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Abstract The problem of multidrug resistance (MDR) in
human cancers led to the discovery 30 years ago of a single
protein P-glycoprotein (P-gp), capable of mediating resis-
tance to multiple structurally diverse drugs. P-gp became
the archetypal eukaryotic ABC transporter gene, and
studies of P-gp and related ABC transporters in both
eukaryotes and bacteria have led to a basic mechanistic
understanding of the molecular basis of MDR. Particular
milestones along the way have been the identification of the
homology between P-gp and bacterial transport proteins,
the purification and functional reconstitution of P-gp into
synthetic lipid systems, and the development of targeted
therapies that attempt to overcome MDR by inhibiting P-
gp. This preface places into this context some of the less
well-explored themes developed in the MDR field, partic-
ularly various alternative models of P-gp action, evidence
for parallel physiological roles for P-gp, and the unusual
relationship between the substrate recognition capabilities
of ABC transporters and their evolutionary history.
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It has been 30 years since the discovery of P-glycoprotein
(P-gp) and its association with the phenomenon of
multidrug resistance (MDR). For a historical account of
its discovery and the more important milestones in the P-gp
field, see personal reflections by Gottesman and Ling [19].
Complementary to this, in this preface we touch on some of

the less widely-discussed discoveries that led to our current
understanding of MDR in mammalian cells and its role in
the wider context of membrane biology. The impetus for
the research was the concept that an understanding of MDR
is necessary to inspire better therapies for multidrug
resistant cancers, which may account for up to half of all
cancer-related deaths.

“Resistance follows chemotherapy as a faithful
shadow”—Paul Ehrlich

The problem of antibiotic resistance arose simultaneously
with the discovery of antibiotics themselves. DDT-resistant
insects were found within a year of its introduction [17].
When alternative insecticides were used, the selection with
the new agents produced cross-resistance to DDT [3], just
as DDT had fostered cross-resistance to the centuries-old
agent pyrethrum [72]. Multiple-resistant bacteria first be-
came apparent in the 1960s [65] and when combination
chemotherapy for resistant cancers was introduced in 1963
[26], cross-resistant tumours followed, with cross-resistant
cell lines described shortly after [5]. It is inevitable that
organisms adapt to efforts to control them. What multidrug
resistance has made obvious is that organisms as a rule do
not evolve specific responses but mobilise pre-existing,
broad defence mechanisms that ‘anticipate’ moves against
them.

We encountered the MDR problem in our own work
when we used single-step selections to isolate cells resistant
to the microtubule polymerisation inhibitor colchicine
(CHR), hoping to obtain tubulin mutants with cell division
defects. Highly resistant lines of Chinese hamster ovary
cells were selected from clonal populations of lower resis-
tance. The CHR cells all had pleiotropic cross-resistance to
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drugs such as daunomycin and puromycin, not known to
interact with microtubules, and all had reduced colchicine
uptake while the colchicine binding ability of cell extracts
was not reduced. We concluded that colchicine-resistance
probably arose from reduced permeability [39]. After we
submitted that paper, Keld Danø submitted a study of
the kinetics of daunomycin uptake in Ehrlich ascites
tumour cells [12], showing that daunomycin reached lower
steady-state levels in resistant, compared to sensitive, cells
while uptake into isolated nuclei was similar. Moreover,
daunomycin accumulation was increased by metabolic
inhibitors such as 2-deoxyglucose and structural analogues
such as N-acetyldaunomycin as well as in the presence of
Vinca alkaloids to which the cells were also resistant. These
observations led Danø to conclude that the reduced accu-
mulation of drugs must be due to an energy-dependent,
carrier-mediated extrusion mechanism and that the Vinca
alkaloids competed with daunomycin for the extrusion
mechanism.

Our results were consistent with Danø’s conclusions, but
we felt at the time that the highly pleiotropic MDR pheno-
type (i.e. cross-resistance to unrelated drugs and increased
or collateral sensitivity to many membrane active agents
[4]) could not be explained easily by a classical drug efflux
mechanism. At the same time, our study of initial rates of
colchicine uptake provided evidence that colchicine enters
cells by unmediated diffusion. For example, colchicine up-
take could not be competed with the close structural ana-
logue colcemid. ‘Fluidisers’ of the membrane lipid bilayer
such as non-ionic detergents and local anaesthetics also
stimulated drug uptake and reversed drug resistance [6, 39].
To us, this suggested a global effect on the cell membrane,
an ‘active’ permeability barrier model, hence the initial
suggestion that MDR could result from a ‘modulator’ of
membrane lipid fluidity, perhaps involving a change in the
phosphorylation state of membrane proteins [6, 37].

P-glycoprotein and the search for a central dogma
of MDR

By the 1970s, mammalian somatic cell genetics had
advanced to where cell lines could be readily manipulated
in laboratory culture and classical techniques like Luria–
Delbrück fluctuation analyses could verify that variants
appeared at rates consistent with spontaneous mutation. The
transfer of novel phenotypes to recipient cells by chromo-
some transfer or DNA transfection could be evidence for
a phenotype having a genetic basis. Cell hybridisation
showed that the MDR phenotype paralleled the CHR

phenotype in being incompletely dominant [38, 39].
Independent revertant clones, selected in a single step from
two highly resistant lines, showed that MDR and CHR

phenotypes co-reverted [37]. This genetic data pointed to a
single change or a small set of linked changes responsible
for the MDR phenotype. By labelling cell-surface carbohy-
drates, we first found a prominent CHR-specific 165-kDa
peak, greatly reduced in revertant cells [27]. We later
isolated plasma membrane vesicles (PMVs) from CHR C5
cells and found a protein visible as a Coomassie-blue-
stained band at about 170 kDa, less prominent in less
resistant cells and absent or barely detectable in wild-type
or revertant cells [43]. We called this P-glycoprotein
because of its presumed association with colchicine
permeability. P-gp localised to the plasma membrane and
was present in significant amounts (3–4% of total plasma
membrane protein) in a highly colchicine-resistant line.
This work made possible in vitro studies of P-gp function in
isolated PMVs, the raising of antisera, and eventually the
purification and reconstitution of P-gp.

We were not the only ones who initially found it difficult
to accept P-gp as causing the entire pleiotropic MDR
phenomenon by directly interacting with each and every
substrate. It seemed more plausible, initially, that P-gp
recruited the cellular factors necessary to fully explain
MDR. Our acceptance of the idea that P-glycoprotein itself
could function as an efflux pump with a surprisingly broad
specificity came about with the recognition [18] that P-gp
was a eukaryotic homologue of a multifunctional family of
transport proteins in bacteria [22], what came to be called
the ABC transporters. The close similarity of the P-gp
sequence with the hemolysin B (HlyB) transport protein
caused us to formulate a functional model of P-gp as a
multidrug efflux pump. While most ABC transporters have
roles importing substrates into bacteria, those in eukaryotes
function exclusively as exporters, moving substrates from
the ATP-rich cytosol out of cells or into intracellular
organelles [48].

During the 1980s and 1990s, many were searching for
alternative models of P-gp activity other than a direct active
transporter interacting with every single drug an MDR cell
line resists. A number of possibilities were proposed that
might explain the several phenomena of multidrug resis-
tance in terms of a single change in the state of the cell. The
various ‘indirect’ models often postulated that P-gp carried
out a single activity, altering a physiological parameter to
which all P-gp-active drugs would respond due to some
shared property. As MDR drugs are typically cationic am-
phiphiles, changes in membrane properties or in voltage or
pH gradients across the membrane have the potential to
form a general permeability barrier; though resistance to
neutral or anionic P-gp substrates would remain unex-
plained. P-gp could function to alter membrane fluidity,
either by its own insertion in the membrane or as a trans-
porter for a single species of membrane lipid or by acting as
a chloride channel to change the cellular pH [45]. Other
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indirect models argue that P-gp transports a single core
compound and all substrates interact directly with that
compound, so that P-gp need not take account of their
differences. These models include: suggestions that P-gp
transports ATP, with drugs forming complexes with ATP
allowing co-transport [1], or that drugs are transported as
sulphate conjugates with the problem of multiple specificity
referred to a multiplicity of drug-metabolising enzymes
[78].

The finding that a molecule similar to P-gp was an
exporter [18] does not prove that P-gp is also one, and as
HlyB has only a single natural substrate it left the problem
of a single transporter capable of recognising multiple
substrates unanswered. A subsequent investigation into
substrate recognition by HlyB, however, demonstrated a
deep functional similarity between it and P-gp that made a
direct efflux model of P-gp more plausible. The natural
substrate for HlyB is the cytolytic toxin hemolysin A
(HlyA), recognised by HlyB by virtue of a signal sequence
comprising the C-terminal 60 amino acids of HlyA [32].
We demonstrated that this signal could be replaced by an
entirely dissimilar, though homologous, sequence from the
leukotoxin (LktA) of Bordetella pertussis. Both signals are
predicted to form similar charged and amphiphilic second-
ary structures [74]. Biochemical experiments showed that
the signal sequences, known to interact with the transporter
[60], formed amphiphilic helices only in the presence of
lipids. This suggested that HlyB might recognise its
substrate within the inner leaflet of the membrane [76].
We were eventually able to replace the HlyA signal entirely
with random synthetic sequences and showed that only a
resemblance to the native signal in charge and amphiphi-
licity, not in primary sequence, was required [24]. HlyB,
with only a single natural substrate, possesses an attribute
of multidrug transporters: recognition of a wide variety of
substrates in the context of the membrane. HlyB is
therefore pre-adapted to recognise substrates that share
certain biophysical properties, membrane activity chief
among them. The implication is that peptide transporters
like HlyB would be perfect ancestors for MDR genes such
as P-glycoprotein.

This impression was reinforced by genetic experiments
in which mutant HlyA signal sequences were used to
isolate complementing second-site mutations in HlyB.
These HlyB mutants have allele-specific effects on the
recognition of HlyA signal variants [60, 75], suggesting
that all transport-competent signals physically interact with
a site on HlyB that recognises signal sequences using
redundant, partially overlapping amino acid contacts. A
transporter requiring only a subset of possible interactions,
able to recognise variations on a theme, is what one expects
of a multidrug transporter. Drug recognition by P-gp may
be analogous to HlyB selectively binding a few amino acids

out of a larger peptide, and indeed many membrane-active
antibiotic peptides are also P-gp substrates [31, 59].

The transport mechanism(s) of ABC transporters

During the early 1990s, Adam Shapiro and others were
engaged in a major effort to purify, reconstitute, and in-
vestigate the properties of P-gp in an entirely artificial lipid
environment [52, 54–58, 68]. Shapiro’s work demonstrated
unequivocally the competence of P-gp alone to directly
catalyse the efflux of multiple drugs from the lipid bilayer
of the plasma membrane. P-gp has at least three distinct
drug binding sites [53], with allosteric interactions, both
positive and negative, between them. Whether these
interactions reflect modulation of a common function in
the transporter or drug molecules interacting with one
another within a common binding pocket remains to be
fully explored.

This system has also been used to demonstrate that P-gp
can recognise some substrates specifically within the inner
leaflet of the membrane [10], which is an observation con-
sistent with either a ‘flippase’ model [21] or a transporter
model, though in either case a direct and specific interaction
between P-gp and its substrates is implied. It is possible that
P-gp acts as a flippase for some substrates that have a
strong affinity for the bilayer, such as phospholipids, and as
a transporter for substrates where removal entirely from the
membrane is energetically favourable. P-gp could then be
seen as having a single biochemical mechanism for driving
transport of all its substrates whether they are ‘transported’
or ‘flipped’.

Experiments trapping P-gp in particular stages of the
ATP-binding/hydrolysis/ADP+Pi-release cycle [50] point to
a model [23] whereby the apo-transporter has the highest
affinity for drug binding. Drug binding stimulates ATP
binding, powering transport, followed by ATP hydrolysis to
reset the machinery. Typical measured stoichiometries
suggest one ATP is hydrolysed per drug molecule trans-
ported, which makes it likely that P-gp transport two drug
molecules at a time in a concerted action [51], which may
be why binding drug to one site on P-gp not infrequently
can stimulate transport of drugs bound to another site
[53, 56].

The highly hydrophobic substrates of P-gp would be
expected to accumulate at high local concentrations in the
lipid bilayer, owing to their membrane affinity and the
membrane’s tiny volume. It follows that the Km for P-gp
binding these compounds could be quite high [52, 55] and
this may be an important feature, allowing P-gp’s interac-
tion with substrates to be looser, less sterically precise than
is typical of enzymes. This looseness of fit creates a space
in which multiple near-matching compounds can be
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accommodated and accepted while retaining a high turn-
over rate.

Breakthroughs in crystallisation of bacterial membrane
proteins have recently led to a proliferation of high-
resolution ABC transporter structures (reviewed in [20]).
Of particular interest are structures of the MsbA proteins of
Escherichia coli [9], Vibrio cholerae and Salmonella
typhimurium [42]. This series appears to have captured a
molecule functionally similar to P-gp in stages analogous to
those predicted by the biochemical models for the ATP–
drug transport cycle [13]. These show a protein with a
large, water-filled, substrate-binding cavity that reorients
upon ATP binding to open to the extracellular space. Also
notable is an open groove along one side of the bundle of
transmembrane domains, allowing the native substrate of
MsbA, a glycolipid, to remain partially embedded in the
membrane while its hydrophilic head group is moved from
one aqueous interface to the other. The lipid chains rotate
180° as they ‘flip’ from the inner to the outer leaflet, quite
as literally as the term ‘flippase’ implies. MsbA, with an
essential physiological role in transporting a component of
the Gram-negative outer cell membrane does have multi-
drug transport capacity overlapping the MDR phenotype of
other bacterial ABC transporters, such as LmrA of
Lactococcus lactis [41, 69]. There are typically several
multidrug transporters in bacterial genomes, most not
members of the ATP-binding cassette superfamily but
instead secondary transporters (powered by H+ gradient,
not ATP) sharing with ABC transporters the characteristic
of a dozen or so transmembrane domains. Structural studies
of secondary MDRs [73] suggest they bind multiple drugs
following the same principles elucidated in ABC trans-
porters, recognising substrates within the lipid bilayer using
a large internal drug binding site that can accommodate at
least two substrate molecules, possibly allowing interac-
tions between bound substrates. With all these MDR pro-
teins to choose from, why would a single-cell organism
retain so many of them? There may be distinct preferences
and patterns of drug resistance that best suit particular
environments or particular threats that occur often enough
for selection to maintain a specialised transporter for them,
but there are suggestions that multiple transporters are
maintained as a side effect of the physiological roles MDR
proteins play. LmrA, for example, functions as a H+/K+
antiporter, as well as an MDR protein, and the H+/K+
transport activity has a role in pH tolerance [33].

If you are not part of the solution, you are part
of the membrane

The speed with which P-gp moves substrates across (or out
of) membranes is crucial. In determining whether a cell is

resistant to a given compound, it may indeed be necessary
to consider the membrane and the transporter(s) as a
functionally integrated unit. Equilibrium dialysis experi-
ments by Eytan et al. [15] measured the affinity of
hydrophobic molecules for lipid vesicles, correlated with
their interactions with P-gp. They found that membrane
affinity was not the deciding factor in determining a P-gp
substrate but rather the speed at which a substrate migrated
across the membrane. Slowly permeating molecules can be
excluded from the cell by P-gp, whereas those permeating
rapidly act as P-gp inhibitors, if they interact with P-gp at
all. The classic example is verapamil, an excellent P-gp
substrate that re-crosses the membrane so rapidly after
being effluxed that it acts as a competitive inhibitor of P-gp.
This suggests that a major selective pressure on P-gp or any
MDR system built on similar principles is not only meeting
the challenge of recognising all necessary substrates but
also ignoring those which will waste energy in futile
transport cycles. The latter may be a greater challenge,
responsible for the collateral sensitivity to drugs sometimes
seen in MDR cell lines [4, 30]. In retrospect, it appears
somewhat naïve to have assumed that the membrane
functions either as a passive barrier to drugs or no barrier
at all, leaving P-gp alone with the task of selecting drugs to
exclude. It is now clear that the membrane is a highly
selective determinant of the way in which substrates are
presented to P-gp. The lipid composition of the membrane
and the mix of proteins in it may determine to a large extent
whether a given P-gp/drug pairing will result in successful
transport and whether transport of that compound will be
protective of or destructive to the cell. The dependence on
the membrane as the environment in which P-gp recognises
its substrates also explains why compounds altering
membrane fluidity affect P-gp function, even if they do
not interact with P-gp directly [40]. Membrane changes
may perturb either the structure of P-gp or the conformation
of the drug, changing its recognition by P-gp or sequester
drugs into a membrane subdomain from which P-gp is
excluded. Changes in membrane dynamics might allow
drugs to cross the membrane more rapidly than P-gp can
efflux them, subverting resistance [29]. The critical param-
eter for determining whether a cell resists a drug is not the
extracellular concentration of drug but the intracellular
concentration set by the equilibrium between drug perme-
ation through the membrane and efflux by all the cell’s
competent transporters.

We envision cells as being something like rain barrels,
which may fill with hydrophobic compounds to the level
permitted by whichever ABC transporter in the cell has the
lowest Km for that particular compound. This model was
first evoked to explain the enterohepatic circulation of bile
salts in mutant mice. When the major bile salt transporter is
inactivated, an alternative bile salt transporter (P-gp!) with a
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lower affinity (higher Km) for bile salts comes into play [34,
35]. Thus, if the level of accumulated hydrophobic com-
pound is not toxic, the cell survives, but if the transporter is
removed or inhibited, other transporters, whether already
present or upregulated in response to the loss of the first,
may come into play. The concentration of the compound
then rises to a level nearer the Km of the transporter with the
next highest affinity. One prediction of this model is that
the cells may suffer toxicity even in the presence of
substantial ABC-transporter-mediated efflux if the Km for
the substrate is higher than the threshold toxicity for that
compound in that cell. The dependence of P-gp on
particular regulators of cell membrane structure [79], the
effect of P-gp overexpression on the structure of the
membrane [2], and the possible autocrine functions of P-gp
in cell growth and survival [44] are still debated.

Evolution of MDR

The rather peculiar substrate recognition characteristics of
multidrug transporters could have arisen in a transporter
with a more limited initial function, probably transporting
peptides or some, more limited, set of hydrophobic
compounds. The ABC transporter family in eukaryotes
has been subdivided, on the basis of primary sequence
similarity and domain organisation into eight subfamilies
(A–H) of which P-gp and HlyB are members of subfamily
B. A phylogeny [61] of ABC transporters from four com-
pletely sequenced eukaryote genomes (yeast, Drosophila,
Caenorhabditis elegans and human) confirms this division
and reveals that the MDR function has evolved at least
three times independently among ABC transporters found
in the human genome (Fig. 1) and probably at least four
times if one includes the pleiotropic drug resistance family
of proteins, members of subfamily G with a ‘full transport-
er’ pseudo-dimer configuration, found so far only in plant
[11] and fungal [28] genomes. Though animal genomes
contain roughly the same numbers of ABC transporters,
there are relatively few orthologous pairs of transporters
shared between phyla. This is even more marked in
subgroups associated with multidrug resistance (particularly
the MRPs and P-glycoproteins). In these gene families,
genes have frequently been lost and then regained through
gene duplication events. This is reminiscent of an evolu-
tionary pattern termed ‘dynamic coherence’ [25], thought to
characterise the evolution of gene families that are not
highly conserved. Highly conserved gene families usually
consist of essential genes with specialised roles and are
retained in all kingdoms. Orthologous ABC transporters are
strongly conserved at the primary sequence level but
distributed rather more patchily than one would expect for
proteins with critical functions. We hypothesised [61] that

the substrate recognition flexibility that characterises ABC
transporters has resulted in this atypical evolutionary
pattern. The regular occurrence of multiple ABC trans-
porters able to transport the same substrate renders most
single gene losses tolerable, as confirmed by the observa-
tion that ABC transporter knockout organisms usually have
subtle phenotypes. The loose fit between substrate and
transporter may conversely help preserve novel ABC trans-
porters originating by gene duplication. Novel ABC pro-
teins can rapidly specialise, with few mutations necessary
to shift substrate specificity without completely removing
the original function. ABC genes may also multiply by
gene duplication followed by ‘subfunctionalisation’ rather
than by ‘neofunctionalisation’. The expression patterns of
ABC transporters in C. elegans [77] suggest that recently
duplicated clusters of P-gps display divergent tissue ex-
pression patterns, possibly without any real change in
transport specificity. Specialisation at the tissue level rather
than function may explain why C. elegans has 15 P-gps,
compared to four in humans [counting the bile salt export
pump (BSEP or ABCB 11) and ABCB5 as P-gps, which
they would be in the worm], though one could equally
argue that, as soil organisms, these worms live in a more
toxic environment, with less behavioural control over their
exposures than either humans or Drosophila. This question
can be answered once the balance of drug resistance vs
physiological function is evaluated for the complete range
of transporters present in each genome.

Physiological roles of multidrug transporters

It seems clear that P-gp can act alone as a multidrug
transporter, but it is likely that P-gp and other MDRs also
have normal physiological roles in the absence of toxic
challenges. P-gp knockout mice are healthy, unless exposed
to those drugs to which they have enhanced sensitivity [49].
P-gp may contribute to normal physiology through trans-
port of less critical substrates or as a co-transporter for
substrates that also have other transporters, so the absence
of P-gp would only be noticed under unusual physiological
stress. In Sister of P-glycoprotein (Spgp, the mouse
orthologue of BSEP) knockout mice defective for the major
bile acid transporter in liver, there is a marked upregulation
of P-glycoprotein genes, which may be adaptive, inasmuch
as P-gp has been shown in vitro to transport bile acids
[34, 71].

The physiological function of P-gp should not be
dichotomised as protecting cells against external toxins vs
secreting an endogenous compound. The cells in one tissue
may need protection against normal secretions used
elsewhere, so that resisting endogenous compounds may
be as critical as secreting them. P-gp may do both in
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different tissues, being involved in the secretion of steroid
hormones from the adrenal glands [66], and may also
provide the brain with much-needed hormone indepen-
dence [16, 67]. Drugs that act on the brain will have their
bioavailability modulated by MDR systems that are part of
the blood–brain barrier [62] and individual variation in the
pharmacology of these compounds, particularly their effects
on the brain and liver, will depend on individual variation
in P-gp expression and function. We cannot discount the
possibility that additional roles have been overlooked.

A similarly ambiguous set of roles is apparent for ABC
transporters in bacteria. An example is the cell–cell sig-
nalling systems, so-called quorum sensing systems, where-
by bacteria measure their own population densities and
regulate their activities accordingly, typically by reducing
their growth rate. Several quorum-sensing signals are trans-
ported by MDR systems, at least in Pseudomonas aerugi-
nosa [47]. Quorum sensing mediates cooperation among
cells that also compete with one another, and correct
secretion (or resistance to) quorum sensing signals is
necessary to prevent cells from being at a disadvantage
relative to their neighbours [36]. Failure to secrete signal
increases the perceived signal strength so non-participating
cells are ‘growth depressed’ relative to their neighbours. A
failure to respond to the signal entirely could delay entry
into stationary phase, increasing the likelihood of death
during quiescence brought on by nutrient limitation.
Quorum sensing signals are typically small hydrophobic
molecules, but bacterial ABC-transporter-mediated signal-
ling is not limited to these. Rhizobium species use both
polysaccharides and peptides to signal legume roots to form
nodules. Both signals rely upon ABC transporters, and in
particular one of the peptide signals is a pore-forming
molecule homologous to HlyA [14]. Whether or not similar
signals occur in mammalian systems is an active area of
debate. Many antibacterial peptides, including some en-
dogenous mammalian ones that resemble ABC transporter
substrates, have dual roles in regulating tissue-level be-
haviours [70]. This suggests additional roles for ABC
transporters as regulators of autocrine [46] and paracrine
signalling in epithelia, as well as a possible role in re-
sistance to bacterial infections.

Overcoming clinical MDR

Our main interest in MDR is that it causes treatment failure
in cancer and may soon be the primary cause of failure of
antibacterial therapy. We should be intellectually unsatisfied
with our understanding of MDR for at least as long as it
takes us to find rational ways of overcoming MDR. Prog-
ress in this area has been more limited than expected, in
part due to the unexpected complication of P-gp inhibitors

acting on multiple ABC transporters and, even with more
specific inhibitors, the problem of enhanced toxicity at non-
target sites. In clinical trials of ABC transporter inhibitors,
there has been a tendency to treat patients without adequate
determination that they express the targeted resistance
mechanism, which makes it harder to demonstrate clinical
efficacy [64]. Nevertheless, inhibiting P-gp has demonstrat-
ed its value in some cases, most particularly in localised
retinoblastoma where chemotherapy was never curative
before the introduction of cyclosporine into treatment and
which is now controllable by chemotherapy [7] unless
MRP1-mediated resistance arises [8]. A better proof-of-
principle could hardly be asked for, demonstrating that
clinical drug resistance is finite and manageable. It will
require knowledge and perseverance and perhaps unexpect-
ed new approaches based on new discoveries about the
mode of action and consequences of ABC transporter ac-
tivity and overexpression. High-throughput characterisation
of gene expression and drug resistance profiles and com-
putational mining of large datasets are now capable of
discerning complex relationships between cellular pheno-
types and drug responses. A correlation of drug response
with ABC transporter expression in the NCI-60 set of
tumour cell lines found both expected clusters of trans-
porters associated with MDR and unexpected transporter/
drug resistance associations particular to certain tumour
types, as well as sets of drugs to which MDR cell lines
were particularly sensitive [63]. After 30 years of MDR,
our understanding of this phenomenon may soon be
adequate to the goal of bringing it under our control.
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