug distribution may 

be a critical factor in explaining the differences between MDRlOV and Do"40. 

Immunoprecipitation of P-gp using C219 antibody were performed on 

whole celllysates of [35S]methionine labeled MDRlOV and Dox40 cell lines 

(figure 44). In contrast to the results seen for cell membrane-enriched fraction 

------------_.-._._- ._--- .--. 



Table 13. Doxorubicin-induced DNA protein crosslinks at equivalent 

intracellular doxorubicina concentrations 

Whole cells 
Isolated Nuclei 

8226/5 

239 ± 8Sb 

570± 63 

~ 
329 ±72 
409 ±96 

MDRlQ.Y 
131 ± 33c 

384 ±99 
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a. Doxorubicin exposure: 35 J.1M (MORIOV), 25 J.1M (00X40), 51lM (8226/5) for 

one hour at 37°C in whole cells, 5 J.1M (all cell lines) for 30 min at 37°C in 
isolated nuclei. 

b. Mean Rad Equivalents ± SO (n = 3-9) 

c. p < 0.001, student's t-test 

--------_ .. -._. __ . -----. 
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Figure 44. Immunoprecipitation of P-glycoprotein. Cells were labeled with 
[35S]Met in methionine free media. After metabolic labeling, cells were lysed 
in lysis buffer in the presence of protease inhibitors. Aliquots of cell extracts 
containing equivalent amounts of TCA-precipitated radioactivity were 
immunoprecipitated using MoAb C219 and protein A-Sepharose. Dissociated 
immune-complexes in sample buffer from beads were electrophoresed on 7% 
Laemli discontinuous polyacrylamide gels and autoradiography was 
performed. 

------- --_.-_ .. _._- -.--.- ----------_ .. _._----- ---
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in immunoblot analysis (figure 13), the whole cell lysate preparations showed 

equivalent or even greater (approximately 15% by densitometer readings) 

amounts of P-gp in the MDR10V cells compared to DOX40. Note that 

northern blot analysis also showed similar level of MDRl RNA expression 

between cell lines (figure 16). These results indicated that P-gp might be 

relocalized from plasma membrane into the cytoplasm of MDRlOV cells. 

To determine if the differences observed in the P-gp levels in the 

plasma membrane of MDRlOV and D0X40 cell lines were due to a difference 

in the P-gp turnover, the half-life of P-gp was measured in these cell lines. 

P-glycoprotein turnover was compared between the two cell lines by 

performing pulse-chase studies of P-gp using C219 monoclonal antibody 

(figure 45). The half-life of metabolically labeled P-gp in the two different cell 

lines were slightly different and ranged from 46.9 hours for Dox40 to 39.2 

hours for MDR10V as determined by linear regression analysis of the 

quantitated P-gp level at each chase time point. A shorter P-gp half-life in 

MDRlOV cell line can explain the presence of higher amounts of the 55 kD 

protein in this cell line compared to it parent cell line, D0X40 (figure 13). The 

amount of immunoprecipitated P-gp at T = 0 was the same in both cell lines 

supporting the results of P-gp immunoprecipitation of whole lysate shown in 

figure 44. These experiments demonstrated that although the P-gp level in 

plasma membrane of cells was less in MDR10V compared to D0X40 cells, the 

overall amount of P-gp was actually the same or greater in MDR10V cells 

which is consistent with the level of MDRl mRNA. 

Indirect immunofluorescence and confocal microscopy were used to 

determine the intracellular localization of P-gp. The monoclonal antibody 

- ... -.. -- ._--... _------------- ._--._---_ .. _-_._-- -- ----_._--
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Figure 45. P-glycoprotein half-life determination using pulse-chase 
experiments. Cells were labeled with [35S]Met for 3 hours and chased for the 
indicated periods. P-gp was immunoprecipitated using C219 MoAb 
immediately after T = 0 or after each chased time point. Immunoprecipitated 
proteins were size fractionated on a 7% Laemli discontinuous polyacrylamide 
gel and fluorography was performed. Bands corresponding to the 170 kD P-gp 
were quantitated by densitometry (Ambis system) and half-life was 
determined by linear regression analysis of the P-gp levels at different time 
points. 

------_._-_ ... _ .... _- - .. -- .. _._-----------
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C219 and a goat anti-mouse secondary antibody conjugated to Texas Red 

fluorescein was used to create fluorescence images on a Zeiss confocal laser 

scanning microscope (LSM10) with an Ar laser, a scan time of 16 seconds. 

Optical sections or Z-sections of both Do"40 and MDRlO V cell lines were 

recorded and the Z-sectioning parameters were at Z intervals of 500 nm and 

number of Z-sections were 10. Figure 46 shows the inverted images of the 

middle Z-sections of these cells that were recorded onto black and white film 

and printed. The results showed that P-gp was concentrated on the plasma 

membrane of the Do"40 cells. In contrast, P-gp was distributed throughout 

the cell cytoplasm and plasma membranes of MDRlOV cells. Quantitation of 

the fluorescence images showed that MDRlOV cells had more than twice the 

amount of fluorescence inside the cell compared to the Dox40 cells. These 

results indicated that P-gp was redistributed from the plasma membrane to 

the cytoplasm in MDRlOV cells compared to DoX40 cells. 

Intracellular Doxorubicin Redistribution 

To further examine that the change in P-gp localization in MDRlO V 

was functional and associated with altered intracellular distribution of 

doxorubicin in these cells, we analyzed the intracellular distribution of 

doxorubicin by measuring doxorubicin fluorescence using confocal 

microscopy. Cells were incubated with 10 J.iM doxorubicin for 30 minutes and 

then intracellular distribution of doxorubicin was examined. NIH image 

software was used to quantitate the intracellular fluorescence of doxorubicin 

and expressed as arbitrary numbers. The total fluorescence of whole cells was 

not different between cell lines, Do"40 = 122,939 ± 77633 vs. MDRlOV = 102596 
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Figure 46. Indirect immunofluorescence and confocal microscopy analysis of 
P-gp in Dox40 and MDR10V cell lines. Cells were cytospined and 

permeabilized in acetone and reacted to C219 MoAb. A 2° Ab conjugated to 
Texas Red fluorochrome was used to create the fluorescence images. Inverted 
images of two optical sections of each cel1line are shown here, DoX40 (A,B) 

and MOR10V (C,O). Quantitation of fluorescence images was done using 

NIH Image software,v.l.5(pfu). 

------------_._---_ .. - ._----_. 
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± 20520, indicating equivalent intracellular concentrations for both cell lines. 

However, the nuclear/cytoplasmic (N/C) ratio for doxorubicin fluorescence 

was 10 fold less for the MDRlOV cells (0.12 ± 0.04) compared to the DoX40 cells 

(1.22 ± 0.73). This difference was significant at the p < 0.001 level. Inverted 

images of fluorescent cells were photographed and are shown in figure 47. 

This figure demonstrates the intracellular fluorescence of Dox40 cells vs 

MDR10V cells. The vast majority of fluorescence for Dox40 cells was seen in 

the nucleus, whereas, the nucleus of MDRlOV cells was relatively free of 

fluorescence. These findings were in excellent agreement with the alkaline 

elution assays for DNA-protein crosslinks, and indicated that the increased 

level of drug resistance observed for the MDRlOV cells was due to decreased 

Dox entering the nucleus compared to DoX40 cells. 

P-glycoprotein Processing 

We hypothesized that P-gp routing from the endoplasmic reticulum to 

the plasma membrane might be interrupted. This would result in P-gp being 

concentrated in the perinuclear space of MDR1 0 V cells. To further 

characterize the intracellular processing of P-gp, we studied the kinetics of 

conversion of Asn-linked oligosaccharides from high-mannose to complex

type forms as a measure of transit of the proteins through the secretory 

pathway. Dox40 and MDR10V cells were labeled for 30 min with 

[35S]methionine and chased for various times as indicated (figure 48). The 

P-gp was then immunoprecipitated with C219 antibody and subjected to 

digestion with endoglycosidase H. The loss of endo H-sensitivity marks the 

conversion of Asn-linked oligosaccharides to complex forms by a process 

._-----_._-_ ..... -._- -- .... _------------._ .... _-
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Figure 47. Intracellular distribution of doxorubicin in drug sensitive and 
resistant myeloma cell lines. This was measured by doxorubicin fluorescence 
using confocal microscopy. Cells were incubated with 10 11M doxorubicin for 
30 minutes. Equivalent total cellular doxorubicin fluorescence was obtained 
as measured by confocal microscope. However, the nuclear/cytoplasmic 
(N/C) ratio for doxorubicin fluorescence was 10 fold less for MDRlOV cells 

(0.12 ± 0.04) compared to Dox40 cells (1.22 ± 0.73). This difference was 

significant at P < 0.001. 

------- -_ .... --_._- ---------------------
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Figure 48. P-glycoprotein intracellular processing. P-gp routing from ER to 
plasma membrane was measured by the Endo H sensitivity of newly 
sensitized P-gp. Cells were pulsed with [35S]Met and chased for the indicated 
periods. P-gp was then immunoprecipitated with C219 MoAb and subjected 
to digestion by Endo H. Digested as well as undigested P-gp were 
electrophoresed on a 7% Laemli polyacrylamide gel and fluorography was 
performed. Molecular weights of mature and immature P-gp were estimated 
by linear regression of Rf values. Arrow 1 = 166 kD, arrow 2 = 162 kD, arrow 3 

= 177kD. 

------- --... - .. -.-- _ .. _ .. _. 
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which occurs in the medial Golgi stacks. Processing of P-gp in both cell lines 

from a 166-kD endo H-sensitive form (figure 48, arrow 1) to a 177-kD endo H

resistant form (figure 48, arrow 3) was detectable by 30 min of chase and was 

nearly completed by 3 hours. These results indicated that medial Golgi 

processing of P-gp occurs in both cell lines and P-gp molecules rna tured with 

complete N-glycosylation by 3 hours . 

. _------_.- ---- ------------ _. ------~-.-------- --_. --------
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CHAPTERS 

DISCUSSION 

A new MDR cell line was created to represent the clinical protocols of 

combating cancers with acquired drug resistance. These protocols use agents 

in addition to the cytotoxic drugs to reverse clinical drug resistance. These 

agents are called "chemosensitizers". Early studies by Tsuruo et al. 

demonstrated that chemosensitizers such as the calcium channel blockers 

verapamil, diltiazem and nicardipine potentiated the antitumor activities of 

vincristine and adriamycin in vincristine- or adriamycin-resistant cells both 

in vitro and in vivo. They also showed that chemosensitizers potentiated the 

cytotoxicity of other unrelated DNA-interacting drugs to which MDR tumor 

cells were cross-resistant. This potentiation of antitumor activity was 

through an increased intracellular concentration of cytotoxic agents in the 

tumor cells (Tsuruo et al. 1985). These results provided a rationale for using 

chemosensitizers such as verapamil in combination with cytotoxic agents in 

clinical treatment of cancer patients. 

Two widely used chemosensitizers for circumventing clinical drug 

resistance are verapamil and cyclosporin A. Chemosensitizers bind to a 170 

kD drug transporter protein, P-gp, to inhibit its function and increase the 

intracellular accumulation of cytotoxic drugs in tumor cells (Safa, 1988; 

Twentyman et al. 1987). A limited success has been achieved in reversing 

clinical drug resistance using chemosensitizers, particularly in hematologic 

malignancies (Salmon et al. 1991, Miller et al. 1991, List et al. 1993). However, 

------_._----_.- -... _- --- .--.--- ---------- --- --.. 
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cancer patients relapse with emergence of new population of drug resistant 

malignant cells that do not respond to chemosensitizers. To date the 

mechanisms of resistance to the effects of chemosensitizers are unknown. 

Elucidating these mechanisms provides means of improving current 

chemotherapeutic regimens. 

The patients who responded to chemosensitizers had malignant cells 

that were positive for P-gp. Therefore, the strategy to study the non

responsiveness of malignant cells to chemosensitizers was to select a cell line 

for resistance to chemosensitizers from a cell line that was already positive for 

P-gp. It was believed that hematopoietic malignancies serve as a good model 

for these studies, particularly for the reason that these malignancies are 

"liquid", which makes the determination of P-gp in single cells more 

practical. Furthermore, most hematopoietic malignancies first respond to 

initial chemotherapy (using natural product agents) and then acquire drug 

resistance. This allows for sequential analysis of specimens from the same 

individual through the progression of the disease (Dalton et al. 1994). 

A human multiple myeloma cell line, 8226/Dox40, with MDR 

phenotype which overexpressed P-gp was used to generate a new cell line, 

8226/MDR10V, grown in the continuous presence of verapamil plus 

doxorubicin. Over a period of one year of drug selection pressure, a greater 

MDR phenotype emerged with a secondary resistance to chemosensitizers. 

The concentration of doxorubicin in the selection scheme of MDR10V was 

decreased from that used for the selection of its parent, Do"40, to compensate 

for the chemosensitizing effect of verapamil. Despite this reduction in the 

concentration of doxorubicin in the selection of MDR10V, this cell line 

- -------------------------
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exhibited a greater MDR phenotype. Chemosensitizers such as verapamil and 

cyclosporin A could not completely reverse the drug resistance in MDRlOV 

cell line (table 10). This was due to the inability of these chemosensitizers to 

block drug efflux by P-gp (figure 11, 12). Surprisingly, P-gp levels in the 

plasma membranes of MDR10V cell line was shown by both immunoblot 

assays and FACS analysis to be lower than the levels found in its parent cell 

line, Dox40 (figure 13, 14). It has been established both in vitro and in vivo 

that a greater degree of MDR correlates with the higher amounts of P-gp 

(Roninson 1991). Therefore, it was unexpected to see a cell line with higher 

levels of drug resistant and lowered levels of P-gp. 

Recently, Dietel et al. reported a new MDR leukemia cell line that was 

selected for resistance to the chemosensitizing effect of cyclosporin A. 

However, unlike 8226/MDRlOV, this cell line expressed higher levels of P-gp 

than its parent cell line. The greater degree of MDR in this cell line was 

attributed to the increased levels of P-gp and its function (Dietel et al. 1994). 

We discovered that both DoX40 and MDRlOV cell lines had the same 

levels of P-gp in the whole cell preparations by immunoprecipitation of P-gp 

using C219 monoclonal antibody. This was consistent with the level of 

MDR1 mRNA in these cell lines. This suggested that P-gp may be relocalized 

from plasma membrane into cytoplasm. To confirm the intracellular 

relocalization of P-gp, confocal microscopic studies were performed to 

measure the amount of P-gp inside the cytoplasm of MDRlOV vs D0X40 cell 

lines. The results of these studies indicated the presence of higher amounts 

of P-gp in the cytoplasm of MDRlOV (- 2.5X) compared with Do"40. 

---- _ .. __ ._-------- - -
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The change in P-gp location was functional and associated with 

intracellular redistribution of doxorubicin as determined by confocal 

microscopy. Doxorubicin was excluded from the nucleus of MDR10V cells 

compared with Dox40 cells (figure 47). Unlike expectations for MDR cells, 

considerable amount of doxorubicin fluorescence was observed in the 

nucleus of DoX40 cells after 30 min exposure to doxorubicin in the absence of 

chemosensitizers. Chauffert et al. showed that doxorubicin is accumulated 

into the nucleus of drug-resistant cells, and then with time, redistributes to 

the cytoplasm. They also demonstrated that verapamil blocks this 

redistribution of drug from nucleus to cytoplasm (Chauffert et al. 1984). 

Further evidence that doxorubicin is not reaching its nuclear target in 

MDR10V cells was the result of alkaline elution assays (table 12). Results 

from whole cells exposed to equivalent intracellular concentrations of 

doxorubicin for 1 hour revealed a decrease in the DNA-protein crosslinks in 

MDR10V cells compared to DoX40 cells. However, when isolated nuclei from 

these cells were exposed to equimolar concentration of doxorubicin for 30 

min at 37°C, no difference in the number of DNA-protein crosslinks between 

8226/5, 8226/DoX40 and 8226/MDR10V was found. These results indicated 

that an extranuclear component of drug resistance in MDR10V cells existed. 

To determine the means by which P-gp was relocalized in MDR10V, 

cellular processing of P-gp was examined. The working hypothesis was that 

P-gp routing from the endoplasmic reticulum to the plasma membrane may 

be interrupted. This would result in P-gp being concentrated in the 

perinuclear space of MDR10V cells. This could explain the decreased 

concentration of doxorubicin in the nucleus of MDR10V cells compared to 

_. __ .. _- - -- ._--- -----------------
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the Dox40 cells. Schinkel et al. (1993) reported that N-glycosylation 

contributes to proper routing or stability of P-gp. Therefore, it was 

conceivable that alterations in glycosylation could concentrate P-gp in the ER 

(or perinuclear space) of the verapamil non-responsive MDRlOV cells and 

the P-gp in this space is functional. 

The N-glycosylation state of P-gp was studied by examining the endo H 

sensitivity of newly synthesized P-gp. P-gp with glyco-moiety rich in 

mannose is sensitive to endo H in ER and early (cis)-Goigi. However, when 

mannoses are cleaved in middle Goigi and more complex oligosaccharides 

are added to the glyco-moiety of P-gp, then endo H cannot digest the N

glycosylation of P-gp. The kinetics of conversion of Asn-linked 

oligosaccharides from high-mannose to complex-type forms was examined by 

a pulse-chase experiment in D0X40 and MDR10V cell lines as a measure of 

transit of P-gp through the secretory pathway. The results of these 

experiments indicated that there was no difference between P-gp processing 

and N-glycosylation in these two cell lines. P-glycoprotein was shown to 

mature with complete N-glycosylation in approximately 3 hours. The mature 

form of P-gp was approximately 10 kD greater in size than the immature 

mannose-rich, endo H sensitive P-gp. 

Another possible alteration of intracellular trafficking of P-gp in the 

MDRIOV cells compared to the Dox40 cells is that P-gp may be internalized 

from the plasma membrane into the cytoplasm. The internalization of P-gp 

is probably by pinocytosis into cytoplasmic vesicles. The orientation of P-gp 

would be such that it could transport drugs into these vesicles. Pinocytic 

vesicles from the plasma membrane normally merge with lysosomes. 

--------- -- ---
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Lysosomes have a low intravesicular pH generated by proton transporters. If 

drugs are transported into acidic vesicles by P-gp, they may be sequestered by 

ion trapping. This ion trapping into acidic vesicles may prevent verapamil 

from redistributing doxorubicin into the cytoplasm for transport into the 

nucleus. 

The subcellular distribution of drugs such as doxorubicin differ in 

drug-sensitive and MDR cells expressing P-gp. Fluorescence from 

doxorubicin is evenly distributed throughout drug sensitive cells. However, 

in MDR cells doxorubicin fluorescence is observed to be localized in discrete, 

punctate cytoplasmic regions (Willingham et a1. 1986; Gervasoni et a1. 1991). 

While these areas of drug accumulation have not been identified 

biochemically, it has been suggested that they are acid compartments (Beck, 

1987). 

Future studies are required to determine the ultrastructural 

localization of intracellular P-gp in MDR10V cell line. This can be 

determined by electron microscopy and immuno-gold-protein A complex 

(Roth et a1. 1978; Orci et a1. 1986) using specific P-gp monoclonal antibodies. 

Development of revertant cell lines from the verapamil non

responsive MDRlOV cells were started as part of this dissertation work. 

Future experiments are needed to determine if the relocalization of P-gp is 

associated with verapamil exposure. 

Furthermore, additional cell lines have been developed in the 

laboratory of Dr. Dalton which are resistant to the chemosensitizing effect of 

cyclosporin A. Experiments will be performed on these cell lines to 

determine if the effects observed in the MDR1 0 V cells are unique to 
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verapamil, or if the re-routing of P-gp is a more universal response to the 

chronic exposure to chemosensitizing agent. 

If the verapamil effects observed in the MDR10V cell line holds to be 

universal to the chronic exposure to chemosensitizing agents, future use of 

chemosensitizers in chemotherapeutic regimens for MDR modulation 

should be on the short term basis. 

SUMMARY 

Patients with tumor cells positive for P-gp may respond to the 

chemosensitizing effects of verapamil, but responses are short and tumor 

cells become resistant to verapamil effect. In order to study the mechanism of 

resistance to the chemosensitizing effects of veraparnil, a human myeloma 

cell line, 8226/MDR10V, was selected from a P-gp positive cell line, 

8226/ DOX40, by continuous exposure to doxorubicin and verapamil. 

MDR10V cells were 10-fold more resistant to doxorubicin and 5-fold more 

resistant to vincristine than their parent cells, Dox40. Chemosensitizers 

including verapamil, and cyclosporin A were less effective in blocking drug 

efflux and reversing resistance in the MDR10V compared to DO>(40. Despite 

higher resistance to cytotoxic agents, MDR10V expressed less P-gp in the 

plasma membrane compared to the parent cell line. We discovered that P-gp 

was relocated from the plasma membrane to the cytoplasm. This change in P

gp location was associated with a redistribution of doxorubicin where the 

nucleus of MDR10V cells was free of doxorubicin compared to the nucleus of 

DoX40. P-gp routing from ER to plasma membrane was studied by examining 

------_. -_._-----_. --_._-_._------------
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the Endo H sensitivity of newly sensitized P-gp. The results demonstrated 

that medial Golgi processing of P-gp occurs in both cell lines and P-gp 

molecules matured with complete N-glycosylation by approximately 3 hrs. 

Mutational analysis of MDR1 eDNA revealed no mutation in the coding 

region of MDR1 gene in MDRlOV cells, which might have explained the non

responsiveness to chemosensitizers. Additionally, other known MDR 

mechanisms including MRP, Topo II, and LRP56 were absence in MDRlOV 

cells. These results indicate that enhanced MDR and resistance to 

chemosensitizers in MDR10V cell line is associated with an altered 

intracellular location of P-gp which in turn causes a redistribution of 

doxorubicin. 
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LIST OF ABBREVIA nONS 

ABC A TP binding cassette 

ALL acute lymphocytic leukemia 

ALLN N -acetyl-Ieucy l-leucy l-norleucinal 

AML acute myelocytic leukemia 

AMV avian myeloblastosis virus 

ANLL acute non-lymphocytic leukemia 

Ar Argon 

Asn asparagine 

at-MDR altered topoisomerase-MDR 

ATP adenosine triphosphate 

BSA bovine serum albumin 

cAMP cyclic adenosine monophosphate 

CAT chloramphenicol acetyl transferase 

cDNA complementary DNA 

CFTR cystic fibrosis transmembrane regulator 

CHO Chinese hamster ovary cells 

CsCI cesium chloride 

ddNTP dideoxy nucleotide triphosphate 

DEPC diethyl pyrocarbonate 

DHFR dihydrofolate reductase 

DMSO dimethyl sulfoxide 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

dNTP deoxynucleotide triphosphate 
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DTT 

EDTA 

Endo 

ER 

FACS 

FBS 

FCS 

Ig 

GTP 

HCI 

HSR 

IC50 

Inr 

Kb 

KCI 

kD 

kDNA 

Km 

IlCi 

III 

IlM 

m-AMSA 

M 

mAmp 

di thiothreotal 

ethylenediaminetetraacetic acid 

endogl ycosidase 

endoplasmic reticulum 

fluorescence-activated cell sorting 

fetal bovine serum 

fetal calf serum 

immunoglobulin 

guanine triphosphate 

hydrochloric acid 

homogeneous staining region 

50% inhibitory concentration 

initiator elements 

kilobase 

potassium chloride 

kilodaltons 

kinetoplast DNA 

Michaelis-Menton constant 

microcurie 

microliter 

micromolar 

amscarine; 4'-[(9-acridinyl)amino]methane sulphon-m

aniside 

molar 

milliamps 
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mCi 

MOE 

MDR 

MDS 

mg 

MgCl2 

MHC 

min 

ml 

mM 

mmol 

MoAb 

mRNA 

MRP 

MTT 

NaOH 

NB-1A 

ng 

nM 

nm 

NSCLC 

P-gp 

PBS 

PK-C 

millicurie 

mutation detection enhancement 

multidrug resistance 

myelodysplasia syndromes 

milligram 

magnesium chloride 

major histocompatibility complex 

minute 

milliliter 

millimolar 

millimoles 

monoclonal antibody 

messenger RNA 

multidrug resistance associated protein 

3-( 4,5-dimethy Ithiazol-2-y 1 )-2,5-di pheny I tetrazoli urn 

bromide 

sodium hydroxide 

nucleotide binding fold 

nanogram 

nanomolar 

nanometer 

non-small cell lung cancer 

P-glycoprotein 

phosphate buffered saline 

protein kinase C 
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pmol 

PMSF 

R-verapamil 

Rf 

RNA 

RPM 

RT-PCR 

RT-PCR-SSCP 

SCLC 

SDS 

SDS-PAGE 

sec 

SRP 

TBE 

TCA 

TdT 

TM 

Topoll 

U 

UV 

v/v 

VAD 

VLB 

picomoles 

phenylmethylsulphonyl fluoride 

racemic-verapamil 

log molecular mass vs distance moved into the gel 

ribonucleic acid 

revolution per minute 

reverse transcriptase-polymerase chain reaction 

reverse transcriptase-polymerase chain reaction-single 

stranded conformation polymorphism 

small cell lung cancer 

sodi.um dodecyl sulfate 
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

second 

signal recognition particle 

Tris-Borate-EDTA 

trichloracetic acid 

terminal deoxynucleotid y I transferase 

transmembrane 

topoisomerase II 

units 

ultraviolet light 

vol ume / vol ume 

vincristine-doxorubicin-dexamethasone 

vinblastine 
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VM-26 

VP-16 

teniposidei 4'-demethylepipodophyllotoxin 9-(4,6-0-2-

thenylidine-~-D-gi ucopyranoside) 

etoposide; 9-( 4,6-0-ethylidene-~-D-gl ucopyranos y 1 )-4 '

de me thy lepi podophyllotoxin 

~g microgram 

~l microliter 

~M micromolar 
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