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Perspectives
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Despite major advances in the treatment of cancer, resistance
to multiple chemotherapeutic agents remains a major cause of
treatment failure. Sometumors are initially resistant to many
of the most active antineoplastic agents. Other tumors that are
initially sensitive to cytotoxic agents often recur and fre-
quently develop resistance to a broad range of chemotherapeu-
tic agents including those used during the initial therapy. Both
the intrinsic and acquired resistance to chemotherapeutic
agents have been inherently difficult to study in the clinical
setting. However, drug-resistant cell lines have provided a tool
for studying the mechanisms underlying resistance to the
drugs used in chemotherapy. Although drug-resistant cell lines
are usually derived by selection for resistance to a single cyto-
toxic agent, they often develop cross-resistance to a broad
spectrum of structurally and functionally unrelated com-
pounds. This phenomenon has been termed multidrug resis-
tance. Recently, an understanding of the biological basis of
multidrug resistance has begun to emerge through the applica-
tion of molecular genetics. This approach has led to the iden-
tification, isolation, and characterization of a gene family
whose members include genes with the capacity to confer
multidrug resistance on otherwise drug-sensitive cells. Molecu-
lar probes and antibodies developed as a consequence of ge-
netic analysis promise a new and precise level of understand-
ing of the role of this gene family in human physiology and
tumor biology. This knowledge will in turn be crucial for the
development of strategies for circumventing multidrug resis-
tance in the clinical setting.

Multidrug-resistant cell lines
The isolation of drug-resistant human and rodent cell lines has
been documented for a wide variety of agents (1). Cell lines
selected for resistance to an anthracycline, a Vinca alkaloid, or
actinomycin Dare often cross-resistant to a broad spectrum of
structurally and functionally unrelated compounds (2-7).
Cross-resistance is almost always observed for the entire range
of anthracyclines, Vinca alkaloids, and actinomycin D, al-
though cell lines are usually most resistant to the agent used in
the primary selection. Resistance to additional agents is often
observed, but the spectrum of compounds and the amount of
resistance varies from cell line to cell line. These observations
suggest that although a commonmechanism may be involved
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in the development of multidrug resistance, cell lines can ex-
hibit specific differences in the genetic or physiological expres-
sion of the multidrug-resistant phenotype.

Two basic clues emerged that helped us to understand the
genetic basis of multidrug resistance. First, Ling and co-
workers analyzed the membrane polypeptides of a series of
multidrug-resistant hamster cell lines. They demonstrated that
dramatically increased levels of expression of a high molecular
weight membrane glycoprotein, termed P-glycoprotein, was
consistently associated with multidrug resistance (8). Other
groups have confirmed and extended the original findings,
noting that some multidrug-resistant cell lines overexpress
more than one species of membrane glycoprotein that have
molecular weights estimated to be in the range of 120-180 kD
(9, 10). Second, the view that multidrug resistance was due to
overexpression of a gene product was consistent with karyo-
typic abnormalities observed in multidrug-resistant cells.
Highly multidrug-resistant cell lines often exhibit homogenous
staining regions or double minute chromosomes (1 1-13).
These chromosomal abnormalities have been demonstrated to
be directly associated with gene amplification in a number of
other experimental systems. Efforts to address the problem of
multidrug resistance using molecular genetic approaches were
initiated in the early 1980s based on these observations.

Gene amplification
Amplification of specific DNAsequences in multidrug-resis-
tant cell lines was first analyzed in detail by Roninson et al.
(14) using the technique of DNArenaturation in agarose gels.
Amplified DNAsequences were detected in two indepen-
dently derived multidrug-resistant hamster cell lines, the
Adriamycin-derived LZ cell line (6) and the colchicine derived
CHRC5cell line (4). 18 BamH1 fragments with a total length
of at least 150 kbp were amplified fifteen times or more in each
cell line. Nine of the fragments that were shared by the two
independently derived multidrug-resistant cell lines were
found to be identical and likely to be part of the biologically
relevant portion of the amplified DNAdomain. These DNA
sequences became the target for molecular cloning procedures.

The in-gel renaturation technique was used to physically
purify one of the Bam H1 fragments amplified in both cell
lines. A 1. l-kbp fragment was isolated from the gel and then
introduced into a plasmid vector (14). This probe revealed that
the amount of amplification of the 1. l-kbp fragment in each
cell line correlated with the amount of drug resistance. How-
ever, the 1. l-kbp probe was not directly expressed as a tran-
script in any of the multidrug-resistant cell lines that were
tested. To identify the functional multidrug-resistant gene,
Gros et al. (15) expanded the amplified domain by cloning in
cosmid vectors and by isolating a contiguous 140 kbp of DNA
amplified in both the LZ and CH'C5 cell lines. The in-gel
renaturation technique was then used to prove that a precise
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representation of the amplified domain of the drug-resistant
cell line had been isolated in the cloned sequences.

Identification of an mRNAspecies and isolation of cDNA
clones associated with multidrug resistance
Several approaches were taken to identify mRNAsequences
and to isolate the corresponding cDNAclones that were likely
to encode the gene product responsible for multidrug resis-
tance. Within the cloned, amplified domain of cell line LZ,
Gros et al. (15) identified sequences that hybridized to an
mRNAspecies of - 5 kb. This mRNAspecies was expressed
at dramatically increased levels in multidrug-resistant cell
lines. Using probes from the amplified domain of the LZ Chi-
nese hamster multidrug-resistant cell line, Gros et al. (16) iso-
lated two homologous but distinct cDNAs, XDRl 1 and
XDR29, from the cDNA library of a mouse pre-B cell line that
was not drug resistant. Hybridization of the cDNAs to cloned
genomic DNAsequences demonstrated that the size of the
transcription unit for each mRNAwas in excess of 75 kbp.

Using a similar approach with amplified human genomic
sequences that were isolated by cross hybridization to the
cloned hamster sequences (17), Chen et al. (18) have isolated a
series of overlapping cDNA clones from a human multidrug-
resistant KB carcinoma cell line library. These cDNAs also
identify a series of highly amplified DNAsequences in multi-
drug-resistant cells and hybridize to a 4.5-kb mRNAspecies
overexpressed in multidrug-resistant cell lines (19).

After the development of antibodies against the P-glyco-
protein, Ling and co-workers screened a XGT11 expression
library of a CHRC5-derived Chinese hamster multidrug-resis-
tant cell line (20). A 600-bp cDNAwas isolated that also hy-
bridized to DNAfragments that were amplified in multidrug-
resistant cell lines and to a 4.5-kbp mRNAspecies overex-
pressed in multidrug-resistant cell lines.

Borst and co-workers took a complementary approach to
the isolation of cDNA clones from the CHRC5multidrug-re-
sistant cell line (21). A differential hybridization technique was
used to identify six distinct classes of cDNA clones corre-
sponding to mRNAspecies that are expressed at increased
levels in CHRC5. Among the cDNA classes isolated were
cDNAs that encoded the P-glycoprotein. The mRNAfor the
P-glycoprotein is the only member of this group that is consis-
tently expressed at increased levels in a variety of multidrug-
resistant cell lines (22). Using a similar technique, Melera and
co-workers have isolated a cDNA from a vincristine-selected
cell line that also hybridizes to a 4.5-kb mRNAoverexpressed
in multidrug-resistant cell lines (23).

Because of the multiplicity of methods by which different
groups have isolated genes belonging to the multidrug-resis-
tance gene family, several designations have been applied, in-
cluding multidrug resistance (mdr) and P-glycoprotein (pgp).
For the purpose of this paper, we have adopted the term mdr
P-glycoprotein genes to refer to this gene group.

Genetic transfer of multidrug resistance
The ability to transfer the multidrug-resistant phenotype to a
drug-sensitive cell via a defined DNAsequence constitutes the
most direct demonstration that the gene responsible for multi-
drug resistance has indeed been identified. Early attempts to
transfer the multidrug-resistant phenotype were carried out by
transfection of total genomic DNA from resistant cell lines
into drug-sensitive recipient cells (24, 25). However, the power
of these experiments was limited by the inability to definitively

demonstrate that the resulting drug resistance was due to the
transfected DNArather than the amplification of endogenous
DNAsequences. The availability of molecular probes made
possible direct analysis of the outcome of gene transfer experi-
ments. Using species-specific restriction length polymor-
phisms to distinguish amplification of transfected DNAfrom
endogenous genes, the transfer of the multidrug-resistant phe-
notype was documented with chromosome- (26) and DNA-
(27, 28) mediated gene transfer. In each case the transfer of the
multidrug-resistant phenotype was correlated with the transfer
of multiple copies of the DNAfrom the donor cell line, which
hybridized to the cloned mdr P-glycoprotein sequences, and
the overexpression of the 5-kb mRNApreviously shown to be
overexpressed in multidrug-resistant cell lines. Deuchars et al.
(28) were able to document that increased expression of P-gly-
coprotein was of donor origin using a species-specific MAb.
Further, the P-glycoprotein sequences were transfected inde-
pendently of the group of six genes previously shown to be
coamplified in multidrug-resistant cell lines (21).

Transfer of multidrug resistance by cloned DNAsequences
The use of cloned genes permitted a definitive demonstration
that increased expression of a single gene was capable of caus-
ing multidrug resistance. Gros et al. (16) showed that the
mouse mdr cDNA, XDR11, engineered for expression under
control of the SV40 promoter, conveyed resistance to either
Adriamycin or colchicine when introduced into drug-sensitive
cells. Each of the drug-resistant colonies that resulted from the
transfection was resistant to Adriamycin, colchicine, and vin-
blastine, contained - 10-15 copies of the expression vector
integrated into the genome, and transcribed high levels of
mRNAfrom the expression vector. Similar results were subse-
quently obtained with a human mdr cDNA as described by
Ueda et al. ( 19). These observations have been confirmed and
extended with XDR1 being placed in retroviral expression
vectors with the ,B-actin promotor (29) or histone H4 promoter
(30) transcribing the mdr cDNA. The latter studies have indi-
cated that the expression vector is preferentially amplified
rather than the endogenous gene when selective pressure is
increased on the multidrug-resistant clones. Furthermore, it
has been possible to transfer the drug-resistance phenotype
with XDR11 by transfection and retroviral infection without
prior drug selection. These results indicate that increased ex-
pression of the normal mdr P-glycoprotein gene can confer
multidrug resistance.

Sequence analysis
Analysis of the nucleic acid sequence of the mouse and human
mdr cDNAs suggest that the P-glycoprotein is encoded by the
mdr gene (18, 31). The predicted amino acid sequence of the
mouse and human mdr polypeptide indicates that the primary
structure contains 1,276 and 1,280 amino acids, respectively,
which would give the polypeptide a calculated molecular
weight of - 140 kD. The predicted molecular weight of the
nonglycosylated P-glycoprotein is 136,000. The structural
model of the mdr polypeptide that was suggested by the hy-
drophobicity analysis indicates that a highly charged intracel-
lular amino-terminal sequence is followed by three trans-
membrane loops that cross the membrane six times and place
the first of two putative ATPbinding sites on the intracellular
side of the membrane (Fig. 1). This structure is repeated, plac-
ing a second putative ATPbinding site and the carboxy termi-
nus of the polypeptide on the intracellular side of the cell
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Figure 1. Schematic
representation of the
putative structure of the
mdr P-glycoprotein and

A F G - L its orientation in the
cell membrane. Possible

OUT NH2-linked glycosyla-
tion sites (closed cir-
cles), transmembraney;-IN domains A-L, ATP-

NH2 binding folds, and
amino and carboxyl ter-

<_/1__ATP mini are indicated.
ATPr>I +From Gros et al. 1986.

Cell. 47:371-380, with
COOH permission.

membrane. A cluster of four potential extracellular NH2-
linked glycosylation sites are present near the amino terminus
of the polypeptide. Finally, an interspecies comparison of the
predicted amino acid sequence of the mouse and human, with
the partial hamster cDNAisolated with antibody to the P-gly-
coprotein (32), indicates that they represent the same or
closely related molecules with a high degree of evolutionary
conservation.

The deduced amino acid sequence contains the consensus
sequence for two potential ATP-binding sites (33). This con-
sensus sequence is present in a class of closely related ATP-
binding proteins that contain a structurally and functionally
related subunit and share a commonevolutionary origin. This
domain serves to couple ATP hydrolysis with a variety of cel-
lular functions in bacteria (34). A predicted ATP-binding site
in the mdr polypeptide would be consistent with models that
invoke an energy dependent process to explain drug resistance.

A high degree of symmetry is apparent between the proxi-
mal and distal halves of the mdr polypeptide. Analysis of the
predicted amino acid sequence indicates an extensive region of
homology between the two halves of the polypeptide. The
most conserved portion of the duplication lies within the pu-
tative intracellular domains, which include the potential ATP
binding sites where 77% of the amino acids are either identical
or highly conserved substitutions. Duplication of an ancestral
gene is most likely responsible for the two highly homologous
halves of the mdr polypeptide.

The predicted amino acid sequence of a region of the mul-
tidrug resistance polypeptide has a strong homology to the
amino acid sequences of several bacterial transport proteins.
The bacterial proteins include a series of permeases that shuttle
small oligopeptides (oppD), maltose (malK), histidine (hisP),
ribose (rbsA), and phosphate (pstB) into the cell across the
periplasmic membrane. These proteins are each members of
multicomponent, energy-dependent membrane transport sys-
tems (35). Homology to the mdr polypeptide occurs in the
predicted intracytoplasmic domains that include the potential
ATP binding sites and represent almost 40% of the mdr poly-
peptide. An even greater degree of sequence relatedness is ob-
served between homolysin B (HlyB) and the mdr polypeptide.
Hemolysin B transports the hemolysin toxin out of the cell
across the outer bacterial membrane. The homology between
the mdr polypeptide and hemolysin B is even more striking
than with the permeases and extends over a much longer dis-
tance, including several of the hydrophobic domains spanning
- 70% of the mdr polypeptide. The strong homology between

the mdr polypeptide and the bacterial transport proteins sug-
gests that these molecules all share a highly conserved func-
tional unit involved in membrane transport (Fig. 2).

Mechanistic basis for multidrug resistance
The homology of mdr P-glycoprotein genes to bacterial trans-
port protein genes provides a framework with which it is possi-
ble to interpret data on the mechanistic basis of multidrug
resistance. Multidrug-resistant cells demonstrate decreased in-
tracellular concentrations of cytotoxic drug when compared
with drug-sensitive cells. The mechanism by which drug-resis-
tant cells achieve a lower intracellular drug level is not well
understood, however the strongest evidence suggests that an
energy-dependent drug efflux system is responsible for the
multidrug resistance phenotype (35-38). When multidrug-re-
sistant cell lines are grown in the presence of metabolic inhibi-
tors that deplete intracellular ATP, the drug-resistant cells ac-
cumulate the cytotoxic agents to levels approaching the paren-
tal drug-sensitive cell line. When the inhibitors of ATP
production are removed there is a rapid effilux of cytotoxic
agent out of the cell. These findings are consistent with a
model in which the mdr P-glycoprotein acts to pump drug out
of the cell in an energy dependent manner.

A simple model of this sort, however, may not explain the
broad spectrum of drugs with which the multidrug resistance
system can interact. An important problem which must be
addressed is competition between the mdr P-glycoprotein and
the high affinity binding sites for drug within the cell. To effec-
tively remove drug once it has entered the cell compartment in
which the target is located, the mdr P-glycoprotein system
must bind a wide variety of substrates with equal or higher
affinity than the primary target of the drug. The binding of the
mdr P-glycoprotein to photoactive, radioactive analogues of
vinblastine in a variety of multidrug-resistant cell lines further
supports the role of this protein in the development of multi-
drug resistance but does not delineate the mechanism of this
interaction (39, 40). A second model has been proposed by
analogy to the bacterial transport systems. In these systems,
transport is achieved by the substrate binding to a high affinity
carrier protein which is then recognized by a group of proteins,
including a polypeptide homologous to the mdr P-glycopro-
tein, which transports the substrate across the cell membrane
in an energy dependent manner (35). It has been suggested that
the mdr polypeptide interacts with a series of high affinity
binding proteins for each drug or family of drugs in a manner
analogous to the bacterial transport systems. A third model
that we have proposed suggests that interaction of drug with
the mdr P-glycoprotein occurs in a cell compartment distinct
from the drug target. If drug entry into the cell is preceded by a

- v\0VIV6'm
PERIPLASMIC HlyB
TRANSPORTERS

HisP
MalK
OppD
PstB IV

RbsA Mdr

Figure 2. Possible evolution of conserved domain involved in energy
dependent transport.
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period in which drug is in the cell membrane, then the removal
of drug from the cell can occur under conditions in which the
drug molecule has not had the opportunity to interact with the
target before an energy-dependent efflux from the cell.

The functional aspects of the mdr P-glycoprotein must also
be able to account for the ability of a wide range of compounds
to reverse the multidrug-resistant phenotype. These com-
pounds include calcium channel blockers and calmodulin an-
tagonists (41), quinidine (42), chloroquine (43), synthetic iso-
prenoids (44), tamoxifen and other triparanol analogues (45),
the nonionic detergent Tween (46), cyclosporin A (47), and
inactive analogues of daunomycin (48). The most extensive
studies have focused on the calcium transport blockers.
Tsuruo and co-workers first showed that verapamil increased
the accumulation of vincristine in vitro in a vincristine-resis-
tant P388 cell line by decreasing drug efflux, and that it en-
hanced the cytotoxic effects of vincristine both in vitro and in
vivo (41). The reversal of drug resistance does not appear to be
related to calcium fluxes (49). The photoactive calcium chan-
nel blocker, azidopine, has been shown to bind to the mdr
P-glycoprotein (50, 51). Binding was inhibited by vinblastine,
actinomycin D, Adriamycin and colchicine, and a variety of
calcium channel blockers. This would suggest that agents that
reverse multidrug resistance inhibit the efflux of cytotoxic
agents by competitively or sterically inhibiting the binding of
the drug to the mdr P-glycoprotein.

Some multidrug-resistant cell lines have also been shown
to display collateral sensitivity to a range of compounds (52).
These compounds are cytotoxic to multidrug-resistant cell
lines at doses that do not kill the parental cell lines. While this
response of multidrug-resistant cell lines is not yet explained
mechanistically, like the reversal of the multidrug-resistant
phenotype described above, collateral sensitivity may repre-
sent a means of circumventing the multidrug-resistance phe-
notype in the clinical setting.

Expression of the multidrug-resistant gene
in normal tissues
The high degree of evolutionary conservation of genes in the
mdr P-glycoprotein gene family between rodents and primates
suggests that the function of this gene family has been under
strong selective pressure during evolution. Although it is possi-
ble that the mdr P-glycoprotein genes normally function to
remove toxic metabolites from cells, it is also possible that
these gene products are involved in other physiological pro-
cesses. One approach to this question is to determine the dis-
tribution in tissues of mdr P-glycoprotein gene expression.
Fojo et al. (53) have analyzed total RNAin slot blots from a
variety of human tissues with a probe from an mdr cDNA. The
highest levels of expression were found in both the medulla
and cortex of the adrenal gland. The kidney, colon, liver, lung,
jejunum, and rectum had intermediate levels of expression,
whereas the majority of tissues, including the brain, prostate,
skin, muscle, heart, spleen, bone marrow, lymphocytes, stom-
ach, esophagous, ovary, kidney cortex, and spinal cord, had
low levels of expression. Interestingly, the amount of mdr ex-
pression was found to vary from sample to sample. Both re-
generating rat liver after hepatectomy and hyperplastic liver
nodules induced by carcinogens have also been shown to have
high levels of mdr expression (54, 55). Of particular physiologi-
cal significance is the physical location of the mdr P-glycopro-
tein. In a number of tissues, immunocytochemistry localized
the mdr P-glycoprotein to the luminal surface of tissues in-

volved in secretory functions. Analysis of human tissue indi-
cated that the mdr P-glycoprotein is localized diffusely on the
surface of cells in the cortex and medulla of the adrenal, on the
biliary front of hepatocytes and the apical surface of the epithe-
lial cells in the small biliary ductules in the liver, in the small
ductules in the pancreas, in the proximal tubules of the kidney,
and in the colon and jejunum (56). No detectable antibody
labeling was found in the lung, stomach, salivary gland, cere-
bral cortex, cerebellum, spinal cord, ovary uterus, skin, spleen,
or placenta.

The mdr P-glycoprotein has also been localized to the api-
cal surface of the secretory epithelium of the gravid uterus in
the mouse and is apparently induced by the physiologic
changes of pregnancy (unpublished observations). Expression
of the mdr P-glycoprotein gene increases dramatically during
pregnancy from the low levels of the nonpregnant uterus. In
situ RNAhybridization confirms that the increased expression
is strictly localized to the secretory epithelium. These studies
suggest that the mdr P-glycoprotein may play a role in some
aspect of normal secretory functions. However, if this hypoth-
esis proves correct, the normal substrates for the mdr P-glyco-
protein are as yet unknown.

Howmany members are there in the mdr P-glycoprotein
gene family?
The complex expression pattern suggests that the mdr P-gly-
coprotein gene family may perform different biological func-
tions in different tissues. Establishing the number and charac-
teristics of the members of the gene family take on added
significance in this context. These issues become especially
important if the product of one member of the gene family is
more effective than another in conferring drug resistance on
cells. Although the data are not yet complete, several members
of the gene family from different species have been identified.
Gros et al. (16) initially isolated two homologous but distinct
cDNAs, XDRI 1 and XDR29, with the same probes from a
drug-sensitive mouse pre-B cell cDNA library. Sequence anal-
ysis (21, unpublished observations) indicates 73% nucleic acid
and 85% predicted amino acid homology between the two
cDNAs but also shows that they are encoded by separate genes.
Using a P-glycoprotein probe, Endicott et al. (57) isolated par-
tial cDNAs from a drug-sensitive Chinese hamster ovary
cDNA library which could be classified into two distinct gene
groups, pgpl and pgp2. A high degree of both nucleic acid and
predicted amino acid homology is present between the two
genes. A comparison of the 3' untranslated regions and coding
regions indicated that the mouse cDNA, XDR11, is more
closely related to pgp2 whereas the human cDNA isolated by
Chen et al. (18) is more closely related to pgpl. Van der Bliek
et al. (58) have isolated several partial mdr P-glycoprotein
cDNAs from a human liver cDNA library which are distinct
from pgpl and pgp2, which indicates the presence of a third
mdr P-glycoprotein gene. Two alternative splices were identi-
fied, one inserting seven amino acids and the other deleting 43
amino acids. The predicted amino acid sequence of the mouse
cDNA, XDR29, isolated by Gros et al. (16) shows a high degree
of homology to this third class of mdr P-glycoprotein genes
(unpublished observations). These preliminary sequence ob-
servations indicate that each of the three mdr P-glycoprotein
genes encodes a protein with a similar structure (see above)
with - 80-85% overall amino acid homology which is greatest
around the putative ATP binding sites and most divergent in
the proximal regions of the internal duplication.
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Clinical implications of recent findings
on multidrug resistance
The advent of immunological and molecular probes for the
gene responsible for multidrug resistance in vitro has made it
possible to analyze human tumors for the expression of this
gene. Previous observations have indicated that some human
tumors display resistance to multiple drugs; the pattern of re-
sistance, however, did not necessarily correspond to the multi-
drug-resistant phenotype (59). Nevertheless, several prelimi-
nary reports have indicated that the P-glycoprotein can be
found overexpressed in drug-resistant tumors. However, it re-
mains unclear whether the overexpression of the P-glycopro-
tein is responsible for the failure of current chemotherapeutic
regimens.

Using Western blot analysis with antibodies to the P-gly-
coprotein, Bell et al. (60) was the first to note high levels of the
P-glycoprotein in two out of five ovarian carcinomas that were
unresponsive to therapy. The P-glycoprotein was not detected
in normal ovarian tissue. In one of the tumors the amount of
P-glycoprotein increased after further exposure to chemother-
apeutic agents. Maet al. (61) identified two patients with acute
nonlymphoblastic leukemia whose initial circulating myelo-
blasts were negative, but during relapse had a progressive in-
crease in their percentage and in the intensity of staining with
an antibody to the P-glycoprotein. Recently, Gerlach et al. (62)
detected the P-glycoprotein by Western blot analysis in 6 of 11
sarcomas, while 25 other tumors of different types and a sur-
vey of normal human tissue were negative.

Analysis of RNAfrom a variety of human tumors suggests
that mRNAspecies homologous to mdr P-glycoprotein may
be expressed at high levels upon presentation and can increase
during therapy (53). Expression of the mdr gene in a number
of pheochromocytomas, adrenocortical carcinomas, and neu-
roblastomas indicated that the majority expressed high
amounts of mdr mRNAbut not necessarily the same amount
as, or more than, the normal adrenal gland. Indeed, 5 out of 18
of these tumors expressed low levels of mdr RNArather than
the high levels expected from adrenal tissue. Levels of mdr
RNAdid increase sixfold in one pheochromocytoma that had
become unresponsive to therapy, which suggests an acquired,
increased level of expression. Moderate levels of mdr expres-
sion were found in seven of eight colon tumors and one of four
rhabdomyosarcomas while the other samples indicated low
expression. Analysis of RNAfrom 10 patients with leukemia
indicated that all of the presentation samples and five of the six
relapse samples had low levels of expression of mdr mRNA.
One of the relapse samples had levels which were 10-fold
higher, which raises the possibility that this increase had been
acquired during therapy. These data indicate that it is possible
that the intrinsic or acquired resistance found in some tumors
could be due to increased levels of mdr P-glycoprotein expres-
sion.

Two preliminary clinical studies have described attempts
to treat patients who were refractory to multiple chemothera-
peutic agents by using strategies that reverse the multidrug-re-
sistance phenotype in vitro. Both regimens used calcium
channel blockers. In four of five children with acute lympho-
blastic leukemia that was refractory to standard therapy, the
combination of diltiazem and vincristine resulted in a cytolytic
effect as evidenced by either a decrease in the circulating blast
count or in the number of blasts in the bone marrow (63). One
child had a massive cytolytic response. Two children had re-

versible atrioventricular node conduction defects attributed to
diltiazem toxicity. In a separate study, eight patients with re-
fractory ovarian cancer were treated with verapamil and
Adriamycin (64). There were no objective responses to this
therapy. Significant toxicity developed, however, in two pa-
tients with complete heart block and in four patients with
congestive heart failure. The noncardiologic toxicities of vin-
cristine and Adriamycin did not appear to be enhanced by the
calcium antagonists in either study. However, the studies sug-
gest that agents that are less cardiotoxic at the levels required to
reverse multidrug resistance are necessary.

The role of the mdr P-glycoprotein in the resistance of
tumors to chemotherapy is likely to be complex. A multigene
family is present whose members may each have a unique
function and differences in the ability to convey drug resis-
tance. This suggests that a complete understanding of each
family member will be necessary to determine the significance
of this gene family in human tumor biology. The sensitivity
and specificity of the probes used to detect the mdr P-glyco-
protein will be critical. A systematic analysis of the level of
expression of each family member in tumor specimens at
diagnosis and relapse will be necessary. It will be important to
determine the criteria necessary to decide whether the overex-
pression of these gene products is in fact responsible for the
failure of chemotherapy. These criteria would include high
levels of endogenous expression or increased expression of the
mdr P-glycoprotein mRNAafter exposure to cytotoxic agents.
Resistance to the drugs in the multidrug-resistant phenotype,
increased sensitivity to collaterally sensitive drugs, and cir-
cumvention of drug resistance by agents that reverse the mul-
tidrug-resistant phenotype would also need to be considered as
possible criteria. Ultimately, the goal will be to target specific
therapies to individual patients who will benefit from the cir-
cumvention of the phenomenon of multidrug resistance.

Acknowledgments

J. M. Croop is supported by U.S. Public Health Service grant
IK08CA-01227. P. Gros is supported by grants from the Medical
Research Council of Canada (MA-9626) and the National Cancer
Institute of Canada (376). D. E. Housman is supported by U. S. Public
Health Service grant CA-17575.

References

1. Curt, G., N. Clendeninn, and B. Chabner. 1984. Drug resistance
in cancer. Cancer Treat. Rep. 68:87-99.

2. Biedler, J. L., and H. Riehm. 1970. Cellular resistance to Acti-
nomycin D in Chinese Hamster Cells in vitro: cross-resistance, radio-
autographic and cytogenetic studies. Cancer Res. 30:1174-1184.

3. Dano, K. 1972. Cross resistance between Vinca alkaloids and
anthracyclines in Ehrlich ascites tumor in vivo. Cancer Chemother.
Rep. 56:701-708.

4. Ling, V., and L. H. Thompson. 1974. Reduced permeability in
CHOcells as a mechanism of resistance to colchicine. J. Cell. Physiol.
83:103-111.

5. Beck, W. T., T. J. Mueller, and L. R. Tanzer. 1979. Altered
surface membrane glycoproteins in Vinca alkaloid-resistant human
leukemic lymphoblasts. Cancer Res. 39:2070-2076.

6. Howell, N., T. A. Belli, L. T. Zaczkiewics, and J. A. Belli. 1984.
High level, unstable Adriamycin resistance in a Chinese hamster mu-

tant cell line with double minute chromosomes. Cancer Res.
44:4023-4030.

7. Akiyama, S. I., A. Fojo, J. A. Hanover, I. Pastan, and M. M.
Gottesman. 1985. Isolation and genetic characterization of human KB

Genetics ofMultidrug Resistance 1307



cell lines resistant to multiple drugs. Somatic Cell Mol. Genet.
11:117-126.

8. Juliano, R. L., and V. Ling. 1976. A surface glycoprotein modu-
lating drug permeability in chinese hamster ovary cell mutants. Bio-
chim. Biophys. Acta. 455:152-162.

9. Peterson, R., M. Meyer, B. Spengler, and J. Biedler. 1983. Alter-
ation of plasma membrane glycopeptides and gangliosides of Chinese
hamster cells accompanying development of resistance to daunorubi-
cin and vincristine. Cancer Res. 43:222-228.

10. Greenberger, L., S. Williams, and S. B. Horwitz. 1987. Biosyn-
thesis of heterogeneous forms of multidrug resistance-associated gly-
coproteins. J. Biol. Chem. 262:13685-13689.

11. Meyers, M., B. Spengler, and J. Biedler. 1981. Vincristine-re-
sistant human neuroblastoma cells have double minutes and homoge-
neous staining regions. In Vitro (Rockville). 17:221. (Abstr.)

12. Baskin, F., R. N. Rosenberg, and D. Vaithinlingham. 1981.
Correlation of double minute chromosomes with unstable multidrug
cross-resistance in uptake mutants of neuroblastoma cells. Proc. Natl.
Acad. Sci. USA. 78:3654-3658.

13. Grund, S. H., S. R. Patil, H. D. Shah, P. G. Pauw, and J. R.
Stadler. 1983. Correlation of unstable multidrug cross resistance in
Chinese hamster ovary cells with a homogeneously staining region on
chromosome 1. Mol. Cell. Biol. 3:1634-1641.

14. Roninson, I. B., H. Abelson, D. E. Housman, N. Howell, and
A. Varshavsky. 1984. Amplification of specific DNAsequences corre-
lates with multidrug resistance in Chinese hamster cells. Nature
(Lond.). 309:626-628.

15. Gros, P., J. Croop, I. Roninson, A. Varshavsky, and D. E.
Housman. 1986. Isolation and characterization of DNAsequences
amplified in multidrug resistant hamster cells. Proc. Natl. Acad. Sci.
USA. 83:337-341.

16. Gros, P., Y. Ben-Nenah, J. Croop, and D. E. Housman. 1986.
Isolation and expression of a cDNA(mdr) that confers multidrug resis-
tance. Nature (Lond.). 323:728-731.

17. Roninson, I. B., J. E. Chin, K. Choi, P. Gros, D. Housman, A.
Fojo, D. Shen, M. M. Gottesman, and I. Pastan. 1986. Isolation of
human mdr DNAsequences amplified in multidrug-resistant KB car-
cinoma cells. Proc. Natl. Acad. Sci. USA. 83:4538-4542.

18. Chen, C., J. Chin, K. Ueda, D. Clark, I. Pastan, M. Gottesman,
and I. Roninson. 1986. Internal duplication and homology with bacte-
rial transport proteins in the mdrl (P-glycoprotein) gene from multi-
drug-resistant human cells. Cell. 47:381-389.

19. Ueda, K., C. Cardarelli, M. Gottesman, and I. Pastan. 1987.
Expression of a full length cDNA for the human MDR1gene confers
resistance to colchicine, doxorubicin, and vinblastine. Proc. Natl.
Acad. Sci. USA. 84:3004-3008.

20. Riordan, J., K. Deuchars, N. Kartner, N. Alon, J. Trent, and V.
Ling. 1985. Amplification of P-glycoprotein genes in multidrug resis-
tant mammalian cell lines. Nature (Lond.). 316:817-819.

21. Van der Bliek, A., T. Van der Velde-Koerts, V. Ling, and P.
Borst. 1986. Overexpression and amplification of five genes in a mul-
tidrug resistant chinese hamster ovary cell line. Mol. Cell. Biol.
6:1671-1678.

22. de Bruijm, M., A. Van der Bliek, J. Biedler, and P. Borst. 1986.
Differential amplification and disproportionate expression of five
genes in three multidrug resistant Chinese Hamster lung cell lines.
Mol. Cell. Biol. 6:4717-4722.

23. Scotto, K., J. Biedler, and P. Melera. 1986. Amplification and
expression of genes associated with multidrug resistance in mamma-
lian cells. Science (Wash. DC). 232:751-7755.

24. Debenham, P. G., N. Kariner, L. Siminovitch, J. R. Riodan,
and V. Ling. 1982. DNA-mediated transfer of multiple drug resistance
and plasma membrane glycoprotein expression. Mol. Cell. Biol.
2:881-887.

25. Robertson, S. M., V. Ling, and C. P. Stanners. 1984. Co-am-
plification of double minute chromosomes, multidrug resistance and
cell surface P-glycoprotein in DNA-mediated transformants of mouse
cells. Mol. Cell. Biol. 4:500-508.

26. Gros, P., D. A. Fallows, J. Croop, and D. E. Housman. 1986.
Chromosome mediated gene transfer of multidrug resistance. Mol.
Cell. Biol. 6:3785-3790.

27. Shen, D., A. Fojo, I. Roninson, J. Chin, R. Soffir, I. Pastan, and
M. Gottesman. 1986. Multidrug resistance of DNA-mediated trans-
formants is linked to transfer of the human mdrl gene. Mol. Cell. Biol.
6:4039-4044.

28. Deuchars, K., R. Du, M. Naik, D. Evernden-Porelle, N.
Dartner, A. van der Bliek, and V. Ling. 1987. Expression of hamster
P-glycoprotein and multidrug resistance in DNAmediated transfor-
mants of mouse LTA cells. Mol. Cell. Biol. 7:718-724.

29. Croop, J., B. Guild, P. Gros, and D. Housman. 1987. Genetics
of multidrug resistance: relationship of a cloned gene to the complete
multidrug resistant phenotype. Cancer Res. 47:5982-5988.

30. Guild, B., R. Mulligan, P. Gros, and D. Housman. 1988. Re-
troviral transfer of a murine complementary DNAfor multidrug resis-
tance confers pleiotropic drug resistance to cells without prior drug
selection. Proc. Natl. Acad. Sci. USA. In press.

31. Gros, P., J. Croop, and D. Housman. 1986. Mammalian mul-
tidrug resistance gene: complete cDNAsequence indicates strong ho-
mology to bacterial transport proteins. Cell. 47:371-380.

32. Gerlach, H., J. Endicott, P. Juranka, G. Henderson, F. Sarangi,
K. Deuchars, and V. Ling. 1986. Homology between P-glycoprotein
and a bacterial haemolysin transport protein suggests a model for
multidrug resistance. Nature (Lond.). 324:485-489.

33. Walker, J. E., M. Saraste, M. J. Runswick, and N. J. Gay. 1982.
Distantly related sequences in the a and jB subunits of ATPsynthetase,
myosin, kinases and other ATP-requiring enzymes and a common
nucleotide binding fold. EMBO(Eur. Mol. Biol. Organ.) J. 1:945-951.

34. Higgins, C., I. Hiles, G. Salmond, D. Gill, J. Downie, I. Evans,
I. B. Holland, L. Gray, S. Buckel, A. Bell, and M. Hermondson. 1986.
A family of related ATP-binding subunits coupled to many distinct
biological processes in bacteria. Nature (Lond.). 323:448-450.

35. Ames, G. 1986. Bacterial periplasmic transport systems: struc-
ture, mechanism and evolution. Annu. Rev. Biochem. 55:397-425.

36. Skovsgaard, T. 1978. Mechanisms of resistance to daunorubi-
cin in Ehrlich ascites tumor cells. Cancer Res. 38:1785-1791.

37. Inaba, M., H. Kobayashi, Y. Sakurai, and R. Johnson. 1979.
Active efflux of daunorubicin and Adriamycin in sensitive and resis-
tant sublines of P388 leukemia. Cancer Res. 39:2200-2203.

38. Fojo, A., S. Akiyama, M. Gottesman, and I. Pastan. 1985.
Reduced drug accumulation in multiple drug-resistant human KB
carcinoma cell lines. Cancer Res. 45:3002-3007.

39. Safa, A., C. Glover, M. Meyers, J. Biedler, and R. Felsted. 1986.
Vinblastine photoaffinity labeling of a high molecular weight surface
membrane glycoprotein specific for multidrug resistant cells. J. Biol.
Chem. 261:6137-6140.

40. Cornwell, M., A. Safa, R. Felsted, M. Gottesman, and I. Pastan.
1986. Membrane vesicles from multidrug resistant human cancer cells
contain a specific 150-170 kDa protein detected by photoaffinity la-
beling. Proc. Natl. Acad. Sci. USA. 83:3847-3850.

41. Tsuruo, T., H. Lida, S. Tsukagoshi, and Y. Sakurai. 1982.
Increased accumulation of vincristine and Adriamycin in drug-resis-
tant P388 tumor cells following incubation with calcium antagonists
and calmodulin inhibitors. Cancer Res. 42:4730-4733.

42. Tsuruo, T., H. Lida, Y. Kitatani, K Yokata, S. Tsukagoshi, and
Y. Sakurai. 1984. Effects of Quinidine and related compounds on
cytotoxicity and cellular accumulation of vincristine and Adriamycin
in drug-resistant tumor cells. Cancer Res. 44:4303-4307.

43. Zamora, J., and W. Beck. 1986. Chloroquine enhancement of
anticancer drug cytotoxicity in multiple drug resistant human leuke-
mic cells. Biochem. Pharmacol. 35:4303-4310.

44. Nakagawa, M., S. Akiyama, T. Yamaguchi, N. Shiraishi, J.
Ogata, and M. Kuwano. 1986. Reversal of multidrug resistance by
synthetic isoprenoids in the KB human cancer cell line. Cancer Res.
46:4453-4457.

45. Ramu, A., D. Glaubiger, and Z. Fuks. 1984. Reversal of ac-
quired resistance to doxorubicin in P388 murine leukemia cells by

1308 J. M. Croop, P. Gros, and D. E. Housman



tamoxifen and other triparanol analogoues. Cancer Res. 44:4392-
4395.

46. Riehm, H., and J. L. Biedler. 1972. Potentiation of drug effect
by Tween 80 in Chinese Hamster cells resistant to Actinomycin Dand
Adriamycin. Cancer Res. 32:1195-1200.

47. Slater, L., P. Sweet, M. Stupecky, and S. Gupta. 1986. Cyclo-
sporin A reverses vincristine and daunorubicin resistance in acute
lymphatic leukemia in vitro. J. Clin. Invest. 77:1405-1408.

48. Skovsgaard, T. 1980. Circumvention of resistance to daunoru-
bicin by N-acetyldaunorubicin in Ehrlich ascites tumor. Cancer Res.
40:1077-1083.

49. Kessel, D., and C. Wilberding. 1985. Anthracycline resistance
in P388 murine leukemia and its circumvention by calcium antago-
nists. Cancer Res. 45:1687-1691.

50. Cornwell, M., I. Pastan, and M. Gottesman. 1987. Certain
calcium channel blockers bind specifically to multidrug-resistant
human KBcarcinoma membrane vesicles and inhibit drug binding to
P-glycoprotein. J. Biol. Chem. 262:2166-2170.

51. Safa, A., C. Glover, J. Sewell, M. Meyers, J. Biedler, and R.
Feldsted. 1987. Identification of the multidrug resistance-related
membrane glycoprotein as an acceptor for calcium channel blockers.
J. Biol. Chem. 262:7884-7888.

52. Riordan, J. R., and V. Ling. 1985. Genetic and biochemical
characteristics of multidrug resistance. Pharmacol. Ther. 28:51-75.

53. Fojo, A., KUeda, D. Slamon, D. Poplack, M. Gottesman, and
I. Pastan. 1987. Expression of a multidrug resistance gene in human
tumors and tissues. Proc. Nat!. Acad. Sci. USA. 84:265-269.

54. Thorgirsson, S., B. Huber, S. Sorrell, A. Fojo, I. Pastan, and M.
Gottesman. 1987. Expression of the multidrug resistant gene in hepa-
tocarcinogenesis and regenerating rat liver. Science (Wash. DC).
236:1120-1122.

55. Fairchild, C., S. Ivy, T. Rushmore, G. Lee, P. Koo, M. Gold-
smith, C. Myers, E. Farber, and K. Cowan. 1987. Carcinogen-induced
mdr overexpression is associated with xenobiotic resistance in rat pre-

neoplastic liver nodules and hepatocellular carcinomas. Proc. Nat!.
Acad. Sci. USA. 84:7701-7705.

56. Thiebault, F., T. Tsuruo, H. Hamada, M. Gottesman, I. Pastan,
and M. Willingham. 1987. Cellular localization of the multidrug resis-
tance gene product P-glycoprotein in normal human tissues. Proc.
Natl. Acad. Sci. USA. 84:7735-7738.

57. Endicott, J., P. Juranka, S. Farida, J. Gerlach, K. Deuchars, and
V. Ling. 1987. Simultaneous expression of two P-glycoprotein genes in
drug-sensitive Chinese hamster ovary cells. Mol. Cell. Biol. 7:4075-
4081.

58. Van der Bliek, A., F. Bass, T. de Lange, P. Kooiman, T. Van der
Velde-Koerts, and P. Borst. 1987. The human mdr3 gene encodes a
novel P-glycoprotein homologue and gives rise to alternatively spliced
mRNAsin liver. EMBO(Eur. Mol. Biol. Organ.) J. 6:3325-3331.

59. Shoemaker, R., G. Curt, and D. Carney. 1983. Evidence for
multidrug resistant cells in human tumor cell populations. Cancer
Treat. Rep. 67:883-888.

60. Bell, D., J. Gerlach, N. Kartner, R. Buick, and V. Ling. 1985.
Detection of P-glycoprotein in ovarian cancer: a molecular marker
associated with multidrug resistance. J. Clin. Oncol. 3:311-315.

61. Ma, D., R. Davey, D. Harman, J. Isbister, R. Scurr, S. Macker-
tich, G. Dowden, and D. Bell. 1987. Detection of a multidrug resistant
phenotype in acute non-lymphoblastic leukaemia. Lancet. i: 135-137.

62. Gerlach, J., D. Bell, C. Karakousis, H. Slocum, N. Kartner, Y.
Rustum, V. Ling, and R. Baker. 1987. P-glycoprotein in human sar-
coma: evidence for multidrug resistance. J. Clin. Oncol. 5:1452-1460.

63. Bessho, F., H. Kinumaki, M. Kobayashi, H. Habu, K. Naka-
mura, S. Yokota, T. Tsuruo, and N. Kobayashi. 1985. Treatment of
children with refractory acute lymphocytic leukemia with vincristine
and Diltiazem. Med. Pediatr. Oncol. 13:199-202.

64. Ozols, R., R. Cunnion, R. Klecker, T. Hamilton, Y. Ostchega,
J. Parrillo, and R. Young. 1987. Verapamil and Adriamycin in the
treatment of drug resistant ovarian cancer patients. J. Clin. Oncol.
5:641-647.

Genetics of Multidrug Resistance 1309


