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ABSTRACT

An MCF-7 human breast cancer cell line was selected which was 200-
fold more resistant to Adriamycin than the wild type cell line. This
Adriamycin-resistant (Adr") cell line exhibited a multidrug-resistant
phenotype and was cross-resistant to a wide range of antineoplastic agents
including Vinca alkaloids, anthracyclines, and epipodophyllotoxins. Cy-
togenetic analysis of the Adr" cell line showed the presence of homoge

neously staining regions on several chromosomes which were not present
in the parental cell line. Using the technique of in-gel renaturation, DNA
sequences which were amplified 50- to 100-fold in the Adr" cell line and

which covered a total of over 140 kilobases were isolated. In addition,
Adr" cells were found to contain amplified and overexpressed sequences

which were homologous to hamster P-glycoprotein gene sequences. A
hamster cDNA P-glycoprotein gene probe was used to screen a XgtlO
cDNA library made from human Adr" cell line mRNA and human cDNA
sequences homologous to the P-glycoprotein gene were isolated. Hybrid
ization studies with the cloned human cDNA (pADRl) showed that the
Adr* MCF-7 cell line contained a 60-fold amplification of this DNA
sequence and that polyadenylated mRNA from the Adr" cell line con
tained a 4.8-kilobase transcript which was overexpressed 45-fold. There
was a direct correlation between DNA and RNA copy number of this
sequence and level of resistance among several MCF-7 Adriamycin-
resistant cell lines. In situ hybridization studies demonstrated that the
human P-glycoprotein gene sequence was found on chromosome 7q21.1
in normal human lymphocytes and that amplified DNA sequences isolated
from the Adr" MCF-7 cells by the in-gel hybridization technique were
linked to the human P-glycoprotein sequences in the homogeneously
staining regions in the Adr" cells.

INTRODUCTION

The anthracycline Adriamycin is one of the most commonly
used antineoplastic agents. Its clinical usefulness, however, is
limited by the development of resistance to this drug. Cell lines
selected for resistance to Adriamycin develop cross-resistance
to structurally dissimilar antineoplastic drugs (1). This cross-
resistance to a wide variety of chemotherapeutic agents has
generated interest in understanding the mechanisms responsible
for the development of pleiotropic or multidrug resistance.

While the molecular mechanisms for this phenomenon would
be difficult to address directly in patients, cell lines selected for
resistance to either colchicine, vinblastine, or Adriamycin fre
quently display cross-resistance to other drugs and thus provide
a useful model system for studying this problem (2-5). These
multidrug-resistant cell lines also display a complex spectrum
of biochemical and cytogenetic alterations which may be pri
mary or secondary to the development of drug resistance (6-
10). Studies on multidrug-resistant cell lines have demonstrated
that resistance is often associated with a diminished intracel-
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lular accumulation of drug (4, 6, 8, 10-12) and increased
expression of high molecular weight (M, 150,000-180,000)
membrane glycoproteins (13-19). In addition, other changes in
cytosolic proteins have been found (2,6,13, 20-25). Multidrug-
resistant cells also frequently develop either double minute
chromosomes or chromosomes with HSRs,3 suggesting that

the observed phenotypic changes result from gene amplification
(7, 8, 23, 26-28). Several laboratories have recently used a
variety of techniques in order to isolate amplified DNA or
cDNA sequences from multidrug-resistant cells (29-32).

Although multidrug-resistant cell lines have been useful for
a variety of studies, the precise mechanisms responsible for
multidrug resistance remain unclear. In order to study the
mechanisms associated with the development of Adriamycin
resistance in human tumors, an AdrR human breast cancer cell
line was isolated from the WT MCF-7 cell line (33) by passing
the cells in stepwise increasing concentrations of Adriamycin.
These cells were analyzed for biochemical and cytogenetic
changes which may be related to the multidrug-resistance phe
nomenon (20,21). Our previous studies on methotrexate resist
ance in MCF-7 cells, which was caused by gene amplification
of the dihydrofolate reducÃasegene (34), and the findings of
amplified DNA sequences in multidrug-resistant human and
animal cells (27-30, 35) prompted our search for nucleotide
sequences which were amplified in the Adr* human cells and

which may be associated with the development of multidrug
resistance in human tumors. In this report we describe the
isolation of a human multidrug-resistant cDNA which is ho
mologous to the P-glycoprotein gene found in Chinese hamster
cells.

MATERIALS AND METHODS

Selection of Adriamycin-resistant Cell Line. WT MCF-7 cells were
placed in improved minimum essential medium (36) plus 5'Y fetal

bovine serum containing 0.01 /IM Adriamycin. The drug concentration
was increased approximately 1.5-fold whenever the cells were able to
grow to confluency. Adr" MCF-7 cells were selected which were able

to grow in the presence of 10 MMAdriamycin (21). Improved minimum
essential medium and fetal bovine serum were obtained from Gibco
(Grand Island, NY).

Isolation of Amplified DNA Sequences. Amplified DNA sequences
were selected from the Adr" cell DNA using in-gel hybridization (37).
High molecular weight DNA was isolated from Adr" cells (38). DNA
(2 /ig) was digested with Hindlll and end labeled with 32Pby using T4

polymerase. Labeled (0.1 /ig) and unlabeled (15 /ig) DNA were mixed
and separated by electrophoresis in a 1% agarose gel. The gel was then
subjected to two rounds of denaturation-renaturation followed by Si
nuclease digestion. Following this treatment the gel was dried and
autoradiographed. DNA fragments from Adr" DNA which had not

been SI nuclease treated were used for the subcloning. The gel was
divided into three fractions as indicated in Fig. 2 and the DNA was
electroeluted from these regions and subcloned into the plasmiti vector
pUC8 (39). DNA fragments isolated by this technique were 32P-labeled

3The abbreviations used are: HSRs, homogeneously staining regions; Adr",
Adriamycin-resistant; WT, wild type.
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and screened by hybridization to WT and Adr" genomic DNA.
Isolation of Adriamycin-resistant cDNA Sequences. Total cellular

RNA was isolated following disruption of the Adr" cells in guanidine

isothiocyanate followed by CsCl density gradient fractionation (38).
Polyadenylated mRNA was selected by fractionation on oligodeoxy-
thymidylate cellulose (38). A XgtlO library (40) was constructed by
synthesizing double-stranded cDNA from polyadenylated mRNA
(Amersham, Arlington Heights, IL), methylating the DNA with EcoRl
methylase (New England Biolabs, Beverly, MA), ligating EcoRl linkers
to the DNA (New England Biolabs), ligating the DNA into the vector
Agt10, and packaging the resulting constructs (Vector Cloning Systems,
San Diego, Ã‡A).Recombinant bacteriophage were screened by using
the Benton-Davis filter hybridization technique (38) with a hamster
cDNA probe p5L-18 isolated from vincristine-resistant Chinese ham
ster lung cells (31). This probe is homologous to P-glycoprotein cDNA
sequences isolated from Chinese hamster ovary cells (35).

RESULTS

Characterization of the Adriamycin-resistant Cell Line. An
MCF-7 subline resistant to Adriamycin was selected by passage
of WT MCF-7 human breast cancer cells (33) in stepwise
increasing concentrations of Adriamycin. As shown in Table 1,
the drug concentration necessary to inhibit cell growth to 50%
of control growth of AdrR cells to Adriamycin was approxi-

Table 1 Drug sensitivity of wild type and Adriamycin-resistant MCF-7 cell lines
Cells were plated in 6-well Linbro dishes at 50,000-100,000 cells per well in

improved minimum essential medium plus 5% fetal calf serum. After 24 h, the
medium was changed to improved minimum essential medium containing varying
concentrations of drug. After 7 days, the cells were harvested and counted. The
results represent the drug concentration necessary to inhibit cell growth to 50%
of control growth and are the mean of at least two experiments done in duplicate.

DrugAdriamycin

Actinomycin D
Vinblastine
VP- 16
VincristineWild

type(Â«M)0.025

0.002
0.0014
0.40
4.1Adriamycin-resistant

O.M)4.8

0.72
0.38

70
>700Fold

resistance192

357
274
175

>170

mately 200-fold greater than that of WT cells. As we have
reported previously, in order to determine if this AdrR cell line
developed the multidrug-resistant phenotype, its sensitivity to
a variety of agents including Vinca alkaloids, epipodophyllo-
toxin, and actinomycin D was examined (21). The results, which
are shown in Table 1, indicated that this AdrR cell line despite

exposure only to Adriamycin was actually slightly more resist
ant to actinomycin D (357-fold) and vinblastine (274-fold) than
to the selecting agent (192-fold). Thus, this AdrR cell line

B D

%

Fig. I. Cytogenetic analysis of Adr* cell line. Cells were grown to 50% confluency, 0.5 <JMmethotrexate was added to the medium for 17 h, the cells were harvested,
and chromosomal preparations were made and stained with Giemsa (57). A, WT MCF-7 chromosomes; B, Adr" MCF-7 chromosomes. The arrows indicate the
position of the HSRs; C, in situ hybridization (58) of Adr" chromosomes by using the ^-labeled human amplified genomic DNA probe pAl; D, in situ hybridization
of Adr" chromosomes by using the 3H-labeled human cDNA probe pADRl. The arrows in C and /> indicate the HSRs with grains.
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Fig. 2. In-gel hybridization. The procedure for in-gel hybridization was de
scribed in "Materials and Methods." The brackets on the right side of the gel
indicate the sections of a gel which was not Si-nuclease treated and from which
the DNA fragments from the Adr" cell line were electroeluted and pooled for
subcloning into pUC8. Lane 1, WT MCF-7 DNA; Lane 2, methotrexate-resistant
MCF-7 DNA; and Lane 3, Adr" MCF-7 DNA. Kb, kilobase.

developed the multidrug resistant phenotype and was markedly
resistant to a variety of other antineoplastic agents in addition
to the drug used for selection. In addition, the resistant cell line
shows a 2- to 3-fold lower accumulation of daunomycin than
the WT cells (21).

Cytogenetic analysis of WT and Adr" cell lines was per

formed in order to determine if abnormalities existed which
might be associated with gene amplification. Fig. IB is a pho
tograph of a mitotic spread from the Adr" cell line which shows

HSRs on several marker chromosomes. These HSRs were not
present in the WT MCF-7 cell shown in Fig. IA. While chro
mosomal translocation and rearrangements precluded the pre
cise identification of the marker chromosomes, one appeared
to be on chromosome 11 and the other appeared to be a
rearrangement of chromosome 7. The presence of HSRs sug
gested that gene amplification might play a role in this Adria-
mycin-resistant phenotype.

Isolation of Amplified DNA Sequences from Adriamycin-re-
sistant Cells. In order to select for gene-amplified nucleotide

sequences which might function in Adriamycin resistance, the
technique of in-gel renaturation was used (37). This technique
developed by Roninson involves the separation of restriction
enzyme-digested 32P-end-labeled DNA on agarose gels and

relies on denaturation followed by renaturation of the DNA
fragments in the gel to select for amplified sequences which
have a higher probability of renaturing. To visualize the rena-
tured 32P-labeled DNA, the gel was treated with Si nuclease
which degrades unannealed single-stranded DNA. An autora-
diograph of the patterns of S, nuclease-resistant double-
stranded amplified DNA sequences found in the AdrR and WT
MCF-7 cells, as well as methotrexate-resistant MCF-7 cells is
shown in Fig. 2. The methotrexate-resistant MCF-7 cell line
(Fig. 2, Lane 2), which contained approximately 50 copies of
the dihydrofolate reducÃasegene, showed several newly ampli
fied DNA bands in addition to those found in WT cells.
Likewise, the AdrR cell line DNA (Fig. 2, Lane 3) also contained
newly amplified DNA bands unique to the AdrR cell line as well
as those bands seen in WT MCF-7 cells.

Amplified sequences from the AdrR cells were isolated as
described in "Materials and Methods." Fig. 3A shows an ex

ample of one of the amplified DNA sequences (pAl) which was
isolated by in-gel renaturation. Comparison of the intensity of
the band at 4.4 kilobases in the AdrR DNA (Fig. 3A, Lane 2)

with that in the WT DNA (Fig. 3A, Lane 1, an overexposure
relative to Lane 2) indicated that this DNA sequence was
amplified 50-fold in the Adr1*cell line. Fig. 1C shows an in situ

hybridization of this same amplified DNA sequence, pAl, to a
mitotic chromosomal spread from the AdrR cell line. This probe
hybridized to both of the HSRs in the AdrR cell line.

Almost 50 different DNA sequences were isolated which were
amplified in the Adr1*,but not in the WT cell line. The combined

lengths of these 50 different sequences total over 140 kilobases
of genomic DNA which was amplified in the Adr1*cells. Prelim

inary screening results indicate that most of the amplified
sequences isolated by the in-gel renaturation technique from
our Adr1*cell line must be from intervening, flanking, or non-

expressed sequences, since these sequences were not expressed
in the Adr" cells.

Characterization of Amplified and Overexpressed Sequences
in Adriamycin-resistant Cells. Using Cot-purified moderately
repetitive DNA from vincristine-resistant and sensitive cells as
probes to differentially screen a cDNA library from a vincris
tine-resistant cell line, Scotto et al. (31) isolated a cDNA
sequence which is amplified and overexpressed in vincristine-
resistant Chinese hamster lung fibroblasts and several other
multidrug-resistant cell lines. This vincristine-resistant hamster
cDNA p5L-18 is strongly homologous to a cDNA sequence
isolated from a colchicine-resistant hamster Xgtll expression
library encoding the M, 170,000 P-glycoprotein (31, 35). Over-
expression of this these hamster gene sequences has been shown
to be associated with multidrug resistance. Southern blot hy
bridization of WT and Adr" DNA with the use of this hamster
vincristine-resistant cDNA probe is shown in Fig. 3B. This 502-
base pair probe hybridized to 3 EcoRl DNA fragments of 1.5,
2.7, and 7.1 kilobases in WT DNA (Fig. 3B, Lane 1, an
overexposure relative to the lane containing Adr" DNA). Only
two of these fragments were amplified in the AdrR DNA (Fig.

3D, Lane 2), suggesting that the WT cell line may contain a
related unamplified gene or pseudogene. A comparison of the
intensity of the bands in the AdrR DNA (Fig. 3B, Lane 2) with

that in the WT DNA (Fig. 3B, Lane 1, overexposure) indicated
that sequences homologous to the hamster probe were markedly
amplified in the Adr1*cell line.
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Fig. 3. Hybridization analysis of amplified and overexpressed sequences in the Adr" cell line..-(. Southern transfer analysis by using an AdH'-amplified genomic
DNA sequence probe. Genomic DNA (20 /ig) was digested with ///Â»//111.fractionated on 1% agarose gels, transferred to nitrocellulose paper, and hybridized to "P-
labeled pAl probe (.18). Blots were washed in 0.1 X 0.1S M NaCI-15 HIMsodium citrate/0.1% sodium dodecyl sulfate at 6S'C four times for 30 min each. Lane I,
WT MCF-7 DNA (24-h exposure); Lane 2, Adr" MCF-7 DNA (3 h exposure). B, Southern transfer analysis by using the hamster cDNA probe homologous to the
P-glycoprotein gene. Genomic DNA ( 10 *tg)was digested with EcoRl, fractionated on 1% agarose gels, transferred to nitrocellulose paper, and hybridized to the p51.
18 cDNA probe. Stringency conditions were the same as in A. Lane I, WT MCF-7 DNA (48 h exposure); Lane 2, Adr* MCF-7 DNA (4-h exposure). C, Northern
transfer analysis by using the hamster cDNA probe homologous to the P-glycoprotein gene. Whole cell mRNA was isolated following disruption of the cells in
guanidine isothiocyanate and centrifugation in CsCl (38). Polyadenylated mRNA (10 ng) was fractionated on formaldehyde gels (59), transferred to Nytran paper,
and hybridized to the p5L-18 probe. Blots were washed in 0.2 X 0.1S M NaCl-lS IHMsodium citrate at room temperature three times for 10 min each, then washed
in 0.1 x 0.15 M NaCI-15 mM sodium citrate/0.1% sodium dodecyl sulfate two times for 15 min each. Lane 1, WT MCF-7 mRNA; Lane 2. Adr" MCF-7 mRNA. kb,

kilobase.

A Northern transfer of polyadenylated mRNA from the
human AdrR and WT cell lines hybridized to the hamster p5L-

18 probe is shown in Fig. 3C. This probe hybridized to a
markedly overexpressed 4.8-kilobase mRNA species in AdrR

cells (Fig. 3C, Lane 2) which was not detected in WT cells (Fig.
3C, Lane 1). The lower band (1 kilobase) observed with AdrR

cell mRNA was not reproducibly observed and may be due to
degradation of the mRNA. Thus, P-glycoprotein gene se
quences are overexpressed in these Adr11 MCF-7 cells. The
presence of an overexpressed P-glycoprotein in this cell line
was also supported by studies which showed that the AdrR but

not the WT cell line contained a high molecular weight mem
brane protein which bound to a vinblastine photoaffinity ana
logue that had been shown to bind to P-glycoprotein in hamster
cells" (41,42).

Characterization of Adriamycin-resistant Cells by Using a
Human P-Glycoprotein cDNA Probe. A XgtlO library was con
structed from mRNA isolated from the AdrR cell line. The
library was screened by using the Benton-Davis filter hybridi
zation technique (29) with the hamster p5L-18 probe and
several cDNA clones were isolated. The longest human cDNA
probe pADRl which is shown in Fig. 4E was 3 kilobases in
length and was used for analysis of the Adr" cell line. Southern
blot analysis of Â£coRI-digested AdrR genomic DNA (Fig. 4/4,

Lane 2) showed that this human cDNA hybridized to several
amplified DNA fragments (12.0, 6.2, 5.7, 3.7, 3.5, 2.7, 2.2, 1.9,
and 1.1 kilobases) which were also visible in an overexposure

' A. R. Safa and R. L. Felsted, personal communication.

of the autoradiograph of the hybridization with WT DNA (Fig.
4A, Lane 1). Assuming that each of these Eco fragments rep
resents different parts of one gene, the total size of this gene is
greater than 40 kilobases. Northern blot analysis of polyaden
ylated mRNA from Adr" cells (Fig. 4B, Lane 2) showed that
the human cDNA hybridized to a 4.8-kilobase mRNA which
was not visible in mRNA from the WT cell line (Fig. 4B, Lane
1). Thus, this human cDNA probe detected sequences which
were both amplified and overexpressed in the AdrR cell line.

An in situ hybridization of pADRl to a initotic chromosomal
spread from the AdrR cell line is shown in Fig. ID. This cDNA
probe hybridized to both of the HSRs in the AdrR cell line.

Thus, both the cDNA sequence pADRl and the amplified
genomic sequence pA 1 isolated by the in-gel renaturation tech
nique hybridized to the same HSRs in this cell line, indicating
that these DNA sequences are linked within the HSRs. The
pADRl cDNA sequence was also hybridized to normal human
lymphocytes. As shown in Fig. 5, this analysis indicated that
this gene is located on chromosome 7q21.1. This result is
consistent with other studies which map a human gene for
multidrug resistance gene isolated from colchicine-resistant
cells to chromosome 7 (43-45). The genomic clone pAl was
also hybridized to chromosomes from normal human lympho
cytes. This sequence hybridized to bands 7qll to q21.1 (data
not shown). Thus, pADRl and pAl are apparently linked in
the normal human genome.

The human cDNA probe was used to analyze various cell
lines for their level of gene amplification and overexpression.
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Fig. 4. Hybridization analysis of Adriamycin-resistant cells by using the human cDNA probe pADRl. A, Southern transfer analysis. Genomic DNA (10 *jg)was
restricted with Â£coRI,fractionated on a 1% agarose gel, and transferred to nitrocellulose paper. Lane 1, WT MCF-7 DNA (96-h exposure); Lane 2, Adr* MCF-7
DNA (6 h exposure). In the Adr* DNA there are Â£coRIfragments of 12.0, 6.2, 5.7, 3.7, 3.5, 2.7, 2.2, 1.9, and 1.1 kilobases (kb). B, Northern transfer analysis.
Polyadenylated mRNA ( 10 Mg)was fractionated on 1% formaldehyde gels and transferred to Nytran paper. Lane 1, WT MCF-7 mRNA; Lane 2, Adr* MCF-7 mRNA.
C, Southern transfer analysis of Adriamycin-resistant cell lines with various levels of resistance. Genomic DNA (10 ng) was restricted with Hindlll, fractionated on a
1% agarose gel, and transferred to nitrocellulose paper. Lane 1, WT MCF-7 DNA (4-h exposure); Lane 2, WT MCF-7 DNA (120-h exposure); Lane 3, Adr* 100
(100-fold resistant) DNA; Lane 4, Adr" 200 (200-fold resistant) DNA; Lane S, Adr" df60 (Adr* 200 passed 60 weeks in drug-free medium) DNA. In the Adriamycin-

resistant DNAs there are Hindlll fragments of 15.0, 10.0, 7.5, 5.0, 3.0, and 1.9 kilobases. The intensity of the band at 7.5 kilobases was quantitated by densitometry
and used to estimate the gene copy number. The exposure time of Lanes I and 3 through 5 was 4 h, while that for Lane 2 was 120 h. D, RNA dot blot analysis of
different Adriamycin-resistant cell lines. Whole cellular RNA was denatured in formaldehyde and dotted to nitrocellulose paper. Row 1, WT MCF-7 RNA; Row 2,
Adr*6 RNA; Row 3, Adr* 100 RNA; Row 4, Adr" 200 RNA; Row 5, Adr" df60 RNA; Row 6, wild type human 2780 ovarian cancer RNA; Row 7, Adriamycin-

resistant 2780 RNA (46). Hybridization of a parallel dot blot with an actin cDNA probe (Oncor, Gaithersburg, MD) was used to confirm the amount of sample
added. E, restriction map of human cDNA pADR 1. EcoRl linkered human cDNA isolated from a library made from Adr" cell line. The following restriction enzymes

do not cut this DNA: Â«umili, Bgll, and Xbal.

Southern blot analysis of DNA obtained from MCF-7 cells
with different levels of Adriamycin resistance (Fig. 4Q indi
cated that the same bands were present in all of these cell lines
in which resistance varied from 1- to 200-fold. Thus, this cDNA
probe apparently hybridized to a single gene or to a small family
of genes which was amplified without any detectable rearrange
ment during the selection process.

The relative RNA content in several cell lines was determined
by dot blot analysis (Fig. 4/)). This analysis indicated that as
the resistance to Adriamycin increased, the RNA copy number
increased from 1- to 45-fold. Also shown are dot blots from
wild type and Adriamycin-resistant human ovarian 2780 cell
lines (46) which indicated that this gene was also overexpressed
in this drug-resistant cell line. The relative amounts of DNA
and RNA homologous to pADRl in several different MCF-7
sublines with varying levels of Adriamycin resistance were
determined by densitometric analysis of Southern blot and
RNA dot blot hybridizations (Table 2). These studies indicated
that in AdrR MCF-7 cell lines expression pADRl sequences

correlated well with level of gene amplification and the relative
level of Adriamycin resistance.

DISCUSSION

This paper describes the selection of MCF-7 human breast
cancer cells with the single cytotoxic agent Adriamycin which
resulted in the development of a multidrug-resistant phenotype.
This cell line had biochemical changes which are common
among multidrug-resistant cell lines, including a distinct pat
tern of cross-resistance to other antineoplastic agents, a defect

in drug accumulation, cytogenetic alterations consistent with
gene amplification, and overexpression of mRNA sequences
homologous to the P-glycoprotein gene.

We attempted to utilize the presence of amplified DNA
sequences to isolate DNA sequences which were involved in the
multidrug-resistant phenotype. Over 140 kilobases of amplified
genomic DNA sequences were isolated using the in-gel renatu-
ration technique from our Adi* cell line. Although this tech

nique is useful for isolating newly amplified DNA sequences
from resistant cells, preliminary screening of these amplified
DNA sequences from our cell line indicated that most of these
fragments were not overexpressed. The success of other labo
ratories in utilizing this technique to isolate critical protein-
coding sequences may have resulted from the availability of
several multidrug-resistant cell lines which were used to screen
out nonexpressed, amplified DNA sequences (29,30). However,
since in situ hybridization studies indicated that at least one of
the amplified genomic fragments pAl was found in the HSRs
with the expressed pADRl sequence, presumably expressed
amplified sequences should be found if sufficient fragments
were screened. Roninson et al. (32) have described the isolation
of two human genomic sequences, mdrl and mdrl which are
apparently linked and coamplified in colchicine-resistant KB
cells. Moreover, studies by Van der Blick et al. (47) showed
that multiple expressed genes could exist within this amplicon,
although only the amplification of the P-glycoprotein gene is
consistantly observed with the development of multidrug resist
ance (48). Whether genes other than P-glycoprotein are ampli
fied in the AdrR cells and whether they play a role in resistance

is unknown.
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Fig. S. Hybridization of human cDNA probe pADRl to normal human

lymphocytes. Schematic representation of methotrexate-synchronized Wright-
stained metaphase chromosomes indicating the position of all of the grains
observed in the analysis of 30 metaphase spreads from normal human lymphocytes
following in situ hybridization to ]H-labeled pADRl probe. A total of 132 grains
were counted. 14.4% of the grains were observed on bands 7ql 1 to q21.1 and
11.4% of the total were observed at band 7q21.1. Chromosomes at top of the
fiqure show examples of normal human lymphocyte chromosome 7 from different
metaphase spreads hybridized to the pADRl probe. The arrows indicate the
position of individual grains which are clearly visible by light microscopy.

Table 2 Correlation between resistance, gene copy number, and expression

CelllineWTAdrR6

Adr"100
Adr"200
AdrÂ»df60Fold

resistance"1

6
100200

SORelative

DNA*134

60
6Relative

RNAC1

2
25
45

6
Â°Determined as in Table 1.
'''Relative concentrations determined by densitometry of Southern blots.
f Relative concentrations determined by densitometry of RNA dot blots.

The multidrug-resistant phenotype is associated with the
appearance or disappearance of specific proteins in different
cell lines. The strongest correlation is between the presence of
a M, 170,000 membrane P-glycoprotein and multidrug resist
ance in hamster and human cells (13-18). The amount of this
protein correlates with the level of resistance and is associated
with decreased drug accumulation. This protein was shown to

5146

bind an analogue of vinblastine, supporting its role in limiting
intracellular drug accumulation (41, 42). A possible role for
this protein in clinical drug resistance is suggested by the finding
of an increased level of P-glycoprotein in ovarian cancers from
two previously treated patients who were resistant to chemo
therapy (49). Antibodies against the M, 170,000 P-glycoprotein
have been used to isolate a hamster cDNA clone expressing
this protein from a Xgtll cDNA library (15, 35). This cloned
cDNA hybridized to a 4.8-kilobase mRNA in hamster colchi-
cine-resistant cells. Similarly sized mRNAs were detected in
human and hamster multidrug-resistant cell lines by a genomic
and cDNA probe which had been isolated by a variety of
techniques (29, 31, 32, 50). As shown in Fig. 4B, the pADRl
probe isolated from our AdrR cells also hybridized to a 4.8-

kilobase mRNA. Furthermore, the restriction map of pADRl
is similar to that of the human mdrl cDNA isolated from
colchicine-resistant KB cells (51), and both of these sequences
have now been mapped to human chromosome 7 (43). We have
localized pADRl to chromosome 7q21.1. Recent studies by
Bell et al. (44), by using a hamster P-glycoprotein probe have
mapped this gene to chromosome 7q36. However, in subse
quent studies (45), the position of P-glycoprotein has been
redefined (7q21-31) and now coincides with our determination
for the location of pADRl. Whether all of these probes detect
the identical mRNA awaits further studies. The sequence of a
mouse and human cDNA for P-glycoprotein have recently been
published and these as well as the P-glycoprotein from hamster
cells display regions of sequence homology to several bacterial
membrane transport proteins (51-53). The role of this gene in
multidrug resistance is further supported by the finding that
transfection of the mouse P-glycoprotein cDNA inserted into
an expression vector confers a multidrug-resistant phenotype
on drug-sensitive cells (54).

One of the important questions remaining in understanding
multidrug resistance is whether the entire multidrug-resistant
phenotype is due to the overproduction of a single protein. If
so, all multidrug-resistant cell lines should be similar. Many, if
not all, multidrug-resistant cell lines apparently contain an
increased level of P-glycoprotein as determined by antibody
binding or by nucleic acid hybridization studies. If the P-
glycoprotein is a single protein with one set of properties, then
one would expect that all multidrug-resistant cell lines, regard
less of the selecting agent, would exhibit the same level of cross-
resistance to other cytotoxic agents. In fact, although each
multidrug-resistant cell line develops cross-resistance to many
agents, each cell line displays individual patterns of resistance
and cross-resistance (55). Perhaps these differences may be
caused by differences in the P-glycoprotein. Indeed, the size of
P-glycoprotein differs among different multidrug-resistant cell
lines, suggesting that there may be differences in the genes
expressed in different cells or that there are differences in the
posttranscriptional modification of the P-glycoprotein gene
product in different cell lines (13, 14, 17). The hybridization
results with the hamster p5L-18 probe suggested that more
than one P-glycoprotein gene may be present (see Fig. 3D and
Ref. 31). Thus, it is possible that the P-glycoprotein may be a
family of genes, of which one or more members is amplified
selectively in each multidrug-resistant cell line and may result
in different patterns of drug resistance. This hypothesis is
supported by the finding of two distinctly different mouse P-
glycoprotein cDNAs isolated from a sensitive pre-B-cell library
(52). A comparison of the nucleotide sequences of the P-
glycoprotein cDNA isolated from these human MCF-7 cells,
selected for primary resistance to Adriamycin, with the human

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2428538/cr0470195141.pdf by guest on 19 M

ay 2023



AMPLIFIED DNA IN Adr* CELLS

gene recently reported and isolated from colchicine-resistant
KB cells (51), may help to answer this question of P-glycopro-
tein diversity.

It is also possible that the diversity in multidrug resistance is
due to other changes in addition to the increased expression of
P-glycoprotein. Indeed, several other biochemical changes have
been found in multidrug-resistant cell lines. For example, in
creased levels of sorcin, a M, 19,000 protein (56), was found in
vincristine-resistant human and hamster cell lines (6, 22, 23,
25) and as discussed above, four additional overexpressed genes
were found to be coamplified with the P-glycoprotein gene in a
multidrug-resistant cell line (47). Still other workers have re
ported the loss of specific proteins in colchicine-resistant hu
man cells (24, 25). Moreover, studies in our laboratory dem
onstrated a decrease in the expression of the phase I drug-
metabolizing activity, aryl hydrocarbon hydroxylase, and a 40-
fold increase in the phase II conjugating enzyme, glutathione
S-transferase, in AdrR MCF-7 cells compared to WT MCF-7
cells (20, 21). The increase in glutathione A~"-transferasein Adr"

MCF-7 cells was due to the transcriptional activation in the
absence of gene amplification of an anionic glutathione A-
transferase gene not expressed in the parental cell line. Thus,
although overexpression of the P-glycoprotein gene (or genes)
undoubtedly plays a central role in the development of multi-
drug resistance in vitro, it is possible that other protein changes
may, at least in part, contribute to the diversity of the resistant
phenotypes. Comparison of the different P-glycoprotein gene
sequences isolated from different multidrug-resistant cell lines
and the isolation and transfection of other genes coding for the
proteins described above whose expressions are altered in mul
tidrug-resistant cell lines should ultimately answer this ques
tion.
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