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The Journal of the National Cancer Institute published our paper
entitled “Expression of a Multidrug Resistance Gene in Human
Cancers” (1) 26 years ago. It was the first systematic determina-
tion of whether the energy-dependent multidrug efflux pump
P-glycoprotein (P-gp), the product of the ABCB1 (MDR1) gene,
was expressed in human cancers and has been cited over 1200
times. Four hundred cancers were studied, and the conclusion
was that expression was widespread both in intrinsically drug-
resistant cancers such as colon, pancreatic, liver, adrenocortical,
and kidney cancers, and in some cancers that acquired resist-
ance, such as leukemias, lymphomas, breast cancer, and neuro-
blastoma. Other cancers at the time of initial presentation, such
as lung cancers (except for neuroendocrine tumors), ovarian
cancer, esophageal cancer, and mesothelioma expressed little
or no P-glycoprotein. The major conclusions of this paper, which
have withstood the test of time (see below) were: 1) that P-gp was
expressed at levels sufficient to confer drug resistance in many
different difficult-to-treat cancers, 2) that its expression appeared
during the acquisition of resistance for some cancers, indicating
a possible role for P-gp in acquired resistance, 3) that many can-
cers did not appear to express P-gp mRNA at detectable levels and
therefore efforts to inhibit P-gp and reverse resistance in these
cancers were unlikely to succeed, and 4) that it remained to be
proven whether P-gp expression, though perhaps sufficient for
drug resistance in cancers, was the main cause of resistance in
any cancer. Considerable effort has been devoted to answer this
last question: Are P-gp or other multidrug transporters discov-
ered since (see below) useful targets for drug development with
the possible outcome of reversing multidrug resistance in cancer?

Limitations of the Initial Study

There were some limitations associated with the original
study, most of which were noted in the Discussion to that

work. Although most of the data were derived from cancers
taken directly from patients, a few of the samples were from
cell lines, notably the neuroendocrine lung cancers. We have
subsequently shown that there is no correlation between
expression of P-gp (or any other gene associated with multi-
drug resistance) in established cell lines and in cancers taken
directly from patients (2,3), so the data on lung cancer neuroen-
docrine tumors must be interpreted cautiously. As continues to
be true for studies done on primary tumors, the cancer itself
is an admixture of many different cell types, and although the
pathology of the cancers we examined indicates a substantial
number of cancer cells in the samples, there are also stromal
cells and host-derived macrophages, lymphocytes, and other
cell types that could contribute to the relative expression of
various genes.

The studies were done using total mRNA samples. Although
the mRNA was shown to be of good quality and not degraded,
the presence of MDR1 mRNA was determined using a relatively
unsophisticated slot blot analysis. Although different mRNA
doses were used to confirm a linear assay with the MDR1 signal
proportional to the amount of total mRNA applied to the nitro-
cellulose, both the specificity and the sensitivity of this assay
are unknown. We did assure that the levels of MDR1 mRNA we
were measuring had biological relevance by comparing the
signal to that from selected KB cell lines of known resistance
levels.

At the time, we did not know whether expression of
MDR1 mRNA correlated with expression of functional
P-glycoprotein. We have since shown in correlative studies
using the NCI-60 cell lines that the amount of mRNA specific
for P-gp, using a more sensitive and sophisticated real-time
polymerase chain reaction assay, is a good predictor of the
ability of P-gp to protect cells from cytotoxic drugs that are
substrates for P-gp (4).
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Finally, after this work was published, it became clear that
there were a total of 48 human ABC transporters, and that up
to 13 of them were capable of conferring resistance to one or
more anticancer drugs (5,6). Within a few years after this pub-
lication, two of the broadest spectrum multidrug resistance
(MDR) transporters had been cloned, notably ABCC1 (7) and
ABCG2 (8,9). Other members of these families, including ABCB4,
ABCBS, and several ABCC family members also had various
amounts of broad-spectrum transport activity (5). It was, and
remains, unclear whether separate or coincident expression of
these transporters with MDR1 contributes to clinical drug resist-
ance in cancer. Future studies will need to dissect more carefully
the individual contributions of each of these genes to the MDR
phenotype.

Additional Studies Have Confirmed These
Results

In short order, our laboratory, in collaboration with clinical
investigators, subsequently published many studies on indi-
vidual cancers, confirming the expression of the MDR1 gene in
many of the tumors specified above and others (eg, in urogeni-
tal cancers [10,11], in lung cancers [12], in ovarian cancers [13],
and in myeloid leukemias [14]). In addition, a great many other
papers have appeared confirming the expression of the MDR1
gene in the tumor types specified in the original Journal of the
National Cancer Institute paper.

With respect to the issue of whether MDR1 gene expression
is related to the acquisition of resistance, although MDR1 is
not expressed at appreciable levels in ovarian cancers at the
time of presentation (2), we have found expression of MDR1 in
a subset of ovarian cancers that recur after standard chemo-
therapy that includes paclitaxel and a platinum compound
(13), see above (15,16). Unfortunately, none of these studies
reaches statistical significance with respect to the association
of P-gp expression with drug resistance because the number
of tumors is small, and the percent of P-gp-expressing, chem-
oresistant tumors is far less than 50%. However, a recent study
using whole genome characterization of chemotherapy-resist-
ant ovarian cancer revealed that 8% of chemotherapy-resistant
ovarian cancers have fusions of the MDR1 gene to an upstream
promoter, presumably enabling expression of MDR1 (17). These
results confirm the findings of Huff et al. (18), who found such
rearrangements in relapsed childhood acute lymphocytic leu-
kemia. The presence of this kind of genomic alterations argues
strongly that expression of MDR1 mediated by these rear-
rangements confers selective advantage on the cells surviving
chemotherapy.

A recent review that summarized data from the Cancer
Genome Anatomy Project (19) confirmed that the expression of
ABCB1 in many of the intrinsically resistant tumors described
in Goldstein et al. (1) was elevated using RNAseq technology.
In particular, high levels of expression of ABCB1 were found
in cancers of the colon, liver, kidney, and pancreas. Of inter-
est, there was a substantial correlation (r = .659) between
expression of ABCB1 and ABCG2 in most of these cancers.
These results suggest that multiple ABC transporters may be
contributing to the intrinsic resistance of these tumors and
provide a ready explanation for why simply inhibiting one of
these transporters is not likely to result in circumvention of
MDR. Strikingly, studies on acute myelogenous leukemia (AML)
before treatment and after development of resistance to chem-
otherapy also reveal expression of various combinations of
multiple ABC transporters (20).
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Probably the most compelling experimental data linking
ABCB1 gene expression with drug resistance in vivo come from
the elegant mouse studies of Borst and colleagues (21). In this
work, a mutant mouse carrying p53 and BRCA1 mutations gives
rise to murine breast cancers that are susceptible to treatment
with docetaxel and doxorubicin. Resistance develops predict-
ably, and many of the resistant tumors express elevated levels
of P-glycoprotein. Cancers in which the mouse mdr genes have
been ablated are hypersensitive to these drugs (22).

Clinical Trials Testing the Role of
P-glycoprotein in Multidrug-Resistant
Cancers

The correlation of MDR1 mRNA levels with resistance in many
cancers led naturally to the development of many inhibitors of
MDR1 that might be suitable for testing in clinical trials of drug-
resistant cancers. The very first clinical trial in ovarian cancer actu-
ally preceded the acquisition of data about the expression of P-gp
in that cancer (23). Using verapamil as a relatively nonspecific and
nonpotent P-gp inhibitor, no effect on response was seen. Knowing
now that only a small subset of recurrent ovarian cancers express
P-gp and that doses of verapamil high enough to inhibit P-gp are
too toxic to achieve in man, such a result was not unexpected.
Subsequently, there were many trials of “off-the-shelf” P-gp
inhibitors (first-generation pharmaceuticals in use for other
purposes that were competitive inhibitors of P-gp). Eventually,
derivatives of these compounds with lower cytotoxicity (sec-
ond-generation drugs) and entirely new compounds developed
specifically to inhibit P-gp (third-generation drugs) were devel-
oped and some were tested. A handful of trials showed mar-
ginally statistically significant improvement in response, but
most trials were generally not randomized, no effort was made
to determine whether the patients’ tumors actually expressed
P-gp, and because of the inherent cytotoxicity of many of the
P-gp inhibitors, doses needed to be lowered below levels that
would be expected to inhibit P-gp (24). The largest randomized
trial with a third-generation potent P-gp inhibitor (tariquidar)
in non-small cell lung cancer had to be closed because of toxic-
ity, but would also not have been expected to show any effect
because P-gp is not expressed at significant levels in this cancer
(25). It is of interest that the most successful trial to date in AML
used cyclosporine A, an inhibitor of all major ABC multidrug
transporters (24). More specific agents, such as the potent third-
generation inhibitor zosuquidar, failed to show any improve-
ment in response to AML in high-risk older patients who tend to
express P-gp (26), consistent either with no significant involve-
ment of P-gp in drug-resistant AML, or, more likely, the need to
inhibit other ABC transporters to observe a therapeutic effect.
The overall conclusion from the clinical work is that it is
difficult to inhibit P-gp without attendant toxicities, but that a
definitive trial in patients known to express P-gp in their tumors
using an agent at levels that inhibits P-gp has never been done.

Impact of These Studies

Despite the pessimism about using inhibitors of P-gp to improve
the treatment of drug-resistant cancers, knowledge about
the expression of P-gp in cancers has led to some significant
changes in the process of drug development. The most impor-
tant contribution of this work has led to the routine screen-
ing, by pharmaceutical companies, of new anticancer drugs for
whether they are substrates for transport by P-gp and other ABC
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transporters. This helps inform the likelihood that they will be
successful for treating P-gp-expressing cancers and provides
information about how they are handled by the body. For exam-
ple, oral administration of P-gp-substrate drugs is ineffective
because expression of P-gp in the normal intestine prevents its
absorption. IV administration is predicted to result in excretion
in the bile and urine because of the expression of P-gp in biliary
hepatocytes and on the apical surface of epithelial cells of the
proximal tubules of the kidney. Furthermore, some drug interac-
tions are also predictable because P-gp substrates are all com-
petitive inhibitors of each other for transport.

Future Prospects

As the practice of medicine becomes more precise and targeted
to molecular features of cancers and their hosts, it is inevitable
that resistant tumors that express significant levels of P-gp will
be found. There have been anecdotal reports of colon cancers
expressing high levels of P-gp responding dramatically to doxo-
rubicin in the presence of a P-gp inhibitor. It is expected that as
we assemble more and more molecular data on gene expres-
sion in cancers, P-gp will once again rear its head as an impor-
tant target, albeit in perhaps only a subset of cancers that have
acquired resistance. Whether or not abrogation of P-gp activity
will ever produce significant tumor responses depends on the
future efficacy of the P-gp inhibitory drugs we use and a better
understanding of the complexity of multidrug resistance in can-
cer that extends far beyond cell-based resistance mechanisms.

The expression of P-gp and other ABC transporters such as
ABCG2 and ABCC1 on capillary endothelial cells of the brain,
where they comprise the blood-brain barrier for natural prod-
uct hydrophobic drugs, raises the prospect of manipulating this
barrier to improve delivery of anticancer drugs to the brain. For
cancer pharmacology and treatment of primary and metastatic
brain tumors, this may prove to be the most important contribu-
tion of our knowledge about P-glycoprotein.

Finally, every drug resistance mechanism has a fitness cost
for the cells that are deploying these mechanisms. Expression of
P-gp makes cancer cells much more sensitive to a whole range
of drugs. This collateral sensitivity is a kind of synthetic lethality
that makes P-gp-expressing cancers potential targets for killing
by agents that do not kill normal cells (27). Several laboratories,
including our own, are actively pursuing development of com-
pounds that, in combination with more traditional chemother-
apy, might eliminate P-gp-expressing cells.
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