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Abstract Optimal cytotoxic anticancer therapy, at the cel-
lular level, requires effective and selective induction of cell
death to achieve a net reduction of biomass of malignant
tissues. Standard cytotoxic chemotherapeutics have been de-
veloped based on the observations that mitotically active
cancer cells are more susceptible than quiescent normal cells
to chromosomal, microtubular or metabolic poisons. More
recent development of molecularly targeted drugs for cancer
focuses on exploiting biological differentials between nor-
mal and transformed cells for selective eradication of can-
cers. The common thread of “standard” and “novel” cyto-
toxic drugs is their ability to activate the apoptosis-inducing
machinery mediated by mitochondria, also known as the in-
trinsic death signaling cascade. The aim of this article is
to provide an overview of the role of the mitochondria, an
energy-generating organelle essential for life, in mediating
death when properly activated by cytotoxic stresses.
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Bax Bcl2-associated X protein
Bak Bcl2-antagonist/killer
Bcl2 B cell lymphoma protein 2
Bid Bcl2 inhibitory domain
Bad Bcl2 antagonist of cell death
Bim Bcl2-interacting mediator of cell death
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Omni/HtrA2 high temperature requirement protein A2
Puma/Bbc3 p53-upregulated modulator of apoptosis/

Bcl2-binding component 3
Smac/Diablo second mitochondria derived activator of

caspases/direct inhibitor of apoptosis-
binding protein with low isoelectric point

AIF apoptosis inducing factor
TRAIL Tumor necrosis factor related apoptosis

inducing ligand
MOMP mitochondria outer membrane permeability
MEK MAPK kinase
MAPK mitogen activated protein kinase
ERK extracellular signal regulated kinase
Apaf-1 apoptosis-protease activating factor 1
JNK Jun N-terminus kinase
ANT adenine nucleotide transporter
VDAC voltage-dependent anion channel

Introduction

Cancer chemotherapy – the use of naturally occurring or
synthetic chemicals to treat malignancies- is the major com-
ponent of the modern oncologists’ armamentarium. Tech-
nically speaking, cancer chemotherapeutics are metabolic,
microtubular or chromosomal poisons that kill cancer cells
by interfering with their ability to divide and thus blocking
tissue growth. The therapeutic index of cancer chemotherapy
depends on the selectivity of individual agents in targeting
malignant cells and sparing normal cells. This “tissue se-
lectivity” is influenced by many factors including the fact
that malignant cells are more mitotically active than nor-
mal cells and thus easier poisoned. Hematopoietic tissues
and gastrointestinal epithelial cells have high mitotic indices
and thus are frequently “collaterally damaged” by cancer
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chemotherapeutic drugs. The process of chemotherapeutic
drug developments has undergone tremendous transforma-
tion owing to better understanding of the cell and molecular
biology of cancer and the identification of therapeutic targets.
Molecularly targeted anticancer drugs are developed with
the expectation that they more effectively kill cancer cells
with minimal adverse side effects to normal tissues. Success-
ful treatment of Philadelphia chromosome-positive chronic
myelogeneous leukemia using Gleevec (Johnson et al., 2003)
or meaningful clinical response of stage IV non-small cell
lung cancer bearing activating mutations of the EGFR gene
to Tarceva (Shepherd et al., 2005; Tsao et al., 2005) are prime
examples of the potentials of targeted molecular therapy for
cancers refractory to standard cytotoxic therapies. Despite
the diversity of the physico-chemical properties or the in-
tended mechanisms of action, the majority of chemothera-
peutic drugs kill cancer cells by activating built-in machinery
regulated by the mitochondria to induce cell death via apop-
totic and/or non-apoptotic pathways. This article focuses on
describing the molecular mechanism by which mitochon-
dria regulate death responses to cytotoxic stresses in cancer
cells. The molecular components that regulate the intrinsic
(mitochondria-dependent) death signaling pathways will be
briefly described followed by a description of the role of
the mitochondria in mediating cytotoxicity of standard (cur-
rently in use for standard-of-care therapy) as well as novel
(under pre-clinical or clinical development) anticancer drugs.

Anatomy of the mitochondria-dependent cell death
signaling pathways

Eukaryotic cells execute cell death programs in response
to cytotoxic stress or extracellular cues via well-defined
extrinsic (receptor-mediated) and intrinsic (mitochondria-
dependent) pathways. As further described below, these path-
ways closely interact with each other at the mitochondrial
level leading to efficient induction of apoptosis. Apopto-
sis is an evolutionarily conserved intrinsic program of cell
death that occurs in various physiological and pathologi-
cal conditions (Fulda and Debatin, 2006). Apoptosis is an
energy-dependent orderly cellular process characterized by
typical biochemical and morphological features including
cell shrinkage and nuclear DNA fragmentation culminat-
ing in the elimination of apoptotic bodies by macrophages
(Hengartner, 2000).

Intrinsic death signaling pathway

Cytotoxic stresses, via intermediary signaling molecules par-
ticularly the p53 tumor suppressive protein, converge on the
mitochondria to engage its apoptogenic activity by inducing
mitochondrial outer membrane permeabilization (MOMP).

The molecular basis of cytotoxic treatment-induced MOMP
remains controversial and generally falls under two classes
of mechanism. Each may function under different circum-
stances (Green and Kroemer, 2004). In the first model of
MOMP, permeability transition (PT) occurs in response to
apoptosis-induced stress by the formation of a transmem-
brane pore bridging both the outer membrane and the inner
membrane of the mitochondria. The permeability transition
pore complex is composed of the adenine nucleotide trans-
porter (ANT) and other proteins in the inner membrane along
with the voltage-dependent anion channel (VDAC) and per-
haps other proteins in the outer membrane. Opening of the
pore allows water to enter the mitochondrial matrix and ions
to equilibrate causing the loss of mitochondria inner trans-
membrane potential (��). The opening/closing of the PT
pore is regulated by many factors including caspase acti-
vation, nitric oxide, amphipathic peptides, and members of
the Bcl2 superfamily (Kroemer et al., 1998; Galluzzi et al.,
2006). The mitochondria matrix swells following opening
of the PT pore causing rupture of the outer membrane lead-
ing to the release of intermembrane apoptosis-inducing pro-
teins. In the second model of MOMP, only the outer mito-
chondria membrane is involved. In this model, members of
the Bcl2 pro- and anti-apoptotic proteins play crucial roles.
The BH123 pro-apopototic proteins Bax (exists in the cy-
tosol and translocates to MOM upon activation) and Bak
(normally resides on the mitochondrial outer membrane in
association with VDAC2 (Cheng et al., 2003) and fully in-
serts into the MOM following activation) are the effectors
of the outer membrane permeabilization by forming a pore
via protein hetero- or homo-oligomerization allowing the re-
lease of pro-apoptotic proteins in the intermembrane space
such as cytochrome c, Smac/Diablo, AIF into the cytoplasm.
The BH3-only pro-apoptotic proteins such as Bid, Bim, Bad,
Bik, Noxa, Hrk, Bmf, Puma play important regulatory roles
in Bak/Bax-induced MOMP. Activation of Bax and Bak is
mainly mediated by the apoptosis activators Bid or Bim while
others (Bad, Bik, Hrk, Noxa, Bmf, Puma - frequently re-
ferred to as apoptosis sensitizers) assist in the process of
Bax, Bak activation and MOMP by binding to and displac-
ing Bid/Bim or Bax/Bak from antiapoptotic proteins (Certo
et al., 2006; Letai, 2005; Kuwana et al., 2005). Antiapoptotic
members of the Bcl2 superfamily suppress death by seques-
tering BH3 apoptosis activators and also perhaps BH123
proteins Bax and Bak (Cheng et al., 2001). Multiple proteins
one of which is the well-described tumor suppressor protein
p53, act as second messengers upstream of MOMP connect-
ing cytotoxic stress to mitochondrial activation (Galluzzi
et al., 2006; Fulda and Debatin, 2006). Apoptotic signals
from DNA-damaging agents can be transmitted via p53 to
the mitochondria as p53 can indirectly engage the intrinsic
death signaling pathway by transcriptionally upregulating
the expression of Bid, Puma, Noxa and Bax (Chipuk et al.,
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2005; Sax et al., 2002; Yu et al., 2001; Oda et al., 2000). More
recent experimental evidence has indicated that p53 can di-
rectly induce MOMP in a transcription-independent fash-
ion by directly activating Bax, Bak or inhibit Bcl2, BclXL

(Mihara et al., 2003;Chipuk et al., 2004). The nuclear histone
protein H1.2 released from the nucleus of DNA-damaged
cells via a p53-dependent mechanism interacts with Bak
to mediate MOMP and cytochrome c translocation to the
cytoplasm (Konishi et al., 2003). The BH3 apoptosis activa-
tor Bim, normally sequestered in the cytoskeleton by binding
to microtubules, is set free leading to induction of MOMP
and apoptosis by paclitaxel, a microtubule-active chemother-
apeutic drug (Sunters et al., 2003; Tan et al., 2005). Hyper-
phosphorylation of Bcl2 leading to functional inactivation
has been observed in paclitaxel-treated cells and correlated
with opening of the PT pores (Srivastava et al., 1998; Ruvolo
et al., 2001).

Extrinsic death signaling pathway

Death-inducing membrane receptors provide the link be-
tween extracellular death signals and the intracellular
apoptosis-inducing signaling cascades. Members of the TNF
receptor superfamily include TNF-R1 and TNF-R2, TRAIL
receptors DR4, DR5 (and non-functional decoy receptors
DcR1, DcR2), FasL receptor Fas (a non-functional decoy
receptor DcR3), DR6 and p75NTR. Binding of TNF to its
receptors results in the formation of the death-inducing sig-
naling complex (DISC) and activation of the caspase cas-
cade in certain susceptible cells. However, in the majority
of cases, activated TNF receptors recruits adaptor proteins
TRADD, TRAF, RIP to form a different signalosome to ac-
tivate the NF-kB pathway that mediate release of inflamma-
tory cytokines and anti-apoptosis responses. TNF mediates
its anticancer property by targeting tumor microvasculature
to induce thrombosis and tumor necrosis rather than directly
inducing apoptosis of target cells. On the other hand, bind-
ings of apoptosis-inducing ligand FasL or TRAIL to their
cognate receptors result in receptor aggregation, recruitment
of FADD and procaspases 8 (and the less physiologically
important caspase 10) and formation of the death induc-
ing signaling complex (DISC) and activation of the ini-
tiator caspase 8 (Ashkenazi and Dixit, 1999; LeBlanc and
Ashkenazi, 2003; Kelley and Ashkenazi, 2004; Nicholson,
1999; Salvesen and Dixit, 1999; Boatright et al., 2003). The
DISC-derived activated caspases 8 then cleaves and activates
the executioner caspases 3 and 7 leading to apoptosis via a
signaling cascade known as the extrinsic pathway, in contrast
to the mitochondria-mediated intrinsic death signaling path-
way activated following cytotoxic stresses (Kroemer et al.,
1998; van Loo et al., 2002). Moreover, activated caspase 8
can also process the BH3-only protein BID to yield trun-
cated BID (tBID) that translocates to the mitochondria and,

via interaction with Bak and Bax (Korsmeyer et al., 2000;
Scorrano and Korsmeyer, 2003; Ruffolo et al., 2000) on
the mitochondrial outer membrane, mediates mitochondrial
outer membrane permeabilization (MOMP) and the release
of multiple pro-apoptotic proteins including cytochrome c,
AIF, SMAC/DIABLO. This links the extrinsic to the intrin-
sic death signaling pathways (Scaffidi et al., 1998; van Loo
et al., 2002; Saelens et al., 2004; Kroemer et al., 1998). Cy-
tosolic cytochrome c, together with Apaf-1, procaspase 9
and ATP, forms the apoptosome which activates caspase 9
(serving as the initiator caspase for the intrinsic death path-
way) leading to activation of caspases 3, 7, 6 and induction
of apoptosis. Caspase 3-derived activated caspase 6 prote-
olytically cleaves and activates caspases 2, 8 and 10 thus
forming a positive amplification feedback loop to further ac-
tivate the initiator caspase 8 (Fulda et al., 2002; Almasan and
Ashkenazi, 2003). Inhibitors of apoptosis proteins (XIAP,
cIAP1/2) can block apoptotic events by inhibiting the cat-
alytic activity of effector caspases 3 and 7 or by blocking the
activation of the apopsomal caspase-9 by directly interact-
ing with the active sites of these caspases. XIAP is the most
potent inhibitor of caspase activity (Duckett et al., 1996;
McEleny et al., 2001). High expression of IAPs in cancer
cells can confer resistance to TRAIL-induced apoptosis (Ng
and Bonavida, 2002; Ng et al., 2002). The activity of IAPs
can be blocked by Smac/Diablo, a mitochondrial protein that
is released into the cytosol at some point during the apoptotic
cascade, where it promotes cell death by eliminating IAP in-
hibition of caspases (Du et al., 2000; Verhagen et al., 2000).
Death ligand-mediated induction of apoptosis is further clas-
sified into type I or type II depending on the involvement of
the intrinsic (mitochondria-mediated) death signaling cas-
cade in the effective execution of apoptosis (Scaffidi et al.,
1998). Type I cells undergo death receptor-mediated apop-
tosis independent of mitochondria (and thus not sensitive to
Bcl2/BclXL) while type II cells rely on the intrinsic pathway
for efficient apoptosis (and apoptosis is abrogated by Bcl2,
BclXL or by the selective caspase 9 inhibitor Z-LEHD-fmk)
(Ozoren and el Deiry, 2002). In the extrinsic death signaling
pathway, death receptors occupy the apical position in the
caspase activation cascade with recruitment of the intrinsic
pathway as the secondary step to amplify and to perpetuate
the initial death signal to achieve efficient and complete in-
duction of apoptosis. Mitochondria are thus the gateway of
death for cells receiving signals to die (extrinsic pathway) or
receiving cytotoxic chemotherapeutics (intrinsic pathway).

Induction of cell death by cytotoxic chemotherapeutic
drugs: The role of the mitochondria

Anticancer chemotherapeutic drugs are primarily discov-
ered by systematic high throughput screening of natural and
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synthetic chemicals followed by elucidation of their mecha-
nism of action and synthesis of more potent drugs or analogs.
Standard chemotherapeutics are broadly categorized into
DNA-damaging agents, microtubule-active agents and an-
timetabolites. These drugs have been used for years mostly in
multiple drug combinations to treat a wide variety of cancers
with well defined track records of objective responses and
cure rates. More novel “molecularly targeted” agents (gene
therapy, histone deacetylase inhibitors, growth factor recep-
tor antagonists, and mitochondrial toxins to name a few), are
being systematically developed and tested in clinical trials for
their anticancer efficacy and toxicity as well as pharamacoki-
netics/pharmacodynamics properties. The role of the intrin-
sic death signaling pathway in mediating cell death by rep-
resentative chemotherapeutics e.g. cisplatin, paclitaxel and
histone deacetylase inhibitors are briefly reviewed below.

Cisplatin (cis-diammine-dicholoro-platinum - CDDP), an
antineoplastic agent discovered more than 3 decades ago, is
still one of the most commonly used chemotherapeutic drugs
to treat a wide variety of solid malignancies. Its primary mode
of action is thought to be the formation of DNA-Protein
and DNA-DNA adducts, resulting in DNA damage and cell
death. Whether cancer cells undergo cell cycle arrest or cell
death following CDDP exposure depends on the duration
and magnitude of DNA damages. Intrastrand DNA cross-
links are the primary lesion seen in CDDP-damaged DNA,
and a correlation exists between the degree of lesions and
cytotoxicity (Stathopoulos et al., 2006). Conventionally it is
believed that cell death primarily ensues via a p53 dependent
mechanism and up-regulation of pro-apoptotic factors, many
of which converge on the mitochondrial pathway of cell death
(Siddik, 2003). More recently, however, there is evidence that
in addition to the p53 dependent pathway, cisplatin may act
directly on the mitochondria, promoting cell death.

DNA damage results in cell cycle arrest at G2/M at which
point this damage can either be repaired, or if overwhelm-
ing, result in cell death (Demarcq et al., 1994). The tumor
suppressor protein p53 is thought to be activated by DNA
damage sensing proteins, which are likely the same proteins
involved in the repair machinery, though this is yet to be fully
elucidated (Siddik, 2003). In addition to DNA damaged in-
duced activation of p53, there is considerable evidence that
stress induced kinases such as SAPK/MAPK, ATM (ataxia
telangeiectasia and mutated protein) and ATR (ATM and
Rad3-related protein), are activated after exposure to CDDP.
These can directly phosphorylate and activate p53 as well as
act on p53 down-stream targets such as Bax and Bak (Ihrlund
et al., 2006). Some authors have argued that cisplatin induced
stress kinase activation is essential to the p53 pathway, as re-
sistance to the drug is seen in kinase deficient cells despite
DNA damage induced by the drug (Yeh et al., 2002). Ac-
tive p53 functions to trans-activate a host of pro-apoptotic
pathway that engage and form the mitochondrial machin-

ery of apoptosis, or intrinsic pathway (Hopkins-Donaldson
et al., 2006). The Bcl-2 family proteins are most prominently
affected by p53 leading to alterations of the expression lev-
els of pro-apoptotic Bak and Bax exceeding the levels of
anti-apoptotic proteins Bcl-2 and Bcl-XL (Del Bello et al.,
2001). In addition to suppression of Bcl-2, p53 also activates
inhibitors of Bcl-2 such as Bid and Puma, which not only
amplify the pro-apoptotic signal but function as points of
cross-talk between intrinsic and extrinsic apoptotic signals
(Jiang et al., 2006; Devarajan et al., 2002). Certainly there is
tremendous evidence that in CDDP-treated cells p53 exerts
its apoptotic function via the Bcl-2 family genes, which ul-
timately act on the mitochondria. Over-expression of Bcl-2
abrogates the cytotoxic effect in many systems, as does knock
out of Bax or Bak (Du et al., 2006; Fox et al., 2005; Bauer
et al., 2005; Eliopoulos et al., 1995). Furthermore, inhibitors
of apoptosis (IAP’s) such as survivin that can act downstream
of cytochrome c release can curtail the effect of CDDP (Tirro
et al., 2006). Bcl-2 family proteins can also be the direct tar-
gets of stress induced kinases as well as the protein kinase
C (PKC) pathway (Lasfer et al., 2006). This pathway may
be critical in induction of apoptosis in p53 dysfunctional
tumors. Taken together, CDDP induced DNA damage and
stress induced signaling result in ultimate engagement of the
mitochondrial death machinery instrumental in cell death.

In addition to the nuclear effects of CDDP, the drug di-
rectly affects the mitochondria. It has been shown that CDDP
preferentially accumulates in the mitochondria, and con-
sumes cellular glutathione which may potentiate oxidative
cellular damage (Dzamitika et al., 2006). It has also been
reported that mitochondrial DNA (mtDNA) is severely dam-
aged by CDDP, and this appears to be repaired markedly
less efficiently than nuclear elements, though whether this
directly correlates to cytotoxicity is yet to be elucidated.
Depletion of mtDNA renders cells resistant to CDDP, sug-
gesting mtDNA damage may play a direct role in cytotox-
icity (Liang and Ullyatt, 1998). Mitochondrial density also
correlates with degree of toxicity of cisplatin and the genera-
tion of oxidative injury. Expression of superoxide dismutase
protects against this damage and CDDP toxicity, further link-
ing mitochondrial damage to the CDDP effect (Nishikawa
et al., 2001). In cell free evaluation, mitochondria appeared
to be more sensitive to CDDP exposure, with ultra-structural
changes occurring at earlier time points than nuclear changes.
This could be to the direct binding of CDDP to mitochon-
drial proteins such as VDAC a core component of the PT
pore complex, which can function to permeabilize the outer
membrane independent of Bax (Yang et al., 2006). These
findings could be supported by the occasional observation of
cisplatin sensitivity in p53 deficient cells.

Paclitaxel (Taxol R©) is a cytotoxic agent also used clini-
cally in a wide variety of malignancies. Its primary mode of
action is to stabilize microtubules and to prevent microtubule
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disassembly, leading to mitotic arrest and apoptosis. There
is also evidence that microtubule dysfunction also affects
other cellular processes (Jordan et al., 1993). Since pacli-
taxel does not directly damage DNA as other commonly used
chemotherapeutics, its cytotoxicity does not rely heavily on
the p53 regulated pathway of cell death. This is confirmed by
the observation that many p53 deficient tumors retain sen-
sitivity to paclitaxel (Bacus et al., 2001). Nevertheless, this
drug has been shown to influence many effector molecules
that function in the intrinsic death signaling pathway that
converge on the mitochondria for the execution of cell death.

While not heavily dependent on functional p53 to ex-
ert its cytotoxic effect, paclitaxel has been shown to
modulate downstream targets of p53. Bcl-2 phosphorylation
and degradation appear to be closely related to paclitaxel
induced cell death, and the induction of MAPK and JNK
is thought to be associated with this phenomenon (Brichese
et al., 2004). Bax and Bak upregulation has also been noted
in many cancer cell lines regardless of their p53 status and
this has been correlated with cytotoxicity (Thomadaki et al.,
2006). Bcl-2 overexpression, which does not alter the mi-
crotubular effect of paclitaxel does abrogate the induction
of DNA fragmentation and apoptosis (Ibrado et al., 1996).
Most interestingly, paclitaxel has been shown to have a direct
correlation with the effect of the BH-3 only protein Bim (Li
et al., 2005). This molecule is found in normal cells associ-
ated with the microtubule-dyenin complex. Upon microtu-
lar disruption, Bim is thought to be released and target the
mitochondria where it inhibits Bcl-2 (Li et al., 2005). More-
over, paclitaxel has also been observed to induce caspase
independent cell death. Several apoptosis like phenomenon
are observed, such as cytochrome c release and engagement
of cell surface death initiators e.g., FADD (Fas-Associated
Death Domain) and cleavage of Bid which initiates the mi-
tochondrial pathway. Overexpression of dominant negative
caspase 8 or overexpression of Bcl-2 only partially abrogates
cell death in certain studies (Huisman et al., 2002). Never-
theless, the mitochondria appear to be targeted irrespective
of caspase activation in the conventional sense of apoptosis.

In cell free systems, naked mitochondria appear to be
architecturally distorted after exposure to taxol, and perme-
abilize independent of the presence of Bax. Taxol appears
to open the adenine nucleotide-cyclophilin complex, which
may serve to release cytochorome c earlier than Bcl-2 family
protein involvement (Varbiro et al., 2001). The formation of
oxygen free radicals was also increased in this system. This
observation was confirmed in the cellular system, where
mitochondria structural and functional changes were seen
within hours of taxol exposure, but caspase activation was
not seen until 24 hours (Andre et al., 2002).

Histone deacetylase inhibitors (HDACIs) are structurally
diverse chemical compounds that share common biological
properties of inducing core histone hyper-acetylation lead-

ing to gene expression and of mediating potent antitumor
effects (Rosato and Grant, 2004; Schrump and Nguyen,
2005; Jaboin et al., 2002). Some HDACIs are either natu-
rally occurring compounds like sodium butyrate (a fatty acid
metabolite found in high concentration in the lumen of the
large intestine) or pharmacologic compounds such as val-
proic acid (a commonly prescribed anti-epileptic drug). Still
others are complex chemicals isolated from culture broths of
microorganisms (Depsipeptide, Apicidin or Trichostatin A)
or synthetic derivatives (MS-275, CI-994). HDACIs are sub-
divided into 4 fundamental groups: short-chain fatty acids
(sodium butyrate, phenylbutyrate, valproic acid), synthetic
benzanides derivatives (MS-275, CI-994), cyclic tetrapep-
tides (Depsipeptide, Trapoxin, Apicidin), and hydroxamic
acids (Trichostatin A, Suberoylanilide Hydroxamic acid –
SAHA, LAQ8240) (Rosato and Grant, 2004). HDACIs in-
duce differentiation, cell cycle arrest and/or apoptosis of
cancer cells in culture and in vivo animal models (Rosato
and Grant, 2004; Schrump and Nguyen, 2005; Jaboin et al.,
2002). Multiple HDACIs (SAHA, Depsipeptide, MS275)
have been shown to have anticancer properties in phase
I and II clinical trials (Rosato and Grant, 2004; Schrump
et al., 2002; Kelly et al., 2003; Piekarz and Bates, 2004).
The antitumor activity of HDACIs has been attributed to
both their ability to inhibit deacetylases (leading to accu-
mulation of hyper-acetylated histones and alteration of gene
transcription) and their ability to suppress mitogenic signal
transduction pathways via downregulation of oncoproteins
expression (Yu et al., 2002) as well as their effect on the
phenotypic expression of Bax, Bak, Bcl2, BclXL leading to
a net increase of the ratio of pro-versus anti-apoptotic pro-
teins of the Bcl2 superfamily and the apoptogenicity of the
mitochondria (Ruefli et al., 2001; Marks and Jiang, 2005;
Garcia-Morales et al., 2005; Doi et al., 2004; Dunant et al.,
2005; Dunant et al., 2005). In addition to inducing hyper-
acetylation of histone proteins, HDACIs also mediate hy-
peracetylation of other non-histone proteins including p53
leading to an increase of its function in cell cycle arrest and
induction of apoptosis (Marks and Jiang, 2005). Exposure of
cancer cells to TSA or SAHA results in activation of caspases
2,3,7, 8 and 9, cleavage of Bid and apoptosis, all of which are
strictly dependent on the catalytic processing of caspase 9
due to activation of MOMP as none of these occurs in the ab-
sence of caspase 9 or in the presence of Bcl2 overexpression
(Henderson et al., 2003). Similar experimental findings have
been reported to implicate the essential roles of the intrin-
sic death signaling pathways in mediating HDACI-induced
apoptosis in a variety of cancer cell lines, involving different
HDACIs and treatment conditions (Lucas et al., 2004; Jaboin
et al., 2002; Ruefli et al., 2001; Rosato and Grant, 2004;
Shao et al., 2004;Yeow et al., 2006; Nguyen et al., 2004;
Nguyen et al., 2003; Yeow et al., 2006; Maxhimer et al.,
2005).
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Receptor-mediated induction of apoptosis:
Apo2L/TRAIL and the mitochondria

Tumor-necrosis factor receptor apoptosis inducing ligand
(TRAIL), a member of the TNF superfamily, is a naturally
occurring ligand normally found on the surface of activated
immune effector cells and thought to play important roles in
immunosurveillance against virally infected cells or malig-
nant transformation (Almasan and Ashkenazi, 2003; Yagita
et al., 2004). TRAIL interacts with its receptors (2 func-
tional receptors DR4 and DR5 and two nonfunctional de-
coy receptors DcR1, DCR2) to mediate intracellular signal
transduction pathways leading to the induction of caspase-
dependent apoptosis via pathways outlined in Fig. 1. Ac-
tivation of DR4/DR5 either by recombinant agonistic hu-
man anti-receptor monoclonal antibody (Pukac et al., 2005)
or by recombinant protein ligand (such as Apo2L/TRAIL)
(Ashkenazi et al., 1999) selectively induces apoptosis of can-
cer cells and abnormal cells (particularly cultured human
hepatocytes), thus making targeting DR4/DR5 a very attrac-
tive therapeutic opportunity (Kelley et al., 2001; Ashkenazi
et al., 1999; Pukac et al., 2005). Molecular analysis of ligand-
mediated induction of apoptosis of cancer cells indicated
the recruitment of the mitochondria-dependent caspase ac-
tivation cascade via the Bid/tBid linkage of the extrinsic
to the intrinsic death pathways that serve to amplify cas-
pase activation via positive feedback loop to ensure efficient
execution of the cell death program (Scaffidi et al., 1998;
van Loo et al., 2002; Saelens et al., 2004; Kroemer et al.,
1998). Despite expressing adequate levels of functional re-
ceptors, a significant proportion of cultured cancer cells are

refractory to the cytotoxic effect of Apo2L/TRAIL or an-
tiDR monoclonal antibodies. The molecular basis of such
intrinsic resistance is diverse, incompletely understood and
cell-line dependent (Zhang and Fang, 2005). One common
feature consistently described in the published literature is
that combining cytotoxic chemotherapeutic drugs at subther-
apeutic/sublethal treatment conditions with Apo2L/TRAIL
or antiDR monoclonal antibodies results in profound and
synergistic enhancement of cell death in the majority of in-
stances (Muhlethaler-Mottet et al., 2004; Lacour et al., 2003;
Kondo et al., 2005; Evdokiou et al., 2002; Liu et al., 2001;
Sayers et al., 2003; Inoue et al., 2004; Guo et al., 2004; Fulda
and Debatin, 2005; Zhou et al., 2000; Shankar and Srivastava,
2004). Invariably, substantial activation of the caspases 8, 9
and 3 as well as caspase-dependent induction of apoptosis are
observed in combination-treated cells. The molecular basis
of chemotherapy-induced potentiation of receptor-mediated
cytotoxicity is multifactorial and treatment- as well as cell
type-dependent (Shankar and Srivastava, 2004; LeBlanc
et al., 2002; Kelley and Ashkenazi, 2004; Muhlethaler-
Mottet et al., 2004; Lacour et al., 2003; Arizono et al., 2003).
Upregulation of death receptors, functional increase of DISC
activation leading to stronger death signals at the membrane
level, reduced expression of anti-apoptotic proteins, activa-
tion of the mitochondria pro-apoptotic property have all been
cited as the molecular basis of chemotherapy-induced poten-
tiation of Apo2L/TRAIL cytotoxicity.

Robust caspase 8 activation in cancer cells treated with
chemotherapy + Apo2L/TRAIL is thus frequently attributed
to DISC activation (Vanoosten et al., 2005; Chopin et al.,
2004; Kim et al., 2004; Nakata et al., 2004; Guo et al., 2004;

Fig. 1 Schematic representation
of the interaction between the
receptor-mediated (extrinsic)
and the mitochondria-dependent
(intrinsic) apoptosis-inducing
signaling cascades. The pathway
involving mitochondria/caspase
9, caspase 3, caspase 6, caspase
8 and BID form the
amplification feedback loop.
C8: caspase 8; C3/7 caspases
3/7. The master regulator of
apoptosis protein p53 exerts its
function by either regulating
directly the mitochondria or
indirectly through BH3 only
proteins
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Singh et al., 2005; Inoue et al., 2004). We recently demon-
strated that profound activation of caspases 8, 9 and 3 is ob-
served in lung or esophageal or mesothelioma cancer cells
treated with chemotherapy (CDDP, paclitaxel or HDACIs)
in combination with Apo2L/TRAIL (Nguyen et al., 2006;
Ziauddin et al., 2006, Reddy et al, 2007). Overexpression
of Bcl2 (blocking the mitochomndria function) or selec-
tive caspase 9 inhibitor (abrogation of the cytochrome c-
mediated activation of the apical caspase of the intrinsic
pathway) completely suppressed treatment-induced caspase
8 activation and subsequent cell death (Nguyen et al., 2006;
Ziauddin et al., 2006). These data imply that, at least in our
experimental conditions, the robust caspase 8 activation is
the result of the mitochondria-dependent pathway and the
positive feedback loop and not primarily mediated by the
DISC function. In recent series of publications, our group
has demonstrated the importance of the intrinsic death signal-
ing cascade in mediating cytotoxicity in cancer cells treated
with combinations of a variety of chemotherapeutic drugs
and Apo2L/TRAIL. We have observed that 10 of 15 cul-
tured thoracic cancer cells (cell lines derived from primary
cancers of the lung, the esophagus or the pleura) are in-
trinsically resistant to the cytotoxic effect of Apo2L/TRAIL
(Nguyen et al., 2006; Ziauddin et al., 2006). Treating these
cells with sublethal concentrations of CDDP, paclitaxel or
TSA results in significant sensitization of these cells to this
death-inducing ligand, as indicated by 2- to more than 20-
fold reduction of Apo2L/TRAIL IC50 values (concentrations
of Apo2L/TRAIL that mediate 50% reduction of cell viabil-
ity). More importantly, while less than 10% of cancer cells
are killed by either chemotherapy alone or Apo2L/TRAIL
alone, 60% to more than 90% of combination-treated cells
undergo apoptosis. Substantial activation of caspase 8 (api-
cal caspase of the extrinsic death pathway), caspase 9 (api-
cal caspase of the intrinsic pathway) and caspase 3 (execu-
tioner caspase) is only observed in cells treated with drug
combinations. Either overexpression of Bcl2 or the selec-
tive caspase 9 inhibitor LEHD-fmk completely abrogates
combination-induced induction of apoptosis indicating that
the intrinsic pathway is essential for combination-induced
cell death. Moreover, either of these maneuvers aimed at
blocking the apoptogenicity of the mitochondria (as evident
by complete silencing of caspase 9 activation) also com-
pletely inhibits the activation of the capases 8 and 3. Com-
plete abrogation of caspase 3 activity in these cells indicates
the exclusive role of the mitochondrial pathway in activat-
ing this downstream executioner caspase, and inhibition of
caspase 8 implies activation of this apical caspase is down-
stream of caspase 9 and a result of the amplification feedback
loop mediated by the mitochondrial-dependent caspase acti-
vation cascade. Increased caspase 8 in combination-treated
cells was, therefore, secondary to the amplification feed-
back loop and not DISC-mediated. As such, the next logical

step in the development of efficient TRAIL-based combina-
tion therapy for cancer is to directly target the mitochondria
to stimulate its apoptosis-inducing property. Suppression of
anti-apoptotic protein expression by anti-sense or small in-
terfering RNA techniques has been shown to sensitize cancer
cells to TRAIL (Zhu et al., 2005) but this approach, while
valuable in providing proof of concept, has limited clin-
ical application mainly because of the redundancy of the
Bcl2 superfamily antiapoptotic members, the long half life
of Bcl2/BclXL proteins and the inefficient delivery of ri-
bonucleic acid sequences to every cancer cells in vivo. The
anti-apoptotic proteins Bcl-2 or Bcl-XL sequester the pro-
apoptotic proteins Bad, Bid, Bim, Bax and Bak by selective
interaction between the BH3 domains of these proteins with
their own BH3-binding pockets to prevent their transloca-
tion to the mitochondria where they perform their death-
inducing function (Kuwana et al., 2005). Intense research
and development of small molecule inhibitors of Bcl2/BclXL

have identified multiple compounds that can interact with
the BH3 binding pockets of these proteins to inhibit their
anti-apoptotic function (Reed and Pellecchia, 2005). These
drugs are commonly referred to as BH3-mimetics. Some of
these drugs are naturally occurring chemicals identified to
be BH3-mimetics by fluorescence polarization assay screen-
ing or computational chemistry (Fantin and Leder, 2006;
Zhai et al., 2006) while others are specifically developed
using structure-activity relationship based on nuclear mag-
netic resonance (Oltersdorf et al., 2005). Moreover, BH3-
peptidomimetics have been designed with ingenious modifi-
cations for improved solubility and stability to act as novel
mitochondria-targeted pharmaceuticals (Fantin and Leder,
2006). BH3-mimetics have been shown to enhance the an-
ticancer activity of cytotoxic chemotherapy or radiotherapy
(Oliver et al., 2005; Xu et al., 2005; Oliver et al., 2004).
Moreover, these compounds (synthetic BH3I-2′ or natural
compound Gossypol) also synergize with soluble TRAIL to
induce massive apoptosis via mitochondrial-dependent path-
ways (Soderling, 1999; Hao et al., 2004 and Yeow et al.,
2006).

Concluding remarks

The ultimate goal of drug development for cancer therapy is
to achieve optimal cytotoxic efficiency and tissue selectiv-
ity. Recent understanding and appreciation of cancer biology
as well as the molecular basis of carcinogenesis make these
goals attainable. The field of apoptosis research has exponen-
tially expanded with new landmark discoveries and updated
models of how apoptosis proceeds at the cellular and molecu-
lar levels occurring almost every month. This is coupled with
new drug discovery and more innovative therapeutic strate-
gies. The molecular markers of apoptosis are well described
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and relatively easy to quantify, especially for in vitro pre-
clinical studies to determine the mechanism of drug-induced
cell death. One has to be cognizant that other modes of cell
death such as mitotic catastrophy, necrosis or autophagy do
occur following chemotherapy (either standard cytotoxic or
molecularly targeted agents) or radiotherapy. These types of
death are less convenient to quantify using standard bioas-
says. It is particularly difficult to molecularly track treatment-
induced apoptosis in patients undergoing standard cytotoxic
chemotherapy (Brown and Wilson, 2003). The next chal-
lenge in the field of experimental therapeutics is the devel-
opment of reliable markers of treatment-induced cytotoxicity
that would collectively detect different mode of cell deaths.
Such development would enable investigators to track and
evaluate treatment responses at the molecular levels.
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