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SUMMARY

Intrinsic drug or multidrug resistance in previously untreated tumors is often the
major obstacle to the success of cancer chemotherapy. Understanding the molecular
mechanisms underlying these conditions is a prerequisite to the design of novel strat-
egies aimed at improving current clinical protocols. This chapter focuses on recent
experimental evidence concerning two of the features most commonly encountered in
multidrug resistant cancer cells: (over)expression of multidrug transporters and dis-
abling of apoptotic pathways.
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1. INTRODUCTION

It is common knowledge that tumors derived from different tissues exhibit widely
varying degrees of susceptibility to anticancer agents, from the exquisitely sensitive
testicular germ cell tumors to the drug refractory pancreatic and glial cancers. Failure of
tumors to respond to anticancer drugs can depend on host-related factors and/or on the
genetic makeup of cancer cells (Table 1; for a recent review see ref. 1). Some of these
factors (e.g., alterations of drug targets, deficits in specific drug-metabolizing enzymes)
result in resistance to a small number of structurally or functionally related drugs. All too
often, though, tumors are found to be simultaneously resistant to several drugs differing
in chemical structure and/or mechanism of action; that is to say, they exhibit the notorious
multidrug resistant (MDR) phenotype. Host and cellular factors can both contribute to the
MDR phenotype (Fig. 1), drastically restricting viable chemotherapeutic options.
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Table 1
Factors Involved in Anticancer Drug Resistance

Immunomodulation
Pharmacogenetic features:

failure to achieve optimal serum drug levels due
to altered ADMEa

Host factors low tolerance to drug-induced side effects
(requiring use of suboptimal drug doses)

Restricted drug access to tumor site
Microenvironmental cues

Altered expression of drug transporters
Genetic/epigenetic Quali-/quantitative alterations of drug target(s)

features of cancer cells Changes in intracellular drug handling/metabolism
Changes in DNA repair activities
Alterations in apoptotic pathways

aADME, absorption, distribution, metabolism, excretion.

Our current understanding of the mechanisms underlying MDR was largely derived
from studies based on selection and analysis of drug-resistant sublines in monolayer
tissue culture systems. However, such studies completely overlook the importance of
host-related factors and microenvironmental cues in tumor cell response, and generally
fail address the problem of the inherent resistance encountered in the clinic in drug naive
tumors. Yet, intrinsic or de novo resistance plays a critical role in the limited success of

Fig. 1. Biological and bochemical mechanisms of drug resistance.
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chemotherapy in some types of cancer, including colorectal and pancreatic carcinomas,
non-small cell lung cancers and melanomas. Furthermore, intrinsic resistance, albeit
usually present at low levels, may facilitate acquisition of additional cytoprotective
features, leading to a full-blown resistant phenotype. Thus, understanding the genesis of
intrinsic resistance may provide a rational basis for improvement of current therapeutic
protocols, including those involving novel targeted agents.

The following paragraphs will review the state of the art concerning some aspects of
intrinsic anticancer drug resistance, with an emphasis on mechanisms underlying the
MDR phenotype. Factors related to tumor microenvironment have emerged as critical
determinants of inherent chemoresistance in solid tumors; however, they will only briefly
be dealt with, as they are specifically addressed by other authors in this book. The present
chapter focuses on the role played by multispecific drug transporters and by disruption
of apoptotic pathways in the response of unselected cancer cells to anticancer drugs; other
biochemical determinants of resistance, such as glutathione-dependent detoxification
processes and DNA repair enzyme activities, will be discussed elsewhere in this volume.

2. MICROENVIRONMENTAL CUES AND DRUG RESISTANCE

The notion that tumor cells respond very differently to therapy when they grow as a
solid mass than when they grow as cell suspensions or monolayers can be traced back to
the early 1970s (2); Teicher and colleagues subsequently showed that very high levels of
resistance to anticancer agents can be achieved under in vivo growth conditions that
disappear in vitro (3). Since then, the consequences of three-dimensional growth on
tumor cell behavior has been extensively investigated using multicellular spheroids (MS)
to reproduce some of the aspects encountered in solid tumors. As the tumor mass increases
in size, increasingly severe limitations are imposed on the diffusion of oxygen and nutrients,
eventually leading to heterogeneous cell behavior in different regions of the tumor, as
regards both cell proliferation and response to cytotoxic agents (reviewed in ref. 4). On
oxygen deprivation, the cells initiate a pleiotropic adaptive response centered on activa-
tion of the transcription factor hypoxia-inducible factor (HIF)-1 (5). Whereas this may
lead to apoptotic death of a fair percentage of cells in a tumor population, survivors
become tolerant to hypoxia-induced damage, likely by disabling one or more steps in
apoptotic pathways. Such changes may also help tumor cells to overcome other insults,
including chemotherapy-induced DNA damage, and thus may contribute to drug resis-
tance (6). Interestingly, tumor cells grown as MS have been found to express important
biochemical determinants of drug resistance, such as high levels of the multidrug-
specific transporter ATP-binding cassette ABCB1 (also known as P-glycoprotein) (7)
and reduced activity of the mismatch repair system (8), and many of these alterations can
depend on HIF-1 activation (9,10).

Also critical for solid tumor growth is the network of mutual interactions that the tumor
cell establishes with neighboring tumor cells, with different types of normal cells present
in the tumor stroma and with components of the extracellular matrix. Homotypic inter-
actions among tumor cells are mediated by the E-cadherin family of surface proteins, and
disruption of these interactions was found to restore sensitivity of MS to various drugs
(11). Other mechanisms depend instead on tumor cell interactions with components of
the extracellular matrix, shifting the focus on the role of the integrin family of membrane
glycoproteins as a likely source for cytoprotective signals that may ultimately lead to drug
resistance (reviewed in ref. 12). In summary, tumor chemoresistance, particularly in solid
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tumors, depends at least in part on survival signals developed under stressful conditions
during tumor growth and/or on the ability of tumor cells to establish and maintain an
efficient network of homo- and heterotypic interactions with other cells and with the
tumor stroma. The design of novel approaches to overthrow these cellular strategies, e.g.,
by targeting the HIF-1 transcription factor (5,13), is under way.

3. MULTISPECIFIC DRUG TRANSPORTERS AND INTRINSIC
DRUG RESISTANCE
3.1. ABC Transporters

Most transporters involved in the MDR phenotype belong to the superfamily of the
ABC (ATP-binding cassette) membrane transport proteins, which to date includes 48
members, grouped into seven subfamilies (A–G) (14). The first to be identified, in 1976,
was the 170 P-glycoprotein (now indicated as ABCB1), a surface glycoprotein decreas-
ing drug accumulation in Chinese hamster ovary cells selected for resistance to the
antimitotic agent colchicine (15). This was followed in 1992 by the discovery of a second
transporter, named multidrug resistance-associated protein (MRP, later changed into
MRP-1 and, finally, into ABCC1) (16) in an MDR human lung cancer cell line, in which
neither ABCB1 overxpression nor significant decreases in intracellular drug accumula-
tion were apparent. ABCC1 was subsequently recognized as the prototype of a new
subfamily of transporters, of which to date it remains the best-characterized member
(14,17). ABCB1 and ABCC1 substrate specificities show partial overlaps; however,
important differences between the two transporters have been described, including a
distinct preference for hydrophobic, weakly basic compounds for ABCB1, and for organic
anions in the case of ABCC1. ABCC1 is the main transporter involved in elimination of
drugs and endogenous compounds conjugated to glutathione (GSH), glucuronate or
sulfate, which suggests an ubiquitous role in general detoxification mechanisms; inter-
estingly, GSH seems to act as a cofactor for the transport of drugs that are not appreciably
conjugated with GSH, such as vincristine and doxorubicin (DOX). In addition, ABCC1
was found to be insensitive to the action of ABCB1 inhibitors, such as verapamil (VP)
or cyclosporin A (CsA). Finally, the levels of resistance imparted by ABCC1 are sensibly
lower than those attained by ABCB1-expressing cells, and this has led to hypothesize that
ABCC1 may be more relevant to the clinical intrinsic resistance. Among other studies,
data obtained by our group in a monoclonal line (LoVo 7) derived from untreated human
colon adenocarcinoma LoVo cells and exhibiting low-level spontaneous resistance to
DOX support this hypothesis (18). More recently, another ABC transporter, ABCG2 (also
known as mitoxantrone resistance protein, MXR, or breast cancer resistance protein, BCRP)
has also been involved in MDR in some tumors (19). Although MDR ABC transporters were
first identified in cancer cells selected in vitro for drug resistance, they were also subsequently
identified in many normal tissues (20,21), where they are believed to act as cytoprotectants
against noxious xenobiotics and endogenous substances. An impressive body of experi-
mental evidence has accumulated over the years, supporting a role for ABC transporters,
and particularly ABCB1 and ABCC1, in acquired MDR, whereas studies on the mecha-
nisms of intrinsic resistance have lagged considerably behind, mainly because of diffi-
culties in obtaining experimental models reproducing the clinical situation. Drug-selected
cells generally exhibit high levels of resistance (which is infrequent in clinical tumors),
because of macroscopic alterations in the expression of drug efflux pumps and other
critical determinants; the more subtle changes that lead to levels of resistance comparable to
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those observed in the clinic in untreated tumors are much more difficult to detect, and
even when they are detected, it is hard to predict their impact on the overall outcome of
drug treatment. To address this problem, Allen and colleagues tested the effects of elimi-
nating basal ABCB1 and ABCC1 expression on drug response by comparing mouse cell
lines carrying either functional or targeted null alleles of the gene encoding either or both
transporters (22). In this experimental model, expression of the two transporters, at levels
that are more readily related to those detected in untreated tumors, was found to contrib-
ute to the basal resistance to substrate drugs, suggesting that even low levels of expression
of ABCB1 and ABCC1, such as those that can be found in unselected cells, can substan-
tially affect innate drug sensitivity of clinical tumors.

Recent studies used oligonucleotide arrays (23) or quantitative real-time RT–PCR
(reverse transcriptase-polymerase chain reaction) (24) to analyze correlations between
expression of ABC transporters and sensitivity to libraries of anticancer agents in the
panel of 60 human cancer cell lines (the NCI-60) used by the National Cancer Institute
to screen for anticancer activity. The cell lines in the panel were derived from a wide
variety of tumors with different tissue origins, and as most of them have not been selected
in the laboratory they may be more representative of drug resistance in the clinic than cells
selected for resistance in vitro. Both studies underscored the prominent role played by ABC
transporters in determining drug resistance in tumor cells and confirmed the negative
correlation between ABCB1 expression and cytotoxicity of a broad spectrum of anticancer
agents (whereas for ABCC1 and ABCG2 correlative evidence was found to be much weaker).

The role of ABC transporters in clinical resistance, and particularly in the resistant
phenotypes encountered in drug naive patients with solid malignancies, is still the object
of much debate. In general, a clear-cut correlation between protein levels and response
to drug treatment is not easy to demonstrate, mainly because of technical difficulties in
accurately measuring levels of ABC transporters in tumor samples and normal tissues.
A relatively recent meta-analysis of studies examining ABCB1 expression in breast
cancer indicates that a substantial fraction of tumors already expresses the protein at the
time of clinical detection, and that this feature exhibits a significant positive correlation
with a poor response to chemotherapy (25). As overexpression of the ABCB1 gene has
been associated to other defects that per se are known to favor drug resistance, including
p53 mutations (26) and HIF-1 activation (9), it is unclear whether increased ABCB1
levels can be considered as an independent prognostic factor. Increases in ABCB1 and
ABCC1 (as well as lung resistance protein [LRP]; see Subheading 3.2.) expression were
also reported early on during colorectal carcinogenesis (27): MDR proteins appear to
counteract colorectal carcinogenesis by protecting the epithelium against further envi-
ronmentally induced genetic damage; however, as additional genetic changes take over
on the way to malignant progression, the cytoprotective action of drug transporters is
bypassed, and its overexpression becomes a negative feature by reducing response to
drug treatment. In contrast, in acute lymphoblastic leukemia de novo resistance seems to
depend only on ABCB1 expression, whereas ABCC1 (and LRP) expression is much less
frequent (28).

One issue that is particularly relevant to the role of ABC transporters in unselected
tumor cells concerns their subcellular localization, which might affect intracellular drug
distribution. One of the first hints that altered intracellular drug distribution may contrib-
ute to the MDR phenotype came from the work of Schuurhuis and colleagues (29), who
showed that resistance modifiers, such as VP, caused a redistribution of the cytotoxic
agent DOX from the cytoplasm to the nucleus, thus facilitating its access to the target.
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Although in tumor cells with an acquired MDR ABCB1 is mainly located at the plasma
membrane, several other cellular compartments have been indicated as potential sites for
ABCB1 functional activity, including the nucleus and nuclear envelope and intracyto-
plasmic vesicles, generally related to the Golgi apparatus (reviewed in ref. 30); this
strategic localization might have profound bearings on drug resistance, as it might pre-
vent drug access to its primary targets (DNA and/or DNA-related enzymes) by active
extrusion from the nucleus and/or sequestration into intracytoplasmic compartments. To
date, a role for intracellular ABCB1 in drug resistance remains to be firmly established;
Larsen et al., after an extensive review of resistance mechanisms associated with changes
in intracellular distribution of anticancer drugs, conclude that intracellular expression of
ABCB1 is irrelevant to the MDR phenotype (31). However, studies performed in
unselected human melanoma cell lines as well as in a primary culture from a human
metastatic melanoma lesion showed that ABCB1 is not expressed at the plasma mem-
brane, but only at intracellular sites (mainly the Golgi apparatus). Treatment with the
ABCB1 inhibitors VP and CsA was found to inhibit drug transit from the nucleus to the
Golgi apparatus and its subsequent efflux from the cell, thereby increasing drug sensitiv-
ity (32). These results are supported by our data in LoVo 7 cells (33). In this cell line,
evidence of the presence of intracellular ABCB1 was obtained by flow cytometry, im-
munofluorescence, immunoelectronmicroscopy, and immunoprecipitation, whereas
surface expression was virtually absent (Fig. 2). This expression was accompanied by a
slower time course in both DOX accumulation and efflux in LoVo 7 cells as compared
to the parental cell line; ABCB1 inhibition by CsA was able to restore cell kinetics to the

Fig. 2. Surface (A,B) and intracytoplasmic (C,D) expression of ABCB1 in human colon
adenocardinoma cells LoVo 7 (intrinsically resistant to doxorubicin) and LoVo DX (selected in
vitro for resistance to doxorubicin). See text and ref. 33.
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parental pattern. Thus, ABCB1 inhibitors may be useful not only to reverse or prevent
acquired drug resistance, but also to sensitize drug naive, untreated tumors to substrate
drugs. Intracytoplasmic localization has also been reported for ABCC1 (32,34), and is
believed to contribute significantly to drug resistance in some contexts (31).

3.2. Lung Resistance Protein
LRP is not an ABC transporter; it was first identified by Scheper and colleagues (35)

in a non-small cell lung cancer (NSCLC) selected for resistance to doxorubicin and is
expressed at high levels in many tumors, as well as in normal tissues (36). LRP was
subsequently found to be identical to the major vault protein, concurring to the formation
of multisubunit ribonucleoprotein particles (“vaults”) that are present in the cytoplasm
and at (or near) the nuclear membrane of all eukaryotic cells, where they are believed to
be involved in nucleocytoplasmic transport. The resistance phenotype mediated by LRP,
therefore, may be explained by transport of anticancer drugs away from their nuclear
targets (reviewed in ref. 37). An extensive study measuring ABCB1, ABCC1, and LRP
mRNA and protein levels in the NCI-60 panel showed that, among the three MDR
proteins, LRP expression correlated best with in vitro drug resistance to both classic
MDR-related drugs (i.e., ABCB1 substrates) and non-MDR drugs (38). The import-
ance of LRP as a determinant of intrinsic resistance versus diverse anticancer agents
has been subsequently confirmed in a number of different cell lines (39). Studies by our
group have demonstrated that LRP is expressed in LoVo 7 cells (18,33), and that it is also
associated to intrinsic resistance to DOX in the NSCLC cell line A549 (40,41). Besides
the evidence obtained in tumor cell lines, several groups demonstrated that LRP is
also overexpressed in human tumors, including acute myeloid leukemia, childhood acute
lymphoblastic leukemia, multiple myeloma, soft tissue sarcoma, ovarian cancer, breast
and colorectal carcinoma, and this is generally associated to poor response to chemo-
therapy and/or shorter overall survival (37). In contrast, Harada et al. (42) have demon-
strated an inverse correlation between LRP expression and response to chemotherapy in
NSCLC, whereas LRP overexpression seems to be a rare event in de novo adult acute
lymphoblastic leukemia (28). In addition, expression of LRP stably transfected into
the ovarian carcinoma cell line A2780 was found to lead to increased number of vault
particles, but does not confer a drug resistant phenotype (43). These results, together
with the observation that embryonic stem cells from LRP–/– mice were no more sensi-
tive to a wide array of cytotoxic agents than cells obtained from LRP+/+ mice (44),
suggest that whereas LRP overexpression may contribute significantly to drug resistance
in some tumors (and in the cell lines derived therein), the role of LRP seems to depend
largely on the context.

4. APOPTOSIS AND DRUG RESISTANCE

Cell death by apoptosis can occur through at least two distinct but intercon-
nected pathways, converging on activation of several members of a family of cysteine
proteases called caspases. The extrinsic (or death receptor-dependent) pathway is trig-
gered by interaction of death-inducing cytokines, such as Fas ligand, tumor necrosis
factor (TNF)-α or TNF-related apoptosis-inducing ligand (TRAIL), with their respec-
tive membrane receptors (Fas/CD95, TNF-R1 and DR4/DR5), resulting in formation of
an intracellular complex (the death-inducing signaling complex) whose ultimate
effect is activation of the initiator caspase 8. In some cell types (type I), the extrinsic
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pathway is sufficient to induce cell death, whereas in others (type II), the intervention of
the intrinsic pathway must also be engaged through caspase 8-mediated cleavage of the
cytoplasmic protein Bid, a member of the Bcl-2 family of apoptosis regulators (45,46).
The intrinsic (or mitochondrial) pathway is initiated by various cellular stresses, resulting
in the release of proapoptotic factors from the mitochondrial intermembrane space, includ-
ing cytochrome-c, the caspase-independent AIF (apoptosis-inducing factor) and Smac/
Diablo (second mitochondrial activator of caspases/direct inhibitor of apoptosis protein
[IAP]-binding protein with low pI); in the presence of dATP, a complex (the apoptosome)
is formed from cytochrome-c, Apaf-1 (adaptor protein apoptosis activating factor) and
inactive procaspase 9, leading to activation of initiator caspase 9. From this point on, both
pathways proceed identically with activation of effector caspases (mainly caspases 3, 6,
and 7), cleavage of key intracellular components and, ultimately, cell death. The intrinsic
pathway is regulated by the tumor suppressor p53 through transcriptional activation or
repression of a number of target genes and can be modulated positively or negatively at
the mitochondrial level by members of the Bcl-2 family of proteins. A further level of
control is exerted trough the activity of IAPs, a family of polypeptides inhibiting caspase
activity (reviewed in ref. 47 and references therein).

It has been said that the ability of cells to evade apoptosis is an essential hallmark of
cancer, and that disabling apoptosis represents an obligatory step on the way to a full-
blown malignant phenotype (48). A number of excellent reviews have addressed this
aspect in the past few years (e.g., refs. 49–53), underscoring the fact that cancer cells, and
particularly those from solid tumors, are subject to strong selective pressure during tumor
development and metastasis formation and that, in order to eventually “make it,” they
must be able to survive a number of diverse insults, from immune attack to nutrient and
oxygen deprivation. Thus, disabling cell death programs has emerged as a winning strat-
egy, allowing tumor cells to overcome the many hurdles threatening to block their pro-
gression. Unfortunately, it has also become clear that there are striking similarities in the
way in which tumor cells respond to physiologic and pharmacologic insults. Studies
performed nearly 25 yr ago showed that apoptosis accompanies tumor regression during
chemotherapy with such diverse agents as actinomycin D, mitomycin C, and cytosine
arabinoside (54). Since then, the hypothesis that the majority of cytotoxic drugs used in
cancer chemotherapy act by triggering apoptosis, at least at therapeutic concentrations,
has gained wide acceptance, even though evidence for drug-induced apoptosis is admit-
tedly hard to obtain in the clinic (53) and other modalities of cell death have been recog-
nized as contributing to the final outcome of therapy (55). Thus, apoptosis provides a link
between tumor development and tumor response to treatment: alterations in the apoptotic
machinery are built-in features in most cancer cells, and this makes them inherently
resistant to agents requiring intact apoptotic pathways. As advanced and metastatic can-
cers have necessarily proven themselves most efficient in evading apoptotic cell death
during their history, it is not surprising that they are also intrinsically most efficient in
resisting therapeutic interventions (56). Notably, as anticancer drugs with widely differ-
ing intracellular targets impinge on the same intracellular death pathways, such inher-
ently resistant phenotype encompasses different classes of compounds and, therefore, can
be considered as the ultimate form of multidrug resistance.

So, the past decade of drug resistance research has witnessed a distinct shift in focus
from mechanisms upstream of drug-target interactions responsible for “classic” MDR
(such as overexpression of drug efflux pumps and/or detoxification enzymes) to events
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related to the cell’s ability to detect and respond to the damage resulting from drug-target
interactions. Whereas mutations in cancer cells most often target upstream regulators in
the intrinsic pathway, such as p53 and/or Bcl-2-related genes, alterations that disrupt
apoptosis downstream of the mitochondrion can also occur, albeit less frequently. A case
in point is represented by Apaf-1 (the adaptor protein involved in apoptosome formation),
the expression of which is lost in metastatic melanoma through deletion of one allele of
the corresponding gene, and methylation-induced silencing of the other, possibly con-
tributing to the well-known inherent chemoresistance of these tumors (57,58). Drug-
induced apoptosis has been shown to depend mainly on activation of the intrinsic pathway
(59), even though the death receptor pathway has also been proposed to contribute to drug
resistance in a cell-specific fashion (46). The following paragraphs will briefly review the
role played by key components of apoptotic pathways in de novo drug resistance of cancer
cells and human tumors.

4.1. Death Receptors
The death receptor pathway can be recruited by anticancer agents (mainly through p53

activation) and contribute to the overall response to chemotherapy in some settings
(60,61). Blocking antibodies against Fas, or Fas mutations were found to abolish 5-
fluorouracil-induced cytotoxicity in mouse thymocytes and in some human colon cancer
cell lines; however, neither anti-Fas antibodies nor Fas mutations were able to interfere
with etoposide- or DOX-induced apoptosis in acute lymphoblastic leukemia or multiple
myeloma cells (reviewed in ref. 62). In addition, experiments using cells from mice with
functional mutations in the death receptor pathway indicated that it is dispensable for the
cytotoxic action of chemotherapeutic agents (63). Disabling of the extrinsic pathway can
be observed in a subset of melanomas, through death receptor downregulation or expres-
sion of decoy receptors, or, again, through upregulation of FLIP (Fas-associated death
domain-like interleukin-1β-converting enzyme inhibitor protein), which inhibits caspase
8 activation (58); however, whereas these defect may help explain how melanoma cells
evade immune surveillance, the specific contribution of the extrinsic pathway to clinical
drug resistance remains to be defined.

4.2. p53
The p53 tumor suppressor is activated in response to several stress signals, including

those deriving from DNA damage, hypoxia, or aberrant oncogene expression, to promote
cell cycle arrest, DNA repair, senescence, and apoptosis (reviewed in refs. 64 and 65).
p53 controls and directs such diverse cellular responses mainly through transcriptional
activation of an ever-increasing number of target genes (66). Among the earliest to be
identified were genes encoding the cyclin-dependent kinase inhibitor p21WAF1, which is
the main responsible for cell cycle arrest, and GADD45, participating in DNA repair
processes. Several target genes whose products are involved in apoptosis control have
also been identified, starting from the proapoptotic Bcl-2 family member Bax and the
death receptor Fas/CD95, to the more recently discovered DR5 (acting as membrane
receptor for the death-inducing ligand TRAIL) and the BH3-only proteins PUMA and
Noxa. Whereas upregulation of these effectors alone is sufficient to initiate apoptosis,
other proteins encoded by p53 target genes require that the cells be subjected to additional
proapoptotic stimuli, including exposure to cytotoxic drugs, whereby they could exert a
chemosensitizing effect (66). This class of targets includes Apaf-1, the BH3-only protein
Bid, and the effector caspase 6. Besides inducing expression of proapoptotic factors, p53



250 Monti

was also found to repress that of a number of antiapoptotic regulators, including Bcl-2
and the IAP family member survivin (67).

Given the role played by p53 in apoptosis, it is not surprising that p53 should be
selected strongly against during tumorigenesis: p53 is in fact the most commonly mutated
gene in human cancers (68). In addition, p53 function can be lost through a number of
other mechanisms, including binding and/or degradation by virally encoded oncoproteins;
overexpression of the murine double minute (Mdm)2 protein, which also binds p53
blocking its transcriptional activity and targeting it for proteolytic degradation; loss of
p19ARF, that binds and neutralizes Mdm2; defects in posttranslational modifications
(phosphorylation, acetylation) of p53; altered subcellular localization of p53; and defects
in the effector pathways downstream of p53 activation (64).

In addition to its role in suppressing tumorigenesis, p53-dependent apoptosis contrib-
utes to chemotherapy-induced cell death (50). Studies performed over a decade ago by
comparing oncogenically transformed fibroblasts from wild-type and p53-deficient mice
demonstrated that p53 plays a critical role in promoting apoptosis on treatment with
ionizing radiation and several genotoxic chemotherapeutic drugs, that is, p53-deficient
cells displayed a multi-drug-resistant phenotype (69). A broader analysis on the NCI-60
panel found that cell lines with p53 mutations were generally more resistant to treatment
that cell lines with wild-type p53 (70). Possibly contributing to chemoresistance in the
absence of functional p53 is also the ability of the wild-type form of the protein to
downregulate some ABC transporters, including ABCB1 and ABCC1, as well as the fact
that some mutated forms of p53 actually increase ABCB1 levels (26). Thus, several
aspects of p53 function would favor cell sensitivity to cytotoxic agents. However, some
notable exceptions (71) indicate that p53 status is not a universal predictor of treatment
response, in part because not all drugs absolutely require p53 for their apoptosis-inducing
effects (51). In the clinic, loss of p53 has been linked to chemoresistance in a wide
spectrum of tumor types (50,72). In lymphoid malignancies, patients with p53 mutations
are remarkably resistant to therapy and display very short survival times; however, in this
type of malignancy loss of p53 tends to be very rare in primary tumors, and becomes more
frequent in relapsed tumors, suggesting it occurs as part of an acquired MDR phenotype,
rather than as an inherent feature of this type of malignancies. Among solid tumors, p53
status was indicated as a strong predictor of therapeutic failure, relapse, and death in
breast carcinomas (73) and in gastric and colon cancer (74). However, other studies failed
to establish a significant correlation between p53 levels and response to chemotherapy
(e.g., see ref. 75); in bladder cancer, p53 mutations were actually found to correlate with
increased drug sensitivity (76). In summary, clinical as well as experimental data have
emerged to support both positive and negative correlations between p53 mutations and
drug sensitivity. One possible explanation for this apparent paradox lies in the very
pleiotropic nature of p53 target genes, which would lead to opposing cell responses
following exposure to cytotoxic drugs: on one hand, loss of the p53-dependent apoptotic
program might promote drug resistance by making tumors less responsive to therapy,
whereas loss of p53-dependent damage-induced checkpoints might enhance sensitivity
by making tumor cells more vulnerable to DNA-damaging agents. Thus, the actual im-
pact of p53 status on treatment outcome might be related to the mode of drug action, tissue
of tumor origin or the precise genetic makeup of individual tumors. In addition, it has
recently become clear that p53 is a member of an emerging protein family (77) and that
other members, such as p73, may compensate for p53 loss in some settings: a recent study
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showed that the induction of apoptosis by p53 requires the presence of p73 (78); however,
p73 can induce apoptosis in tumor cells lacking functional p53; whereas mutant p53 can
block p73 function (79). The picture is further complicated by the existence of different
isoforms for p73, (as well as for the other member of the family, p63), some of which (TA)
can substitute for p53 and transactivate proapoptotic genes, whereas others (ΔN) act in
a dominant negative fashion and can block chemotherapy-induced apoptosis in tumor
cells that retain wild-type p53 (80). Finally, at least some of the difficulties in relating p53
mutations to clinical parameters depend on technical problems inherent in the method-
ologies employed to assess p53 status in clinical specimens. Immunohistochemistry
(IHC) is still the most widely employed method to detect p53, but a number of drawbacks
make this method less than optimal: (1) as wild-type p53 protein has a very short half-
life, it is assumed that all of the detected p53 corresponds to the mutated protein, but,
depending on the context, this can lead to gross over- or underestimation of the actual
incidence of mutations; (2) not all p53 mutations are functionally equivalent; (3) p53
function can be lost in spite of the presence of wild-type protein because of defects in
regulatory pathways; and (4) IHC relies on subjective data evaluation. Direct sequence
analysis and yeast functional assays represent distinct improvements in accuracy over
IHC, but they suffer from the same inability to identify mutations in modifiers of p53
activity (such as Mdm2 or p19ARF) or downstream effectors (e.g., Bax). Consequently,
to establish a correlation between p53 function and tumor chemosensitivity/resistance,
a complete analysis of the p53 pathway is required, which has only recently been made
feasible by the advent of DNA and protein “array” technologies.

4.3. The Bcl-2 Family
To date, the mammalian Bcl-2 family of proteins includes ~20 different polypeptides

sharing a variable number of conserved regions, named Bcl-2 homology (BH) domains,
that are involved in both homo- and heterotypic protein–protein interactions (81). Mem-
bers of the family are grouped according to the number of BH regions, which also confers
different functional properties: proteins containing BH1-4, such as Bcl-2 itself and Bcl-
XL, are antiapoptotic, whereas multidomain proteins lacking BH4, such as Bax and Bak,
promote apoptosis. Following appropriate stimuli, proapoptotic proteins in this latter
group translocate from the cytoplasm to the outer mitochondrial membrane, oligomerize
to form pore-like structures, and promote release of proapoptotic factors from the mito-
chondrial intermembrane space. Translocation to mitochondria is aided by yet another
subfamily of Bcl-2 proteins, the so-called BH3-only proteins, including Bad, the p53
targets Noxa and PUMA, and the already-mentioned Bid. Antiapoptotic members of the
family exert their function, at least in part, by sequestering BH3-only proteins in stable
complexes, thereby preventing Bax and Bak activation; in addition, they exert direct
effects on mitochondrial channels, blocking mitochondrial release of proapoptotic fac-
tors (82). Mutations or altered expression of Bcl-2 family proteins can drastically alter
drug response in experimental systems, and the evidence is strongest for Bcl-2 itself.
Expression of exogenous Bcl-2 has been found early on to protect cultured cells against
the majority of agents used for cancer chemotherapy (83), whereas downregulation of
Bcl-2 increases chemsensitivity in tumor cell lines and animal models (reviewed in ref.
84). Studies in clinical samples have demonstrated a correlation between high expression
of Bcl-2 and poor prognosis in a number of human cancers, including acute myeloid and
lymphoblastic leukemias, non-Hodgkin’s lymphomas, and prostate cancer (reviewed in
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ref. 85). Similar observations support the involvement of Bcl-XL in drug resistance, as
high Bcl-XL levels, whether intrinsic or induced by transfection, inhibit chemotherapy-
induced apoptosis in experimental models (86,87), and high Bcl-XL levels correlate high
with poorer prognosis in patients with such diverse tumors as intermediate grade lympho-
mas (88), squamous cell carcinoma of the oropharynx (89), and soft tissue sarcomas (90).

Among proapoptotic multidomain members of the Bcl-2 family, Bax is probably the
most extensively investigated: in HCT116 human adenocarcinoma cells, as well as in
other in vitro models, BAX deletion has been reported to inhibit drug-induced apoptosis
(91,92); similar considerations apply to Bak (93). Interestingly, mismatch repair-defi-
cient tumors of the colon-rectum have been reported to harbor inactivating frameshift
mutations in a single BAX allele (94), probably leading to reduced Bax protein levels; this
alteration could very well contribute to the well-known inherent resistance of this tumor
type. However, the effects of Bax and Bak alterations on drug sensitivity in vivo remain
to be established; evidence obtained in both in vitro models and in vivo suggests that it
is the ratio of pro- to antiapoptotics members of the Bcl-2 family rather than absolute
levels of any given protein that will ultimately tip the balance towards chemosensitivity
or chemoresistance (e.g. ref. 95).

Very little information is available regarding the role of BH3-only proteins in tumor
response to chemotherapy. A recent report indicates that the level of Bid expression is
closely associated with sensitivity of hepatocellular carcinoma cells to chemotherapeutic
drugs (96); moreover, a synthetic peptide corresponding to the minimal sequence of the
BH3 domain has been shown to enhance anthracycline-induced cell death in a human
ovarian carcinoma cell line (97). Finally, recent evidence indicates that the BH3-only
proteins Noxa and PUMA mediate drug-induced cytotoxicity both in cancer cells and in
mice (98). However, to date there is not sufficient evidence to support a role for this
subfamily in clinical intrinsic chemoresistance.

4.4. Caspases
Caspases are a family of twelve (currently identified) aspartate-specific cysteine pro-

teases, six of which (caspases 3, 6, 7, 8, 9, and 10) have been definitely implicated in
apoptosis in various model systems and classified as “initiator” or “upstream” caspases,
such as caspases 8 and 9, and “effector” or “downstream” caspases, according to their
respective functions along the apoptotic cascades (99). The ability of anticancer drugs to
trigger caspase activation appears to be a critical determinant of drug sensitivity/resis-
tance. In spite of the key role played by caspases in death execution, caspase mutations
have been observed infrequently in cancer cells (100); however, inactivation by epige-
netic mechanisms has also been reported (101), and reexpression of caspase 8, through
demethylation by 5-aza-2′-deoxycytidine or direct gene transfer, has been shown to
sensitize a variety of tumor cell lines towards death receptor- as well as drug-induced
apoptosis (102). In addition, caspase 9 function can be lost in some melanomas through
upregulation of heat shock protein 70, which blocks caspase 9 activation by the
apoptosome (103). On the other hand, evidence suggesting that individual caspases may
be dispensable for apoptosis, at least in some systems, has also been reported: for example,
MCF-7 breast carcinoma cells, which lack caspase 3 owing to a deletion in the CASP-3
gene, are still able to undergo apoptosis following treatment with TNF or staurosporine
(104), and are exquisitely sensitive to the cytotoxic action of most agents currently used
in breast cancer therapy. These data suggest the existence of a degree of functional
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redundancy in caspase-mediated proteolytic cascades, especially among effector
caspases, as well as the possibility of context-dependence in the overall effects of caspase
activation.

4.5. Inhibitor of Apoptosis Proteins
Members of this family of polypeptides were originally identified in baculoviruses as

part of viral strategies aimed at suppressing apoptotic programs in infected cells. Multiple
members of the family, such as cIAP-1 and -2, X-linked mammalian inhibitor of apop-
tosis protein (XIAP), melanoma-IAP/livin and survivin, have been identified in human
cells, and most have been found to block the activity and/or activation of both up- and down-
stream caspases. This is achieved by binding the enzymes and facilitating their ubiquity-
lation and subsequent degradation. Activity of IAPs can be upregulated by activation of
the antiapoptotic transcription factor NF-κB, as well as by binding to mitochondrially
released Smac/Diablo, which causes displacement of IAPs from their caspase-binding
partners (reviewed in ref. 105). Evidence obtained in both in vitro and in vivo settings
suggests that IAPs may play a role in the inherent chemoresistance of some tumor types:
high expression of different IAPs is associated with poor prognosis in prostate cancer
(106) and acute childhood myeloid leukemia (107); XIAP was found to inhibit cisplatin-
induced cell death in a number of human ovarian cancer cell lines (108) and in DU145
prostate cancer cells (109), whereas antisense downregulation of XIAP was found to
restore cisplatin sensitivity in both experimental models, as well as to sensitize NIH-
H460 human non-small cell lung cancer in vitro and in vivo to the cyotoxic action of
DOX, paclitaxel, vinorelbine, and etoposide (110); ML-IAP/livin is upregulated in mela-
noma cell lines (111), and its inhibition by Smac/Diablo was found to restore sensitivity
to doxorubicin-induced apoptosis in MCF-7 breast carcinoma cells (112). However, a
recent attempt to correlate expression of these polypeptides with drug sensitivity NCI-
60 panel failed to demonstrate the postulated negative correlation (113). Survivin was
also identified as a member of the IAP family whose expression is extremely common
in embryos and in fetal tissues, drastically downregulated in the adult and upregulated in
most human cancers (for a review, see ref. 114), suggesting that survivin reactivation is
important during tumorigenesis. However, a number of features set survivin apart from
the rest of the family, including its cell cycle-dependent expression and its subcellular
localization on spindle microtubules, leading to a dual role in apoptosis suppression and
regulation of cell division (115). In addition, whereas the mechanism of caspase inhibi-
tion by other IAPs has been characterized (see above), in the case of survivin it is not yet
clear, whether the effect depends on direct or indirect interactions. Growing evidence
indicates a correlation between elevated survivin levels and poor prognosis, e.g., in acute
myelogenous leukemia, neuroblastoma, and malignant glioma, as well as cancers of the
colon, prostate, ovary, breast, pancreas, and esophagus (62). Zaffaroni and Daidone
recently reviewed substantial in vitro and clinical evidence correlating survivin levels
and poor response to paclitaxel (116). Ribozyme-mediated downregulation of survivin
was shown to sensitize melanoma cells to both topotecan and cisplatin (117,118). Inter-
estingly, the naturally occurring dietary compound resveratrol was also found to sensitize
a number of established and primary cancer cell lines to the action of cytotoxic agents
including DOX, cisplatin, cytosine arabinoside, and etoposide by downregulating survivin
through transcriptional and posttranscriptional mechanisms (119).
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4.6. Cell Survival Pathways
Although signaling pathways involved in cell survival may not directly act down-

stream of anticancer drugs, recent studies indicate that they can synergize with
antiapoptotic mutations to reduce chemosensitivity. Activation of the phosphoinositol-
3-kinase (PI3K)/Akt/phosphatase and tensin homologue deleted in chromosome ten
(PTEN) pathway (reviewed in ref. 120) occurs downstream of a number of oncogenic
products, such as Ras and the HER receptors, and suppresses cell death programs by
direct or indirect disabling of proapoptotic signals. Dysregulation of this pathway in
cancer can be because of a variety of mechanisms, including Akt amplification, loss of
the negative regulator PTEN, and constitutive activation of upstream positive regulators.
Evidence in support of a role for this pathway in response to chemotherapeutic agents can
be summarized as follows: (1) Constitutively active Akt was found to reduce topotecan-
induced apoptosis in A549 NSCLC cells (121). (2) Inactivation of Akt by overexpression
of PTEN enhances the response of SHIN-3 ovarian cancer cells to irinotecan (122) and
of LNCaP prostate cells to DOX and vincristine (123). (3) Inhibition of PI3K/Akt by the
PI3K inhibitor LY294002 accelerated and enhanced DOX-induced cell death in human
lung adenocarcinoma NCI-H522 cells (124). (4) A new selective pharmacologic Akt
inhibitor has recently been shown to sensitize HL60 human acute promyelocytic leuke-
mia cells to anticancer drugs, including cytosine arabinoside and etoposide, as well as to
the proapoptotic ligand TRAIL and to ionizing radiation (125).

The NF-κB pathway depends on activation of a transcription factor modulating sev-
eral components of the mitochondrial and death receptor pathways, thereby suppressing
apoptosis and possibly contributing to chemoresistance (126,127). Treatment with cyto-
toxic agents induces NF-κB functional activation as part of a cellular response to
genotoxic stress; thus, NF-κB is implicated in a form of short-term inducible chemore-
sistance. However, constitutive activation through chromosomal amplification, overex-
pression, and rearrangement of genes coding for Rel/NF-κB factors has been noted in
many human hematopoietic and solid tumors (128). Persistent nuclear NF-κB activity
was also described in several human cancer cell types, as a result of constitutive activation
of upstream signaling kinases or mutations inactivating IκB (inhibitory κB) subunits.
Thus, NF-κB may also be involved in inherent drug resistance, that could be overcome
by forced expression of its inhibitor IκB or by the proteasome inhibitor bortezomib (PS-341),
that blocks IκB degradation; both types of interventions were in fact found to restore
sensitivity of multiple myeloma cells to melphalan and DOX (129) and of pancreatic
cancer cells to paclitaxel (130).

5. CONCLUSIONS AND PERSPECTIVES

Enhanced understanding of the mechanisms of drug resistance, even though derived
largely from in vitro models of acquired resistance, has suggested ways to improve the
clinical management of tumors inherently refractory to chemotherapy. Early attempts at
circumventing ABCB1-mediated MDR by using inhibitors like VP and CsA have met
with disappointing outcomes, possibly because the inhibitors were too weak, or because
of their unpredictable pharmacokinetic interactions. Novel ABCB1 inhibitors, such as
XR9576 (tariquidar), are currently in clinical trials, but it is still too early to predict their
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efficacy as clinical tools. Other strategies (such as use of hammerhead ribozymes)
directed at inhibiting ABCB1 as well as other MDR transporters are currently being
developed (131). Similarly, several different approaches have been devised to target
apoptotic defects in order to restore sensitivity to cytotoxic agents, and these include,
among others, blocking of Bcl-2 (or Bcl-XL) by antisense agents or by BH3-like small
molecules disrupting interactions between pro- and antiapoptotic Bcl2 family members;
use of ribozymes to downregulate survivin and possibly other IAP family members;
direct stimulation of the death receptor pathway by treatment with recombinant TRAIL;
restoring p53 function by direct gene transfer, by blocking negative p53 regulators, such
as Mdm-2 or the E6 protein from human papilloma viruses, or by using small molecules
that promote correct folding of mutant forms of p53 (84,116,131). None of these strat-
egies has been clinically validated as yet, and the whole concept has suffered a severe
blow from the rejection by the Food and Drug Administration of the anti-Bcl2 antisense
agent oblimersen sodium (Genasense®) in combination with the cytotoxic drug
dacarbazine for the treatment of malignant melanoma, because of its failure to improve
overall survival over dacarbazine alone. Several issues will have to be considered if
chemosensitizers are to be successfully incorporated into chemotherapeutic regimens
(possibly including the choice of alternative endpoints). Perhaps it is most important to
emphasize that drug resistance, especially when inherent to untreated tumors, results
from one of innumerable possible combinations of cellular mechanisms, often organized
as networks that have only just begun to be unraveled; thus, it is unlikely that targeting
a single mechanism may go a long way in restoring chemosensitivity. A better strategy
could be trying to target multiple mechanisms at the same time, as suggested by a recent
experimental study of the combined effects of antisense oligonucleotides directed at Bcl-
2 and ABCC1 on DOX cytotoxicity in SCLC cells (132). Resolving the intricate inter-
actions among proteins within the integrated systems responsible for chemosensitivity/
resistance, using approaches such as DNA, tissue and protein microarrays and proteomics
and with the aid of novel mathematical models, will hopefully provide a framework that
will accelerate both drug discovery and its translation to the clinical management of
chemoresistant disease.
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