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Abstract Apoptosis is a cell suicide program that plays a critical role in develop-
ment and tissue homeostasis. The ability of cancer cells to evade this programmed
cell death (PCD) is a major characteristic that enables their uncontrolled growth.
The efficiency of chemotherapy in killing such cells depends on the successful
induction of apoptosis, since defects in apoptosis signaling are a major cause
of drug resistance. Over the past decades, much progress has been made in our
understanding of apoptotic signaling pathways and their dysregulation in cancer
progression and therapy. These advances have provided new molecular targets for
proapoptotic cancer therapies that have recently been used in drug development.
While most of those therapies are still at the preclinical stage, some of them have
shown much promise in the clinic. Here, we review our current knowledge of apop-
tosis regulation in cancer progression and therapy, as well as the new molecular
targeted molecules that are being developed to reinstate cancer cell death.
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1 Introduction

Apoptosis, is an evolutionarily conserved mechanism for the selective removal of
unwanted cells (Abe et al., 2000b; Degli Esposti, 1999; Lawen, 2003; Ozoren and
El-Deiry, 2003; Peter and Krammer, 1998; Strasser et al., 2000; Thorburn, 2004).
Regulation of apoptosis is critical for tissue homeostasis, therefore, its deregulation
can lead to a variety of pathological conditions, including cancer. For this reason,
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inhibition of apoptosis or the promotion of resistance to apoptosis contributes to
carcinogenesis and chemoresistance (Burns and el-Deiry, 2003; Daniel et al., 2001;
Green and Evan, 2002; Ozoren and El-Deiry, 2003; Sheikh and Huang, 2004;
Thompson, 1995; Zornig et al., 2001).

Apoptosis is primarily mediated through the activation of specific proteases
called caspases (cysteinyl, aspartate-specific proteases) (Algeciras-Schimnich
et al., 2002; Ozoren and El-Deiry, 2003; Salvesen and Dixit, 1997; Stegh and Peter,
2001; Thorburn, 2004). Caspases, which are effectors of PCD, cleave multiple
substrates, leading to biochemical and morphological changes that are characteristic
of suicidal cells (Abe et al., 2000b; Bouillet et al., 2000). Cells undergoing apoptosis
undergo cell membrane remodeling and blebbing; the exposure of phosphatidylserine
(PS) at the external surface of the cell; cell shrinkage with cytoskeletal rearrange-
ments; nuclear condensation; and DNA fragmentation (Ashkenazi and Dixit, 1999;
Green and Evan, 2002; Lawen, 2003; Peter and Krammer, 2003; Schulze-Osthoff
et al., 1998; Thorburn, 2004). These morphological changes culminate in the
formation of apoptotic bodies that are normally eliminated by phagocytosis (Geske
and Gerschenson, 2001; Wallach, 1997).

In this chapter, we introduce the major apoptotic machinery and discuss some
recent insights into the involvement of apoptosis in cancer progression, cancer
therapy, and resistance to therapy.

2 Apoptotic Machinery

In mammals, the two major signaling systems that result in the activation of cas-
pases and the consequent induction of apoptosis are the extrinsic death receptor
pathway and the intrinsic mitochondrial pathway (Fig. 4.1) (Abe et al., 2000b;
Ozoren and El-Deiry, 2003; Peter and Krammer, 2003; Strasser et al., 2000;
Thorburn, 2004). In the past few years, increasing evidence indicates that the death
receptor and mitochondrial pathways are not isolated systems. Instead, significant
cross talks and “biofeedbacks” regulate the apoptotic machinery (Abe et al., 2000b;
Li and Yuan, 1999; Reed, 2000; Zornig et al., 2001).

2.1 The Death Receptor Pathway of Apoptosis

The extrinsic apoptotic pathway is activated upon the binding of cytokine ligands
(i.e., FasL, tumor necrosis factor [TNF], and TNF-related apoptosis-inducing
ligand [TRAIL]) to members of the TNFa receptor superfamily, which are usually
called the death receptors (i.e., Fas, also called CD95/Apo-1; TNF receptors; and
TRAIL receptors) (Abe et al., 2000b; Ashkenazi and Dixit, 1999; Ozoren and
El-Deiry, 2003; Peter and Krammer, 2003; Schulze-Osthoff et al., 1998; Thorburn,
2004). Death receptors contain an intracellular globular interaction domain known
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Fig. 4.1 Extrinsic and Intrinsic Apoptotic Machinery

as a death domain (DD). Upon ligand binding to their extracellular domains, death
receptors aggregate at the cell surface and possibly form trimes. This results in the
recruitment of adaptor molecules to the aggregated intracellular domains of the
receptors. The Fas-associated death domain (FADD) is one of the major adaptors
to be recruited to the death receptors. FADD possesses a DD that interacts either
directly with the DD of death receptors, or indirectly through another adaptor mol-
ecule, TNF receptor-associated death domain (TRADD). FADD also contains a
second protein interaction domain, known as the death effector domain (DED). This
DED domain interacts with the DED of the weakly active zymogen pro-caspase-38,
to form an intracellular multiprotein complex known as the death-inducing signal-
ing complex (DISC) (Abe et al., 2000a; Ashkenazi and Dixit, 1998; Boatright et al.,
2003; Cory and Adams, 2002; Wallach et al., 1999). Once formed, the DISC pro-
motes the proximity-induced processing of caspase-8, which then proceeds to be
further activated via an autoproteolysis mechanism (Salvesen and Dixit, 1999; Yang
et al., 1998). Active caspase-8 subsequently activates executioner/effector caspases,
such as caspase-3, leading to cell execution via degradation of the nucleus and
other intracellular structures (Ashkenazi and Dixit, 1998; Cohen, 1997; Peter and
Krammer, 2003; Scaffidi et al., 1998). This direct activation of caspase-dependent
cell execution is thought to occur in certain cell types, including thymocytes, that
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are classified as type I cells (Boatright et al., 2003; Ozoren and El-Deiry, 2002;
Scaffidi et al., 1998). These cells are able to efficiently activate caspase-8 so that
it can cleave and consequently activate its primary targets, the executioner cas-
pases including caspase-3. This simplified pathway of type I cells plays an impor-
tant role in the immune response that is involved in the deletion of transformed cells
(Hickman, 2002; Zornig et al., 2001) and resembles the linear pathway of develop-
mental cell death established in genetic studies of Caenorhabditis elegans (Horvitz,
1999; Vaux, 2002). Nonetheless, PCD in C. elegans is distinct in that Bcl-2/Ced-9
is unable to block caspase activation following death receptor stimulation in type I
cells (Peter and Krammer, 2003; Scaffidi et al., 1999).

2.2 The Mitochondrial Pathway of Apoptosis

Mitochondria are thought to be the central organelles involved in mediating most
apoptotic pathways in mammalian cells (Green and Kroemer, 2004; Kroemer, 2003;
Newmeyer and Ferguson-Miller, 2003; Ravagnan et al., 2002; Sorice et al., 2004;
Zamzami and Kroemer, 2001). Mitochondria are engaged via the intrinsic pathway
of cell death, which can be initiated by a variety of stress stimuli, including ultraviolet
(UV) radiation, y-irradiation, heat, DNA damage, the actions of some oncoproteins
and tumor suppressor genes, viral virulence factors, and most chemotherapeutic
agents (Kroemer, 2003). These diverse forms of stress are sensed or decoded by
multiple cytosolic or intraorganellar molecules which then transduce the signals
to mitochondria, resulting in alterations in the permeability of the outer mito-
chondrial membrane (OM) (Esposti et al., 2003; Green and Kroemer, 2004;
Kuwana et al., 2002; Newmeyer and Ferguson-Miller, 2003; Zamzami and
Kroemer, 2001). This leads to increased permeability to apoptotic proteins that are
normally trapped between the OM and the inner mitochondrial membrane (IM), thus
enabling these proteins to escape the mitochondria and diffuse into the cytosol.

The release of apoptotic factors leads to apoptosome-mediated activation of
caspases (Fig. 4.1). The apoptosome works like a large platform for recruiting and
facilitating the self-activation of the apical caspase of the intrinsic pathway of apop-
tosis, pro-caspase-9 (Adams and Cory, 2002; Baliga and Kumar, 2003; Cain et al.,
2002; Chinnaiyan, 1999; Hill et al., 2003; Salvesen and Renatus, 2002; Shi, 2002).
The apoptosome promotes the local accumulation of zymogens that initiate an
autocatalytic activation of caspase-9 in a manner similar to the activation of caspase-8
at the DISC (Adams and Cory, 2002; Baliga and Kumar, 2003; Cain et al., 2002;
Chinnaiyan, 1999; Hill et al., 2003; Salvesen and Renatus, 2002; Shi, 2002). The
apoptosome, however, requires additional regulatory factors to fully activate the
caspase cascade. These factors include Smac/Diablo, a protein that interacts with
several inhibitor of apoptosis proteins (IAPs) and displaces them from their inhibitory
interaction with pro-caspase-9 and other caspases.(Adams and Cory, 2002; Baliga
and Kumar, 2003; Cain et al., 2002; Shi, 2002).
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The mitochondrial pathway can also be activated in response to death ligands.
In type II cells, selective cleavage of Bid by caspase-8 has been found to connect
upstream signals from the DISC to the mitochondria (Gross et al., 1999; Li et al.,
1998; Luo et al., 1998). Furthermore, genetic ablation of Bid reduces Fas-induced
hepatotoxicity and mitochondrial damage (Zinkel et al., 2003). The caspase-cleaved
form of Bid, tBid, migrates to the OM, where it cooperates with other Bcl-2 family
proteins, such as Bak or Bax, to induce the release of mitochondrial proteins into
the cytosol (Wei et al., 2001b).

3 Oncogene-Induced Evasion of Apoptosis: A Mechanism
for Tumor Progression

It has become clear that a fundamental property of cancer cells is their ability to
evade the apoptotic cellular death program (Hanahan and Weinberg, 2000). This
not only promotes their unchecked growth, but also suggests a mechanism whereby
they can be controlled. Investigating the mechanisms underlying this resistance of
tumor cells to apoptosis remains of significant interest, since a desired goal of
anticancer therapies is to selectively unleash the apoptotic potential of tumor cells.

In the normal cellular context, proliferation and death programs are tightly
linked. Given this, cells harboring a single oncogenic mutation driving proliferation
undergo a protective growth inhibitory response, appropriately resulting in apoptosis
of the pre-neoplastic cell. In contrast, such as in the progression of tumors, oncogenes
overcome these protective cellular responses by taking advantage of cooperating,
additional mutations in apoptosis signaling molecules, resulting in the abnormal
proliferation and survival/antiapoptosis of the tumor cell (Lowe et al., 2004). In a
classic example, overexpression of the wild-type c-Myc oncoprotein can induce
apoptosis and sensitize cells towards a host of apoptotic stimuli in certain cell types
(Pelengaris et al., 2002). However, several events, including inactivation of p53,
overexpression of Bcl-2, and loss of Bim are able to cooperate with Myc in inducing
tumorigenesis (Pelengaris et al., 2002). In another strategy for tumorigenicity,
fusion proteins such as Ber-Abl can simultaneously activate multiple pathways,
including those involved in cellular proliferation and in the promotion of survival
and suppression of apoptosis.

3.1 Myc

C-Myc is a proto-oncogene first identified as the cellular homologue of the oncogene
found in the avian myelocytomatosis retrovirus (Gonda et al., 1982). The other two
Myc genes in mammals are MYCN and L-Myc. Myc, which is a transcription factor,
can both activate and repress target genes. Recent estimates suggest that c-Myc
could regulate as many as 15% of genes in genomes from flies to humans
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(Fernandez et al., 2003; Orian et al., 2003). These target genes are involved in
diverse functions including cell proliferation, differentiation, cell adhesion, metab-
olism, DNA repair, and apoptosis (Dang, 1999; Oster et al., 2002). Myc expression
and its activity in normal cells are tightly regulated. However, Myc overexpression
has been found in up to 50% of all human cancers (Alitalo and Schwab, 1986;
Pompetti et al., 1996). Myc is thought to contribute to tumorigenesis through
unrestrained cellular growth and proliferation and also exerts its effects on cellular
processes such as cellular adhesion, angiogenesis and genomic instability (Calvisi
et al., 2004; Felsher and Bishop, 1999; Ingvarsson, 1990; Knies-Bamforth et al.,
2004). In addition to its established roles in promoting cellular growth and prolif-
eration, Myc was also found to be an inducer of apoptosis (Evan and Vousden,
2001; Evan et al., 1992). It has been reported that Myc potentiates apoptosis
through both p53-dependent and p53-independent mechanisms (Sakamuro et al.,
1995). Even though the mechanisms by which Myc protein drives such disparate
functions are still not well understood, it has been suggested that the ability of Myc
to sensitize cells to apoptosis could be an intrinsic property of cells. Abrogation of
this proapoptotic property profoundly contributes to cancer progression (Sakamuro
et al., 1995). Some principles have also emerged from studies in cell culture and
animal models to explain how Myc can promote cancer growth while acting as an
inducer of apoptosis.

Modes of Myc dysregulation include chromosomal translocation and amplification,
activation of upstream growth stimulatory signaling cascades, and increased protein
stability (Oster et al., 2002). One of the important cellular processes caused by Myc
dysregulation is genomic instability, which is prone to additional genomic mutations.
Thus, activation of other oncogenes may follow in response to Myc deregulation.
The antiapoptotic functions of some oncogenes can overcome the proapoptotic
function of Myc. For example, in a conditional transgenic model of Myc-induced
breast adenocarcinomas (Arvanitis and Felsher, 2006; Boxer et al., 2004; D’Cruz
et al., 2001; Hutchinson and Muller, 2000), Myc inactivation results in tumor
regression in about 50% of the tumors. Many of the tumors that initially regress
subsequently relapse. Half of the tumors that do not regress and those that later
relapse have active mutations in K-Ras or H-Ras. In those mice, mutant Ras
appears to facilitate the ability of tumors to become independent of Myc.

Myc cooperation with other oncogenes is another important mechanism by
which Myc promotes tumorigenesis. In mice, when the C-Myc transgene is coupled
to the immunoglobulin heavy chain p-enhancer, it leads to B-cell-specific overex-
pression of the C-Myc gene and development of lymphomas (Adams et al., 1985;
Harris et al., 1988). This Eu-Myc mouse is a model for the human disease Burkitt’s
lymphoma, where a reciprocal chromosomal translocation to the immunoglobulin
locus leads to inappropriate expression of Myc in the B-cell compartment. The
lymphomas that develop in the mouse model are consistently clonal, indicating that
additional mutations are necessary to produce tumors. However, mice doubly trans-
genic for Eu-Myc and Epu-BCL2 mutations display a marked decrease in latency of
disease, developing a leukemia of early progenitor cells (Strasser et al., 1990),
rather than the lymphoma that develops with Eu-Myc alone (Harris et al., 1988).
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Studies in both cell culture and transgenic mice have shown that enforced Bcl2
expression was capable of blocking Myc-induced apoptosis and left the prolif-
eration functions of Myc intact (Bissonnette et al., 1992; Fanidi et al., 1992;
Letai et al., 2004).

Notably, the specific consequences of Myc inactivation appear to depend both
on the type of cancer cells and the constellation of genetic events unique to a given
tumor. Studies in conditional transgenic mouse model systems have shown that
Myc inactivation results in the proliferation arrest, differentiation and/or apoptosis
of tumor cells (Arvanitis and Felsher, 2006). Additionally, recent reports have
suggested that targeted inactivation of Myc is a potential approach to cancer
therapy, if used in conjunction with other anticancer treatments (Arvanitis and
Felsher, 2006). To date, however, no drugs that target Myc have been identified for
the treatment of humans with cancer (Arvanitis and Felsher, 2006).

3.2 Signaling Pathways Activated by Bcr-Abl
and the Suppression of Apoptosis

The Bcer-Abl fusion protein activates multiple signaling pathways that lead to
proliferation, reduced dependence on growth factors, apoptosis, and abnormal
interactions with the extracellular matrix and stroma. Recent research suggests that
one key mechanism by which Ber-Abl facilitates the expansion of myeloid cells
involves the suppression of apoptosis. Notably, the primary consequence of tyrosine
kinase inhibition with imatinib in Ber-Abl-transformed cells is the induction of
apoptosis (Druker et al., 1996; Gambacorti-Passerini et al., 1997). Additionally, in
growth factor-dependent hematopoietic cells, Ber-Abl induces the survival and pro-
liferation of cells that would otherwise undergo apoptotic cell death in response to
growth factor withdrawal (Bedi et al., 1994). Furthermore, antisense oligonucleotide-
mediated inhibition of Bcr-Abl expression in these transformed cells results in
apoptosis without altering their cell cycle (Bedi et al., 1994). It has also been
demonstrated that Ber-Abl-positive cells are highly resistant to various apoptotic
stimuli and become sensitized to drug treatment upon antisense inhibition of
Ber-Abl (McGahon et al., 1994). Additional evidence for the antiapoptotic effects
of Ber-Abl comes from experiments with temperature-sensitive Ber-Abl kinase
mutants, in which induction of Ber-Abl kinase activity at the permissive temperature
led to a significant decrease in apoptosis in the absence of growth factors (Carlesso
et al., 1994; Kabarowski et al., 1994). In fact, studies in primary cells have revealed
that chronic myelogenous leukemia (CML) progenitors show a normal proliferative
response to growth factors and do not have a greater proliferative potential than
normal progenitors (Emanuel et al., 1991). Furthermore, in the absence of serum
and growth factors, neither normal nor CML progenitors proliferated, yet the latter
maintained higher cell viability (Bedi et al., 1994).

As a result of its elevated tyrosine kinase activity, the Ber-Abl fusion protein
activates several signaling pathways, including Ras (Sawyers et al., 1995), PI3-K/Akt
(Skorski et al., 1997; Varticovski et al., 1991), Stat (Carlesso et al., 1996; Ilaria and
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Van Etten, 1996; Shuai et al., 1996), and NF-xB (Reuther et al., 1998) some of
which may be crucial for its leukemogenic activity. In accordance with the ability
of Ber-Abl to substitute for the requirement of cytokines, many of these pathways
are also activated by hematopoietic cytokines upon binding to their respective
cytokine receptors. A functional consequence of the activation of these pathways
involves changes in the activity and gene expression of key molecules, which have
a direct impact on cellular survival, growth, and behavior. In particular, the Ras
(Sawyers et al., 1995), PI3-K/Akt (Varticovski et al., 1991), Stat (Nieborowska-
Skorska et al., 1999; Sillaber et al., 2000), NF-xB (Reuther et al., 1998), and FOXO
(Ghaftfari et al., 2003) pathways are capable of transmitting antiapoptotic signals,
which could promote the evasion of Ber-Abl-transformed cells from apoptosis. Thus,
determining which of these antiapoptotic signals plays a role in Ber-Abl-mediated
evasion of apoptosis and promotion of leukemogenesis is of interest, especially
since the cross talk between, and potential cooperation among, these pathways may
be important in mediating the leukemogenic effects of Ber-Abl.

4 Chemotherapeutic Drugs and Conventional
Radiation-Induced Apoptosis in Tumor Cells

Aberrant cell proliferation, a major hallmark of cancer, has been exploited for anti-
cancer drug development. Most existing chemotherapeutic drugs interfere with
DNA synthesis and cell division, thereby preferentially killing rapidly dividing cells
such as cancer cells (Schulze-Bergkamen and Krammer, 2004). These drugs include
such diverse groups as antimetabolites, genotoxic/DNA-damaging agents (alkylating
and intercalating agents, topoisomerase inhibitors) and mitotic inhibitors (vinca
alkaloids and taxanes) (Lugmani, 2005). It is now well established that these cyto-
toxic agents exert their antitumor activity mainly through induction of apoptosis and
that defects in apoptotic pathways can lead to treatment failure (Johnstone et al.,
2002; Kaufmann and Earnshaw, 2000; Lowe and Lin, 2000; Mesner et al., 1997).

Apoptosis induced by chemotherapeutic drugs primarily involves the mito-
chondrial apoptotic pathway and, in some cases, the death receptor pathway and
upregulation of death receptors and/or ligands (Bucur et al., 2006; Pommier et al.,
2004). The relative contribution of each pathway to drug-induced apoptosis may
depend on the cytotoxic drug, dose, kinetics, and cell type ((Fulda et al., 2001b),
reviewed in (Debatin and Krammer, 2004)).

4.1 DNA-Damaging Agents and Induction of Apoptosis

Chemotherapeutic drugs damage DNA either directly or indirectly (antimetabolites)
and subsequently initiate a DNA-damage response through both p53-dependent
and p53-independent mechanisms (Waxman and Schwartz, 2003). Irradiation
mainly induces direct DNA damage, but can also act indirectly, one example being
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the modulation of the epigenetic effectors in distant bystander tissue in vivo. X-ray
exposure to one part of the animal body induces DNA strand breaks and causes an
increase in levels of Rad51 in unexposed bystander tissue (Koturbash et al., 2006).

Drug- and radiation-induced DNA damage is first sensed by DNA-binding
factors such as Rad17-RFC and the Rad9-1-1 supercomplex, BRCAI1 and the Ku
subunit of DNA-PK. The DNA damage signal is then transduced by activation of
the PI3K family members DNA-PK, ATM, and ATR which, in turn, phosphorylate
effector kinases such as the Ser/Thr kinases Chk1 and Chk?2 and the tyrosine kinase
c-Abl. These activated kinases then phosphorylate their downstream targets including
the transcription factors p53, p73, and E2F, resulting in the transactivation of
numerous genes involved in DNA repair, cell cycle arrest, and apoptosis.

The tumor suppressor p53 plays a key role in cellular response to stress and
DNA damage (Meek, 2004) and has been implicated frequently in drug-induced
apoptosis (Blagosklonny, 2002). Following DNA damage, p53 is induced by
phosphorylation via ATM and Chk2. Phosphorylation of p53 not only enhances its
DNA binding and transcriptional activity, but also stabilizes the protein by inhibiting
its MDM2-mediated ubiquitination and its subsequent proteasomal degradation.
The resulting increase in protein stability ultimately enhances the transcription of
p53 target genes. p5S3 was shown to activate the mitochondrial apoptotic pathway
by upregulating proapoptotic genes such as Bax, Bid, Noxa, and Puma, and down-
regulating antiapoptotic proteins such as Bcl-2 and Mcl-1 (Michalak et al., 2005;
Schuler and Green, 2005; Yu and Zhang, 2005). In addition, p53 can activate the
extrinsic pathway by upregulating death receptors such as Fas, DR4, and DRS,
although this pathway alone seems insufficient to induce apoptosis in some cancer
cells (Reinke and Lozano, 1997). Recent evidence also suggests that p53 exerts proa-
poptotic functions independent of transcription, by translocating to the mitochondrion
(Erster and Moll, 2005; Marchenko et al., 2000) and binding to Bcl-2 (Mihara et al.,
2003; Tomita et al., 2006) and Bcl-XL (Mihara et al., 2003; Xu et al., 2006).

DNA-damaging agents can also induce apoptosis through p53-independent
pathways involving, for instance, the transcription factor E2F (Lin et al., 2001).
E2F exerts important proapoptotic activity in p53-deficient cells through transacti-
vation of proapoptotic genes such as Apaf-1 (Furukawa et al., 2002; Moroni et al.,
2001), the caspase proenzymes (Nahle et al., 2002), p73 (Irwin et al., 2003; Seelan
et al., 2002; Stiewe and Putzer, 2000; Wang and Ki, 2001), and through repression
of Mcl-1 (Croxton et al., 2002). In certain cell types, radiation treatment, when used
alone, may activate death receptors to execute the apoptotic program (Gong and
Almasan, 2000). Finally, DNA-damaging drugs can engage a stress response via
the stress-activated protein kinase/JNK pathway to activate the AP-1 and NF-kB-
dependent transcription of FasL (Herr and Debatin, 2001; Kasibhatla et al., 1998).

4.2 Targeting the Apoptotic Machinery Directly

Targeting Bcl-2 family of proteins, death receptors, IAPs, caspases, and p53 are
discussed in Chapter 8.
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4.3 Microtubule Inhibitors and Induction of Apoptosis

Like DNA-damaging agents, microtubule inhibitors also lead to the phosphorylation
and stabilization of p53 as a mechanism for drug-induced apoptosis (Blagosklonny,
2002; Wang et al., 1999). However, in MCF-7 breast cancer cells, inactivation of p53
does not affect cellular sensitivity to paclitaxel killing. In those cells, p53 may act as a
survival factor by blocking them in the G2/M phase, rather than serving as an apoptotic
inducer. By contrast, the transcription factor FOXO3a has been shown to upregulate
the proapoptotic Bcl-2 family member, Bim, and contribute to paclitaxel-induced cell
death in MCF7 cells (Sunters et al., 2003). Similarly, another FOXO family member,
FOXO1, has been implicated in drug-induced apoptosis through the transcriptional
activation of the TNF-R1-associated protein TRADD (Rokudai et al., 2002).

4.4 Anticancer Therapeutics and Other Forms of Cell Death

In addition to classical apoptosis, anticancer drugs sometimes trigger autophagic
and necrotic modes of cell death (Gozuacik and Kimchi, 2004; Kim et al., 2006;
Kondo et al., 2005; Nelson and White, 2004). For instance, tamoxifen induces
autophagic cell death in MCF-7 cells (Bursch et al., 1996). Similarly, the
alkylating agent temozolomide kills malignant glioma cells through autophagy
rather than apoptosis (Kanzawa et al., 2004). Some reports also indicate that
paclitaxel and vinblastine induce both autophagic and apoptotic cell death (Broker
et al., 2004; Hirsimaki and Hirsimaki, 1984). Necrotic cell death (Proskuryakov
et al., 2003) has also been observed in vitro in resistant human ovarian carcinoma
cells exposed to HPMA copolymer-bound doxorubicin (Demoy et al., 2000) and
in vivo in p53/Bcl-2-deficient mice treated with DNA-alkylating agents (Zong
et al., 2004). These alternative modes of cell death have only recently been identi-
fied and their respective importance and possible cross talk in drug cytotoxic
action remain to be further defined. These forms of cell death together with
mitotic catastrophe are further discussed in Chapter 3.

5 Mechanisms of Radiation and Drug Resistance

Drug resistance can be classified as nononcogenic (impaired drug-target interaction)
and oncogenic (deregulation of apoptosis and the cell cycle). Principal mechanisms
of nononcogenic resistance include increased drug membrane export involving the
PgP protein product of the MDR gene; decreased drug activation; increased drug
degradation; enhanced DNA repair; and mutations of drug targets (Longley and
Johnston, 2005; Lugmani, 2005). In oncogenic resistance, the drug interacts with
its target, but downstream pathways of apoptosis and the cell cycle are altered
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(Longley and Johnston, 2005; Lugmani, 2005). Intrinsic or acquired oncogenic
resistance can result from multiple mechanisms, as outlined below.

5.1 Prosurvival Signaling (Mitogenic Kinases and NF-xB)

Mitogenic protein tyrosine kinases play a major role in drug resistance through
their regulation of antiapoptotic signaling pathways (Blume-Jensen and Hunter,
2001). These include, for instance, members of the EGFR and Ras families,
Ber-Abl, and Akt. Overexpression of EGFR and Her-2 has been reported to
increase resistance to chemotherapeutic drugs (Chevallier et al., 2004; Knuefermann
et al., 2003; Mendelsohn and Fan, 1997; Nagane et al., 1998; Pegram et al., 1997).
Activated Ras family members have also been shown to decrease cells’ sensitivity
to cytotoxic agents (Fan et al., 1997; Jansen et al., 1997). For example, several
reports suggest that expression of Ras oncoproteins can contribute to cisplatin
resistance by reducing drug uptake and increasing the degree of DNA repair
(Dempke et al., 2000; Levy et al., 1994). Similarly, Ber-Abl-expressing hematopoietic
cell lines and various patient-derived CML cell lines are highly resistant to
apoptotic induction by chemotherapy (Aichberger et al., 2005; Bedi et al., 1994;
Cortez et al., 1996; Gesbert and Griffin, 2000; Keeshan et al., 2001; McGahon
et al., 1994; Ray et al., 2004; Skorski, 2002; Underhill-Day et al., 2006).

The PI3K/Akt pathway, at the crossroads of multiple signaling networks, has been
shown to be overactivated by upstream mitogenic kinases and oncogenic mutations
in a wide range of tumors (Osaki et al., 2004). A number of studies have established
that overexpression or activation of Akt increases chemoresistance both in cell lines
(Page et al., 2000; Pommier et al., 2004) and in vivo (Kim et al., 2005; Martelli et al.,
2005; McCormick, 2004; Wendel et al., 2004). Accordingly, inhibition of the PI3K/
Akt pathway enhances the cytotoxic effects of a variety of chemotherapeutic agents
(Hennessy et al., 2005; Nguyen et al., 2004; Nicholson et al., 2003; O’Gorman et al.,
2000; Toretsky et al., 1999). The PTEN tumor suppressor is frequently mutated in
human tumors. Loss of PTEN is associated with constitutive survival signaling
through the PI3K/Akt pathway. Adenovirus-mediated expression of PTEN com-
pletely suppressed Akt activation in various cancer cell lines, such as the LNCaP
prostate cancer cell line, and enhanced apoptosis induced by a broad range of apop-
totic stimuli, including the chemotherapeutic agents mitoxantrone and etoposide, and
death receptor-mediated treatments such as TRAIL, TNF-c., and agonistic antibodies
against Fas (Yuan and Whang, 2002).

Finally, tumors with constitutive NF-kB activity are highly resistant to cytotoxic
drugs (Arlt and Schafer, 2002; Baldwin, 2001). Accordingly, inhibition of NF-xB
dramatically increases the sensitivity of these tumors to drugs by downregulation
of antiapoptotic proteins (Nakanishi and Toi, 2005). Moreover, treatment with
diverse cytotoxic drugs (including 5-FU, doxorubicin, paclitaxel, and cisplatin) can
activate NF-xB, thereby blunting the ability of chemotherapy to induce cell death
(Chuang et al., 2002).
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5.2 Loss of p53 Function

Loss of p53 function is frequently encountered in human tumors and plays a critical
role in resistance to chemotherapeutic drugs and conventional radiation (Levine
et al., 2004; Lowe et al., 1994; Weller, 1998). Mechanisms responsible for p53
dysfunction include mutations or allelic loss in the p53 gene; upregulation of
p53 inhibitors such as Mdm2; silencing of key p53 coactivators such as ARF;
and altered upstream or downstream signaling (Vogelstein et al., 2000). For
instance, lymphomas from mice deficient in p53 are markedly resistant to
chemotherapy both in vitro and in vivo (Schmitt et al., 1999). p53 expression is
predictive for response to chemotherapy in non-small-cell lung cancers (NSCLC)
(Harada et al., 2003). Moreover, p53 mutations have been correlated with resistance
to doxorubicin treatment and early relapse in patients with breast carcinomas (Aas
et al., 1996). Cancers that retain wild-type p53 are more likely to respond to
chemotherapy than other tumor types. However, many types of wt p53 tumors with
defective apoptotic machinery do not undergo apoptosis despite genotoxic stress
(Blagosklonny, 2001; Gudas et al., 1996).

5.3 Defective Apoptotic Machinery

5.3.1 Defective Mitochondrial Activation

The Bcl-2 protein family plays a pivotal role in the regulation of the mitochondrial
apoptotic pathway and, consequently, its members serve as major regulators of
tumor sensitivity to drugs (Kirkin et al., 2004; Kostanova-Poliakova and Sabova,
2005; Pommier et al., 2004). Overexpression of antiapoptotic Bcl-2 members such
as Bcl-2, Bcel-XL, and Mcl-1, or deficiency of the proapoptotic members Bak and
Bax, has been associated with drug resistance in cell lines, mouse models, and
patients (Kirkin et al., 2004; Kostanova-Poliakova and Sabova, 2005; Pommier
et al., 2004). Indeed, overexpression of Bcl-2 (Dole et al., 1994; Kamesaki et al.,
1993; Miyashita and Reed, 1992; Walton et al., 1993) or Bcl-XL (Amundson et al.,
2000) prevents apoptosis induced by most chemotherapeutic drugs in vitro. Some
evidence also indicates similar effects with Mcl-1 overexpression (Song et al.,
2005; Zhou et al., 1997). In concordance with overexpression data, downregulation
of Bcl-XL or Bcl-2 has been shown to sensitize cancer cells to DNA damage-
induced apoptosis. Fibroblasts deficient in both Bak and Bax are resistant to
apoptosis induced by various agents (Wei et al., 2001a). While Bak deficiency
renders Jurkat cells resistant to staurosporin, bleomycin, and cisplatin (Wang et al.,
2001), loss of Bax expression is associated with acquired resistance to oxaliplatin
(Gourdier et al., 2002) or resistance to 5-FU (Zhang et al., 2000) in colon carcinoma
cell lines. Clinically, high expression of antiapoptotic Bcl-2 family members (Reed,
1996) and loss or inactivation of Bax (Ionov et al., 2000; Tai et al., 1998) has been
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correlated with poor response to chemotherapy in some types of malignancy, but
not all kinds of tumors.

5.3.2 Impaired Activation of the Death Receptor Pathway

Alterations in activation of the death receptor pathway are also implicated in
chemoresistance. For instance, downregulation of Fas/CD95 in lymphoid and solid
tumors is often associated with resistance to drug-induced cell death (Debatin and
Krammer, 2004; Friesen et al., 1997; Fulda et al., 1998a; Fulda et al., 1998b).
Direct downstream signaling molecules such as FADD and c-FLIP are also
involved. Of note, absence or low expression levels of FADD in acute myeloid
leukemia cells predicts resistance to chemotherapy and poor outcome (Tourneur
et al., 2004). c-FLIP silencing dramatically sensitizes colorectal cancer cells to the
chemotherapeutic agents 5-fluorouracil, oxaliplatin, and irinotecan (Longley et al.,
20006). In addition, decoy receptors seem to be also implicated in resistance of
cancer cells to different treatments, like Apo2L./TRAIL. This ligand has five receptors,
two of which have cytoplasmic DDs (DR4 and DRS5) and three of which act as
“decoys” (DcR1, DcR2, and osteoprotegerin [OPG]). DcR1 and OPG lack a
cytosolic region and DcR2 has a truncated, nonfunctional cytoplasmic DD
(Almasan and Ashkenazi, 2003).

5.3.3 Deregulation of Caspase Activation

Both the death receptor and mitochondrial pathways lead to the activation of
caspases, the final effectors of apoptotic cell death. Deregulation in the expression
of caspases or their regulators (Apaf-1 and IAPs) has been observed in tumors.
Although caspase mutations occur at low frequency, caspase expression and
function appears to be impaired frequently by epigenetic mechanisms in cancer
cells (Teitz et al., 2000). Caspase-8 expression was found to be inactivated by
hypermethylation in varied resistant tumors, including childhood neuroblastoma,
Ewing and malignant brain tumors and melanoma (Teitz et al., 2000). Importantly,
restoration of caspase-8 expression by gene transfer or by demethylation treatment
sensitizes resistant tumor cells to drug-induced apoptosis (Fulda et al., 2001a; Teitz
etal., 2001). Downregulation of caspase-3 has been proposed as a possible mechanism
for breast cancer chemoresistance. Doxorubicin-induced apoptosis was restored by
reconstitution of caspase-3 expression in caspase-3-deficient MCF-7 breast cancer
cells (Devarajan et al., 2002).

Inhibition of caspase activity by members of the IAP family is also involved in
chemotherapy resistance in some tumors. The X-linked inhibitor of apoptosis
protein (XIAP) is a factor in chemoresistance of human androgen-insensitive
DU145 prostate cancer cells, as its inhibition induces apoptosis and enhances
sensitivity to chemotherapy (Amantana et al., 2004). Overexpression of many IAPs
has been reported in multidrug-resistant HL-60 leukemia cells (Notarbartolo et al.,
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2002). Survivin expression has been shown to inhibit paclitaxel-induced apoptosis
in HeLa cells (Giodini et al., 2002) and to correlate with paclitaxel resistance in
ovarian cancer (Zaffaroni et al., 2002). As a final example, loss of Apaf-1 has been
associated with chemoresistance in melanoma cells (Soengas et al., 2001).

6 Strategies to Overcome Chemotherapeutic Resistance

Conventional drugs target cancer cells preferentially, but not exclusively. As a
result, they also kill high-proliferating normal cells from bone marrow and the gut,
causing unwanted side effects. Moreover, the efficacy of therapy is limited by
innate or acquired resistance to such agents. New targeted cancer therapies, though,
aim at using drugs that interfere with specific defects of cancer cells to improve
selectivity. Current therapies include the use of monoclonal antibodies, small
molecules, RNAI, and adenovirus-based gene therapy. These methods are currently
being developed and studied for use alone or in combination with conventional
drugs to overcome resistance (Fesik, 2005). The major proapoptotic targeted
therapies are outlined below.

6.1 Inhibition of Mitotic Kinases (RTK, Ras, Akt, and mTOR)

Targeting the mitotic kinases that are involved in the survival of cancer cells has
become a potential strategy for the induction of apoptosis either as a single treatment
or in combination with traditional therapies. Two major approaches are being
considered for targeting these kinases: small-molecule inhibitors and blocking
monoclonal antibodies.

Tyrosine kinase inhibitors have been designed to compete with and prevent the
binding of ATP to the tyrosine kinase domain. One of the greatest advances in
molecular targeted therapy in cancer involves the treatment of CML with a small-
molecule inhibitor of the Bcr-Abl oncogenic kinase called imatinib-mesylate
(Gleevec) (Deininger et al., 2005; Druker et al., 1996). Imatinib leads to unprece-
dented responses in the chronic phase, with 80% of newly diagnosed patients
achieving complete hematological remission. Imatinib has been shown to eradicate
Bcer-Abl-positive leukemia cells through the induction of apoptotic (le Coutre et al.,
1999) or nonapoptotic caspase-independent cell death (Okada et al., 2004). Since
imatinib also inhibits other kinases such as c-Kit and PDGFR, its application has
been broadened to other types of cancer such as c-Kit-positive gastrointestinal
stromal tumors (GIST) (Dagher et al., 2002). Other successful examples of targeted
small molecules include two EGFR/HERI tyrosine kinase inhibitors, gefitinib
(Iressa), and erlotinib (Tarceva), both of which have recently been approved
by the Food and Drug Administration (FDA) for the treatment of NSCLC
(De Marinis et al., 2006).
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Humanized monoclonal antibodies targeting the EGFR superfamily have also
been developed to bind the extracellular domain of these receptors competitively
and thus prevent tyrosine kinase activation. Trastuzumab (herceptin), a monoclonal
antibody against the extracellular domain of Her-2, is a prime example (Emens,
2005). The drug, which is approved for the treatment of breast cancers overexpressing
Her-2, is best used in combination with paclitaxel for first-line therapy, but may
also be used as a single agent as second- and third-line therapy.

As Ras mutations have been found in a great majority of carcinomas, targeting
of Ras or downstream effector pathways of Ras has been of great interest (Khosravi-
Far et al., 1998; Khosravi-Far and Der, 1994; Wennerberg et al., 2005). Farnesyl
transferase inhibitors have potently inhibited Ras in preclinical studies, but have
exhibited rather disappointing results in clinics so far (Appels et al., 2005).
Chemical inhibitors of the PI3K/Akt pathway have a potential use as suppressors
of tumor growth and inducers of apoptosis (Hennessy et al., 2005). Although inhi-
bition of the PI3K family members has been shown to inhibit growth of both cancer
cells in vitro and tumors in animal models, these compounds so far lack selectivity.
By contrast, rapamycin and its analogues, which inhibit the Akt downstream
substrate mTOR, slow the growth of tumors in animal models without displaying
significant toxicity (Morgensztern and McLeod, 2005) (Dudkin et al., 2001; Eng
et al., 1984). These compounds are currently in clinical trials for the treatment of
breast, colon, and lung cancers.

6.2 Targeting of Transcription Factors

Several transcription factors, including p53, members of the FOXO superfamily,
and NF-xB, are involved in drug-induced cellular response and have therefore
emerged as attractive targets for new apoptosis-inducing therapies (Kim et al.,
2003). Restoring p53 activity in tumor cells has a therapeutic potential because
pS3 loss or dysfunction in many tumors is a major cause of drug resistance.
Different approaches to restore p53 function include gene transfer of wt p53,
chemical restoration of wt p53 activity, and inhibition of Mdm2—p53 interaction
(Blagosklonny, 2002). Many clinical trials employing wt p53 gene transfer are
ongoing in different types of p53-deficient cancers. p5S3 activity can also be
restored by small molecules that modify mutant p53 back to wt (Bykov et al.,
2003; Foster et al., 1999). CP-31398, a styrylquinazoline, restores a wt DNA-binding
conformation to mutant p53 and is capable of suppressing tumor growth in vitro
and in vivo (Luu et al., 2002). Blocking the interaction of Mdm2-p53 in order to
inhibit p53 degradation has also been considered as a valuable strategy for cancer
therapy. A small molecule inhibiting the p53 pocket of Mdm?2 (IC50 = 100nM)
was recently discovered within a series of cis-imidazoline analogues called the
nutlins (Vassilev et al., 2004). Dose-dependent antiproliferative and cytotoxic
activities of nutlins were shown to be dependent on the p53 status of tumor cell
lines. Nutlins inhibited the growth of tumors in xenograft models without causing
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significant toxicities (Vassilev et al., 2004). These results emphasize that small
molecule inhibitors of Mdm2 could be valuable anticancer agents, especially for
tumors retaining wt p53 but overexpressing Mdm?2.

Recently, Hu et al. (2004) demonstrated that FOXO3a is inactivated by IKKp in
two thirds of breast cancer patients studied and that the presence of active FOXO3a
correlates with improved patient survival. Additionally, FOXO3a has also been
shown to be involved in paclitaxel-induced apoptosis in MCF-7 breast cancer cells.
Notably, the FOXO family of transcription factors have been shown to regulate
expression of proapoptotic genes such as Fas (Suhara et al., 2002), TRAIL (Ghaffari
et al., 2003; Modur et al., 2002), and Bim (Gilley et al., 2003; Stahl et al., 2002).
Taken together, these studies suggest that downregulation of FOXO transcription
factors may be a key mechanism in tumorigenesis. As a proof of concept, chemical
library screening identified a series of compounds that could target FOXO1 to the
nucleus and that restored the induction of apoptosis in PTEN-null cells (Kau et al.,
2003; Wang and El-Deiry, 2004).

Finally, an NF-xB inductive response to cytotoxic drugs can be targeted through
its physiological inhibitor, IxB. Indeed, adenovirus-based inhibition of NF-kB
elicited by gene delivery of an IxB superrepressor abrogates chemoresistance in
some types of tumors such as androgen-independent prostate cancer cells and in
glioma-derived cell lines (Orlowski and Baldwin, 2002). Targeting the IKK kinases
that phosphorylate and promote the proteasomal degradation of IkB could be
another approach, which is all the more appealing since FOXO?3a is also regulated
by IKKSs in breast cancer cells. Moreover, conditional knockout of IKKJ in intestinal
epithelial cells impedes irradiation-induced NF-kB activation and promotes the
activation of p53 and apoptosis in those cells (Egan et al., 2004). Thus, as suggested
by Finnberg and El-Deiry (2004), direct activation of FOXO3a, inhibition of
NF-xB, and indirect activation of p53 by targeting IKKs could be an effective
multifaceted anticancer therapy to inhibit cellular proliferation and promote cell
death by multiple signaling pathways.

6.3 Direct Targeting of the Apoptotic Machinery

6.3.1 Activators of the Intrinsic/Mitochondrial Pathway

The mitochondria, as a major cell death checkpoint, constitute a prominent target
for new anticancer therapies. The mitochondrial pathway can be selectively targeted
by gene delivery of proapoptotic proteins such as Apaf-1 (Perkins et al., 2000) or
Bax (Kagawa et al., 2000; Kaliberov et al., 2002). Alternatively, overexpressed
antiapoptotic proteins such as Bcl-2, Bcl-XL, and XIAP can be downregulated. An
antisense oligo against BCI-2, oblimersen, sensitizes patient-derived malignant
melanoma cells to apoptosis induced by dacarbazine (Jansen et al., 2000) and has
been recently approved by FDA for use in combination with this drug in advanced
melanoma (Kim et al., 2004; Klasa et al., 2002). Phase II/III clinical trials are being
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carried out to assess the benefits of oblimersen in combination with conventional
drugs in Acute myelogenous leukemia (AML) and Non-small Cell Lung Cancer
(NSCLC). Varied designer ligands (peptidomimetics or organic small molecules)
that bind to the BH3-binding pocket of BCL-2 and Bcl-XL have been shown to
induce apoptosis in vitro (Yin et al., 2005; Degterev et al., 2001; Enyedy et al., 2001;
Kutzki et al., 2002; Tzung et al., 2001; Walensky et al., 2004; Wang et al., 2000). To
date, a stapled BH3 peptide has been reported to inhibit the growth of leukemia
xenografts (Walensky et al., 2004) and a small-molecule inhibitor of the Bcl-2 fam-
ily members, ABT-737 (Abbot Laboratories), has been shown to induce regression
of solid tumors in vivo (Oltersdorf et al., 2005). Moreover, a dual Bcl-2/BclXL
antagonist (GX15-070, GeminX Biotechnology) entered clinical trials last year.

Inhibition of XIAP and other IAPs is another mechanism considered to induce
apoptosis in cancer cells (Huang et al., 2004; Schimmer et al., 2006). Knockdown
of XIAP by antisense oligos or RNAi induces apoptosis in cancer cells (Adams,
2003; Lima et al., 2004; McManus et al., 2004). Peptidic and nonpeptidic inhibitors
of XIAPs have also been reported (Huang et al., 2004; Schimmer et al., 2006). In
particular, cell-permeable Smac peptidomimetics that inhibit IAPs potently induce
caspase activation and apoptosis in cancer cells and inhibit tumor growth in
xenograft mouse models (Fulda et al., 2002).

Finally, drugs which act directly on mitochondrial components are also being
developed to enforce cell death in tumor cells in which upstream apoptotic
pathways are disabled (reviewed in Dias and Bailly, 2005; Bouchier-Hayes et al.,
2005; Costantini et al., 2000; Debatin et al., 2002). Betulinic acid, a natural
pentacyclic triterpenoid which acts via the permeabilization transition pore, has
been shown to exert antitumor effects against neuroblastodermal and malignant
head and neck tumors irrespective of their p53 status (Fulda and Debatin, 2000;
Pisha et al., 1995).

6.3.2 Activators of the Extrinsic/Death Receptors Pathway

There is significant interest in targeting the extrinsic pathway to circumvent drug
resistance, since chemorefractory cells tend to have dysfunctional p53 and defects
in their intrinsic pathway. Death receptor ligands such as Fas, TNF, and TRAIL
can be strong inducers of apoptosis in tumor cells in vitro. Among these ligands,
TRAIL emerges as the most promising antitumor agent due to its lack of toxicity
(Abe et al., 2000b; Yagita et al., 2004). Unlike Fas and TNF, recombinant TRAIL
induces tumor regression in preclinical models with little toxicity to normal tis-
sues (Ashkenazi et al., 1999; Walczak et al., 1999) and is currently in phase I
clinical trials for the treatment of solid tumors. Agonistic antibodies against DR4
and DRS5 also induce apoptosis in cancer cells, but not in normal cells and slow
the growth of tumors in xenograft tumor models with no apparent systemic toxicity
(Yagita et al., 2004). Phases I and II clinical trials have been initiated for an agonistic
antibody targeting DR4 and phase II clinical trials are ongoing for an antibody
that targets DRS.
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6.4 General Inhibitors (Proteasome, Hsp90, and HDAC)

Targeting more general cellular components such as the 26S proteasome (Adams,
2004), the molecular chaperone protein Hsp90 (Whitesell and Lindquist, 2005),
and histone deacetylases (HDAC) (Minucci and Pelicci, 2006; Yoo and Jones,
2006) has led to some surprising success in specific anticancer therapy. These
therapies, while not intended to induce apoptosis, preferentially kill cancer cells by
exploiting their greater dependence on the targeted cellular processes than their
normal counterparts.

The proteasome inhibitor Velcade has been approved for treatment of multiple
myeloma and is under evaluation as a single agent or in combination chemotherapy
for the treatment of other hematopoietic and solid cancers (Adams and Kauffman,
2004). Preclinical studies demonstrate that proteasome inhibition by Velcade
potentiates the activity of other cancer therapeutics, in part by downregulating
chemoresistance pathways such as NF-kB and by inducing proapoptotic proteins
such as p53 or FOXO3a (Fujita et al., 2005; Ghaffari et al., 2003).

Hsp90 is a molecular chaperone protein required for the stability and function
of multiple mutated chimeric and overexpressed signaling proteins. Hsp90 inhibitors
have shown promising antitumor activity in preclinical model systems (Banerji
et al., 2005) and a 17-AAG compound has reached phase II clinical trials
(Heath et al., 2005).

HDAC inhibitors are novel anticancer agents in clinical development that
target the family of HDAC enzymes responsible for deacetylating core nucleosomal
histones and other proteins. The precise mechanisms resulting in the antiproliferative
biological effects of these agents are not fully understood. Nevertheless, a phase
I clinical trial of suberoylanilide hydroxamic acid (SAHA) has shown that it is
well tolerated, and has antitumor activity in both solid and hematological tumors
(Kelly et al., 2005).

6.5 Combined Treatment as a Strategy to Overcome Resistance
to Conventional Radiation and Chemotherapeutic Drugs

Most chemotherapeutic agents utilize the apoptotic pathway to induce cancer cell
death, as does radiation. To overcome resistance to apoptosis, combination thera-
pies involving two or more treatments can be used. The efficiency is usually highest
when these treatments act on different signaling pathways. Targeting apoptosis
through both the intrinsic and extrinsic pathways has been shown to be a good
strategy. For example, joint activation of the intrinsic pathway (via the Bcl-2 family
of proteins) and the extrinsic pathway (using different ligands like Apo2L/TRAIL)
has a synergistic effect in prostate cancer cell lines (Almasan and Ashkenazi, 2003).
Also, resistance to death receptor-induced cell death (as in resistance to Apo2L/
TRAIL treatment) can be overcome by using a variety of therapeutic strategies,
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like the activation of the intrinsic pathway, inhibition of survival factors, metabolic
inhibition (blocking protein synthesis), proteasome inhibition (bortezomib), and
others (Bucur et al., 2006).

6.5.1 Conclusions and Future Directions

Apoptosis and its deregulation in cancer has been an intensive field of research over
the past decades. A deeper understanding of the mechanisms involved in evasion of
cancer cells from apoptosis, and its link to drug resistance, has enabled the recent
development of molecular targeted proapoptotic therapies. These therapies have
produced significant results in cancer treatment and, in the case of Gleevec in CML,
have even exceeded expectations. However, as for conventional drugs, resistance
has subsequently emerged, even to single targeted agents. To avoid resistance,
combination therapies involving both an apoptosis inducer and a conventional drug
appear to be the best approach to date, but different strategies can be also used.

When apoptosis is impaired, resistance can often be overcome by targeting both
the extrinsic and intrinsic pathways of apoptosis. In addition, alternative modes of
cell death, such as autophagy, mitotic catastrophe, or necrosis, might be activated.
Involvement of these different types of cell death in drug-induced cytotoxicity raises
the possibility of using these newly identified cellular pathways instead to treat
chemoresistant cancers. A deeper understanding of these alternative modes of cell
death and identification of the interplay and molecular switches between apoptosis—
autophagy and necrosis might provide new therapeutic targets for cancer therapy.

Finally, it is becoming clearer that tumor cells are not homogeneous and that
neither most conventional drugs nor even targeted agents such as Gleevec can
eliminate the cancer stem cells from which the disease arises (Bhatia et al., 2003).
Relapses could occur in part due to the failure of current therapies to target this
specific and original cancer cell population. Therefore, future directions of cancer
research must better decipher the different modes of cell death and their potential
application in attacking cancer stem cells.
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