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Review

The Pharmacology of Cancer Resistance
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Abstract. Many tumour cells become resistant to commonly
used cytotoxic drugs due to the overexpression of ATP-binding
cassette (ABC) transporters. Two proteins, P-gp (MDR-1,
ABCBI1) and MRP-1 (ABCC1) have been demonstrated to
pump a wide selection of the most commonly used cancer
drugs and their overexpression correlates broadly with negative
treatment response characteristics in many different forms of
cancer. Several generations of pharmaceutical inhibitors of P-
gp have been examined in preclinical and clinical studies;
however, these circumvention trials have largely failed to
demonstrate the anticipated increase in therapeutic efficacy. In
vitro screening has identified a number of pharmaceuticals
which can selectively inhibit pumps such as P-gp, or MRP-1,
by virtue of their being substrates for these pumps. The use of
low toxicity pharmaceuticals or agents which have anticancer
properties as ABC transporter inhibitors may allow a new
paradigm of clinically useful drug resistance circumvention.
Our increasing understanding of the complex pharmacological
interplay of drug transporter proteins indicates that the cellular
pharmacokinetics of cancer drug entry into and exit from
tumour cells is of prime importance in subsequent drug efficacy
and a larger portfolio of pump modulators and targeted efflux
inhibition strategies is necessary to effectively overcome
multiple drug resistance.

Despite the exquisite sensitivity of many cancer cells to
cytotoxic chemotherapeutic agents and an international
research effort spanning 60 years, the cytological “sledge
hammer” of cytotoxic action is often ultimately ineffective
in many forms of cancer treatment. The failure of cancer
cells response to such drugs is termed resistance and
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tumours may present from the start with a resistance
phenotype, being intrinsically resistant, or may initially be
sensitive to therapy and later become insensitive to similar
doses, termed acquired resistance.

Many different biological factors causing chemotherapy
resistance have been characterised (1, 2). Despite the
diverse array of genetic and molecular changes that can
take place in various cellular drug targets and response
intermediates, the fundamentals of whether a drug can
reach the required target concentration is of key
importance to the life and death of a tumour cell exposed
to chemotherapy (3).

A major advance in our understanding of cellular
pharmacokinetic resistance mechanisms took place in 1976
with the description of the MDR-1 (P-gp) protein and its
characterisation as a cellular efflux pump capable of efficiently
removing significant amounts of a wide variety of xenobiotics
and drugs from the inside of a cell to the outside (4).

P-gp (MDR-1, and now termed ABCB1) exists as a large
transmembrane protein which actively moves a large
number of xenobiotics, including many cytotoxic cancer
drugs, from one leaflet of the plasma membrane to the
other (5). The identification of P-gp helped explain the
common observation that cancer cells could be resistant to
a range of agents while only having been exposed to any one
of a list of such agents, this phenomenon being commonly
termed multiple drug resistance (MDR). In due course, it
was recognised that P-gp expression did not account for all
forms of MDR which had been seen in cell models. A
second cellular pump, MRP-1 (ABCC1) was described in
1992 and although it has a fundamentally different
mechanism of action, it also pumps many of the important
cytotoxic chemotherapy drugs (6). BCRP (MXR, ABCG2)
was identified more recently and has been demonstrated to
be a smaller transmembrane protein which, unlike the other
major drug transporters, dimerises to generate a functional
transporter unit (7).

The majority of the commonly used chemotherapy drugs,
e.g. taxanes, anthracyclines, vinca alkaloids, as well as newer
molecularly-targeted agents, are substrates for one or more
of these pumps (8). Several other related proteins have
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been identified in human cells from direct analysis and in
searching for a conserved ATPase motif. These include
proteins shown to be related in sequence to MRP-1 and
therefore classified as part of the same family structure (9,
10). In human cells, the largest family of drug efflux pumps
are from the ABCC protein family, i.e. proteins with a close
sequence homology with the MRP-1 pump, with 9
constituent proteins members described (9). Of the ABCC
family, MRP-1 has shown the greatest association with drug
resistance in a broad range of human cancer while other
members of this protein family appear to have roles in
resistance to a narrower, more structurally distinct, range
of drugs (10). For example, overexpression of MRP-4
(ABCC4) or MRP-5 (ABCCS) proteins has been shown to
confer resistance to certain nucleotide analogues used in
the treatment of some forms of leukaemia, although recent
data casts doubt on the physiological relevance of this
activity (11). The role of other MRP family proteins
appears to be largely physiological although further
research is needed (12).

More recently still, several new drug transporter proteins
have been identified, the members of the solute carrier family
(SLC), including organic anion transporters (OATPs) (13,
14). These transporters play a critical role, in combination
with the classical protein pumps such as P-gp and MRP-1, in
the vectored movement of endogenous and exogenous agents
through cells and tissues. Of particular interest to cancer
treatment, some members of this group of transporters are
important in the uptake of specific cancer drugs. The human
copper transporter (CTR-1, SLC31A1) plays a key role in
uptake of platinum drugs, e.g. cisplatin, and reduced
expression of this transporter causes tumour cell resistance
(15-17). Similarly, OATP 8 (SLC21AS8) has been shown to
play an important role in paclitaxel uptake and expression is
greatly reduced in several resistant types of cancer (18, 19).

Relevance of Pump Proteins to
Cancer Treatment Response

All of the major cancer efflux pumps have been shown to be
associated with specific types of treatment resistance in in
vitro models (20). The clinical picture is, however, much
more complex. Several studies have demonstrated the
frequent occurrence of drug efflux proteins in cancer tissue,
both from chemotherapy-naive patients and tumours that
have been exposed to chemotherapy drugs. In solid tumours
and some leukemias, a number of investigators have
reported statistically significant correlations between poor
treatment response and overexpression of P-gp or MRP-1
in particular types of tumours (21-27). In investigations of
specific forms of leukaemia, some authors have reported a
prognostic significance for BCRP overexpression in
circulating cancer cells (23, 28-30).
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Circumvention of Pump-mediated Resistance

P-gp inhibition strategies. Attempts to overcome P-gp-mediated
resistance began with observations that certain existing
pharmaceuticals such as verapamil and cyclosporine
potentiated P-gp substrate cytotoxic action in cellular models
overexpressing the pump (20, 31). In in vivo, animal-models,
evaluations of combinations of such agents with anthracyclines
and other P-gp substrates showed significant therapeutic
promise (32-34) but follow-on clinical studies have almost
universally failed to show any improved treatment efficacy,
even with the advent of more specific third generation
inhibitors (20, 35). Third generation circumvention agents,
such as elacridar and tariquidar, surmounted earlier resistance
inhibitor difficulties including poor specificity and metabolic
interaction with the cancer drugs being used; however, these
agents have also failed to lead to useful increases in
chemotherapeutic efficacy (36, 37). The primary drawback with
third generation inhibitors appears to be the fundamental
problem of body-wide non-specific inhibition of P-gp which
reduces the normal processes of cancer drug elimination from
the body (37). This fundamentally alters the basic
pharmacokinetics of substrate chemotherapy drugs, leading to
increased drug exposure and an associated increase in side-
effects consistent with an increase in the amount of cancer
drug administered. Notwithstanding the pharmacokinetic
problems of P-gp inhibition, elegant studies on small numbers
of patients using radio-labelled positron emission tomography
(PET) P-gp substrate reagents (which permit real-time
visualisation of pump-mediated substrate efflux) have shown
that these third generation circumvention agents do increase
the tumour retention of P-gp substrates in at least some
patients (36, 38-40). The pharmacological complexity of P-gp
inhibition has led to most pharmaceutical companies changing
development emphasis with these drugs to apply them to
increased oral bioavailability applications (41). It should also
be noted that the majority, but not all (42), of third generation
P-gp inhibitors also appear to be potent BCRP inhibitors (43);
it is not clear if this property is useful or complicates the
therapeutic and/or pharmacokinetic picture. No selective
clinical trials of BCRP inhibition as a strategy to improve
chemotherapeutic efficacy have been reported in the literature.

Despite 30 years of P-gp research, we still have no clear
therapeutic strategy to overcome the actions of this classical
drug efflux pump in tumours. There is little evidence in the
literature outlining the optimal duration of efflux pump
inhibition for maximum therapeutic effect. Research
examining the associations of drug concentration and
duration of exposure with toxicity in tumour cells using agents
such as paclitaxel and doxorubicin suggests that most
chemotherapy drugs have an optimal “window” of action
during which they exert their useful anticancer properties (44-
47). Extrapolating this scenario with the presence of drug
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efflux pumps suggests that prolonged, non-specific and
irreversible pump inhibition may be counterproductive; by
incorporating the concept of optimal cytotoxic drug exposure
it may be possible to model optimal pump inhibitor profiles
which lead to cancer drugs reaching sufficient concentrations
in a tumour cell for a sufficient duration while the normal
characteristics of whole body elimination are not interfered
with to the extent of increased body-wide toxicity. Clearly, in
the case of P-gp at least, blanket, body-wide, long duration
inhibition is unlikely to lead to major increases in cancer drug
efficacy. The next generation of inhibition strategies may
therefore incorporate some aspect of tumour-targeting with
an optimal tumour efflux inhibition profile (48).

Interactions of P-gp with newer targeted chemotherapies. More
recently, several of the newer molecularly-targeted cancer
drugs, such as tyrosine kinase inhibitors, have also been shown
to be active substrates for this pump and P-gp may explain how
some cancer cells can become resistant to these drugs (8, 49).

The chemotherapeutic treatment of several types of cancer
has recently been revolutionised by the development of high
specificity small molecule inhibitors of key growth signalling
pathways in cancer (50). Such agents are much less toxic than
conventional cytotoxic therapies and are given over extended
periods to control cancer cell growth. Unfortunately, reports
have indicated that a number of the agents, if not all of the
currently clinically available inhibitors, are substrates for the
P-gp and/or BCRP drug efflux pump (8, 49, 51, 52). This
suggests that the classical drug efflux pump mechanism found
to protect tumour cells from the actions of cytotoxic drugs
may also make them resistant to the actions of molecularly-
targeted therapeutics, although other factors also contribute
to the overall resistance profile to these drugs.

The nature of pump-mediated efflux means that substrate
agents also become inhibitors of pump action when used in
appropriate concentrations with other substrate agents and
several growth factor receptor small molecule inhibitors can
inhibit P-gp-mediated drug efflux in cells overexpressing this
pump at concentrations in the physiologically achievable
range (53, 54). This property may be of therapeutic use in
combination applications of targeted agents with cytotoxic
drugs. Conversely, it is probable that prolonged
administration of high doses of the targeted agents may
interfere with the pharmacokinetics of conventional cytotoxic
therapies producing increased side-effects, especially in
certain tissues, e.g. haematopoietic stem cells, whose high
expression rate of some pumps may normally afford partial
protection from cytotoxic action (55, 56).

MRP-1 inhibition. MRP-1 (ABCC1) is another large drug
efflux pump with an uncharacteristically strong association of
overexpression with poor treatment response in a number of
common malignancies (21, 57-61). Unlike P-gp and BCRP, no

high-specificity clinically useful inhibitors have been
developed. Two agents with MRP-1 inhibitory activity have
been investigated in clinical trials. Biricodar has laboratory
activity against P-gp, MRP-1 and BCRP; clinical studies have
demonstrated an ability to inhibit P-gp at clinically achievable
doses but it is unclear if these doses are also sufficient to
inhibit MRP-1 (62). Our research team identified that the
NSAID, sulindac, could specifically inhibit MRP-1 activity by
virtue of its being a substrate/competitive inhibitor for the
pump (63, 64). A Phase I clinical evaluation of sulindac in
combination with epirubicin indicated that doses from 200 mg
to 600 mg sulindac generated levels of sulindac and MRP-1
inhibitory metabolites in excess of those required for in vitro
competitive inhibition of MRP-1 activity (65). Although MRP-
1 is expressed in a number of body tissues, unlike P-gp, this
efflux mechanism does not appear to have a critical role in the
normal whole-body pharmacokinetic elimination process of
chemotherapy drugs (12). Indeed our Phase I study indicated
that sulindac did not interfere with the normal toxicity or
pharmacokinetic profiles of epirubicin, an MRP-1 substrate
chemotherapeutic, while noteworthy treatment improvements
were seen. Therefore, MRP-1 may present a more attractive
inhibition target since the body-wide toxicological implications
of inhibition appear to be inconsequential.

Significance of Drug Pumps in MDR

The interpretation of the true significance of drug efflux
pump protein overexpression in tumours is difficult.
Circumvention studies have had significant pharmacological
problems, but coupled to this, polymorphisms affecting the
substrate specificity and activity of efflux pump proteins have
been described in human tumours (66-71). The reagents and
tissue samples used to provide a metric of efflux pump
activity have also sometimes clouded interpretation and may
in part explain contradictory results from some groups (20).
In addition, although some studies have provided a
quantifiable measure of drug pump activity and its inhibition
in tumours in a small number of patients (36, 38-40), no
studies have been conducted to quantify the overall effect of
pump inhibition on tumour levels of substrate cancer drugs.
With a significant overlap in substrate specificity, tumours
overexpressing more than one pump mechanism may be able
to overcome, at least in part, the impact of specific inhibition
of a single drug efflux pump.

The recent emergence of the SLC proteins adds a whole
new layer of complexity in understanding and predicting the
cellular pharmacokinetics and associated drug resistance
profiles of tumour cells. For example, as previously
mentioned, the human copper transporter (CTR-1,
SLC31A1) plays a key role in the uptake of platinum drugs,
e.g. cisplatin, and OATP 8 (SLC21A8) plays an important
role in paclitaxel uptake (15, 18). Some of these transporters
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have the potential to play dual roles, being responsible for
cellular uptake in some experimental situations while also
having a critical role in the movement of drugs through
tissues and organs (72, 73).

The preceding text has largely assumed that drug pump
expression is static in tumour cells. A limited number of
clinical studies have shown that drug efflux protein expression
can increase over the course of successive chemotherapy
cycles (23-25). In vitro studies have indicated that a number of
pharmaceutical and biological agents can affect the
transcription rate of drug transporter proteins (74-78). Such
observations hold out the tentative prospect that future drug
resistance strategies may make use of regulators of drug
transporter expression, decreasing efflux pump expression
and/or increasing uptake transporter expression, one assumes
in a tumour-specific manner. Clinical application of such
strategies is many years in the future.

Conclusion

The efficacy of many, if not all, small molecule cancer drugs,
both the established cytotoxics and newer molecularly-
targeted agents, at their most fundamental depends on the
balance of drug uptake and efflux. These processes are
controlled by a number of transport proteins including the
classical drug efflux pumps like P-gp and MRP-1. The
identification of new substrates/inhibitors which can usefully
modulate the activity of such resistance mechanisms, while at
the same time having potentially useful anticancer properties,
may be of some therapeutic benefit in due course,
particularly as tumour cells can have a significant repertoire
of pumps which can reduce their exposure to cancer drugs.
Advancing the therapeutic impact of resistance research will,
by necessity, require dynamic tumour-selective interventions
which control drug uptake and reduce drug efflux in a
relatively tumour-specific manner. Making use of such
advances will also require better characterisation of the
prevalence of the proteins responsible for net drug
accumulation (i.e. the sum of uptake and efflux) in general
forms of cancer and in the individual circumstances of a
cancer patient.
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