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Abstract

When cancer cells develop resistance to chemotherapeutics, it is frequently conferred by the ATP-
dependent efflux pump P-glycoprotein (MDR1, P-gp, ABCBL1). P-gp can efflux a wide range of
cancer drugs; thus its expression confers cross-resistance, termed multidrug resistance (MDR), to a
wide range of drugs. Strategies to overcome this resistance have been actively sought for over 30
years, yet no clinical solutions exist. A less understood aspect of MDR is the hypersensitivity of
resistant cancer cells to other drugs, a phenomenon generally known as collateral sensitivity (CS).
This review highlights the extent of this effect for the first time, discusses hypotheses such as ROS
generation to account for the underlying generality of this phenomenon, and proposes the exploitation
of CS as a strategy to improve response to chemotherapy.

Introduction

Considerable effort has been devoted to improving cancer treatment by identifying targets in
cancer cells deriving directly or indirectly from molecular alterations that promote unregulated
cell growth, invasion and metastasis [1]. Whatever strategy is employed for cancer treatment,
the development of drug resistance is a likely outcome. Clinical multidrug resistance (MDR)
is mediated via a range of cellular alterations including reduced drug accumulation, changes
in the level of protein targets, mutations that diminish the binding of drug to target, increased
trapping of drug in acidic vesicles, altered metabolism of drugs, increased tolerance of cellular
damage and diminished apoptotic signaling [2]. Reduction in cellular accumulation of drugs
occurs through reduced expression of cell surface passive importers, and increased expression
of ATP-binding cassette (ABC) efflux transporters that extrude a broad range of amphiphilic
compounds against the concentration gradient in an energy-dependent fashion. The archetypal
ABC transporter is P-glycoprotein (P-gp, MDR1, encoded by the ABCB1 gene, Box 1,Figure
1). Its expression in a number of malignancies has been shown to correlate with poor
chemotherapeutic response and prognosis [3].

Box 1. P-glycoprotein

P-glycoprotein is a cell surface glycoprotein composed of 12 transmembrane helices
arranged into two interleaved domains (Figure 1). Appended to each domain on the cytosolic
side are two ATP-binding sub-units. A wealth of mechanistic work has explored the range
of efflux substrates recognized by P-gp, and the steps involved in efflux [86]. Drug substrate
extrusion occurs via a drug-binding site accessible from the lipid bilayer, and competition
assays with substrates have demonstrated that multiple distinct drug binding sites exist,
probably spatially separate but overlapping areas of a large contiguous drug recognition
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site. A recent crystal structure of mouse P-glycoprotein revealed two ‘portals’ up to 9 A
wide, opening up into an internal drug binding cavity of ~6000 A3 and able to accommodate
more than one molecule [87]. The internal cavity has an array of inward facing residues
capable of accommodating a range of spatial intermolecular bonding modes, allowing cross-
recognition of small molecules irrespective of the spatial distribution of non-covalent
bonding partners. By building drug extrusion into the lipid bilayer, P-gp acts as a membrane
vacuum cleaner, intercepting drugs before they reach high affinity targets within the cell,
thereby precluding their build-up within the cell [88].

While a number of detailed mechanisms have been proposed for mechanistic steps of drug
efflux, a plausible hypothesis is that when ATP binds to an ATP-binding domain, the two
domains are brought together, initiating ATP hydrolysis and release of ADP and P; [86].
The hydrolysis of one ATP molecule enables substrate efflux, and the transporter resets to
once again sequester substrate. A highly lipophilic molecule may return to the lipid bilayer
readily to re-bind to P-gp (as has been reported for verapamil), resulting in a cycle of
constant efflux, termed “futile cycling’, which may consume a relatively large amount of
ATP (Figure 1). Some inhibitors of P-gp also bind tightly to the drug binding site, and in
so doing ‘block’ the pump, preventing efflux of substrates. This can be measured as an
inhibition of ATPase activity of the transporter.

An extensive literature on the development of multidrug resistance (MDR) in vitro and in
vivo exists. MDR is typified by the broad cross-resistance that P-gp confers to structurally
dissimilar cytotoxic agents — in other words, the development of resistance by a cell to one
drug produces similar resistance to other drugs (Figure 2a) [3,4]. Other ABC transporters have
also been found to increase in expression in response to drug selection in cell culture, primarily
ABCG?2 (also termed mitoxantrone resistance protein, MXRP, or breast cancer resistance
protein, BCRP) and the drug-conjugate transporter ABCC1 (multidrug resistance protein 1,
MRP1). While there is substantial overlap in substrate recognition among these transporters,
and their endogenous expression has been shown, ABCG2 and ABCC1 have not yet been
definitively demonstrated to contribute to MDR in patients. A range of strategies have been
explored to ameliorate P-gp-mediated MDR, both directly and indirectly [3]. Chief among
these is the development of several generations of P-gp inhibitors, though clinical trials have
been disappointing (see Box 2).

Box 2. Resolving MDR

Recognizing that the calcium channel blocker verapamil and the immunosuppressant
cyclosporin A (CsA) overcome the drug accumulation defect in multidrug-resistant cells
[18], clinical trials assessed whether they could reverse the MDR phenotype in patients
(reviewed in Ref. [89]). A rich literature on verapamil’s P-gp inhibitory properties exists,
though clinical trials failed and the drug gave way to new-generation inhibitors with greater
specificity and efficacy [89].

Second-generation semi-synthetic analogs (such as the CsA analog valspodar, PSC833)
were developed that retained their P-gp inhibitory properties while abrogating their primary
pharmacological activities. A series of third-generation inhibitors were subsequently
designed de novo for their highly specific P-gp inhibitory properties, typified by tariquidar
(XR9576). The in vitro effectiveness of these inhibitors has not translated to the clinic
despite a number of clinical trials employing inhibitors in combination with
chemotherapeutics [89]. There are a number of reasons for these trial failures; early
inhibitors elicited side-effects related to their pharmacological properties (e.g., verapamil
caused dose-limiting cardiotoxicity), the non-specific inhibition of physiological P-gp and
other ABC transporter function alters drug pharmacokinetics and increases drug AUC
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resulting in unpredictable toxicities, and the lack of careful demonstration of P-gp
expression in tumors and little or no determination of the effectiveness of P-gp inhibition
at the tumor site(s).

A number of other strategies have been explored to engage, evade and exploit P-gp-
mediated multidrug resistance [3]. Dose-escalation to overcome P-gp efflux narrows the
therapeutic window and adds further selection pressure on already MDR tumor cells, and
detergent co-administered to enhance cellular accumulation has been largely unsuccessful.
Direct disruption of functional expression through approaches such as siRNA [90,91], gene
therapy, or antibodies [92] are still being translated to the clinic. The promising strategy of
identifying non-substrates is now a standard approach in the design of new
chemotherapeutics. For example, while doxorubicin, epirubicin and daunorubicin are
ineffective in P-gp-expressing HB8065/R human hepatoma cells, the structural analog
aclarubicin retains activity similar to the parental line [93]. In this review, we highlight ways
to exploit expression of P-gp to specifically kill MDR cells.

A phenomenon in drug-resistant cells (prokaryotic and eukaryotic) identified during in vitro
studies is that the development of resistance to one agent can confer greater sensitivity to an
alternate agent than seen in the original (parental) line (Figure 2). The term for this, ‘collateral
sensitivity’ (CS), was first used in a study by Szybalski and Bryson in 1952 to describe the
hypersensitivity of drug-resistant Escherichia coli to other unrelated agents [5]. The authors
described CS as ‘the result of a selective process’ and suggested that this phenomenon could
lead to drugs that are highly effective against drug-resistant bacteria [1]. CS can be considered
a kind of ‘synthetic lethality” in which the genetic alteration that confers resistance to a drug
sensitizes it to other drugs. CS can be assessed most easily in vitro by determining the
cytotoxicity (ICsg) of a compound against a parental line and its MDR sub-line (Figure 2). A
compound displaying cross-resistance will show lower efficacy against the MDR line than the
parental line, and therefore yield a resistance ratio >1 (RR, determined by dividing the ICgg
against a resistant line by the ICsq against a parental line). Conversely, a CS agent will show
greater toxicity against the MDR line than the parental line, and therefore the RR will be <1.
In the case of both CS and cross-resistance, at least a two-fold effect is probably required to
be considered of significance.

This review is intended to summarize observations on the CS demonstrated by MDR cells
expressing the drug efflux transporter P-gp. A range of small molecules have been shown to
demonstrate CS activity, and these are discussed in the context of possible mechanisms
conferring this activity. Given the ongoing challenge of resolving cancer MDR in the clinic, it
is hoped this review will bring attention to the long-standing but immature field of CS.

Collateral Sensitivity

The first full report of CS in MDR cancer cells was made by Bech-Hansen and coworkers in
1976 [6]. Using a series of MDR sub-lines derived from the Chinese hamster ovary (CHO)
line AuxB1 selected in increasing amounts of colchicine, agents were examined in an effort to
understand the extent of cross-resistance in these lines (now shown to express hamster P-gp).
The lines were also found to demonstrate CS to a series of local anesthetics, steroid hormones
and lipophilic nonionic Triton X detergents. The highly-resistant CHRCS5 cells, a sub-line of
CHO, showed the greatest degree of CS, suggesting that increased CS is tied directly to
increased P-gp expression. However, the magnitude of CS was significantly lower (10-fold CS
at most) than the 184-fold resistance to colchicine demonstrated by the cells.

Several reports followed showing that cells selected with other cytotoxic agents also exhibited
CS. A CHO line selected in colcemid (a colchicine analog) that presumably did not express P-
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gp was sensitive to paclitaxel [7], and vinblastine- and paclitaxel-resistant CHO cells were
sensitive to bleomycin, cisplatin and cytarabine [8]. It has also been shown that CS is not solely
the domain of P-gp-expressing MDR cell lines; cisplatin-resistant cells (with a range of cellular
alterations to confer resistance to platinum drugs including decreased drug influx transporters
and increased thiol levels, and not expressing P-gp [9]) are hypersensitized to the camptothecin
analog SN-38. Even human ovarian carcinoma cells selected for resistance to radiation
demonstrate collateral sensitivity to cisplatin, methotrexate and 5-FU [10].

Many compounds known to cause CS were initially identified through ad hoc observations,
collectively demonstrating that an Achilles heel may exist for cell lines resistant to virtually
any clinical therapeutic agent. This concept is not limited to older ‘shotgun’ cytotoxics (which,
as their name suggests, induce non-specific cytotoxicity rather than acting against a specific
cellular target), but also cell lines resistant to newer therapeutics such as histone deacetylase
inhibitors (HDAC’s) or the kinase inhibitor gefitinib [11,12]. CS observations with cancer
chemotherapeutic drugs are summarized in Table 1. While many of the drugs are P-gp
substrates, others (e.g., cisplatin and nucleoside analogs) are not. Along with the cisplatin-
resistant lines (which do not develop resistance via P-gp [9]), several other cellular alterations
that confer resistance to an original selection agent—such as other ABC transporters,
microtubule alterations or even plasma membrane changes [13]—can sensitize cells to a second
agent.

Consequently, along with the P-gp induced CS that is the subject of this review, CS can also
be caused by other readily explainable gene expression alterations (Box 3). As such, selection
with a given drug may lead to unpredictable cross-resistance/collateral sensitivity profiles
depending on the gene expression alterations induced during adaptation. This may account for
the fact that CS is not always consistently observed for a given selection (i.e., CS agent
combination in various cell lines). Irrespective of this, Table 1 serves to demonstrate the extent
of CS observed with clinical cancer drugs, and the potential for its exploitation.

Box 3. Alternative gene targets for CS in MDR cells

Alongside the P-gp-mediated CS observed in MDR cells, and described here, a range of
other gene expression alterations can hypersensitize MDR cells to drugs that target a
particular alteration.

CS to antimetabolites such as cytarabine and gemcitabine in cell lines selected for resistance
to topoisomerase inhibitors is not directly related to P-gp or lowered topoisomerase
expression [94,95], but to increased expression of deoxycytidine kinase which activates the
antimetabolites [96,97]. Cisplatin-resistant cells expressing increased Topo | levels [98]
show CS to the topo | inhibitor SN-38 [99], and cisplatin-resistant IGROV-1 cells showed
CS to paclitaxel conferred by p53 mutation [100]. Similarly, cells adapt to inhibitors of
topoisomerase Il (Top I1) by lowering its expression. To compensate for the loss of function,
cells up-regulate Top | expression, thus cells resistant to Top Il are hypersensitized to Top
I inhibitors [14].

2-deoxy-D-glucose (2-DG) is a glucose analog originally employed as a mechanistic probe
for glycolysis [101]. This antimetabolite enters cells via the glucose importer GLUT-1,
inhibiting the glycolysis pathway that generates ATP anaerobically by competing with
glucose for uptake and utliization [102]. Glycolysis inhibition was considered to be a viable
strategy in tumors, as they were known to use aerobic glycolysis rather than oxidative
phosphorylation to generate their energy—a phenomenon known as the “‘Warburg

effect’ [102], though several clinical trials were unsuccessful. This effect has been utilized
to develop the 18F-labelled 2-DG PET ligand 2-fluoro-deoxy-D-glucose (FDG) that
hyperaccumulates in metabolically demanding tumor cells to enable tumor imaging [103].
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Following on observations that doxorubicin-resistant MCF7 ADR cells display a 3-fold
increase in the rate of glycolysis [104], 2-DG was tested and displayed CS towards MCF7
ADR cells, and 31P NMR of cells revealed phosphorylated 2-DG was produced more rapidly
in resistant cells along with complete ATP depletion [105]. The sensitivity of cells to 2-DG
was inverse to [3H]-2-DG accumulation; yet 2-DG is not a P-gp substrate, but the glucose
transporter GLUT-1 was shown to decrease with increasing P-gp accounting for the
diminished accumulation. CS is probably conferred through the increased nutrient demand
of P-gp-expressing cells and exacerbated by the diminished capacity to import glucose,
meaning lower 2-DG levels are required to compete with glucose for uptake [106]. 2-DG
also inhibits N-linked glycosylation, and the N-linked glycosylation inhibitor tunicamycin
also shows CS [107]. Warr has proposed that the reduced level of GLUT-1 normally seen
in MDR cells is due to ‘reduced glycosylation of GLUT-1 as a consequence of the high
glycosylation demands imposed on the cell by P-gp’ [107]. Which of the two pathways is
responsible for CS remains to be determined, though FDG is known to be a poor N-linked
glycosylation inhibitor and would help to delineate the mechanism.

A small number of systematic studies have been published in which drug-resistant cell lines
were screened against a panel of drugs; one screened vinblastine- (VinR) and paclitaxel
(TaxR-2)-resistant lines derived from CHO cells against 37 anti-cancer compounds [8], and
another screened seven drug-resistant small-cell cancer cell lines to search for drugs that
induced CS as suitable clinical drug partners to chemotherapeutics [14]. These studies give
some indication of the extent of cross-resistance and CS of MDR cell lines, revealing a
relatively low number of CS agents observed in each case (average 11%), compared to the
more extensive and well characterized cross-resistance (average 43% of compounds showed
cross-resistance). Correlation analysis revealed that cisplatin was the most efficacious drug
against VVP-16 (etoposide)-resistant cells, and doxorubicin was most effective against cisplatin-
resistant cells (VP-16 and cisplatin were examined as they were the drugs of choice against
small-cell lung cancer (SCLC) at the time). The study also sought to identify drug pairs least
likely to develop cross-resistance to one another. The drug pairs found least likely to develop
cross-resistance to one another were carmustine (BCNU)-paclitaxel and paclitaxel-cisplatin.
This latter relationship has been the subject of recent attention given the use of this combination
against ovarian cancers [15]. A systematic analysis of 137 platinum- or taxane-resistant cell
lines revealed that 68% of cisplatin-resistant lines were sensitive to paclitaxel and 67% of
paclitaxel-resistant lines were sensitive to cisplatin. While CS was not explicitly calculated in
the analysis, CS was observed in a significant number of these lines [16].

Verapamil—a case study

Of the known CS compounds, verapamil has received the most attention. Verapamil is a
phenylalkylamine L-type calcium channel antagonist, and has a number of pharmacological
applications based on this activity [17]. It was first reported as one of several calcium channel
blockers able to increase accumulation of vincristine and doxorubicin in P-gp-expressing P388
tumor cells [18], being an avid P-gp substrate at low concentrations, and inhibiting it at high
concentrations (Box 2). Experiments showed vincristine-resistant CHO cells were
hypersensitive to verapamil, and that the dose-response curves were biphasic—after an initial
response that reduced plating efficiency to about 3%, the remaining cells survived much higher
concentrations of verapamil [19]. The calcium channel blockers diltiazem [20], nicardipine
[20], bepridil [21] and nifedipine [21] were subsequently shown to also be more toxic to CHO
MDR cell lines compared to parental CHO cells, along with quinidine sulfate [20] and
trifluoperazine [21], which do not interfere with calcium channel function, but all of which are
avid substrates for P-gp. MDR cells that show increased sensitivity to verapamil accumulate
less verapamil than parental cells [22]. A number of observations have ruled out calcium
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channel-blocking as being responsible for CS, including accumulation studies showing
that 4°Ca2* levels are equivalent in CHO parental and MDR cells [22], and that these levels
are unaffected by verapamil [19].

Verapamil induces CS in cells expressing mouse [23] and human MDR1 [24], whereas drug-
resistant lines not expressing ABC transporters are not hypersensitive [25]. Furthermore,
‘revertant’ cells that had lost their MDR phenotype after a prolonged period of growth without
drug selection lost their hypersensitivity to verapamil. A series of increasingly resistant MDR
cell lines showed a corresponding increase in CS to verapamil and nicardipine [26].
Importantly, while cells expressing a 43-fold increase in MDR1 mRNA showed high
sensitivity, cells with a 7-fold increase showed little to no response to verapamil, suggesting
that low-grade resistance may not sensitize cells to verapamil.

In concert with its selective toxicity, verapamil has been shown to down-regulate P-gp
expression; in K562/ADR cells, P-gp protein loss was maximal (35% of control) after 72 h
incubation, and was maintained over a period of 9 days, but that expression could be restored
within 24 h of verapamil removal [24]. MDR1 mRNA levels were lowered after only 16 h,
suggesting that a complex regulatory mechanism is involved. The effect on P-gp expression is
elicited at sub-toxic concentrations, which along with the relative rapidity of the effects on
message and protein levels indicates that the effect is one of suppression rather than selection.
A detailed follow-up study with K562/ADR cells found a maximal 6-fold lowering of MDR1
mRNA by verapamil, and post-transcriptional MDR1 mRNA degradation was not increased
in verapamil-treated cells [27]. Nuclear transcription run-on assays in the same study
demonstrated that verapamil elicited a 4-fold decrease in MDR1 transcription, suggesting a
transcriptional mechanism for MDR1 down-regulation, an observation confirmed in cells
transiently transfected with a plasmid containing the MDR1 proximal promoter upstream of
chloramphenicol acetyltransferase (CAT) that showed reduced activity after exposure to
verapamil.

The ROS hypothesis for CS

Given that verapamil is an avid substrate of P-gp at lower concentrations, cellular ATP
consumption in the presence of azide (to stop further ATP generation) was compared in parental
(A2780) and drug-resistant (A2780AP) human ovarian carcinoma cells—ATP was depleted at
twice the rate in P-gp-expressing A2780AP cells exposed to verapamil, bepridil and nifedipine
[28]. The ATP depletion was ascribed to the rapid cyclical efflux, re-entry and efflux of
verapamil in the cells (known as “futile cycling’) [28]. This ATP depletion was accompanied
by a 12% increase in glycolysis (measured as lactate production) in A2780AP cells; however,
no alteration in oxygen consumption (i.e., respiration, that would indicate ATP generation
through oxidative phosphorylation in the mitochondrion) was observed [29].

One group noted that verapamil causes cell death by apoptosis [30], and that CS can be
abrogated when P-gp function is inhibited (which halts ATP consumption, Box 1) [30]. When
parental AUXB1 and MDR CHRCS5 cells were exposed to verapamil, only CHRC5 were found
to produce elevated levels of the reactive oxygen species superoxide (O27), and reduced levels
of glutathione. This effect was abrogated when verapamil was co-incubated with the P-gp
inhibitor PSC833 [30]. The hypothesis that followed is that as the cell constantly replenishes
the ATP consumed by the futile efflux of verapamil, repletion of ATP from ADP (at least in
part) by oxidative phosphorylation generates reactive oxygen species (ROS) [30]. This cycling
leads to inefficiencies in oxidative phosphorylation, leading to reduction of dioxygen to
superoxide (O27), and reaction with H,0, to produce hydroxyl radicals (-OH), known
collectively as ROS. Adding to this argument are the observations that verapamil toxicity
increases with increasing P-gp expression [31] (so more P-gp efflux produces greater ROS

Trends Pharmacol Sci. Author manuscript; available in PMC 2009 November 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hall et al.

Page 7

stress on the cell), and other ROS generating agents have also been shown to down-regulate
P-gp expression, as observed for verapamil [32]. ROS-mediated CS may also account for the
fact that cell lines expressing low levels of P-gp do not suffer from CS [31,33]; there is in effect
a cut-off in expression before CS is observed, which might represent the base-line level of ROS
a cell can accommodate.

An apparent weakness in the hypothesis is that only increased glycolysis was observed in
A2780AP cells exposed to verapamil, whereas oxidative phosphorylation is the main source
of ROS (though ROS production is increased in mitochondria when electron transport is
reduced as cells shift to glycolysis [34]). Unfortunately other examples of respiration
experiments are limited; however, isolated rainbow trout hepatocytes showed an 18.5% and
25.7% increase in oxygen consumption when exposed to 5 and 10 puM, respectively, of the P-
gp substrate Rhodamine 123 [35], and L1210 mouse leukemia cells selected for resistance to
vincristine and expressing P-gp showed an increase in O, consumption, but not lactate
production, when effluxing vinblastine [36]. Thus, individual MDR cell lines may vary in their
ATP production depending on variation in adapatation, cellular stress and tissue of origin.

Verapamil causes CS against MRP1

CS also occurs with verapamil in MRP1-expressing NCI-H69 small cell lung cancer cells
selected for resistance to doxorubicin [37]. The action of verapamil (and an analog) against
baby hamster kidney BHK-21 cells transfected with both wild-type and non-functional MRP1-
expressing plasmids was explored. Only wt-MRP1 cells were hypersensitized, indicating
functional MRP1 is required for CS [38]. While verapamil is not a strong substrate of MRP1,
it stimulates glutathione (GSH) efflux [38] with a concomitant increase in ATP consumption
[39]. Furthermore, verapamil reduced GSH levels dramatically in MRP1-transfected cells,
causing ROS generation and caspase-dependent apoptosis, which could be prevented by the
addition of exogenous GSH [40]. Apigenin, which also stimulates MRP1-mediated GSH
efflux, was found to have a similar effect [40]. In the case of MRP1, CS appears to be caused
by a combination of transport-mediated cellular stress combined with the removal of GSH that
normally helps to overcome this oxidative stress [41]. Consistent with this idea, cellular GSH
depletion with the y-glutamylsynthase inhibitor buthionine sulfoximine (BSO) also induces
CS.

Given the CS observed for verapamil and other substrates, a general mechanism for substrate-
induced CS has been proposed, where the futile cycling of a non-toxic substrate induces toxicity
as a result of the drain on cellular energy and the damaging ROS generated as the cell
continuously repletes energy levels. As such, it might be proposed that any non-toxic
compound that is an avid substrate for an ABC transporter may induce CS in its own right, and
serve a useful purpose in sensitizing MDR cells in concert with other drugs, though there are
few examples in the literature. Whether this approach could prove clinically useful depends
on whether levels of ABC transporters in vivo in MDR cancer cells achieve the high protein
levels needed to sensitize them to non-toxic substrates, and whether healthy tissues that express
P-gp will be similarly sensitized.

Indirect P-gp-mediated CS

A number of compounds have been reported that produce CS, but are not themselves substrates
of P-gp. By correlating the gene expression of MDR1 in the National Cancer Institute NCI-60
cell line panel with the cytotoxicity profiles of 1,429 compounds, predicted substrates of P-gp
were reported [42]. Along with these, a number of CS agents were identified as drugs to which
P-gp-expressing cells were more sensitive, and the isatin-p-thiosemicarbazone NSC73306 was
validated against MDR cell lines. NSC73306 CS increased with functional P-gp expression,

and inhibition of P-gp abrogated this selectivity [43]. Down-regulation of P-gp with SiRNA
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did likewise, and long-term selection of P-gp-expressing HCT-15 colon carcinoma cells
resulted in loss of P-gp and sensitization to drugs that are P-gp substrates. The increased toxicity
of NSC73306 is specific to P-gp-expressing cells, with no increased toxicity towards ABCG2-
and MRP1-expressing cells and their parental lines. In fact, despite being a substrate for
ABCG2, and demonstrating reduced accumulation as a result, NSC73306 shows no altered
activity against ABCG2-expressing cells [44].

While thiosemicarbazones tested in the clinic as iron-chelating ribonucleotide reductase
inhibitors are known to be P-gp substrates [45], NSC73306 is neither a substrate nor an inhibitor
of P-gp in contrast to the CS agents described above, despite the fact that functional P-gp is
required for activity. SAR analysis of a series of analogs revealed that the functional groups
capable of binding metal ions are essential for the CS activity of NSC73306 [46]. A number
of other thiosemicarbazones have subsequently been reported to demonstrate CS [46]. A study
of pyridoxal isonicotinyl hydrazone analogs identified the cytotoxic thiosemicarbazone
Dp44mT, which was selectively active against KB-V1 cells (Figure 3) [47]. Dp44mT showed
good activity against mouse xenografts, but while DNA strand breaks, topoisomerase 1A
inhibition and apoptosis induction have been subsequently demonstrated [48], the CS activity
requires elaboration. Analogs of Dp44mT have been shown to bind iron avidly [49], and the
electrochemistry and ascorbate oxidation activity of their iron complexes indicates the potential
for redox cycling between oxidation states.

Along with thiosemicarbazones, a number of other compounds capable of interacting with iron
in cells have been reported. The lanthanum tris-phenanthroline complex KP772 preferentially
kills P-gp-expressing cells with 2-fold selectivity compared to parental cells [50, [51]. Similar
to NSC73306, KP772 does not inhibit P-gp function, nor is it a substrate and long-term
exposure resulted in the loss of P-gp expression [50]. 1,10-phenanthroline is known to confer
its cytotoxicity through interaction with copper and iron, resulting in ROS generation and cell
death [52-54], and the ligand alone has been shown to confer CS on MDR KB-V1 cells,
suggesting that the phenanthroline complexes identified are carriers that can release the active
free ligand [55]. The copper complex of N-(2-hydroxy acetophenone) (CuNG) [56] generates
ROS in MDR cells, depletes glutathione and down-regulates P-gp and MDR1 mRNA in a
similar way to hydrogen peroxide treatment [57,58].

How can a set of metal-interacting compounds that do not appear to interact with P-gp directly
elicit CS? These compounds (ligands) are able to complex with endogenous intracellular metals
such as the labile iron pool [59, [60]. Metal ions with two accessible redox states under
physiological conditions, such as iron (11/111) and copper (I/11), can cycle between these redox
states through oxidation and reduction [61]. While the compounds are not shown to interact
directly with P-gp, it may be that redox cycling occurs that is additive to other cellular stress
in MDR cells. Thus, it is possible that increased ROS generation is a common feature for CS
agents that are P-gp substrates and some that are not.

Other CS agents and the CS discovery pathway

A number of other drug classes have been identified that display CS. The steroids 5b-
pregnan-3,20-dione, deoxycorticosterone and 1-dehydrotestosterone showed CS against
CHRCS5 Chinese hamster ovary cells [6]—prednisolone [62] and dexamethasone [63]
followed. Progesterone and analog megestrol acetate were reported to be selectively-active
towards a series of P-gp-expressing cells, and inhibited P-gp efflux at high concentrations
[64]. While suggestive of substrate-mediated CS, megestrol acetate was shown to enhance the
binding of [®H]-azidopine to P-gp indicative of an allosteric effect on P-gp, and progesterone
is not a substrate of P-gp [65,66]. More work is required to understand the mechanistic basis
of this CS.
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A screen of 1,266 compounds against the RPMI 8226 myeloma cell line and doxorubicin-
resistant 8226/Dox40 cells identified 33 compounds that displayed CS [67]. The most
pronounced cluster were the glucocorticoids, which bind to the glucocorticoid receptor and
transactivate gene transcription. Microarray analysis revealed glucocorticoid receptor NR3C1
expressed at greater levels in the 8226/Dox40 cells, and CS of the drug-resistant cells was
abolished when the glucocorticoids were administered in the presence of the glucocorticoid
receptor antagonist RU486 [67]. This highlights a complication of CS; the glucocorticoids are
substrates for P-gp [68], but also bind the glucocorticoid receptor and alter gene expression at
a global level. For this reason, the glucocorticoids lost CS activity in other MDR cell line pairs
that did not display differential glucocorticoid receptor expression. In a similar fashion,
estrogen down-regulates P-gp expression in the estrogen-receptor o (ER-a) positive MDR
breast cancer cell lines MCF-7/MDR and T-47D/MDR, but not ER-a negative cells MDA-
MB-231/MDR and NCI/ADR-RES (which has been shown not to be a breast cancer cell line
[69,70]). Various drug-resistant cell lines will have other gene expression alterations along
with P-gp, and several cell line pairs, or preferably a cell line transfected with the MDR1 gene,
should be examined to confirm that P-gp mediated CS exists.

CS has also been reported for the local anesthetics procaine, tetracaine, and xylocaine
(lidocaine) [6]. While some inhibit P-gp substrate efflux [71], data indicates that lidocaine is
not transported by P-gp [72,73]. CS was shown for the analgesics pentazocine, naloxone,
pethidine (meperidine) and morphine [74]. Morphine is a known substrate [75], while
meperidine is not [76]. It has been proposed that the CS induced by local anesthetics and
narcotics may be caused by lipid bilayer changes that may be required to accommodate the
presence of large quantities of P-gp [77]. Decreased surface hydrophobicity and reduced lipid
mobility have been reported [13], though similar alterations are induced in non-P-gp drug-
resistant cell lines that do not display CS [78]. It is suggested that membrane perturbing
properties may sensitize MDR cells preferentially through increased entry, though work is
needed to confirm this.

A limitation of many of the CS agents described is that they possess an alternative
pharmacological modality that could result in multiple bystander side effects if used in vivo.
To this end, a number of reports on the development of novel CS agents exist. Natural product
pyranocoumarins [79], diallyl sulfide [80] (DAS) and indole-3-carbinol [81] have been
discovered to display CS and down-regulate P-gp expression. The need to assess the specificity
of new CS agents is highlighted by the fact that DAS increased mouse glutathione-S-
transferase and MRP2 expression in renal brush-border membranes, potentially altering the
chemotherapeutic response for the worse [82].

Conclusions

The fact that drug-resistant cells may indeed be hypersensitized to alternative cytotoxic agents
in the process of developing resistance is clearly an attractive prospect, particularly given that
it could lead to systematic re-sensitization of MDR tumors. The common phenotype for P-gp-
mediated CS agents seems to be that P-gp is down-regulated at sub-toxic concentrations prior
to selective cell killing of MDR cells at higher concentrations. The precise mechanism of this
effect and its relationship to the increased cytotoxicity of CS compounds remains to be
determined. In this review, we noted the current hypothesis that production of ROS may be a
feature of CS, either through hyperstimulation of high levels of P-gp by substrates or by
independent mechanisms. One difficulty in demonstrating this mechanism is that the time
required for a chronic ROS effect far outstrips the short-term assays currently in use. However,
alternative mechanisms must also exist, including altered intracellular drug trafficking and
enhanced uptake of CS agents, and it is possible that a number of pathways associated with
the over-expression of P-gp may be associated with CS. There is clearly a great deal of work
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required to resolve the issue, and irrespective of mechanism, there is no concrete animal or
clinical example describing CS induced by P-gp (Box 4) and it remains to be seen whether P-
gp levels in tumors are adequate for CS.

Box 4. The prospects for collateral sensitivity in the clinic

There are few reports utilizing CS in pre-clinical or clinical studies, though some with
xenograft mouse models are known [108,109]. One can conceive of a see-saw
administration strategy for parrying each new resistance mechanism that arises from a given
therapeutic [110]. Clinical CS may be further complicated by the use of combination
chemotherapy in the clinic, leading to multi-factorial drug selection phenotypes and
confounding rational CS agent selection. Clinical analysis can provide clues to optimal CS
agents. Bosanquet and Bell tested 38 drugs against lymphocytes isolated from patients both
untreated (n=216) and previously treated (n=188) with known chemotherapy combinations
[111]. Patient samples demonstrated the expected cross-resistance for previously treated
patients. However, CS was observed for most treatment regimens. For example,
lymphocytes from patients treated with chlorambucil showed a 10-fold CS to prednisolone.
Patients with exposure to multiple prior chemotherapeutics showed broad cross-resistance
to the agents tested, but steroids and 6-mercaptopurine both induced CS. Much work
remains to be accomplished in this area.

One challenge in developing CS agents is improving their selectivity. Flavonoid analogs of
Desmosdumotin B have been reported with >100-fold selectivity towards KB-V1 cells (Figure
3) [83,84], though flavonoids are known to have wide-ranging biological activity and
selectivity needs to be demonstrated [85]. There is great potential for the screening and
discovery of new CS agents against MDR cells, including those expressing other transporters.
As highlighted here, a compound that is an avid substrate for more than one transporter can
elicit CS against cells expressing any or all of them. Although much work remains to
characterize the mechanism of action of agents that cause CS, exploiting mechanisms of drug
resistance to specifically kill MDR cells is an exciting challenge for clinical development.
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Drug binding

Figure 1.
The efflux cycle of P-gp described in Box 1.
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Figure 2.

Collateral sensitivity defined schematically. (a) Representative dose-response curve of a
parental cell line (solid line, center). Development of resistance to a drug, and concomitant
cross-resistance to a variety of cytotoxic agents conferred by ABC transporters such as P-gp,
results in a loss of sensitivity of possibly several orders of magnitude (dotted line, right).
Inhibitors of P-gp (so-called reversal agents) inhibit the efflux function of P-gp, restoring
cellular accumulation and re-sensitizing cross-resistant cells to levels approaching that of the
original parental cells. A small number of agents have been demonstrated to sensitize
multidrug-resistant cells to a greater degree than the original parental cells (dashed line, left).
This property is termed collateral sensitivity (CS). (b) The determination of collateral
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sensitivity (<0.5) and multidrug resistance (>2) as defined in this review. It is important to
emphasize that a lack of cross-resistance to an agent—the same drug response for a parental
and resistant line—is not collateral sensitivity, but merely a lack of resistance. This occurs, for
example, with the P-gp substrate vinblastine against cisplatin-resistant 7407-CP human liver
carcinoma cells which do not express P-gp as part of their resistance phenotype [112].
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Figure 3.
Structures of compounds described in the text.
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