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1. ABSTRACT

Resistance to chemotherapy (‘drug resistance’) is
a fundamental problem that limits the effectiveness of
many chemotherapies currently used to treat cancer. Drug
resistance can occur due to a variety of mechanisms, such
as increased drug inactivation, drug efflux from cancer
cells, enhanced repair of chemotherapy-induced damage,
activation of pro-survival pathways and inactivation of cell
death pathways. In this article, we review some of the
major mechanisms of drug resistance and discuss how new
molecularly-targeted therapies are being increasingly used
to overcome these resistance mechanisms.
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2. INTRODUCTION

It is generally accepted that cancer results from a
series of genetic mutations that lead to an accumulation of
genetic disarray which results in uncontrolled growth (1). A
number of genetic mutations must occur within one cell
before it becomes malignant, such as gain-of-function
mutations of oncogenes and loss-of-function mutations in
tumour suppressor genes. Many of the mutations affect
genes which control cell cycle and apoptosis. It has been
suggested that cells must gain six types of alterations to
become malignant: self sufficiency in growth signals;
insensitivity to anti-growth signals; evasion of apoptosis;
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Figure 1. Overview of mechanisms of drug resistance. See text for details.

limitless replicative potential; angiogenesis; and
the ability to invade distant tissues and metastasise (2). The
resulting malignant cell displays uncontrolled proliferation
and may fail to undergo programmed cell death (apoptosis)
when cellular damage, such as DNA damage, occurs.

Ideally, chemotherapeutic agents should function
to target only highly metabolic, malignant cells and
produce cytotoxic effects that lead to tumour regression or
increase overall survival. However, one of the main
problems limiting the effectiveness of chemotherapies is
the presence or development of drug resistance. There are
two forms of drug resistance — intrinsic and acquired
resistance. Intrinsic drug resistance is present at the time of
diagnosis (3). Acquired drug resistance occurs after
chemotherapy treatment, and may enable the tumour to
become cross-resistant to a range of chemotherapies with
differing modes of action.

There are four main steps in the cytotoxic action
of a chemotherapeutic drug on a cell:

e The drug enters or is actively taken up by
the cell.

e The drug is activated (or its activity is
preserved) within the cell.

e The drug exerts its effects on its target(s)
within the cell.

e If the damage caused is irreparable, cell
death may be induced (4).

Each of these four steps can be the target of drug
resistance mechanisms (Figure 1). In this article, we will
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discuss and give examples of resistance mechanisms that
can operate at each of these stages.

3. DRUG INFLUX/EFFLUX

The intracellular concentration of active
chemotherapeutic agents must be sufficiently high to
produce an anti-proliferative effect. The intracellular drug
concentration is determined by the balance between drug
influx and efflux, and alterations in either of these
processes can lead to drug resistance.

3.1. Drug influx

Influx may be affected by the position of the
tumour within the body, for example, if it is sequestered
behind the blood-brain barrier (3). Influx may also be
reduced by poor vascularisation of the tumour, or by
extensive necrosis of the tumour which can lead to reduced
blood flow. In addition, as drug influx can occur by passive
diffusion, alterations in the composition of the plasma
membrane may reduce the amount of drug which enters the
cells (4, 5). The intracellular pH also determines the
amount of drug which can accumulate in cells. Tumour
cells tend to have a slightly acidic pH due to increased
aerobic glycolysis (6). Thus, cytotoxic drugs that are weak
bases tend to accumulate in the cytosol of these cells. A
shift of pH to more alkaline conditions leads to a decrease
in the amount of these drugs that enters the cells, which
may lead to, or contribute to drug resistance (7). Some
drugs, such as methotrexate and other antifolates, rely on
specific transport systems for their take-up. The major
transporter for antifolates is the reduced folate carrier
(RFC), an 85kDa membrane glycoprotein which mediates
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the transport of folates and hydrophilic antifolates across
the plasma membrane. Decreases in RFC expression have
been shown to lead to increased methotrexate resistance in
osteosarcoma (8) and breast cancer cell lines (9), and has
been shown to lead to a poor response to methotrexate in
osteosarcoma (10) and leukaemia patients (11).

3.2. Drug efflux

Even if sufficient quantities of the
chemotherapeutic agents are able to enter the malignant
cells, drug resistance may still occur if mechanisms of drug
efflux are upregulated. Enhanced drug efflux may prevent
the intracellular drug concentration reaching a
therapeutically effective level. Drug efflux is mediated by
the activity of transporter proteins such as members of the
ABC transporter family and P-glycoprotein (P-gp), a
170kDa transmembrane protein which contains two ATP
binding sites. This receptor functions to actively pump
certain drugs out of cells. Increased expression of P-gp
leads to increased drug efflux, and therefore increased
resistance to drugs such as doxorubicin, vincristine,
actinomycin D, paclitaxel and etoposide (12). As this
receptor functions to reduce the intracellular concentrations
of several different types of drugs, its expression causes
multi-drug resistance (resistance to drugs with different
mechanisms of action). A number of tumour types have
been shown to overexpress the gene for P-gp (MDR-I),
including neuroblastoma, myeloma, non-Hodgkins
lymphoma, colon carcinoma and breast carcinoma (3), and
it has been shown that overexpression of P-gp correlates
with poor prognosis and poor response to chemotherapy in
various cancer types such as ovarian carcinoma (13), colon
carcinoma (14) and leukaemia (15).

Multidrug resistance-related proteins (MRP1 and
MRP2) have also been shown to be involved in drug efflux
from cells and are involved in the export of organic anions
such as drugs conjugated to glutathione, glucuronate or
sulphate (MRP1) and platinum-based drugs (MRP2) (16).
In addition, the expression of lung resistance-related
protein (LRP) has also been shown to correlate with
resistance to chemotherapies such as doxorubicin,
vincristine, cisplatin, carboplatin and melphalan in several
human cancer cell lines (17).

The intracellular drug concentration may also be
reduced by compartmentalisation/sequestration within
organelles. As many cytotoxic drugs are weak bases, they
can accumulate in acidic membrane compartments, such as
the trans-Golgi network, the recycling endosomes and
lysosomes, thereby decreasing the amount of free drug
available to bind to intracellular targets. Alternatively, the
drug compartments can be transported to the cell surface
and removed from the cells by exocytosis (18).

4. DRUG ACTIVATION AND INACTIVATION

Once a significant concentration of drug has
accumulated in the cell, it may require modification or
processing before it becomes fully active. Furthermore, the
active drug must have a sufficient intracellular half-life for
it to exert its cytotoxic effects. Thus, drug activation and
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inactivation are two further levels at which resistance can
occur.

4.1. Drug activation

A number of chemotherapeutic drugs need to be
activated before they can bind to their targets; two
examples are 5-fluorouracil (5-FU) and irinotecan (CPT-
11). 5-FU is a fluoropyrimidine antimetabolite which is
converted to its active form in a stepwise manner. It is first
converted to  flouordeoxyuridine by  thymidine
phosphorylase (TP), and this is then converted to its active
metabolite fluorodeoxyuridine monophosphate (FAUMP).
FAUMP binds to and inhibits thymidylate synthase (TS),
the nucleotide synthetic enzyme which provides the sole de
novo source of thymidylate in cells and is therefore
required for DNA synthesis and repair (19). Enhanced TP
activity has been shown to correlate with increased 5-FU
sensitivity in colon carcinoma cells (20). CPT-11 is
administered as the inactive pro-drug which is converted to
its active metabolite SN-38 by carboxylesterase (CE). SN-
38 functions to stabilise the bonds between DNA
topoisomerase-I (topo-I) and nicked DNA at replication
forks, preventing the re-ligation of the DNA and ultimately
leading to DNA double strand breaks. Decreased CE
expression has been correlated with irinotecan resistance in
colorectal cancer (21) and non-small cell lung carcinoma
(NSCLC) cell lines, and furthermore it has been shown that
gene transfer of human CE c¢cDNA can overcome this
resistance in NSCLC cells (22).

4.2. Drug inactivation

Drugs can also be metabolised and inactivated.
For example, more than 80% of 5-FU administered is
metabolised by dihydropyrimidine dehydrogenase (DPD),
which is mainly found in the liver. This reduces the
bioavailability of 5-FU and reduces its effectiveness (19). If
DPD is overexpressed in malignant cells, the 5-FU
reaching the cells can also be inactivated by this
mechanism, resulting in increased resistance. Increased
expression of DPD has been shown to lead to increased
resistance to 5-FU treatment in lung cancer cell lines (23),
and DPD expression has also been shown to correlate with
response to 5-FU treatment in colorectal tumours (24).
Platinum drugs can be inactivated by cytoplasmic
interactions with thiol-containing molecules such as
glutathione (GSH) and metallothioneins (MT). These
interactions inactivate the drugs and target them for
transport out of the cells by the ABC proteins. Levels of
GSH have been reported to correlate with the resistance of
ovarian cancer cell lines to cisplatin treatment, and bladder
and oesophageal cancer cell lines which express high levels
of MT have been shown to be more resistant to cisplatin
treatment (25).

5. DNA DAMAGE REPAIR

Resistance to chemotherapy can be caused by
alterations in the drug target, for example, the 5-FU target
enzyme TS is acutely up-regulated by 5-FU treatment (19).
This constitutes a potentially important resistance
mechanism, as acute increases in TS expression in response
to 5-FU therapy would facilitate recovery of enzyme
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activity. Many chemotherapeutic agents cause damage to
DNA either directly (for example, platinum-based drugs) or
indirectly (for example, TS inhibitors and topisomerase
poisons), and this is the primary cause of their cytotoxic
activity. Cells possess various mechanisms by which they
can repair damage to DNA and can use these mechanisms
to repair damage caused by chemotherapy agents. Ideally,
chemotherapy treatment should lead to cellular damage
which is severe enough to induce cancer cell death. If the
cells are able to repair the DNA damage caused by
chemotherapy treatment, they will not undergo cell death
and will therefore be more resistant to treatment. There are
five main pathways which cells can use to repair DNA
damage — homologous recombination (HR), non-
homologous end joining (NHEJ), nucleotide excision repair
(NER), base excision repair (BER) and mismatch repair
(MMR) (Reviewed by (26)).

5.1. DNA double strand break repair

HR and NHEJ are both used to repair double
strand breaks in DNA. The process of homologous
recombination involves the exchange of genetic material
with a homologous chromosome, which is used as a
template for the repair of damage to ensure that the repair is
error-free, while non-homologous end joining repairs the
breaks by joining the ends together and can lead to
mutations and deletions. HR involves the binding of
proteins such as RAD52, BRCA1, p53, ATM and RADS1
to the site of the DNA break, which initiates the synthesis
of new DNA strands. NHEJ is initiated by the binding of
the heterodimer Ku70-Ku80 at both ends of the DNA
break. This leads to the recruitment of DNA-PK, which
aligns the ends of the DNA and allows them to be joined by
DNA ligase. It has been reported that an increase in the
activity of the NHEJ pathway contributes to increased
resistance of human chronic lymphocitic leukaemia B cells
to chemotherapy treatment (27), while increased activity of
the HR pathway through overexpression of RADS1 leads to
increased resistance of small cell lung cancer cell lines to
etoposide (28).

5.2. Nucleotide excision repair

Nucleotide excision repair is the process by
which damaged DNA is removed and replaced with new
DNA using the complementary strand as a template for its
synthesis. In this way, DNA damage such as cross-links
induced by treatment with platinum-based agents and UV-
induced photoproducts can be repaired. The NER pathway
involves over 30 proteins, which are involved in damage
recognition, incision/excision of the damaged DNA, repair
and ligation (29). There are two different sub-pathways in
NER: transcription-coupled repair; and global genome
repair. Different sets of proteins recognise the DNA
damage in these pathways. In transcription-coupled repair,
DNA damage is recognised by the elongating RNA
polymerase II complex and by CS-A and CS-B (Cockayne
Syndrome A and B). In global genome repair, the damage
is recognised by xeroderma pigmentosum (XP) proteins, in
particular XPC, which is specific to global genome-
nucleotide excision repair. Both pathways then proceed
through recruitment of ERCCI1 (excision repair cross-
complementing protein 1) and further XP proteins (XPA,
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B, D, E, F and G) to the site of DNA damage, leading to
DNA unwinding, excision of the damaged section and de
novo synthesis and ligation. It has been reported that
deficiencies in NER leads to an enhanced response to
cisplatin treatment in testicular cancer (30, 31). Gene
silencing of ERCCI has been shown to sensitise ovarian
cancer cell lines to cisplatin-induced apoptosis (32), and
silencing of XPA has been shown to sensitise lung cancer
cell lines to cisplatin-induced cell death (33). Conversely,
overexpression of the proteins involved in the NER
pathway has been shown to correlate with resistance to
cisplatin. For example, Ferry et al. demonstrated that
cisplatin-resistant ovarian cancer cell lines expressed
elevated levels of ERCC1, XPA, XPB, XPC and XPG
mRNA compared to a control cisplatin-sensitive cell line
(34). Also, siRNA studies targeting ERCCI in prostate
cancer cells found that downregulation of ERCCI
sensitised these cells to cisplatin- and mitomycin C-induced
apoptosis (35). Moreover, high levels of ERCC1 mRNA
have been shown to correlate with poor response to
platinum agents in gastric (36) and non-small cell lung
carcinomas (37), and ERCCI1 protein expression has been
reported to correlate with poor response to platinum-based
chemotherapy in non-small cell lung cancer patients (38).

5.3. DNA mismatch repair

The DNA mismatch repair system functions to
identify and excise DNA replication errors such as
base/base mismatches and insertion/deletion loops which
have escaped proof-reading polymerases during DNA
replication. Failure to repair mismatches during DNA
replication, for example as a consequence of mutations of
mismatch repair genes, leads to increased microsatellite
instability within tumours. Inheritance of mutations in
MMR genes such as AMSH2, hMLHI1, hPMSI and hPMS2
causes HNPCC (hereditary non-polyposis colon cancer),
which accounts for approximately 5% of colorectal cancer
cases (39). HNPCC patients develop early onset colon
tumours, and also have a predisposition to develop tumours
of the endometrium, stomach, ovaries and urinary and
biliary tracts (40).

There have been conflicting reports on the role of mismatch
repair in chemotherapy resistance. It has been reported that
loss of DNA mismatch repair contributes to resistance of
several cell lines to chemotherapy treatment, for example
the resistance of ovarian, colorectal and endometrial cancer
cell lines to  N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG), 6-Thioguanine and cisplatin treatment (41). Fink
et al. demonstrated that defects in MMR pathways lead to
increased cisplatin resistance in colorectal cancer both in
vitro and in vivo (42), and Carethers et al. reported that
colorectal cancer cells show a better response to 5-FU
treatment when the MMR pathway is intact (43). The
mechanism by which MMR deficient cells can become
more drug resistant is unclear, but it has been suggested
that recognition of DNA damage by the MMR complex
may lead to the initiation of apoptosis, or that the DNA
repair carried out by the MMR machinery leads to the
formation of lethal DNA strand breaks (44). Despite the
reports demonstrating that loss of MMR leads to increased
resistance of  cell lines to chemotherapy
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Table 1. Summary of clinical reports on the effects of p53
status on response to chemotherapy.

Cancer Correlation Refs

Breast No correlation between p53 overexpression and | 151
response to paclitaxel
Negative p53 expression corresponds to [ 152
increased  response to  paclitaxel and
doxorubicin

NSCLC No correlation between p53 expression and | 153,
response to platinum-based therapies 154

Colorectal | Correlation between p53 overexpression and | 155-
poor response to 5-FU-based regimens 157
No correlation between p53 overexpression and | 158
response to 5-FU-based regimens

Pancreatic | p53 overexpression correlates with a poor [ 159
prognosis following a 5-FU/cisplatin-based
adjuvant therap

Ovarian p53 mutations correlate with a worse prognosis | 160-
following platinum-based therapies 163

treatment, clinical studies have reported that the presence
of microsatellite instability, which occurs when the MMR
pathway is defective within tumour cells, is associated with
a more favourable outcome. Black et al. reported that the
presence of MSI in endometrial carcinoma is associated
with a better outcome (45), and it has been reported that
loss of hMLHI1 in advanced NSCLC is associated with a
statistically significant improvement in prognosis (46).
Moreover, germline mutations of MLH1 have been reported
to lead to a significantly higher survival rate in patients
with HNPCC (47). Significantly, it has been shown that
MSI-positive colorectal tumours very often express wild
type p53 (48), which may (at least in part) explain why
tumours with MSI have an improved prognosis (see
below).

5.4. Base excision repair

Base excision repair is used to repair distinct base
errors, such as removal of non-bulky adducts or alkylated
bases, which have not distorted the DNA helix. Initially,
glycosylases recognise the damage and excise the affected
base, creating an apurinic/apyrimidinic (AP) intermediate
site. This site is recognised by an AP endonuclease, APEI,
which creates a strand break and allows the DNA damage
to be repaired by DNA polymerases (49). The expression of
AP endonucleases has been shown to be directly correlated
with resistance to chemoradiotherapy and poor survival in
squamous cell head-and-neck cancer patients treated with
platinum-based therapies (50) and resistance of pancreatic
cancer cells to gemcitabine treatment (51).

6.p53

The processing of chemotherapy-induced damage
is a critical step in a cancer cell’s response to chemotherapy
and is therefore a key determinant of drug
sensitivity/resistance. The tumour suppressor p53 plays a
key role in regulating a cell’s response to a toxic insult
(such as chemotherapy treatment) through its regulation of
apoptosis and cell cycle arrest (52). The gene encoding
p53, TP53, is mutated in approximately 50% of all human
cancers, making it the most frequently mutated gene in this
disease (53), and in many of the remaining cases, p53
activity may be compromised by alternative mechanisms
(54). DNA damage results in the activation of upstream
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kinases such as ataxia-telangiectasia mutated (ATM),
ATM- and Rad3-related (ATR) and DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) that can
directly or indirectly activate p53. Phosphorylation of p53
by these upstream kinases results in enhanced p53 stability
and activity by inhibiting its interaction with HDM-2 (55).
The role of p53 in determining cell fate following DNA
damage is attributed to its role as a transcription factor. p53
transcriptionally up-regulates genes that can induce cell
cycle arrest, such as p21""CP1 and GADD45, thus
allowing the cell time to repair the DNA damage (56, 57).
Alternatively, pS3 can induce apoptosis if the DNA damage
is irreparable (54). p53 can regulate apoptosis through both
the extrinsic and the intrinsic pathways. p53
transcriptionally up-regulates the Fas (58) and DRS5 (59)
genes and has been implicated in trafficking of the Fas
receptor from the Golgi to the cell membrane (60). p53-
responsive elements have been found in the promoters of
genes of the BH3-only subset of the Bcl-2 protein family,
namely PUMA (61) and Noxa (62). p53 also induces
expression of APAF-1, an integral part of the caspase-9
apoptosome, through a pS53-responsive element within the
APAF-1 promoter (63). p53 can also abrogate pro-survival
signals; for example, p53 transcriptionally up-regulates the
PTEN tumour suppressor gene, a phosphatase that
negatively regulates the PI3K/Akt pro-survival pathway
(64). p53 also regulates apoptosis by directly binding to and
inhibiting the anti-apoptotic activities of Bcl-2 and Bcel-X
(65).

The role of p53 in regulating chemotherapy-
induced cell death appears to depend on the type of
chemotherapy used. In bladder cancer cell lines, p53 wild-
type and heterozygous p53" cells underwent apoptosis
following chemotherapy treatment, however p53 null cell
lines showed little or no increase in apoptosis (66). In our
laboratory, we found that HCT116 p53 wild-type and null
colorectal cancer cells were equally sensitive to irinotecan
(CPT-11), whereas the p53 null cell line was significantly
less sensitive to both 5-fluorouracil and oxaliplatin (67).
Similarly, Fichtner ef al. found no correlation between p53
status and response to irinotecan in xenotransplanted
colorectal tumours (68). To assess the role of p53 mutations
and response to chemotherapy, Koike et al. generated
twenty-one human tumour xenografts, ten of which were
p53 mutant. Of the nine chemotherapy drugs tested,
resistance was only observed in p53 mutant xenografts
treated with mitomycin C (69). Clinically, studies
attempting to correlate p53 mutation and response to
chemotherapy have produced mixed and sometimes
conflicting results. Table 1 summarizes some of those
studies. p53 overexpression is often used as a surrogate
marker for p5S3 mutations, however it has been reported that
p53 overexpression does not actually reflect mutations of
the TP53 gene in as many as 40% of cases (70). This may
be the cause of some of the conflicting reports on the role
of p53 in drug resistance.

As p53 is a key regulator of cellular response to
cytotoxic drugs and is mutated in approximately 50% of
cancers, restoration of normal p53 signaling in cancer cells
is a major therapeutic strategy currently in development.
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One such strategy is to inhibit the binding of p53 to HDM-
2, and subsequently prevent its proteasomal degradation.
Such molecules include a family of imidizole compounds
known as nutlins (71). In vitro studies have demonstrated
that nutlins can sensitize cancer cell lines to radiotherapy
(72) and chemotherapy (73, 74). In vivo studies
demonstrated that nutlin treatment resulted in 90% growth
inhibition of established osteosarcoma xenografts in nude
mice (75). Another HDM-2 antagonist RITA was
discovered by screening the NCI library for compounds
that inhibited the growth of p53 wild-type HCT116 cells,
but not p53 null HCT116 cells (76). Treatment of SCID
mice carrying HCT116 p53 wild-type and null xenografts
with RITA significantly suppressed the growth of p53 wild-
type, but not p53 null xenografts. Genetic reintroduction of
wild-type p53 has also been studied extensively as a
therapeutic strategy. Pre-clinical studies have indicated that
re-introduction of wild-type p53 can sensitize cancer cells
to treatment with radiation in vitro (77) and in vivo (78). An
adenovirus expressing wild-type p53 (Ad-p53) called
Advexin has been developed by Introgen Therapeutics.
Phase I and II trials have shown that Advexin can be safely
administered by intratumoural injection into patients with
advanced esophageal cancer (79) and intravenously in
patients with advanced malignancies (80, 81). Advexin is
currently undergoing a phase III trial in patients with head
and neck cancer (www.introgen.com). Other p53
expressing adenovirus therapies being tested clinically
include ONYX-015 (Onyx Pharmaceuticals), a genetically
engineered virus that only replicates in and lyses p53
deficient/mutant cells. ONYX-015 in combination with
numerous chemotherapies has been tested in a phase II/I11
clinical trials of patients with head and neck cancer, with
no observed treatment-related toxicity (82, 83). Another
p53 expressing adenovirus, SCH58500 (Schering-Plough),
has undergone successful phase I and II trials for hepatic
arterial infusion to patients with colorectal cancer and
interperitoneal administration to patients with ovarian
cancer (84, 85).

7. CELL DEATH

The ultimate goal of most cancer therapies is the
induction of cell death, which can occur in two main ways
— necrosis and apoptosis. Necrosis is a pathological
response to cellular injury, which results in lysis of the
plasma membrane and spillage of the cellular contents,
leading to the triggering of a general inflammatory
response. In contrast, apoptosis is a controlled method of
cell death that involves chromatin condensation, DNA
laddering, cell shrinking and plasma membrane blebbing.
The cell contents are then packaged into membrane-bound
fragments, released and subsequently phagocytosed. As a
result, an inflammatory response is avoided. Apoptosis can
be induced in two ways: via the intrinsic (mitochondrial)
pathway; and the extrinsic (death-receptor mediated)
pathway (Figure 2). Mutations of the genes or alterations in
the expression of proteins that regulate apoptosis have been
shown to occur in many cancers. Dysregulation of
apoptosis is believed to make a significant contribution to
drug resistance.
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7.1. Intrinsic apoptotic pathway

The intrinsic apoptotic pathway can be initiated
in response to a number of different types of stimuli,
including UV-induced DNA damage, chemotherapy
treatment and growth factor withdrawal. In response to
these stimuli, the mitochondrial outer membrane becomes
permeabilised and pro-apoptotic molecules such as
cytochrome ¢, Smac (second mitochondria-derived
activator of caspases)/DIABLO (direct IAP binding protein
with low Pi) and AIF (apoptosis inducing factor) are
released. Cytochrome ¢ can bind to ATP, APAF-1
(apoptotic protease activating factor) and procaspase-9 in
the cytoplasm to form the apoptosome, which leads to
caspase-9 activation. Active caspase-9 can then activate the
downstream executioner caspases, caspases-3 and -7 (86).
Smac functions to bind to and inactivate the inhibitor of
apoptosis (IAP) family of proteins, and AIF functions to
induce chromatin condensation and DNA fragmentation,
which can lead to apoptosis in the absence of caspase
activity.

The intrinsic apoptotic pathway is regulated by
the Bcl-2 family of proteins. This family of proteins
contains both pro-apoptotic proteins such as Bax, Bak, Bad
and Bid, which function to promote the release of
cytochrome c¢ from the mitochondria, and anti-apoptotic
proteins such as Bel-2 and Bcl-X;, which interact with and
inhibit the pro-apoptotic Bcl-2 proteins. It is the relative
balance between the pro- and anti-apoptotic Bcl-2 family
members within cells that is believed to determine whether
they undergo apoptosis (Figure 2).

It has been reported that the overexpression of
anti-apoptotic Bcl-X; leads to poor prognosis in NSCLC
patients treated with chemotherapy (87), and increased Bcl-
X1 protein expression corresponds to increased resistance
of ovarian cancer cells to cisplatin, paclitaxel, topotecan
and gemcitabine treatment in vitro and in vivo (88). Bcl-2
overexpression has been correlated with increased cisplatin
resistance in vitro, and knock-down of Bcl-2 using siRNA
leads to increased sensitivity to cisplatin in bladder cancer
cells (89) and increased sensitivity of pancreatic cancer
cells to gemcitabine treatment (90). Downregulation of Bel-
2 has also been shown to increase the effectiveness of
cisplatin in renal cell cancer (91). Mutations in genes
encoding Bid and Smac/DIABLO have been shown to be
related to resistance to the tumour necrosis factor (TNF)-
related apoptosis-inducing ligand (TRAIL) and to
chemotherapy in glioma cells (92). Furthermore, Bcl-2
protein levels have been inversely correlated with response
to chemotherapy treatment in neuroblastoma patients,
whereas Bax protein levels have been directly correlated
with response (93). Bcl-2 inhibitors such as the antisense
oligonucleotide Oblimersen have been developed to
overcome the resistance caused by overexpression of Bcl-2,
and have been shown to be successful in the clinical
setting. The addition of Oblimersen to fludarabine
treatment in a recent Phase III clinical trial in chronic
lymphocitic leukemia patients has been reported to
significantly improve response rates and response duration
compared to chemotherapy treatment alone (94).
Furthermore, use of the small molecule inhibitors ABT-737
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Figure 2. Overview of the death receptor pathway. Following binding of their ligands, the TRAIL death receptors (DR4 and
DRS) and the Fas death receptor recruit the adapter molecule FADD, which in turn recruits procaspase 8 to form the death-
inducing signaling complex (DISC). At the DISC, procaspase 8 is cleaved and activated. Active caspase 8 can then dissociate
from the DISC and activate the downstream executioner caspases, caspase 3 and caspase 7, which then cleave a cassette of
protein substrates to induce apoptosis. Caspase 8 activation at the DISC is inhibited by c-FLIP. Caspase 8 can also cleave and
activate the Bcl-2 family member BID, which translocates to the mitochondria and promotes Bax- and Bak-mediated release of
pro-apoptotic molecules such as cytochrome ¢ and Smac from the mitochondria. This process is inhibited by pro-survival Bcl-2
family members such as Bcl-2 itself and Bcl-X;. Cytochrome ¢ forms a complex with APAF-1 and procaspase 9 known as the
apoptosome, in which caspase 9 is activated and can then cleave and activate the downstream executioner caspases. Smac inhibits
the action of inhibitor of apoptosis proteins (IAPs) such as XIAP, which acts to inhibit caspase 3, 7 and 9 activity.

(Abbott Laboratories) and GX15-070 (Geminex), which
target the anti-apoptotic Bcl-2 family members, have been
shown to enhance the effectiveness of chemotherapy. ABT-
737 has been shown to increase the effectiveness of
vincristine, dexamethasone and L-asparaginase both in
vitro and in in vivo mouse models derived from patient
samples with acute lymphoblastic leukemia (95), and
GX15-070 treatment has been reported to significantly
enhance cisplatin-induced apoptosis in NSCLC cell lines
(96).

7.2. Extrinsic apoptotic pathway

Death receptors are members of the TNF (tumour
necrosis factor) receptor superfamily and include TNFR-1,
Fas and TRAIL (TNF-related apoptosis inducing ligand) -
R1 (death receptor 4 or DR4) and TRAIL-R2 (death
receptor 5 or DRS). The binding of a death ligand to its
corresponding receptor leads to the recruitment of an
adaptor molecule FADD (Fas associated death domain),
either directly or indirectly via the adaptor molecule
TRADD. FADD can then recruit two molecules of
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procaspase-8 or -10 to form the DISC (death inducing
signalling complex), in which caspase-8 and -10 become
activated and subsequently activate the downstream
executioner caspases-3, -6 and -7 (97). In addition, active
caspase-8 can activate the Bcl-2 family member Bid, which
translocates to the mitochondria to induce Bax/Bak-
mediated release of cytochrome ¢ and other pro-apoptotic
proteins (86) (Figure 2).

Alterations in the proteins involved in the
extrinsic apoptotic pathway can contribute to drug
resistance. Decoy receptors present on the cell surface such
as DcR1 and DcR2, which bind TRAIL, and DcR3, which
binds FasL, bind to the death ligands and thereby inhibit
their binding to DR4/5 and Fas. (98). Overexpression of
DcR1 contributes to increased resistance of fibrosarcoma
cells to cyclohexamide (99), and expression of DcR2 has
been reported to correlate with response to TRAIL
treatment in MCF7 breast cancer cells (100). A direct
correlation has been reported between the expression of Fas
and DR5 and response to adriamycin and etoposide
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treatment in acute lymphoblastic leukaemia cell lines (101).
Furthermore, it has been demonstrated that mutations in the
genes encoding DR4, DRS5, caspase-8 and FADD are
related to resistance to TRAIL and chemotherapy treatment
in glioma cells (92), and low FADD protein expression has
been correlated with chemoresistance and a worse clinical
outcome in patients with acute myeloid leukaemia (102).

Death receptors have been investigated as novel
targets for cancer therapy. We and others have shown
efficient induction of Fas-mediated apoptosis in response to
agonistic Fas antibodies in vitro (103, 104), however,
systemic treatment with Fas-targeted antibodies has been
shown to cause severe liver damage in vivo (105).
Targeting the TRAIL receptors appears to be a more
promising strategy (106). Pre-clinical studies have shown
that thTRAIL exhibits very little toxicity in normal cell
lines of various lineages, but is capable of inducing
apoptosis in a range of cancer cell lines (107, 108).
Furthermore, high concentrations of thTRAIL do not cause
any toxicity in non-human primates such as chimpanzees or
cynomolgus monkeys (109). thTRAIL has also shown
tumoricidal activity in vivo against xenografts of various
cancers either alone or in combination with chemotherapy
(108, 110, 111). Several clinical trials are currently
evaluating the effectiveness of various TRAIL agonists.

7.3. Inhibition of apoptosis

The IAP family of proteins, of which six
members have been identified (cIAP1, cIAP2, XIAP,
NIAP, survivin and Bruce), can bind to and inhibit
caspases-3, -7 and -9, preventing apoptosis. In addition to
this, cIAP1, cIAP2 and XIAP can promote degradation of
caspases (112). It has been shown that increased cIAP1 and
survivin levels lead to increased resistance of thyroid
cancer cells to chemotherapy, and RNAi-mediated
silencing of these two proteins leads to increased sensitivity
to doxorubicin or cisplatin treatment in these cells (113).
cIAP1 and cIAP2 expression has also been correlated with
resistance of pancreatic cancer cells to 5-FU, cisplatin,
doxorubicin and paclitaxel treatment, and downregulation
of cIAP2 and XIAP enhances sensitivity to chemotherapy
treatment (114). Resistance of hepatoma cell lines to
chemotherapy has been correlated with increased survivin
expression (115), and IAP expression has been reported to
be an important determinant of drug resistance in
leukaemia cell lines (116). Furthermore, knock down of
XIAP has been shown to sensitise Hodgkins lymphoma
cells to a number of cytotoxic agents (117) and prostate
cancer cells to cisplatin treatment (118). Use of XIAP small
molecule inhibitors have also been shown to sensitise
pancreatic cancer cells to gemcitabine treatment (119), and
treatment of NSCLC cells with a small molecule Smac
mimetic enhances sensitivity to cisplatin (120). In addition,
the XIAP-targeted antisense oligonucleotide AEG35156
has been developed which leads to a significantly enhanced
response to docetaxel treatment in lung and pancreatic
cancer xenografts (121) and is currently being evaluated in
clinical trials.

Death receptor-mediated apoptosis is inhibited by
the caspase-8 inhibitor c-FLIP. c-FLIP protein expression
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has been shown to be an important determinant of response
to chemotherapy in a number of different cancer cell line
models, including colorectal (122, 123), ovarian (124),
prostate (125), cervical (126) and lung cancer (127).
Interestingly, c-FLIP over-expression has been linked to a
poor clinical outcome and increased drug resistance in
Burkitt’s lymphoma (128), and to poor prognosis in
colorectal cancer patients (129).

8. PRO-SURVIVAL SIGNALING

Cells may be inherently resistant to apoptosis
induced by chemotherapeutic agents due to the constitutive
activation of pro-survival signalling pathways that is a
hallmark of many cancers. Furthermore, these pathways
may be activated by chemotherapy treatment and thereby
induce acute resistance. Pro-survival pathways can be
activated by cytoplasmic and receptor tyrosine kinases such
as c-Src and the epidermal growth factor receptor (EGFR)
family, of which there are four members, namely EGFR
(HER-1, ErbBl1), HER-2 (ErbB2), HER-3 (ErbB3) and
HER-4 (ErbB4). Binding of ligands to these receptors leads
to homo- or heterodimerisation, which in turn leads to the
activation of downstream pro-survival pathways such as
those mediated by phosphatidylinositol-3 kinases (PI3Ks),
Ras/Raf and STAT3/5 (signal transducers and activators of
transcription).

8.1. EGFR signalling

The expression of the EGFR family of receptors
has been implicated in tumour progression and as sign of
poor prognosis. Overexpression of EGFR family members
occurs in many different cancer types and has been
reported to increase resistance to chemotherapy, for
example HER2/neu overexpression in the breast cancer cell
line MCF-7 increases resistance to the platinum analogue
CBDCA and 5-FU treatment (130) and to paclitaxel
treatment (131). The use of EGFR inhibitors has been
shown to enhance response to chemotherapy in a number of
different cancer cell lines. The EGFR-targeted monoclonal
antibody Cetuximab (Erbitux) inhibited growth and
improved response to chemotherapy in both in vitro and in
vivo pancreatic cancer models (132). Cetuximab has been
reported to show considerable activity in the treatment of
metastatic colorectal cancer both as a monotherapy and in
combination with chemotherapy (133). Furthermore,
Gefitinib treatment has been demonstrated to increase
sensitivity to the FOLFOX-4 chemotherapy regime in
patients with previously treated advanced colorectal cancer
in a Phase II clinical trial (134). Gefitinib has also been
reported to sensitise a number of non-small cell lung
carcinoma (135) and colorectal cancer cell lines (136) to
chemotherapy treatment; interestingly, the interations
between gefitinib and chemotherapy were found to be
dependent on the activation of EGFR in response to
chemotherapy treatment in these cell lines, suggesting that
these cancer cells activate EGFR as an acute survival
response to chemotherapy treatment.

8.2. PI3K/PTEN/Akt pathway
Phosphatidylinositol-3 kinases (PI3Ks) are a
family of lipid kinases which are activated by growth factor
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receptors. Activation of PI3Ks leads to the downstream
activation of the serine/threonine kinase Akt, which is
involved in various processes including cell survival, cell
cycle progression and cell growth. Inhibition of Akt
increases the efficacy of paclitaxel treatment in ovarian
(137), lung and oesophageal cancer cells (138), and
enhances apoptosis induced by etoposide in small cell lung
carcinoma cells (139). The activation of Akt is inhibited by
the tumour suppressor PTEN, the overexpression of which
has been shown to reduce drug resistance in ovarian cancer
cell lines (140) and prostate cancer cells (141).
Furthermore, overexpression of pAkt and loss of PTEN are
correlated with poor prognosis in non-small cell lung
carcinoma, as shown by significantly worse five year
survival rates and median survival time (142).

8.3. NFkB

The NF«B transcription factor is a heterodimer
consisting of pS0 (NFxB1) and p65 (RelA) subunits. It
normally remains sequestered in the cytoplasm bound by
the inhibitory IkB protein. Activation of NF«B involves the
phosphorylation of IkB and its subsequent degradation by
the proteasome pathway. Active NF«kB translocates to the
nucleus where it binds to promoter regions of target genes
to induce their expression and is therefore a key regulator
of a number of cellular responses. NF«B has been reported
to be activated in response to chemotherapy, resulting in
inducible chemoresistance in human gastric cancer cell
lines. Consistent with this, inhibition of NFxB enhances
chemotherapy effectiveness in this cancer type (143).
NF«kB inhibition also leads to increased sensitivity of
myeloma cells to apoptosis (144), and increased sensitivity
of pancreatic cancer cells to gemcitabine (145). A
proteosome inhibitor, Bortezomib (Velcade), has been
developed, which has been shown to induce apoptosis in
chronic lymphocitic leukaemia cells (146) and human
multiple myeloma cancer cell lines, and also to sensitise
these cells to chemotherapy (147). The pro-apoptotic
activity of Bortezomib is thought to be due (at least in part)
to inhibition of IkB degradation, which results in NFkB
signalling being blocked. This agent is currently in clinical
trials, where it has shown considerable single-agent activity
in T-cell lymphoma (148) and multiple myeloma (149), and
it has also been reported to lead to a sensitisation to
doxorubicin treatment in multiple myeloma patients (150).

9. DISCUSSION

The presence or development of drug resistance
is known to be a major limiting factor in the effectiveness
of chemotherapy treatment of cancer. Drug resistance can
develop via numerous mechanisms, some of which have
been outlined in this review. Recent advances in the
understanding of these processes have led to the
development of a number of different strategies to
overcome the effects of drug resistance. These strategies
include antagonists of Bcl-2 family members (Oblimersen,
ABT-737, GX15-070), EGFR/Her2 inhibitors (Cetuximab,
Herceptin, Lapatanib), and the use of death-inducing
ligands such as TRAIL agonists which function to directly
activate the apoptotic pathway. Alongside these
developments, DNA microarray technology is starting to
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identify gene expression patterns that predict tumour
response to chemotherapy. This may enable the
identification of patients who are more likely to respond to
a particular therapy and (just as importantly) identify
patients who are unlikely to benefit. In the future, the
combined use of molecular-targeted therapies and
tumour/patient profiling could lead to an era in which
patient treatment for cancer is individualized, with
chemotherapy being combined with targeted therapies
according to the genomic profile of the tumour and patient.

10. ACKNOWLEDGEMENT

Research in our lab is supported by the Medical
Research Council, Cancer Research UK, Ulster Cancer
Foundation and the Research and Development Office,
Northern Ireland.

11. REFERENCES

1. T. Sandal: Molecular aspects of the mammalian cell
cycle and cancer. Oncologist, 7, 73-81 (2002)

2. D. Hanahan & R. A. Weinberg: The hallmarks of cancer.
Cell, 100, 57-70 (2000)

3. G. Giaccone & H. M. Pinedo: Drug Resistance.
Oncologist, 1, 82-7 (1996)

4. A. A. Stavrovskaya: Cellular mechanisms of multidrug
resistance of tumor cells. Biochemistry (Mosc), 65, 95-106
(2000)

5. F. Frezard & A. Garnier-Suillerot: Permeability of lipid
bilayer to anthracycline derivatives. Role of the bilayer
composition and of the temperature. Biochim Biophys Acta,
1389, 13-22 (1998)

6. R. A. Gatenby & R. J. Gillies: Why do cancers have high
aerobic glycolysis? Nat Rev Cancer, 4, 891-9 (2004)

7. S. M. Simon & M. Schindler: Cell biological
mechanisms of multidrug resistance in tumors. Proc Natl
Acad Sci U S 4, 91, 3497-504 (1994)

8. M. Serra, G. Reverter-Branchat, D. Maurici, S. Benini, J.
N. Shen, T. Chano, C. M. Hattinger, M. C. Manara, M.
Pasello, K. Scotlandi & P. Picci: Analysis of dihydrofolate
reductase and reduced folate carrier gene status in relation
to methotrexate resistance in osteosarcoma cells. Ann
Oncol, 15, 151-60 (2004)

9. J. A. Moscow, M. Gong, R. He, M. K. Sgagias, K. H.
Dixon, S. L. Anzick, P. S. Meltzer & K. H. Cowan:
Isolation of a gene encoding a human reduced folate carrier
(RFC1) and analysis of its expression in transport-deficient,
methotrexate-resistant human breast cancer cells. Cancer
Res, 55, 3790-4 (1995)

10. 1. Ifergan, I. Meller, J. Issakov & Y. G. Assaraf:
Reduced folate carrier protein expression in osteosarcoma:



Drug resistance mechanisms

implications for the prediction of tumor chemosensitivity.
Cancer, 98, 1958-66 (2003)

11. R. Gorlick, E. Goker, T. Trippett, P. Steinherz, Y.
Elisseyeff, M. Mazumdar, W. F. Flintoff & J. R. Bertino:
Defective transport is a common mechanism of acquired
methotrexate resistance in acute lymphocytic leukemia and
is associated with decreased reduced folate -carrier
expression. Blood, 89, 1013-8 (1997)

12. M. M. Gottesman, I. Pastan & S. V. Ambudkar: P-
glycoprotein and multidrug resistance. Curr Opin Genet
Dev, 6, 610-7 (1996)

13. E. Yakirevich, E. Sabo, I. Naroditsky, Y. Sova, O.
Lavie & M. B. Resnick: Multidrug resistance-related
phenotype and apoptosis-related protein expression in
ovarian serous carcinomas. Gynecol Oncol, 100, 152-9
(2006)

14. R. S. Weinstein, S. M. Jakate, J. M. Dominguez, M. D.
Lebovitz, G. K. Koukoulis, J. R. Kuszak, L. F. Klusens, T.
M. Grogan, T. J. Saclarides, I. B. Roninson & et al.:
Relationship of the expression of the multidrug resistance
gene product (P-glycoprotein) in human colon carcinoma to
local tumor aggressiveness and lymph node metastasis.
Cancer Res, 51, 2720-6 (1991)

15. M. Michieli, D. Damiani, A. Ermacora, P. Masolini, D.
Raspadori, G. Visani, R. J. Scheper & M. Baccarani: P-
glycoprotein, lung resistance-related protein and multidrug
resistance associated protein in de novo acute non-
lymphocytic  leukaemias:  biological and clinical
implications. Br J Haematol, 104, 328-35 (1999)

16. P. Borst, R. Evers, M. Kool & J. Wijnholds: A family
of drug transporters: the multidrug resistance-associated
proteins. J Natl Cancer Inst, 92, 1295-302 (2000)

17. M. A. Izquierdo, G. L. Scheffer, M. J. Flens, A. B.
Schroeijers, P. van der Valk & R. J. Scheper: Major vault
protein LRP-related multidrug resistance. Eur J Cancer,
32A, 979-84 (1996)

18. A. K. Larsen, A. E. Escargueil & A. Skladanowski:
Resistance mechanisms associated with altered intracellular

distribution of anticancer agents. Pharmacol Ther, 85, 217-
29 (2000)

19. D. B. Longley, D. P. Harkin & P. G. Johnston: 5-
fluorouracil: mechanisms of action and clinical strategies.
Nat Rev Cancer, 3, 330-8 (2003)

20. A. Evrard, P. Cuq, B. Robert, L. Vian, A. Pelegrin & J.
P. Cano: Enhancement of 5-fluorouracil cytotoxicity by
human thymidine-phosphorylase expression in cancer cells:
in vitro and in vivo study. Int J Cancer, 80, 465-70 (1999)

21. J. Boyer, P. J. Maxwell, D. B. Longley & P. G.
Johnston:  5-Fluorouracil:  identification of novel
downstream mediators of tumour response. Anticancer Res,
24, 417-23 (2004)

5147

22. A. Kojima, N. R. Hackett & R. G. Crystal: Reversal of
CPT-11 resistance of lung cancer cells by adenovirus-
mediated gene transfer of the human carboxylesterase
c¢DNA. Cancer Res, 58, 4368-74 (1998)

23. T. Oguri, H. Achiwa, Y. Bessho, H. Muramatsu, H.
Maeda, T. Niimi, S. Sato & R. Ueda: The role of
thymidylate synthase and dihydropyrimidine
dehydrogenase in resistance to S5-fluorouracil in human
lung cancer cells. Lung Cancer, 49, 345-51 (2005)

24. D. Salonga, K. D. Danenberg, M. Johnson, R. Metzger,
S. Groshen, D. D. Tsao-Wei, H. J. Lenz, C. G. Leichman,
L. Leichman, R. B. Diasio & P. V. Danenberg: Colorectal
tumors responding to 5-fluorouracil have low gene
expression levels of dihydropyrimidine dehydrogenase,
thymidylate synthase, and thymidine phosphorylase. Clin
Cancer Res, 6, 1322-7 (2000)

25. C. A. Rabik & M. E. Dolan: Molecular mechanisms of
resistance and toxicity associated with platinating agents.
Cancer Treat Rev, 33, 9-23 (2007)

26. C. Bernstein, H. Bernstein, C. M. Payne & H. Garewal:
DNA repair/pro-apoptotic dual-role proteins in five major
DNA repair pathways: fail-safe protection against
carcinogenesis. Mutat Res, 511, 145-78 (2002)

27. L. Deriano, O. Guipaud, H. Merle-Beral, J. L. Binet, M.
Ricoul, G. Potocki-Veronese, V. Favaudon, Z.
Maciorowski, C. Muller, B. Salles, L. Sabatier & J. Delic:
Human chronic lymphocytic leukemia B cells can escape
DNA  damage-induced  apoptosis through  the
nonhomologous end-joining DNA repair pathway. Blood,
105, 4776-83 (2005)

28. L. T. Hansen, C. Lundin, M. Spang-Thomsen, L. N.
Petersen & T. Helleday: The role of RADSI in etoposide
(VP16) resistance in small cell lung cancer. Int J Cancer,
105, 472-9 (2003)

29. R. Rosell, R. V. Lord, M. Taron & N. Reguart: DNA
repair and cisplatin resistance in non-small-cell lung
cancer. Lung Cancer, 38, 217-27 (2002)

30. B. Koberle, J. R. Masters, J. A. Hartley & R. D. Wood:
Defective repair of cisplatin-induced DNA damage caused
by reduced XPA protein in testicular germ cell tumours.
Curr Biol, 9, 273-6 (1999)

31. D. B. Zamble, Y. Mikata, C. H. Eng, K. E. Sandman &
S. J. Lippard: Testis-specific HMG-domain protein alters
the responses of cells to cisplatin. J Inorg Biochem, 91,
451-62 (2002)

32. M. Selvakumaran, D. A. Pisarcik, R. Bao, A. T. Yeung
& T. C. Hamilton: Enhanced cisplatin cytotoxicity by
disturbing the nucleotide excision repair pathway in
ovarian cancer cell lines. Cancer Res, 63, 1311-6 (2003)

33. X. Wu, W. Fan, S. Xu & Y. Zhou: Sensitization to the
cytotoxicity of cisplatin by transfection with nucleotide



Drug resistance mechanisms

excision repair gene xeroderma pigmentosun group A
antisense RNA in human lung adenocarcinoma cells. Clin
Cancer Res, 9, 5874-9 (2003)

34. K. V. Ferry, T. C. Hamilton & S. W. Johnson:
Increased nucleotide excision repair in cisplatin-resistant
ovarian cancer cells: role of ERCCI1-XPF. Biochem
Pharmacol, 60, 1305-13 (2000)

35. M. Cummings, K. Higginbottom, C. J. McGurk, O. G.
Wong, B. Koberle, R. T. Oliver & J. R. Masters: XPA
versus ERCC1 as chemosensitising agents to cisplatin and
mitomycin C in prostate cancer cells: role of ERCCI1 in
homologous recombination repair. Biochem Pharmacol, 72,
166-75 (2006)

36. R. Metzger, C. G. Leichman, K. D. Danenberg, P. V.
Danenberg, H. J. Lenz, K. Hayashi, S. Groshen, D.
Salonga, H. Cohen, L. Laine, P. Crookes, H. Silberman, J.
Baranda, B. Konda & L. Leichman: ERCC1 mRNA levels
complement thymidylate synthase mRNA levels in
predicting response and survival for gastric cancer patients
receiving  combination cisplatin  and  fluorouracil
chemotherapy. J Clin Oncol, 16, 309-16 (1998)

37. R. V. Lord, J. Brabender, D. Gandara, V. Alberola, C.
Camps, M. Domine, F. Cardenal, J. M. Sanchez, P. H.
Gumerlock, M. Taron, J. J. Sanchez, K. D. Danenberg, P.
V. Danenberg & R. Rosell: Low ERCCI expression
correlates with prolonged survival after cisplatin plus
gemcitabine chemotherapy in non-small cell lung cancer.
Clin Cancer Res, 8, 2286-91 (2002)

38. K. A. Olaussen, A. Dunant, P. Fouret, E. Brambilla, F.
Andre, V. Haddad, E. Taranchon, M. Filipits, R. Pirker, H.
H. Popper, R. Stahel, L. Sabatier, J. P. Pignon, T. Tursz, T.
Le Chevalier & J. C. Soria: DNA repair by ERCCI in non-
small-cell lung cancer and cisplatin-based adjuvant
chemotherapy. N Engl J Med, 355, 983-91 (2006)

39. Z. Kemp, C. Thirlwell, O. Sieber, A. Silver & L.
Tomlinson: An update on the genetics of colorectal cancer.
Hum Mol Genet, 13 Spec No 2, R177-85 (2004)

40. M. Bignami, . Casorelli & P. Karran: Mismatch repair
and response to DNA-damaging antitumour therapies. Eur
J Cancer, 39, 2142-9 (2003)

41. S. Aebi, B. Kurdi-Haidar, R. Gordon, B. Cenni, H.
Zheng, D. Fink, R. D. Christen, C. R. Boland, M. Koi, R.
Fishel & S. B. Howell: Loss of DNA mismatch repair in
acquired resistance to cisplatin. Cancer Res, 56, 3087-90
(1996)

42. D. Fink, H. Zheng, S. Nebel, P. S. Norris, S. Aebi, T. P.
Lin, A. Nehme, R. D. Christen, M. Haas, C. L. MacLeod &
S. B. Howell: In vitro and in vivo resistance to cisplatin in
cells that have lost DNA mismatch repair. Cancer Res, 57,
1841-5 (1997)

43. J. M. Carethers, D. P. Chauhan, D. Fink, S. Nebel, R. S.
Bresalier, S. B. Howell & C. R. Boland: Mismatch repair

5148

proficiency and in vitro response to 5-fluorouracil.
Gastroenterology, 117, 123-31 (1999)

44. D. B. Longley & P. G. Johnston: Molecular
mechanisms of drug resistance. J Pathol, 205, 275-92
(2005)

45. D. Black, R. A. Soslow, D. A. Levine, C. Tornos, S. C.
Chen, A. J. Hummer, F. Bogomolniy, N. Olvera, R. R.
Barakat & J. Boyd: Clinicopathologic significance of
defective DNA mismatch repair in endometrial carcinoma.
J Clin Oncol, 24, 1745-53 (2006)

46. M. Scartozzi, V. Franciosi, N. Campanini, G. Benedetti,
F. Barbieri, G. Rossi, R. Berardi, R. Camisa, R. R. Silva, A.
Santinelli, A. Ardizzoni, L. Crino, G. Rindi & S. Cascinu:
Mismatch repair system (MMR) status correlates with
response and survival in non-small cell lung cancer
(NSCLC) patients. Lung Cancer, 53, 103-9 (2006)

47. R. Sankila, L. A. Aaltonen, H. J. Jarvinen & J. P.
Mecklin: Better survival rates in patients with MLHI-

associated hereditary colorectal cancer. Gastroenterology,
110, 682-7 (1996)

48. S. Popat, R. Wort & R. S. Houlston: Inter-relationship
between microsatellite instability, thymidylate synthase
expression, and p53 status in colorectal cancer:
implications for chemoresistance. BMC Cancer, 6, 150
(2006)

49. S. Madhusudan, F. Smart, P. Shrimpton, J. L.
Parsons, L. Gardiner, S. Houlbrook, D. C. Talbot, T.
Hammonds, P. A. Freemont, M. J. Sternberg, G. L.
Dianov & 1. D. Hickson: Isolation of a small molecule
inhibitor of DNA base excision repair. Nucleic Acids
Res, 33, 4711-24 (2005)

50. M. L. Koukourakis, A. Giatromanolaki, S. Kakolyris,
E. Sivridis, V. Georgoulias, G. Funtzilas, I. D. Hickson,
K. C. Gatter & A. L. Harris: Nuclear expression of
human apurinic/apyrimidinic endonuclease (HAP1/Ref-
1) in head-and-neck cancer is associated with resistance
to chemoradiotherapy and poor outcome. Int J Radiat
Oncol Biol Phys, 50, 27-36 (2001)

51. J. P. Lau, K. L. Weatherdon, V. Skalski & D. W.
Hedley: Effects of gemcitabine on APE/ref-1
endonuclease activity in pancreatic cancer cells, and the
therapeutic potential of antisense oligonucleotides. Br J
Cancer, 91, 1166-73 (2004)

52. B. Vogelstein, D. Lane & A. J. Levine: Surfing the
p53 network. Nature, 408, 307-10 (2000)

53. A. J. Levine: p53, the cellular gatekeeper for growth
and division. Cell, 88, 323-31 (1997)

54. S. Haupt, M. Berger, Z. Goldberg & Y. Haupt:
Apoptosis - the p53 network. J Cell Sci, 116, 4077-85
(2003)



Drug resistance mechanisms

55. D. P. Lane: Cancer. p53, guardian of the genome.
Nature, 358, 15-6 (1992)

56. Q. Zhan, I. T. Chen, M. J. Antinore & A. J. Fornace,
Jr.: Tumor suppressor p53 can participate in transcriptional
induction of the GADDA45 promoter in the absence of direct
DNA binding. Mol Cell Biol, 18, 2768-78 (1998)

57. G. P. Dotto: p21 (WAF1/Cipl): more than a break to
the cell cycle? Biochim Biophys Acta, 1471, M43-56 (2000)

58. M. Muller, S. Wilder, D. Bannasch, D. Israeli, K.
Lehlbach, M. Li-Weber, S. L. Friedman, P. R. Galle, W.
Stremmel, M. Oren & P. H. Krammer: p53 activates the
CD95 (APO-1/Fas) gene in response to DNA damage by
anticancer drugs. J Exp Med, 188, 2033-45 (1998)

59. G. S. Wu, T. F. Burns, E. R. McDonald, 3rd, W. Jiang,
R. Meng, 1. D. Krantz, G. Kao, D. D. Gan, J. Y. Zhou, R.
Muschel, S. R. Hamilton, N. B. Spinner, S. Markowitz, G.
Wu & W. S. el-Deiry: KILLER/DRS is a DNA damage-
inducible p53-regulated death receptor gene. Nat Genet, 17,
141-3 (1997)

60. M. Bennett, K. Macdonald, S. W. Chan, J. P. Luzio, R.
Simari & P. Weissberg: Cell surface trafficking of Fas: a
rapid mechanism of pS3-mediated apoptosis. Science, 282,
290-3 (1998)

61. K. Nakano & K. H. Vousden: PUMA, a novel
proapoptotic gene, is induced by p53. Mol Cell, 7, 683-94
(2001)

62. E. Oda, R. Ohki, H. Murasawa, J. Nemoto, T. Shibue,
T. Yamashita, T. Tokino, T. Taniguchi & N. Tanaka: Noxa,
a BH3-only member of the Bcl-2 family and candidate
mediator of p53-induced apoptosis. Science, 288, 1053-8
(2000)

63. K. Kannan, N. Kaminski, G. Rechavi, J. Jakob-Hirsch,
N. Amariglio & D. Givol: DNA microarray analysis of
genes involved in p53 mediated apoptosis: activation of
Apaf-1. Oncogene, 20, 3449-55 (2001)

64. M. Oren, A. Damalas, T. Gottlieb, D. Michael, J.
Taplick, J. F. Leal, R. Maya, M. Moas, R. Seger, Y. Taya
& A. Ben-Ze'Ev: Regulation of p53: intricate loops and
delicate balances. Ann N Y Acad Sci, 973, 374-83 (2002)

65. M. Mihara, S. Erster, A. Zaika, O. Petrenko, T.
Chittenden, P. Pancoska & U. M. Moll: p53 has a direct
apoptogenic role at the mitochondria. Mol Cell, 11, 577-90
(2003)

66. F. L. Chang & M. D. Lai: The relationship between p53
status and anticancer drugs-induced apoptosis in nine
human bladder cancer cell lines. Anticancer Res, 20, 351-5
(2000)

67. J. Boyer, E. G. McLean, S. Aroori, P. Wilson, A.
McCulla, P. D. Carey, D. B. Longley & P. G. Johnston:
Characterization of p53 wild-type and null isogenic

5149

colorectal cancer cell lines resistant to S-fluorouracil,
oxaliplatin, and irinotecan. Clin Cancer Res, 10, 2158-67
(2004)

68. 1. Fichtner, W. Slisow, J. Gill, M. Becker, B. Elbe, T.
Hillebrand & M. Bibby: Anticancer drug response and
expression of molecular markers in early-passage
xenotransplanted colon carcinomas. Eur J Cancer, 40, 298-
307 (2004)

69. M. Koike, F. Fujita, K. Komori, F. Katoh, T. Sugimoto,
Y. Sakamoto, M. Matsuda & M. Fujita: Dependence of
chemotherapy response on p53 mutation status in a panel of
human cancer lines maintained in nude mice. Cancer Sci,
95, 541-6 (2004)

70. S. Sjogren, M. Inganas, T. Norberg, A. Lindgren, H.
Nordgren, L. Holmberg & J. Bergh: The p53 gene in breast
cancer: prognostic value of complementary DNA
sequencing versus immunohistochemistry. J Natl Cancer
Inst, 88, 173-82 (1996)

71. U. Fischer & K. Schulze-Osthoff: New approaches and
therapeutics targeting apoptosis in disease. Pharmacol Rev,
57, 187-215 (2005)

72. C. Cao, E. T. Shinohara, T. K. Subhawong, L. Geng, K.
Woon Kim, J. M. Albert, D. E. Hallahan & B. Lu:
Radiosensitization of lung cancer by nutlin, an inhibitor of
murine double minute 2. Mol Cancer Ther, 5, 411-7 (2006)

73. G. Ambrosini, E. B. Sambol, D. Carvajal, L. T.
Vassilev, S. Singer & G. K. Schwartz: Mouse double
minute antagonist Nutlin-3a enhances chemotherapy-
induced apoptosis in cancer cells with mutant p53 by
activating E2F1. Oncogene, (2006)

74. L. Coll-Mulet, D. Iglesias-Serret, A. F. Santidrian, A.
M. Cosialls, M. de Frias, E. Castano, C. Campas, M.
Barragan, A. F. de Sevilla, A. Domingo, L. T. Vassilev, G.
Pons & J. Gil: MDM2 antagonists activate p53 and
synergize with genotoxic drugs in B-cell chronic
lymphocytic leukemia cells. Blood, 107, 4109-14 (2006)

75. L. T. Vassilev, B. T. Vu, B. Graves, D. Carvajal, F.
Podlaski, Z. Filipovic, N. Kong, U. Kammlott, C. Lukacs,
C. Klein, N. Fotouhi & E. A. Liu: In vivo activation of the
p53 pathway by small-molecule antagonists of MDM2.
Science, 303, 844-8 (2004)

76. N. Issaeva, P. Bozko, M. Enge, M. Protopopova, L. G.
Verhoef, M. Masucci, A. Pramanik & G. Selivanova: Small
molecule RITA binds to p53, blocks p53-HDM-2
interaction and activates p53 function in tumors. Nat Med,
10, 1321-8 (2004)

77. N. K. Sah, A. Munshi, T. Nishikawa, T.
Mukhopadhyay, J. A. Roth & R. E. Meyn: Adenovirus-
mediated wild-type p53 radiosensitizes human tumor cells
by suppressing DNA repair capacity. Mol Cancer Ther, 2,
1223-31 (2003)



Drug resistance mechanisms

78. S. Kawabe, A. Munshi, L. A. Zumstein, D. R. Wilson,
J. A. Roth & R. E. Meyn: Adenovirus-mediated wild-type
pS3 gene expression radiosensitizes non-small cell lung
cancer cells but not normal lung fibroblasts. /nt J Radiat
Biol, 77, 185-94 (2001)

79. H. Shimada, H. Matsubara, T. Shiratori, T. Shimizu, S.
Miyazaki, S. Okazumi, Y. Nabeya, K. Shuto, H. Hayashi,
T. Tanizawa, Y. Nakatani, H. Nakasa, M. Kitada & T.
Ochiai: Phase I/Il adenoviral p53 gene therapy for
chemoradiation resistant advanced esophageal squamous
cell carcinoma. Cancer Sci, 97, 554-61 (2006)

80. A. W. Tolcher, D. Hao, J. de Bono, A. Miller, A.
Patnaik, L. A. Hammond, L. Smetzer, J. Van Wart Hood, J.
Merritt, E. K. Rowinsky, C. Takimoto, D. Von Hoff & S.
G.  Eckhardt: Phase I, pharmacokinetic, and
pharmacodynamic study of intravenously administered
Ad5CMV-p53, an adenoviral vector containing the wild-
type p53 gene, in patients with advanced cancer. J Clin
Oncol, 24, 2052-8 (2006)

81. J. K. Wolf, D. C. Bodurka, J. B. Gano, M. Deavers, L.
Ramondetta, P. T. Ramirez, C. Levenback & D. M.
Gershenson: A phase I study of Adp53 (INGN 201;
ADVEXIN) for patients with platinum- and paclitaxel-
resistant epithelial ovarian cancer. Gynecol Oncol, 94, 442-
8 (2004)

82. F. R. Khuri, J. Nemunaitis, I. Ganly, J. Arseneau, I. F.
Tannock, L. Romel, M. Gore, J. Ironside, R. H.
MacDougall, C. Heise, B. Randlev, A. M. Gillenwater, P.
Bruso, S. B. Kaye, W. K. Hong & D. H. Kirn: a controlled
trial of intratumoral ONYX-015, a selectively-replicating
adenovirus, in combination with cisplatin and 5-
fluorouracil in patients with recurrent head and neck
cancer. Nat Med, 6, 879-85 (2000)

83. J. Nemunaitis, F. Khuri, I. Ganly, J. Arsencau, M.
Posner, E. Vokes, J. Kuhn, T. McCarty, S. Landers, A.
Blackburn, L. Romel, B. Randlev, S. Kaye & D. Kimn:
Phase II trial of intratumoral administration of ONYX-015,
a replication-selective adenovirus, in patients with
refractory head and neck cancer. J Clin Oncol, 19, 289-98
(2001)

84. 1. A. Atencio, M. Grace, R. Bordens, M. Fritz, J. A.
Horowitz, B. Hutchins, S. Indelicato, S. Jacobs, K. Kolz, D.
Maneval, M. L. Musco, J. Shinoda, A. Venook, S. Wen &
R. Warren: Biological activities of a recombinant
adenovirus p53 (SCH 58500) administered by hepatic
arterial infusion in a Phase 1 colorectal cancer trial. Cancer
Gene Ther, 13, 169-81 (2006)

85. R. E. Buller, M. S. Shahin, J. A. Horowitz, I. B.
Runnebaum, V. Mahavni, S. Petrauskas, R. Kreienberg, B.
Karlan, D. Slamon & M. Pegram: Long term follow-up of
patients with recurrent ovarian cancer after Ad p53 gene
replacement with SCH 58500. Cancer Gene Ther, 9, 567-
72 (2002)

5150

86. S. J. Park, C. H. Wu, J. D. Gordon, X. Zhong, A.
Emami & A. R. Safa: Taxol induces caspase-10-dependent
apoptosis. J Biol Chem, 279, 51057-67 (2004)

87. B. Karczmarek-Borowska, A. Filip, J. Wojcierowski,
A. Smolen, E. Korobowicz, I. Korszen-Pilecka & M.
Zdunek: Estimation of prognostic value of Bcl-xL gene
expression in non-small cell lung cancer. Lung Cancer, 51,
61-9 (2006)

88. J. Williams, P. C. Lucas, K. A. Griffith, M. Choi, S.
Fogoros, Y. Y. Hu & J. R. Liu: Expression of Bcl-xL in
ovarian carcinoma is associated with chemoresistance and
recurrent disease. Gynecol Oncol, 96, 287-95 (2005)

89. H. J. Cho, J. K. Kim, K. D. Kim, H. K. Yoon, M. Y.
Cho, Y. P. Park, J. H. Jeon, E. S. Lee, S. S. Byun, H. M.
Lim, E. Y. Song, J. S. Lim, D. Y. Yoon, H. G. Lee & Y. K.
Choe: Upregulation of Bel-2 is associated with cisplatin-
resistance via inhibition of Bax translocation in human
bladder cancer cells. Cancer Lett, 237, 56-66 (2006)

90. K. Okamoto, M. Ocker, D. Neureiter, O. Dietze, S.
Zopf, E. G. Hahn & C. Herold: bcl-2-specific siRNAs
restore gemcitabine sensitivity in human pancreatic cancer
cells. J Cell Mol Med, 11, 349-61 (2007)

91. I. Kausch, H. Jiang, B. Thode, C. Dochn, S. Kruger &
D. Jocham: Inhibition of bcl-2 enhances the efficacy of
chemotherapy in renal cell carcinoma. Eur Urol, 47, 703-9
(2005)

92. Y. C. Li, C. C. Tzeng, J. H. Song, F. J. Tsia, L. J.
Hsieh, S. J. Liao, C. H. Tsai, E. G. Van Meir, C. Hao & C.
C. Lin: Genomic alterations in human malignant glioma
cells associate with the cell resistance to the combination
treatment with tumor necrosis factor-related apoptosis-
inducing ligand and chemotherapy. Clin Cancer Res, 12,
2716-29 (2006)

93. G. Gallo, E. Giarnieri, S. Bosco, C. Cappelli, M.
Alderisio, M. R. Giovagnoli, A. Giordano & A. Vecchione:
Aberrant bcl-2 and bax protein expression related to

chemotherapy response in neuroblastoma. Anticancer Res,
23, 777-84 (2003)

94. S. O'Brien, J. O. Moore, T. E. Boyd, L. M. Larratt, A.
Skotnicki, B. Koziner, A. A. Chanan-Khan, J. F. Seymour,
R. G. Bociek, S. Pavletic & K. R. Rai: Randomized phase
IIT trial of fludarabine plus cyclophosphamide with or
without oblimersen sodium (Bcl-2 antisense) in patients
with relapsed or refractory chronic lymphocytic leukemia. J
Clin Oncol, 25, 1114-20 (2007)

95. M. H. Kang, Y. H. Kang, B. Szymanska, U.
Wilczynska-Kalak, M. A. Sheard, T. M. Harned, R. B.
Lock & C. P. Reynolds: Activity of vincristine, L-ASP, and
dexamethasone against acute lymphoblastic leukemia is
enhanced by the BH3-mimetic ABT-737 in vitro and in
vivo. Blood, 110, 2057-66 (2007)



Drug resistance mechanisms

96. J. Li, J. Viallet & E. B. Haura: A small molecule pan-
Bcl-2 family inhibitor, GX15-070, induces apoptosis and
enhances cisplatin-induced apoptosis in non-small cell lung
cancer cells. Cancer Chemother Pharmacol, (2007)

97. A. Krueger, 1. Schmitz, S. Baumann, P. H. Krammer &
S. Kirchhoff: Cellular FLICE-inhibitory protein splice
variants inhibit different steps of caspase-8 activation at the
CD95 death-inducing signaling complex. J Biol Chem, 276,
20633-40 (2001)

98. N. Ozoren & W. S. El-Deiry: Cell surface Death
Receptor signaling in normal and cancer cells. Semin
Cancer Biol, 13, 135-47 (2003)

99. 1. A. Davidovich, A. S. Levenson & V. V. Levenson
Chernokhvostov: Overexpression of DcR1 and survivin in
genetically modified cells with pleiotropic drug resistance.
Cancer Lett, 211, 189-97 (2004)

100. A. D. Sanlioglu, E. Dirice, C. Aydin, N. Erin, S.
Koksoy & S. Sanlioglu: Surface TRAIL decoy receptor-4
expression is correlated with TRAIL resistance in MCF7
breast cancer cells. BMC Cancer, 5, 54 (2005)

101. V. Lam, H. W. Findley, J. C. Reed, M. H. Freedman
& G. J. Goldenberg: Comparison of DR5 and Fas
expression levels relative to the chemosensitivity of acute
lymphoblastic leukemia cell lines. Leuk Res, 26, 503-13
(2002)

102. L. Tourneur, S. Delluec, V. Levy, F. Valensi, L.
Radford-Weiss, O. Legrand, J. Vargaftig, C. Boix, E. A.
Macintyre, B. Varet, G. Chiocchia & A. Buzyn: Absence or
low expression of fas-associated protein with death domain
in acute myeloid leukemia cells predicts resistance to
chemotherapy and poor outcome. Cancer Res, 64, 8101-8
(2004)

103. U. McDermott, D. B. Longley, L. Galligan, W. Allen,
T. Wilson & P. G. Johnston: Effect of p53 status and
STATI on chemotherapy-induced, Fas-mediated apoptosis
in colorectal cancer. Cancer Res, 65, 8951-60 (2005)

104. 1. Petak, D. M. Tillman & J. A. Houghton: p53
dependence of Fas induction and acute apoptosis in
response to S-fluorouracil-leucovorin in human colon
carcinoma cell lines. Clin Cancer Res, 6, 4432-41 (2000)
105. T. Timmer, E. G. de Vries & S. de Jong: Fas receptor-
mediated apoptosis: a clinical application? J Pathol, 196,
125-34 (2002)

106. A. Ashkenazi: Targeting death and decoy receptors of
the tumour-necrosis factor superfamily. Nat Rev Cancer, 2,
420-30 (2002)

107. A. Ashkenazi, R. C. Pai, S. Fong, S. Leung, D. A.
Lawrence, S. A. Marsters, C. Blackie, L. Chang, A. E.
McMurtrey, A. Hebert, L. DeForge, I. L. Koumenis, D.
Lewis, L. Harris, J. Bussiere, H. Koeppen, Z. Shahrokh &
R. H. Schwall: Safety and antitumor activity of

5151

recombinant soluble Apo2 ligand. J Clin Invest, 104, 155-
62 (1999)

108. H. Walczak, R. E. Miller, K. Ariail, B. Gliniak, T. S.
Griffith, M. Kubin, W. Chin, J. Jones, A. Woodward, T.
Le, C. Smith, P. Smolak, R. G. Goodwin, C. T. Rauch, J. C.
Schuh & D. H. Lynch: Tumoricidal activity of tumor
necrosis factor-related apoptosis-inducing ligand in vivo.
Nat Med, 5, 157-63 (1999)

109. S. K. Kelley, L. A. Harris, D. Xie, L. Deforge, K.
Totpal, J. Bussiere & J. A. Fox: Preclinical studies to
predict the disposition of Apo2L/tumor necrosis factor-
related  apoptosis-inducing  ligand  in  humans:
characterization of in vivo efficacy, pharmacokinetics, and
safety. J Pharmacol Exp Ther, 299, 31-8 (2001)

110. B. L. Hylander, R. Pitoniak, R. B. Penetrante, J. F.
Gibbs, D. Oktay, J. Cheng & E. A. Repasky: The anti-
tumor effect of Apo2L/TRAIL on patient pancreatic
adenocarcinomas grown as xenografts in SCID mice. J
Transl Med, 3, 22 (2005)

111. H. Jin, R. Yang, S. Fong, K. Totpal, D. Lawrence, Z.
Zheng, J. Ross, H. Koeppen, R. Schwall & A. Ashkenazi:
Apo2 ligand/tumor necrosis factor-related apoptosis-
inducing ligand cooperates with chemotherapy to inhibit
orthotopic lung tumor growth and improve survival.
Cancer Res, 64, 4900-5 (2004)

112. A. de Thonel & J. E. Eriksson: Regulation of death
receptors-Relevance in cancer therapies. Toxicol Appl
Pharmacol, 207, 123-32 (2005)

113. E. Tirro, M. L. Consoli, M. Massimino, L. Manzella,
F. Frasca, L. Sciacca, L. Vicari, G. Stassi, L. Messina, A.
Messina & P. Vigneri: Altered expression of c-IAPI,
survivin, and Smac contributes to chemotherapy resistance
in thyroid cancer cells. Cancer Res, 66, 4263-72 (2006)

114. R. B. Lopes, R. Gangeswaran, I. A. McNeish, Y.
Wang & N. R. Lemoine: Expression of the IAP protein
family is dysregulated in pancreatic cancer cells and is
important for resistance to chemotherapy. Int J Cancer,
120, 2344-52 (2007)

115. O. Brenes, F. Arce, O. Gatjens-Boniche & C. Diaz:
Characterization of cell death events induced by anti-
neoplastic drugs cisplatin, paclitaxel and 5-fluorouracil on
human hepatoma cell lines: Possible mechanisms of cell
resistance. Biomed Pharmacother, 61, 347-55 (2007)

116. M. Notarbartolo, M. Cervello, L. Dusonchet, A.
Cusimano & N. D'Alessandro: Resistance to diverse
apoptotic triggers in multidrug resistant HL60 cells and its
possible relationship to the expression of P-glycoprotein,
Fas and of the novel anti-apoptosis factors IAP (inhibitory
of apoptosis proteins) Cancer Lett, 180, 91-101 (2002)

117. H. Kashkar, A. Deggerich, J. M. Seeger, B.
Yazdanpanah, K. Wiegmann, D. Haubert, C. Pongratz &
M. Kronke: NF-kappaB-independent down-regulation of



Drug resistance mechanisms

XIAP by bortezomib sensitizes HL B cells against
cytotoxic drugs. Blood, 109, 3982-8 (2007)

118. A. Amantana, C. A. London, P. L. Iversen & G. R.
Devi: X-linked inhibitor of apoptosis protein inhibition
induces apoptosis and enhances chemotherapy sensitivity in
human prostate cancer cells. Mol Cancer Ther, 3, 699-707
(2004)

119. C. A. Karikari, I. Roy, E. Tryggestad, G. Feldmann, C.
Pinilla, K. Welsh, J. C. Reed, E. P. Armour, J. Wong, J.
Herman, D. Rakheja & A. Maitra: Targeting the apoptotic
machinery in pancreatic cancers using small-molecule
antagonists of the X-linked inhibitor of apoptosis protein.
Mol Cancer Ther, 6, 957-66 (2007)

120. A. Checinska, B. S. Hoogeland, J. A. Rodriguez, G.
Giaccone & F. A. Kruyt: Role of XIAP in inhibiting
cisplatin-induced caspase activation in non-small cell lung
cancer cells: a small molecule Smac mimic sensitizes for
chemotherapy-induced apoptosis by enhancing caspase-3
activation. Exp Cell Res, 313, 1215-24 (2007)

121. E. C. LaCasse, G. G. Cherton-Horvat, K. E. Hewitt, L.
J. Jerome, S. J. Morris, E. R. Kandimalla, D. Yu, H. Wang,
W. Wang, R. Zhang, S. Agrawal, J. W. Gillard & J. P.
Durkin: Preclinical characterization of AEG35156/GEM
640, a second-generation antisense oligonucleotide
targeting X-linked inhibitor of apoptosis. Clin Cancer Res,
12, 5231-41 (2006)

122. D. B. Longley, T. R. Wilson, M. McEwan, W. L.
Allen, U. McDermott, L. Galligan & P. G. Johnston: c-
FLIP inhibits chemotherapy-induced colorectal cancer cell
death. Oncogene, 25, 838-48 (2006)

123. T. R. Wilson, K. M. McLaughlin, M. McEwan, H.
Sakai, K. M. Rogers, K. M. Redmond, P. G. Johnston & D.
B. Longley: c-FLIP: a key regulator of colorectal cancer
cell death. Cancer Res, 67, 5754-62 (2007)

124. M. R. Abedini, Q. Qiu, X. Yan & B. K. Tsang:
Possible role of FLICE-like inhibitory protein (FLIP) in
chemoresistant ovarian cancer cells in vitro. Oncogene, 23,
6997-7004 (2004)

125. C. Conticello, F. Pedini, A. Zeuner, M. Patti, M.
Zerilli, G. Stassi, A. Messina, C. Peschle & R. De Maria:
IL-4 protects tumor cells from anti-CD95 and
chemotherapeutic agents via up-regulation of antiapoptotic
proteins. J Immunol, 172, 5467-77 (2004)

126. P. Kamarajan, N. K. Sun & C. C. Chao: Up-regulation
of FLIP in cisplatin-selected HeLa cells causes cross-
resistance to CD95/Fas death signalling. Biochem J, 376,
253-60 (2003)

127. H. Matta & P. M. Chaudhary: Activation of alternative
NF-kappa B pathway by human herpes virus 8-encoded
Fas-associated death domain-like IL-1 beta-converting

5152

enzyme inhibitory protein (VFLIP) Proc Natl Acad Sci U S
A, 101, 9399-404 (2004)

128. M. B. Valnet-Rabier, B. Challier, S. Thiebault, R.
Angonin, G. Margueritte, C. Mougin, B. Kantelip, E.
Deconinck, J. Y. Cahn & T. Fest: c-Flip protein expression
in Burkitt's lymphomas is associated with a poor clinical
outcome. BrJ Haematol, 128, 767-73 (2005)

129. G. J. Ullenhag, A. Mukherjee, N. F. Watson, A. H. Al-
Attar, J. H. Scholefield & L. G. Durrant: Overexpression of
FLIPL is an independent marker of poor prognosis in
colorectal cancer patients. Clin Cancer Res, 13, 5070-5
(2007)

130. M. D. Pegram, R. S. Finn, K. Arzoo, M. Beryt, R. J.
Pietras & D. J. Slamon: The effect of HER-2/neu
overexpression on chemotherapeutic drug sensitivity in
human breast and ovarian cancer cells. Oncogene, 15, 537-
47 (1997)

131. L. M. Witters, S. M. Santala, L. Engle, V. Chinchilli
& A. Lipton: Decreased response to paclitaxel versus
docetaxel in HER-2/neu transfected human breast cancer
cells. Am J Clin Oncol, 26, 50-4 (2003)

132. D. J. Buchsbaum, J. A. Bonner, W. E. Grizzle, M. A.
Stackhouse, M. Carpenter, D. J. Hicklin, P. Bohlen & K. P.
Raisch: Treatment of pancreatic cancer xenografts with
Erbitux (IMC-C225) anti-EGFR antibody, gemcitabine,
and radiation. /nt J Radiat Oncol Biol Phys, 54, 1180-93
(2002)

133. S. F. Wong: Cetuximab: an epidermal growth factor
receptor monoclonal antibody for the treatment of
colorectal cancer. Clin Ther, 27, 684-94 (2005)

134. T. Kuo, C. D. Cho, J. Halsey, H. A. Wakelee, R. H.
Advani, J. M. Ford, G. A. Fisher & B. 1. Sikic: Phase Il
study of gefitinib, fluorouracil, leucovorin, and oxaliplatin
therapy in previously treated patients with metastatic
colorectal cancer. J Clin Oncol, 23, 5613-9 (2005)

135. S. Van Schaeybroeck, J. Kyula, D. M. Kelly, A.
Karaiskou-McCaul, S. A. Stokesberry, E. Van Cutsem, D.
B. Longley & P. G. Johnston: Chemotherapy-induced
epidermal growth factor receptor activation determines
response to combined gefitinib/chemotherapy treatment in
non-small cell lung cancer cells. Mol Cancer Ther, 5, 1154-
65 (2006)

136. S. Van Schaeybroeck, A. Karaiskou-McCaul, D.
Kelly, D. Longley, L. Galligan, E. Van Cutsem & P.
Johnston: Epidermal growth factor receptor activity
determines response of colorectal cancer cells to gefitinib
alone and in combination with chemotherapy. Clin Cancer
Res, 11, 7480-9 (2005)

137. S. H. Kim, Y. S. Juhnn & Y. S. Song: Akt
involvement in paclitaxel chemoresistance of human
ovarian cancer cells. Ann N Y Acad Sci, 1095, 82-9 (2007)



Drug resistance mechanisms

138. D. M. Nguyen, G. A. Chen, R. Reddy, W. Tsai, W. D.
Schrump, G. Cole, Jr. & D. S. Schrump: Potentiation of
paclitaxel cytotoxicity in lung and esophageal cancer cells
by pharmacologic inhibition of the phosphoinositide 3-
kinase/protein kinase B (Akt)-mediated signaling pathway.
J Thorac Cardiovasc Surg, 127, 365-75 (2004)

139. G. W. Krystal, G. Sulanke & J. Litz: Inhibition of
phosphatidylinositol 3-kinase-Akt signaling blocks growth,
promotes apoptosis, and enhances sensitivity of small cell
lung cancer cells to chemotherapy. Mol Cancer Ther, 1,
913-22 (2002)

140. X. Yan, M. Fraser, Q. Qiu & B. K. Tsang: Over-
expression of PTEN sensitizes human ovarian cancer cells
to cisplatin-induced apoptosis in a p53-dependent manner.
Gynecol Oncol, 102, 348-55 (2006)

141. M. Tanaka, C. J. Rosser & H. B. Grossman: PTEN
gene therapy induces growth inhibition and increases
efficacy of chemotherapy in prostate cancer. Cancer Detect
Prev, 29, 170-4 (2005)

142. J. M. Tang, Q. Y. He, R. X. Guo & X. J. Chang:
Phosphorylated Akt overexpression and loss of PTEN
expression in non-small cell lung cancer confers poor
prognosis. Lung Cancer, 51, 181-91 (2006)

143. E. R. Camp, J. Li, D. J. Minnich, A. Brank, L. L.
Moldawer, S. L. MacKay & S. N. Hochwald: Inducible
nuclear  factor-kappaB  activation  contributes  to
chemotherapy resistance in gastric cancer. J Am Coll Surg,
199, 249-58 (2004)

144. A. C. Bharti, S. Shishodia, J. M. Reuben, D. Weber,
R. Alexanian, S. Raj-Vadhan, Z. Estrov, M. Talpaz & B. B.
Aggarwal: Nuclear factor-kappaB and STAT3 are
constitutively active in CD138+ cells derived from multiple
myeloma patients, and suppression of these transcription
factors leads to apoptosis. Blood, 103, 3175-84 (2004)

145. A. Arlt, A. Gehrz, S. Muerkoster, J. Vorndamm, M. L.
Kruse, U. R. Folsch & H. Schafer: Role of NF-kappaB and
Akt/PI3K in the resistance of pancreatic carcinoma cell
lines against gemcitabine-induced cell death. Oncogene,
22,3243-51 (2003)

146. J. C. Pahler, S. Ruiz, I. Niemer, L. R. Calvert, M.
Andreeff, M. Keating, S. Faderl & D. J. McConkey: Effects
of the proteasome inhibitor, bortezomib, on apoptosis in
isolated lymphocytes obtained from patients with chronic
lymphocytic leukemia. Clin Cancer Res, 9, 4570-7 (2003)

147. T. Hideshima, P. Richardson, D. Chauhan, V. J.
Palombella, P. J. Elliott, J. Adams & K. C. Anderson: The
proteasome inhibitor PS-341 inhibits growth, induces
apoptosis, and overcomes drug resistance in human
multiple myeloma cells. Cancer Res, 61, 3071-6 (2001)

148. P. L. Zinzani, G. Musuraca, M. Tani, V. Stefoni, E.
Marchi, M. Fina, C. Pellegrini, L. Alinari, E. Derenzini, A.
de Vivo, E. Sabattini, S. Pileri & M. Baccarani: Phase II

5153

trial of proteasome inhibitor bortezomib in patients with
relapsed or refractory cutaneous T-cell lymphoma. J Clin
Oncol, 25, 4293-7 (2007)

149. H. Freimann, A. Calderoni, P. Cornu & R. Olie: Daily
practice use of Bortezomib in relapsed/refractory multiple
myeloma. Safety/efficacy results of a compassionate use
program in Switzerland. Swiss Med Wkly, 137, 317-22
(2007)

150. R. Z. Orlowski, A. Nagler, P. Sonneveld, J. Blade, R.
Hajek, A. Spencer, J. San Miguel, T. Robak, A.
Dmoszynska, N. Horvath, 1. Spicka, H. J. Sutherland, A. N.
Suvorov, S. H. Zhuang, T. Parekh, L. Xiu, Z. Yuan, W.
Rackoff & J. L. Harousseau: Randomized phase III study
of pegylated liposomal doxorubicin plus bortezomib
compared with bortezomib alone in relapsed or refractory
multiple myeloma: combination therapy improves time to
progression. J Clin Oncol, 25, 3892-901 (2007)

151. V. Malamou-Mitsi, H. Gogas, U. Dafni, A. Bourli, T.
Fillipidis, M. Sotiropoulou, D. Vlachodimitropoulos, S.
Papadopoulos, O. Tzaida, G. Kafiri, V. Kyriakou, S.
Markaki, 1. Papaspyrou, E. Karagianni, K. Pavlakis, T.
Toliou, C. Scopa, P. Papakostas, D. Bafaloukos, C.
Christodoulou & G. Fountzilas: Evaluation of the
prognostic and predictive value of p53 and Bcl-2 in breast
cancer patients participating in a randomized study with
dose-dense sequential adjuvant chemotherapy. Ann Oncol,
17, 1504-11 (2006)

152. A. Anelli, R. R. Brentani, A. P. Gadelha, A. Amorim
De Albuquerque & F. Soares: Correlation of p53 status
with outcome of neoadjuvant chemotherapy using
paclitaxel and doxorubicin in stage IIIB breast cancer. Ann
Oncol, 14, 428-32 (2003)

153. J. Fijolek, E. Wiatr, E. Rowinska-Zakrzewska, D.
Giedronowicz, R. Langfort, M. Chabowski, T. Orlowski &
K. Roszkowski: p53 and HER2/neu expression in relation
to chemotherapy response in patients with non-small cell
lung cancer. Int J Biol Markers, 21, 81-7 (2006)

154. A. Gajra, A. H. Tatum, N. Newman, G. P. Gamble, S.
Lichtenstein, M. T. Rooney & S. L. Graziano: The
predictive value of neuroendocrine markers and p53 for
response to chemotherapy and survival in patients with
advanced non-small cell lung cancer. Lung Cancer, 36,
159-65 (2002)

155. D. J. Ahnen, P. Feigl, G. Quan, C. Fenoglio-Preiser, L.
C. Lovato, P. A. Bunn, Jr., G. Stemmerman, J. D. Wells, J.
S. Macdonald & F. L. Meyskens, Jr.: Ki-ras mutation and
pS3 overexpression predict the clinical behavior of
colorectal cancer: a Southwest Oncology Group study.
Cancer Res, 58, 1149-58 (1998)

156.J. T. Liang, K. C. Huang, Y. M. Cheng, H. C. Hsu, A.
L. Cheng, C. H. Hsu, K. H. Yeh, S. M. Wang & K. J.
Chang: P53 overexpression predicts poor chemosensitivity
to high-dose 5-fluorouracil plus leucovorin chemotherapy



Drug resistance mechanisms

for stage IV colorectal cancers after palliative bowel
resection. Int J Cancer, 97, 451-7 (2002)

157. H. Elsaleh, B. Powell, K. McCaul, F. Grieu, R. Grant,
D. Joseph & B. Iacopetta: P53 alteration and microsatellite
instability have predictive value for survival benefit from
chemotherapy in stage III colorectal carcinoma. Clin
Cancer Res, 7, 1343-9 (2001)

158. A. Paradiso, G. Simone, S. Petroni, B. Leone, C.
Vallejo, J. Lacava, A. Romero, M. Machiavelli, M. De
Lena, C. J. Allegra & P. G. Johnston: Thymidylate synthase
and p53 primary tumour expression as predictive factors for

advanced colorectal cancer patients. Br J Cancer, 82, 560-7
(2000)

159. F. Gansauge, S. Gansauge, K. H. Link & H. G. Beger:
p53 in relation to therapeutic outcome of locoregional
chemotherapy in pancreatic cancer. Ann N Y Acad Sci, 880,
281-7 (1999)

160. B. A. Goff, J. A. Ries, L. P. Els, M. D. Coltrera & A.
M. Gown: Immunophenotype of ovarian cancer as
predictor of clinical outcome: evaluation at primary surgery
and second-look procedure. Gymecol Oncol, 70, 378-85
(1998)

161. S. C. Righetti, G. Della Torre, S. Pilotti, S. Menard, F.
Ottone, M. I. Colnaghi, M. A. Pierotti, C. Lavarino, M.
Cornarotti, S. Oriana, S. Bohm, G. L. Bresciani, G. Spatti
& F. Zunino: A comparative study of p53 gene mutations,
protein accumulation, and response to cisplatin-based
chemotherapy in advanced ovarian carcinoma. Cancer Res,
56, 689-93 (1996)

162. D. Marx, H. Meden, T. Ziemek, T. Lenthe, W. Kuhn
& A. Schauer: Expression of the p53 tumour suppressor
gene as a prognostic marker in platinum-treated patients
with ovarian cancer. Eur J Cancer, 34, 845-50 (1998)

163. D. Mayr, U. Pannekamp, G. B. Baretton, M. Gropp,
W. Meier, M. J. Flens, R. Scheper & J. Diebold:
Immunohistochemical analysis of drug resistance-
associated proteins in ovarian carcinomas. Pathol Res
Pract, 196, 469-75 (2000)

Abbreviations: RFC: reduced folate carrier, MRP:
multidrug resistance-related protein, 5-FU: 5-fluorouracil,
CPT-11: irinotecan, TP: thymidine phosphorylase, CE:
carboxylesterase, NSCLC: non-small cell lung carcinoma,
DPD: dihydropyrimidine dehydrogenase, HR: homologous
recombination, NHEJ: non-homologous end joining, NER:
nucleotide excision repair, BER: base excision repair,
MMR: mismatch repair, CS: cockayne syndrome, XP:
xeroderma pigmentosum, HNPCC: hereditary non-
polyposis colorectal cancer, MSI: microsatellite instability,
AIF: apoptosis inducing factor, APAF: apoptotic protease
activating factor, IAP: inhibitor of apoptosis, TRAIL:
tumour necrosis factor-related apoptosis inducing ligand,
FADD: Fas-associated death domain, DISC: death inducing
signaling complex.

5154

Key Words: Chemotherapy, Drug Resistance, Molecular-
Targeted Therapy, Review

Send correspondence to: Dr D Longley, Drug Resistance
Laboratory, Centre for Cancer Research and Cell Biology,
Queen’s University Belfast, Belfast, UK, Tel: 0044-2890-
972647, Fax:0044-2890263744, E-mail: d.longley@qub.ac.uk

http://www.bioscience.org/current/vol13.htm



