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Review

Overview of Cell Death Signaling Pathways

ABSTRACT
Apoptosis plays an important role in development and maintenance of tissue home-

ostasis. Intensive efforts have been made to explore the molecular mechanisms of the
apoptotic signaling pathways including the initiation, mediation, execution and regulation
of apoptosis. Caspases are central effectors of apoptosis. Cells undergo apoptosis
through two major pathways, namely the extrinsic pathway (death receptor pathway) or
the intrinsic pathway (the mitochondrial pathway). Finally, the contents of dead cells are
packaged into apoptotic bodies, which are recognized by neighboring cells or macrophages
and cleared by phagocytosis. Cellular apoptosis is tightly controlled by a complex
regulatory networks including balancing pro-survival signals. De-regulation of apoptosis
may lead to pathological disorders such as developmental defects, autoimmune diseases,
neurodegeneration or cancer. Increasing attention is being focused on alternative signaling
pathways leading to cell death including necrosis, autophagy, and mitotic catastrophe.
Understanding of cell death signaling pathways is relevant to understanding cancer and
to developing more effective therapeutics.

OVERVIEW OF APOPTOSIS
The maintenance of cellular homeostasis is fundamental for tissue integrity in multi-

cellular organisms. Apoptosis is a highly conserved mechanism that has evolved to maintain
cell numbers and cellular positioning within tissues comprised of different cell compart-
ments. Programmed cell death (apoptosis) was first described in 1972 by Currie and
colleagues.1 It is a common type of cell death associated morphological features that had
been repeatedly observed in various tissues and cell types.

Apoptosis is an essential part of life for multicellular organisms that plays an important
role in development and tissue homeostasis.2 During development many cells are produced
in excess which eventually undergo programmed cell death and thereby contribute to
sculpturing organs and tissues.3 Apoptosis is delicately regulated and balanced in a physio-
logical context. Failure of this regulation results in pathological conditions such as develop-
mental defects, autoimmune diseases, neurodegeneration or cancer.4

Characteristic apoptotic features include cell membrane blebbing, cell shrinkage,
chromatin condensation and DNA fragmentation, finally ending with the engulfment by
macrophages or neighboring cells, thereby avoiding an inflammatory response in surrounding
tissues.5 Apoptosis is distinct from necrosis in which the cells suffer a major insult, leading
to a loss of membrane integrity, swelling and disruption of the cells. During necrosis, the
cellular contents are released uncontrolled into the cell’s environment which results in
damage of surrounding cells and a strong inflammatory response in the corresponding
tissue.6

Intensive effort has been made to explore the molecular mechanisms of the apoptotic
signaling pathways including the initiation, mediation, execution, and regulation of apop-
tosis. The original understanding of cell death has come from genetic studies in the
nematode C. elegans. One hundred thirty-one of the initial 1090 somatic cells generated
during development are finally eliminated by apoptosis. Several genes have been identified
that function in apoptotic killing in C. elegans. These cell deaths rely on the presence of
CED-3 (caspase homologue), and CED-4 (Apaf-1 homologue) that binds to and activates
CED-3. In healthy cells, CED-4 remains inactive by its association with CED-9 (anti-
apoptotic Bcl-2 homologue). The protein EGL-1 (BH3 only member homologue) is a
trigger of cell death and is expressed in response to certain developmental cues. EGL-1
binds to CED-9, displacing CED-4, which in turn activates CED-3 to induce apoptosis.7

C. elegans as a model system contains the basic components of the cell death machinery.
Activation and regulation of apoptosis in higher organisms depends on corresponding

 



analogous components found in
C.elegans with but more complexity
(Fig. 1).

In mammals, a wide array of exter-
nal signals may trigger two major
apoptotic pathways, namely the extrin-
sic pathway (death receptor pathway)
or the intrinsic pathway (the mito-
chondrial pathway) within a cell. The
extrinsic pathway is activated by
apoptotic stimuli comprising extrinsic
signals such as the binding of death
inducing ligands to cell surface receptors.
In other cases, apoptosis is initiated
following intrinsic signals including
DNA damage induced by irradiation
or chemicals, growth factor deprivation
or oxidative stress. In general intrinsic
signals initiate apoptosis via the
involvement of the mitochondria.8

The extrinsic pathway is mediated
by cell surface death receptors, such as
Fas, tumor necrosis factor receptor, or
TRAIL receptors. Death ligand
stimulation results in oligomerization
of the receptors and recruitment of
the adaptor protein Fas-associated
death domain (FADD) and caspase-8,
forming a death-inducing signaling
complex (DISC). Autoactivation of
caspase-8 at the DISC is followed by activation of effector caspases,
including caspase-3, -6 and -7, which function as downstream effectors
of the cell death program.9 The intrinsic pathway is mediated by
diverse apoptotic stimuli, which converge at the mitochondria.
Release of cytochrome c from the mitochondria to the cytoplasm
initiates a caspase cascade. Cytosolic cytochrome c binds to apoptosis
protease-activating factor 1 (Apaf-1) and procaspase-9, generating
an intracellular DISC-like complex known as “apoptosome”. Within
the apoptosome, caspase-9 is activated, leading to processing of
caspase-3.10 The two pathways of apoptosis, extrinsic/death receptor
and intrinsic/mitochondrial, converge on caspase-3 and subsequently
on other proteases and nucleases that drive the terminal events of
programmed cell death.

The last steps of apoptosis include packaging of cell content into
apoptotic bodies and phagocytosis. The recognition of apoptotic
cells by neighboring cells or macrophages has been intensively studied.
Apoptotic cells give ”come and eat me” signals in due time. One of
these signals is Phosphatidylserine. Phosphatidylserine is normally
present on the cytoplasmic side of the cell membrane, but exposure
to the external surface of the cell membrane occurs when a cell
undergoes apoptosis. This event triggers the phagocytosis reaction.5

Cellular apoptosis is tightly controlled by a complex regulatory
network. Pro-survival signals enhance the expression and/or activity
of anti-apoptotic regulatory molecules thereby keeping in check the
activation of pro-apoptotic factors. A set of various anti-apoptotic
molecules and mechanisms has been identified, such as NF-κB,
AKT, Bcl-2, and the IAP family of proteins. Every step in the apop-
totic cascade is monitored and controlled by certain pro-survival
signals.11 Pro-apoptotic factors can counteract those inhibitory
molecules when apoptotic demise of a cell is timely and imperative.

Because deregulated apoptosis lies at the heart of development of
many diseases including cancer, it presents an attractive target for
therapeutic intervention.

CASPASES ARE CENTRAL INITIATORS AND EXECUTIONERS
OF APOPTOSIS

General features and classification of caspases
Caspases are a family of proteins that are one of the main effec-

tors of apoptosis. Their activation is a hallmark of apoptosis. The
study of caspases was originated from the discovery that the C. ele-
gans ced-3 gene encodes a homologue of the interleukin-1β process-
ing enzyme (ICE).12 This protein was then shown to be sufficient to
induce apoptosis when overexpressed in mammalian cells.13 A num-
ber of proteins possessing similar features were cloned subsequently,
which were termed caspases family.

To date, about 14 mammalian caspases have been identified. All
caspases share a number of common features. Caspases are synthesized
as inactive zymogens containing a prodomain followed by p20 (large)
and p10 (small) subunits. These zymogens can be cleaved to form
active enzymes following the induction of apoptosis. All caspases can
cleave substrates at Asp-Xxx bond, which is unique among mammalian
proteases, except for the serine protease granzyme B. The caspases
comprise the catalytic triad composed of Cys285, His237 and a
carbonyl group at residue 177.14

Based on their function, the caspases can be classified into three
groups. (1) Inflammatory caspases. This group includes caspase-1,
-4, -5, -11, -12, -13 and -14, which are involved in inflammation
instead of apoptosis. (2) Apoptotic initiator caspases. Initiator caspases
possess long prodomains containing either a death effector domain
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Figure 1. Comparison of mammals to the C. Elegans system. See text for details.
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(DED) (caspase-8 and -10) or a caspase activation and recruitment
domain (CARD) (caspase-2, -9), which mediate the interaction with
upstream adaptor molecules. (3) apoptotic effector caspases. This
executioner class (caspase-3, -6, -7) is characterized by the presence
of a short prodomain (Fig. 2). They are typically processed and
activated by upstream caspases and perform the downstream execu-
tion steps of apoptosis by cleaving multiple cellular substrates.15

Caspase activation
Initiator and effector caspases are activated by different mecha-

nisms. The apoptotic signaling pathways that lead to caspase zymo-
gens processing can be subdivided into two major categories: death
receptor-mediated and mitochondria-mediated pathways. These
apoptotic signals trigger oligomerization of death adaptor proteins
(e.g., Apaf-1, or FADD); death adaptor oligomers, in turn, induce
the aggregation of pro-caspases. It was previously believed that the
initiator caspases are autoproteolytically activated when brought
into close proximity of each other, which is called the ‘induced
proximity’ model.9 This model was further refined by the proximity-
induced dimerization model. Based on this model, the homo-dimer-
ization of caspase-9 is promoted by the apoptosome due to its
increased local concentration. Similarly, the DISC induces dimer-
ization and subsequent auto-activation of caspase-8.16,17 The
productive conformation of the active site in initiator caspases may
be stabilized in these complexes. The adaptor-driven activation of
the caspases depends on conserved motifs within their long
prodomain. The caspase activation and recruitment domain
(CARD) of caspase-9 and -2 and the death effector domain (DED)

of caspase-8 and -10 mediate
their homophilic interactions
with CARD- or DED-con-
taining adaptor proteins (e.g.,
Apaf-1 or FADD).18 Genetic
evidence from knockout mice
indicates that caspase-8 is
required for all known death
receptor- mediated apoptotic
pathways whereas caspase-9 is
mostly involved in mitochon-
dria-mediated apoptotic path-
ways.19-21
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than 100 substrates have been identified thus far. Based on the
analyses of their cellular function, the caspase targets can be subdi-
vided into six major categories: (1) mediators and regulators of
apoptosis, (2) structural proteins, (3) cellular DNA repair proteins,
(4) cell cycle-related proteins.15

Apoptotic proteins. Effector caspases are the most obvious exam-
ples of apoptotic factors targeted by initiator caspases (see above). In
addition, the BH3-only protein, Bid is another notable substrate of
an initiator caspase, namely caspase-8. Bid is cleaved by caspase-8
following death receptor signaling. Cleavage of Bid by caspase-8
facilitates its subsequent myristoylation, which results in its activa-
tion and mitochondrial translocation. The identification of Bid as a
caspase-8 substrate established a link between the extrinsic pathway
and the intrinsic pathway.29,30

Caspase-3 is a predominant effector to cleave the signaling com-
ponents that effect morphologic changes associated with apoptosis.
However, due to some similarity in their substrate specificity,
caspase-6 and -7 can in part compensate for the loss of caspase-3 in
term of apoptotic execution.26 DNA fragmentation factor 45 kD
subunit (DFF45/ICAD) is a major target of caspases. Caspase cleavage
removes the N-terminal CIDE-N interaction domain, abrogating
DFF45/ICAD-mediated suppression of the catalytic DFF40/CAD
subunit, which plays a critical role in the internucleosomal DNA
degradation characteristic of apoptosis.31,32 NDUFS1, the 75 kD
subunit of respiratory complex I, is another critical caspase substrate
in the mitochondria. Caspase cleavage of NDUFS1 is related to
several mitochondrial changes associated with apoptosis, such as loss
of mitochondrial transmembrane potential, production of reactive
oxygen species (ROS), and disruption of electron transport.33

Some anti-apoptotic proteins, such as Bcl-2 and Bcl-Xl, IAPs and
FLIPL, are also cleaved by caspases, but it is not currently clear
whether this cleavage represents a ubiquitous positive feedback
mechanism or a cell type or stimulus-specific event.15

Caspases also cleave some protein kinases, which play either
pro-apoptotic or anti-apoptotic roles. The most notable anti-apop-
totic kinase targets of caspases include AKT, FAK and RIP. AKT is
cleaved following matrix detachment-induced apoptosis in epithelial
cells.34 RIP kinase, the cell signaling component of the DISC
complex, is also cleaved by caspase-8, causing the suppression of
anti-apoptotic RIP-mediated NF-κB induction.35 FAK kinases
transduce cell survival signals from the extracellular matrix through
Raf-1. FAK is cleaved and inactivated during apoptosis induced by
multiple stimuli, such as TRAIL, which contributes both to the loss
of survival signals and matrix detachment.36 The activation of
transcription factor NF-κB is an important pro-survival mechanism.
The p65RelA subunit of NF-κB and upstream activating kinase
IKKβ may be inhibited through caspase-dependent cleavage, thereby
facilitating apoptosis.37,38

A number of pro-apoptotic kinases were reported to be cleaved
and activated by caspases, such as ROCK1 kinase, PAK2 (p21-acti-
vated kinase 2 and MEKK1). ROCK1 kinase was recently reported
to be cleaved and activated in response to TNF and this event was
shown to be both necessary and sufficient for apoptotic membrane
blebbing.39 A constitutively active form of PAK2 is generated by
caspase-3-mediated cleavage, which contributes to the formation of
apoptotic bodies.40 MEKK1 can be activated during genotoxic stress
and Fas-induced apoptosis. Apoptotic MEKK1 signaling involves
JNK activation.41

Structural proteins. Caspase-mediated cleavage of specific sub-
strates also explains several other characteristic features of apoptosis.

Cleavage of fodrin and gelsolin leads to disruption of the actin fila-
ment network, which may specifically contribute to loss of overall
cell shape and detaching from the matrix during apoptosis.42

Cleavage of the nuclear lamins is required for nuclear shrinkage and
budding.43 A number of intermediate filament proteins (keratins 18
and 19, vimentin) are also cleaved by caspases.44 Caspase cleavage of
the adherence junction proteins β-catenin and plakoglobin γ-catenin
results in the disruption of cell-cell interactions, which may attenuate
their pro-survival signaling.45 Cellular architecture is dismantled due
to these cleavages by caspases. This process is critical for the completion
of apoptosis.

Cellular DNA repair proteins. DNA repair is an energy-
demanding process and may compete for valuable cellular assets,
such as ATP, which is also an indispensable resource for the execution
of apoptosis. The shutdown of cellular repair may facilitate the
execution of apoptosis. In addition, DNA repair typically triggers
cell cycle arrest, whereas apoptosis is normally not very active under
this condition. DNA repair proteins including DNA- dependent
protein kinase (DNA-PK), Rad51 and ATM proteins are substrates
of caspases during apoptosis.46 The significance of cellular energy
balance for apoptosis execution is well illustrated by the studies of
another DNA repair enzyme: poly(ADP-ribose) polymerase (PARP).
PARP is activated by DNA breaks and catalyzes the attachment of
ADP-ribose polymers to multiple nuclear factors, facilitating repair.
When activated, this DNA repair process consumes large amounts of
NAD+, thereby indirectly depleting the cellular ATP store. Since the
loss of cellular ATP was demonstrated to abrogate apoptosis, resulting
in the induction of necrosis,47 this may explain the observed caspase-
mediated cleavage and inactivation of PARP during apoptosis.

Cell cycle proteins. A number of cell cycle inhibitory factors are
cleaved during apoptosis. Those include Cdc27, Wee1, and two Cdk
inhibitors, p21CIP1 and p27KIP1.48,49 In addition, death receptor
signaling was found to cause caspase-dependent inactivation of
another proliferation inhibitor, Rb.50 Induction of apoptosis appears
to activate multiple cell cycle-associated factors through cleavage and
inactivation of their inhibitors.

Cleavage of cell cycle regulators may promote apoptotic signaling
by multiple means as illustrated by recent studies. Loss of Rb was
found to promote accumulation of procaspases.51 In another example,
Cdc2 was shown to phosphorylate the pro-apoptotic Bcl-2 family
member Bad at a site which inhibits its interaction with AKT and
thereby activates its proapoptotic activity.52 The cleavage of cell cycle
regulators may have evolved as a specific tumor suppressor mechanism
aimed at ensuring induction of cell death in response to improper
cell cycle signaling by oncogenes.

Regulation of caspases
Although proteolytic activation of caspases is a major way to

regulate caspase activity, other regulatory pathways also exist.
Apoptosis is generally not dependent on protein synthesis, but
regulation of gene expression of caspases can modulate the sensitivity
of cells to apoptosis. Deregulation of E2F by adenovirus E1A, loss of
Rb or enforced E2F-1 expression lead to the accumulation of caspase
proenzymes, which potentiates p53-mediated apoptosis.51 Caspase-6
and caspase-10 also have been identified as a transcriptional target of
p53.53,54 Some post-translational modification, such as nitrosylation,
oxidation, ubiquitination and phosphorylation, also play roles in
regulation of caspases activity. For example, mouse caspase-9 can be
inactivated by AKT through phosphorylation.55 A family of apop-
totic inhibitors, CARPs, was recently isolated that bind to and
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negatively regulate DED caspases through the ubiquitin-mediated
proteolysis of DED caspases.56

The potent proapoptotic activity of caspases has to be kept in
check in order for healthy cells to survive. Several important negative
regulators of caspases have been identified in virus and human.
Some of them are exploited by virus to escape from host defense
through inhibiting apoptosis, such as crmA, P35, v-FLIP and IAPs.57

IAPs may be the most important negative regulators of caspases.
To date, eight human IAPs have been identified: including XIAP,
c-IAP1, c-IAP2 and Survivin. Most human IAP family members
share common features including the Baculovirus IAP repeat (BIR)
domain located at the amino-terminus and a RING finger domain
at the carboxy-terminus. IAP family proteins are able to inhibit
apoptosis induced by a variety of stimuli including death ligands via
direct binding and inhibition of certain caspases.58 Among the
human IAPs, XIAP is the most powerful caspase inhibitor and is also
the best characterized. XIAP contains three BIR domains.59 Regions
closely related to the third BIR domain (BIR3) specifically act on

caspase 9, while the linker
region close to BIR 2 was shown
to target caspases 3 and 7.60,61

In addition, although most
IAPs bind and directly suppress
caspase catalytic activity, some
of them function to downregu-
late caspase expression by acting
as E3 ligases for their ubiquiti-
nation and degradation.62,63

The activity of IAPs is finely
regulated during apoptosis.
XIAP and cIAP-1 have been
shown to undergo specific and
functional cleavage by caspases
to ensure the induction of
apoptosis.64 The second mito-
chondria-derived activator of
caspases (Smac) and Omi/
Htra2 are released from the
mitochondria upon apoptotic
stimuli, and promote caspase
activation by inhibition of
IAPs.62,65 Recently, Smac was
also identified as a substrate for
the E3-ligase activity of XIAP
and Smac/Diablo potentiates
apoptosis by repressing IAP
ubiquitin ligase activities besides
antagonizing caspase-IAP
interactions.66

EXTRINSIC APOPTOTIC
PATHWAYS

General features of the
extrinsic pathway

The extrinsic pathway is
activated by ligand-bound death
receptors mainly including
TNF-TNFR1, FasL-Fas and
TRAIL-DR4 or -DR5. Members

of the TNF ligand family are primarily produced as type II trans-
membrane proteins arranged in stable homotrimers. They exert their
biological functions via interaction with their cognate membrane
receptors. Death receptors belong to the tumor necrosis factor receptor
(TNFR) gene superfamily and generally can have several functions
including initiating apoptosis.67 The TNF receptor (TNFR) super-
family is characterized by the presence of cysteine rich domains
(CRDs) that mediate binding between ligands and these type I
transmembrane domain receptors. Among them, the death receptors
including TNFR1 (TNF receptor-1), CD95 (or Fas) and the TRAIL
receptors DR4 and DR5 are best characterized for induction of
apoptosis. A soluble Fas decoy receptor, DcR3, and three decoys for
TRAIL, DcR1, DcR2 and OPG were also identified. Due to lack of
a functional death domain, these decoy receptors are unable to elicit
the activation of the downstream apoptotic signaling pathway.
However they can compete for the binding of death ligands to block
the apoptosis triggered by death receptors.9 Preassembly or self-asso-
ciation of death receptors through a distinct functional domain in
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Figure 3. TNF signaling pathway (extrinsic pathway). See text for details.



the death receptors extracellular domain, termed the preligand
assembly domain (PLAD), is critical for ligand binding.68 Ligand
binding to the preformed TNF-R complex either induces an acti-
vating conformational change or allows the formation of higher-
order receptor complexes to acquire signal competence. Ligation of
death receptors with ligands results in the formation of a DISC that
recruits the corresponding adaptors through the death domain.
Death receptors and adaptors become activated in the DISC so that
they can bind the effector molecules such as procaspase-8 to induce
the activation of the downstream apoptotic signaling pathway.69 The
aggregation of the receptors is also followed by endocytosis into an
endosomal pathway. Inhibition of this internalization either chemi-
cally or by mutation may abrogate the biological response.70

TNF pathway
Tumor necrosis factor is a multifunctional pro-inflammatory

cytokine mainly produced by macrophages. TNF can elicit a broad
spectrum of biologic responses. TNF is involved in the progression
of many diseases including autoimmune disease, cancer and neu-
rodegenerative disease. TNF-induced activation of NF-κB, JNK and
apoptosis has been intensively studied. There are two major TNF
receptors, TNF-R1 and TNF-R2. TNF-R1 is ubiquitously expressed
in most tissues and is the major mediator of TNF signaling, whereas
TNF-R2 is mainly found in the immune system and only can be
fully activated by membrane bound TNF, but not by soluble TNF.71

The ability of preassembled TNF-R1 complexes to signal is
masked by binding of the silencer of death domain (SODD) in the
un-induced condition.72 After TNF binding, SODD is released
from TNF-R1 complexes and the death domain-containing adaptor
protein TRADD is recruited to the death domain of TNF-R1 by
homophilic interactions of the death domains.73 It is generally
believed that TNF-R1-bound TRADD then serves as a common
assembly platform for binding of TNF receptor-associated factor
(TRAF) 2 and the death domain-containing serine-threonine kinase
RIP (receptor-interacting kinase). TRAF2 is a member of the
phylogenetically conserved TRAF protein family. The association of
TRAF2 to TNF-R1-bound TRADD is mediated by the interaction
of its carboxy-terminal TRAF domain with the amino-terminal
death domain of TRADD. In contrast, RIP is recruited to the DD
of TNF-R1-bound TRADD via its carboxy-terminal death domain.
RIP is also able to interact with TRAF2 via its amino-terminal kinase
domain and its central intermediate domain.74 However, studies
with TRAF2- and RIP-deficient mouse embryonic fibroblasts have
shown that both molecules can be competitively recruited into the
TNF-R1 signaling complex.75

TNF activates NF-κB through ubiquitin-mediated degradation
of its inhibitor, IκB. This process is triggered by phosphorylation of
IκB by the IκB kinase (IKK) complex. TRAF2 can recruit the IKK
complex to the TNF-R1 signaling complex, whereas RIP seems to
stabilize the IKK complex.75 The IKK complex comprises a heteromer
of two related I-κB kinases, called IKK1 and IKK2 (IKKα and
IKKβ), the regulatory protein NEMO (Fip-3, IKKγ, IKKAP) and a
homodimer of the heat shock protein-90 (Hsp90), as well as two or
three molecules of the Hsp90-asscociated cdc37 protein. In an
un-induced state, cellular I-κB proteins interact with NF-κB dimers
to retain it in the cytoplasm. The IKK complex is activated by binding
to the TNF-R1 signaling complex. The activated IKK complex then
phosphorylates and targets I-κB for proteolytic degradation by the
proteasome. This finally results in the liberation of NF-κB and
allows it to translocate to the nucleus where it can activate the genes
involved in different cell functions.76

TNF also induces the activation of the stress-activated protein
kinase (SAPK)/c-Jun N-terminal kinase (JNK) pathway. TNF-induced
activation of the JNK pathway occurs through a TRADD-TRAF2
axis. TRAF2 knockout mice showed a significantly impaired JNK
activation after TNF treatment.77 Analyses of MKK7- and MKK4-
deficient mouse embryonic fibroblasts suggest that MKK7 is essen-
tially involved in TNF-induced JNK activation.78 Upon activation,
JNK kinases translocate into the nucleus and enhance the transcrip-
tional activity of transcription factors, for example, c-Jun and ATF2,
by phosphorylation of their amino-terminal activation domains.
c-Jun belongs to a group of basic region-leucine zipper proteins that
dimerize to form transcription factors commonly designated as acti-
vator protein-1 (AP-1). The AP-1 proteins have an important role in
a variety of cellular processes including proliferation, differentiation
and induction, as well as prevention of apoptosis.79

Unlike Fas and TRAIL signaling, TNF does not induce cell death
spontaneously. Activation of NF-κB by TNF mediates a strong
pro-survival signaling pathway. The NF-κB pathway targets several
anti-apoptotic factors, including cFLIP, IEX-1L, Bfl-1/A1, XIAP,
cIAP1, cIAP2, and Bcl-Xl.71,80 The cytotoxic effect of TNF is only
manifested when NF-κB activation is blocked, either by inhibition
of protein synthesis or overexpression of dominant negative mutant
IκB.81 Mice deficient in p65 or other components involved in
TNF-induced NF-κB activation are embryonically lethal or die early
after birth because of massive TNF-dependent liver failure.82 Thus,
the death-inducing capability of TNF is masked in vivo by concomi-
tant activation of NF-κB. Although other death receptors (TRAIL-R
or FAS) are also able to activate the NF-κB pathway, they show
prominent apoptotic functions in vivo.76 Genetic evidence from
knock-out mice and mutagenized cell lines supports the notion that
all death receptors investigated so far critically depend on the death
domain-containing adaptor protein FADD and caspase-8 to induce
cell death.83,84 However, in contrast to Fas and TRAIL death recep-
tors, TNF-R1 is indirectly linked to FADD, namely by TRADD
which is also responsible for bridging TNF-R1 to TRAF2 and the
IKK complex. The TNF-R1-IKK signaling complex could be
immunoprecipitated in the DISC of TNF-treated cells, but a
TNF-R1-DISC containing FADD and caspase-8 could not be isolated
under same conditions.85 Recent studies have shown that TNFR1-
induced apoptosis involves 2 sequential signaling complexes.
Complex I, the initial plasma membrane-bound complex, consists of
TNFR1, the adaptor TRADD, the kinase RIP1, and TRAF2 and
rapidly signals activation of NF-κB or JNK. In a second step,
TRADD and RIP1 associate with FADD and caspase-8, forming a
cytoplasmic complex, complex II. When NF-κB is activated by
complex I, complex II harbors the caspase-8 inhibitor FLIP-L and
the cell survives. Otherwise, cells undergo apoptosis through a
complex II-mediated signaling pathway. Thus, TNFR1-mediated
signal transduction includes a checkpoint, resulting in cell death (via
complex II) in instances where the initial signal (via complex I and
NF-κB) fails to be activated (Fig. 3).86

TNFR1 is also able to mediate apoptosis through the recruitment
of an adaptor molecule called RAIDD (RIP-associated ICH-1/
CED-3 homologous protein with a death domain). RAIDD associates
with RIP through interactions between death domains and can
recruit caspase 2 through an interaction with a motif, similar to the
death effector domain, known as the CARD (caspase recruitment
domain). Recruitment of caspase 2 leads to induction of apoptosis.87

However, very few follow-up studies indicate an essential role for
RAIDD or caspase-2 in TNF-induced apoptosis. The C-terminal

www.landesbioscience.com Cancer Biology & Therapy e55

Apoptotic Signaling Pathway

 



fragment of RIP also enhances the association between TNFR1 and
death domain proteins including TNFR1-associated death domain
(TRADD) and Fas-associated death domain (FADD), resulting in
the activation of caspase-8 and stimulation of apoptosis.88 Necrosis
can be induced by death receptors including TNF-R1 by a RIP-
dependent pathway. In contrast to its role in the NF-κB pathway,
the role of RIP in induction of necrosis is dependent on the kinase
activity of the molecule.89

The role of JNK in TNF function, especially TNF-mediated
apoptosis, is still poorly understood. While mouse embryonic
fibroblasts of JNK1-/- and JNK2-/- mice show increased sensitivity

against TNF-induced apopto-
sis,90 mouse embryonic fibrob-
lasts of mice deficient for ASK1
that is implicated in TNF-R1-
mediated JNK activation are
significantly protected against
TNF-induced cell death.78

This phenotype may be due to
a reduction in apoptosis-related
delayed JNK activation in
ASK1-deficient MEFs. More-
over, studies in other cell types
using inhibitors of the JNK
pathway also revealed a pro-
apoptotic function of the JNK
pathway in TNF-induced cell
death.91 A recent study suggests
that JNK may play an essential
positive role in TNF-induced
apoptosis.92 In these studies,
activation of the MKK7/JNK
pathway by TNF results in the
unique processing product of
Bid (termed jBid), which
selectively triggers the release
of Smac to induce activation
of caspase-8. Knockdown of
MKK7, Bid or Smac prevents
TNF-induced caspase-8 pro-
cessing and cell death.
However, it was recently
demonstrated that JNK plays
opposite roles in TNF-induced
apoptosis and necrosis with
Mkk4-/- Mkk7-/-, and Jnk1-/-

Jnk2-/- MEFs. Although JNK
inhibits TNF-stimulated apop-
tosis, it can actually prompt
TNF-induced necrosis by
increasing the production of
reactive oxygen species (ROS).93

Different roles of JNK in
TNF-induced apoptosis could
be partly related to cell type
specific effects, but may also
be dependent on the status of
other pathways, such as NF-κB
pathway.

ROS have also been implicated as mediators of TNF-induced cell
death. Cytotoxicity caused by ROS is mediated in part by the JNK
pathway. ROS accumulation in response to TNF is regulated in an
NF-κB-dependent manner.94 Recently ferritin heavy chain (FHC)
has been identified as a pivotal mediator of the NF-κB protective
activity against TNF -induced toxicity. It can block apoptosis in
NF-κB/RelA null cells. The anti-apoptotic activity of FHC depends
on its functions to inhibit induction of ROS and, thereby, activation
of JNK by TNFα.95

Although the TNF apoptotic signaling pathway has been exten-
sively studied, some questions are still unclear. For example, many
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molecules seem involved in TNF-induced cell death, but how much
do they contribute to TNF-induced cell death in certain conditions?
How do they interact with each other? In addition, TNF plays
important roles in tumorgenesis, but it is unclear how the TNF
apoptotic signaling pathway is modified during tumorgenesis.
Answers to these questions will help us better understand the TNF
pathway and it's role in tumorgenesis.

FAS pathway
Fas has a central role in the physiological regulation of apoptosis

and has been implicated in the pathogenesis of various malignancies
as well as in diseases of the immune system. Fas is involved in
cytotoxic T-cell mediated killing of cells (for example, CTL-mediated
killing of virus-infected cells), destruction of inflammatory and
immune cells in immune-privileged sites, deletion of self-reacting B
cells and activated T-cells at the end of an immune response. Some
types of tumors have been reported to express FAS-L, which may be
a mechanism they have developed to evade attacking lymphocytes.96

In mice, mutations at the lpr (lymphoproliferation) locus produce
a defect in the FAS antigen. A point mutation near the extracellular
COOH-terminal domain of FAS-L gives rise to the gld phenotype.97

Both mice fail to delete excess lymphocytes and display lymphopro-
liferative phenotype including lymphadenopathy and splenomegaly.
This dysfunction also results in increased production of auto-anti-
bodies, such as antibodies against DNA and rheumatoid factor. In
human disease, mutations in FAS-L and FAS have been found in
children with autoimmune lymphoproliferative syndrome (ALPS)
or Canale–Smith syndrome.98 In the lpr and gld mice, dysfunction
of the FAS pathway also results in the accumulation and selection
for cancerous cells. So death ligands and their receptors are regarded
as candidate tumor suppressor genes.99

The death-inducing signaling complex (DISC) was first
described in the FasL-Fas apoptotic signaling pathway.100 Binding to
Fas ligand promotes receptor trimerization that in turns results in
intracellular clustering of death domains (DD) followed by its inter-
nalization into an endosomal pathway. This allows an adaptor pro-
tein called FADD (Fas-associated death domain) to associate with
the receptor through an interaction between homologous death
domains on both molecules. FADD also contains a death effector
domain (DED), which allows binding of pro-caspase 8 to the
CD95-FADD complex.101 Pro-caspase 8 (also known as FLICE)
associates with FADD through its own death effector domain.
Caspase-8, the main initiator caspase in CD95 signaling, is expressed
as two isoforms, caspase-8/a and -8/b, which are both recruited to
the activated CD95 receptor.102 These two molecules, FADD and
caspase-8 are the key components of the CD95 DISC. FasL-induced
clustering of Fas, FADD, and caspase-8 within the DISC leads to
autoproteolytic processing of caspase-8 by induced proximity and
dimerization, followed by the release of the processed active proteases.
Following the autoproteolytic cleavage of the enzyme, caspase-8 is
released from the DISC as an active heterotetramer containing two
p18 and two p10 subunits (Fig. 4).103 Recently one study showed
that all cleavage products of procaspase-8 actually remain bound to
the DISC, including the p10 and p18 subunits of caspase-8.104

Studies in FADD and caspase-8 deficient mice indicated that both
are required for FAS-mediated apoptosis.19,83,105 Cells can be divid-
ed into two types according to their requirement for mitochondrial
pathway in FAS-induced apoptosis. In type I cells, processed caspase-8
is sufficient to directly activate other members of the caspase family,
whose action on defined substrates leads to the execution phase of

apoptosis. In type II cells, efficient activation of effector caspases by
Fas depends on an amplification loop that relies on caspase-8-medi-
ated cleavage of Bid and subsequent release of mitochondrial pro-
apoptotic factors such as SMAC/Diablo or cytochrome c to drive the
formation of the caspase-9-activating apoptosome106 Active caspase-9
activates the executioner caspase-3, which in turn activates caspase-8,
thereby completing a positive feedback loop.14

Another DED-containing protein caspase-10 has also been
shown to be recruited to the DISC.107 Although in vitro study
showed that caspase-10 shares similar features with caspase-8 in
many aspects, in vivo study demonstrated that it can not substitute
for caspase-8 in DISC to trigger apoptosis.108 The reason why cas-
pase-10 is associated with the DISC while not being essential for cell
death signaling remains unclear. Another study has implicated the
lack of functional caspase-10 in one form of the autoimmune disease
ALPS type II.109 This finding suggests that caspase-10 may indeed
have a role in elimination of excessive lymphocytes.

FLIP, acting as the important regulator of death receptor-mediated
apoptosis, has also been identified in the DISC. Two forms of FLIP
were subsequently cloned,110,111 termed c-FLIPS (short) and c-FLIPL
(long). c-FLIPS contains tandem DEDs and is highly homologous to
the N-terminus of caspase-8. c-FLIPL contains not only the tandem
DEDs, but also a protease-like domain, homologous to caspase-8
although lacking enzymatic activity. Several amino acids of c-FLIPL
important for protease activity including the cysteine at the active
site are altered. The role of FLIP in death receptor-mediated apop-
tosis is still controversial. FLIP can be recruited to the DISC of death
receptors, thereby disabling DISC-mediated processing and release
of active caspase-8.112 FLIP may also signal the death receptor-medi-
ated NF-κB activation to inhibit cell death.113 Knockdown of FLIP
sensitizes tumor cells to the apoptotic effect of the extrinsic pathway.
Embryonic fibroblasts (MEFs) derived from c-FLIP knockout mice
were shown to be more sensitive to CD95-induced apoptosis as com-
pared to the wild-type MEFs. These data suggest FLIP acts as an
inhibitor of death receptor-mediated apoptosis. However, c-FLIP-/-

mice showed developmental defects that strikingly resembled those
of caspase-8-/- or FADD-/- mice.114 Transfection of c-FLIP(L) at levels
comparable to physiological levels enhances apoptosis by promoting
procaspase-8 processing in the CD95 DISC, while a decrease of
c-FLIP(L) expression results in inhibition of apoptosis.115,116 These
other lines of evidence imply that c-FLIP may be an activator of
caspase-8.

There are several other proteins that have been shown to bind to
the FAS DISC, including Daxx, FAP-1, RIP and FLASH. Daxx has
been shown to link FAS to the JNK-signaling pathway, which may
mediate apoptosis through an alternate pathway.117 FAP-1 is a phos-
phatase that binds to the c-terminus of FAS to negatively regulate its
signaling.118 Rip contains a death domain and may mediate FAS-
induced necrosis through its kinase domain.89,119

Activation of FAS can also result in a nonapoptotic response like
cell proliferation and differentiation in normal human diploid
fibroblasts and T cells. FAS-mediated proliferation appears to involve
activation of FADD, caspase-8 or FLIP because mice deficient in
these molecules have a defect in T cell proliferation.71

TRAIL pathway
The biological role of Apo2L/TRAIL is not fully understood.

Like Fas, TRAIL may also be involved in the immune response and
in tumor surveillance. Evidence has been shown for involvement of
Apo2L/TRAIL in target-killing by cytotoxic CD4+ T lymphocytes.120
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Further data suggest that Apo2L/TRAIL plays a role in tumor cell
killing by natural killer (NK) cells and macrophages.120,121 Studies
with Apo2L/TRAIL gene knockout mice confirm a role for Apo2L/
TRAIL in anti-tumor immune surveillance by NK cells, specifically
in host defense against tumor initiation and metastasis.122,123 Roles
for TRAIL-induced apoptotic signaling have been proposed for
primary human blood, human monocytes, stem cell- or monocyte-
derived dendritic cells.120 The TRAIL effect may be tightly related
to interferon. The expression of TRAIL on liver NK cells and their
anti-metastatic potential was dependent on the presence of IFN-γ
and IL-12, since these effects could not be observed in mice deficient
for IFN-γ.123,124 Additionally microarray study showed that gene
profile regulated by TRAIL or interferon are similar.124

Five distinct TRAIL receptors have been identified: death receptor
4 (TRAIL-R1),125 KILLER/DR5 (TRAIL-R2, TRICK2),126,127

DcR1 (TRID, TRAIL-R3),128 DcR2 (TRUNDD OR TRAIL-R4)129

and osteoprotegerin.130 All these receptors have high sequence
homology in their extracellular domains. They can be classified into
two groups, death-inducing receptors (TRAIL-R1 and -R2) and
death-inhibitory receptors (TRAIL-R3, TRAIL-R4, and osteoprote-
gerin). Both TRAIL-R1 and TRAIL-R2 contain a C-terminal death
domain that signals downstream caspase activation to mediate TRAIL-
induced apoptosis in a variety of tumor cell types. In contrast to
these death-inducing receptors, TRAIL-R3 and TRAIL-R4 lack a
functional cytoplasmic death domain. These two receptors serve as
“decoys” and protect cells from TRAIL-induced apoptosis by
competing with the death-inducing TRAIL-receptors for TRAIL
binding. Osteoprotegerin (OPG) binds TRAIL, but has lower affinity
at physiological temperature.131

The apoptotic signaling induced by TRAIL is similar to that
induced by FAS. Binding of TRAIL to its receptors DR4 or DR5
triggers the formation of a DISC by recruiting FADD, caspase-8, -10
and FLIP, followed by activation of caspase-8 and -3 and rapid apop-
tosis in many cancer cell types (Fig. 4). TRAIL-induced apoptosis
also involves the mitochondrial pathway, like Fas-induced apoptosis,
in type II cells.131 Release of Smac/Diablo from mitochondria to
block the caspase-3 inhibitory effect of XIAP is required for cells to
undergo apoptosis in response to TRAIL.132 TRAIL is also a weak
activator of the NF-κB pathway, which is masked by its pro-apop-
totic function. Like TNF, the activation of NF-κB by TRAIL is also
dependent on the adaptor Rip and TRAF2.133

Death ligands have been widely investigated in part due to their
potential in cancer therapy. Unlike many conventional chemothera-
peutic drugs, they stimulate cell death in tumor cells independently
of the p53 tumor suppressor gene, which is often found inactivated
in human cancers. However, clinical application of the prototypic
death ligands TNF and CD95L has been hampered by toxicity to
normal tissues. Intravenous TNF administration causes hypotension
and a systemic inflammatory syndrome that resembles septic shock
due to strong activation of pro-inflammatory NF-κB. Injection of
agonist anti-Fas (CD95) antibodies induces hepatocyte apoptosis
and lethal hepatic failure in mice.99 The ability of Apo2L/TRAIL to
induce apoptosis in a wide variety of cancer cell lines, while having
little toxicity toward many types of normal cells, suggests that this
molecule may be an ideal agent for cancer therapy.134

Because TRAIL is a promising cancer therapeutic agent, the
regulation of TRAIL sensitivity and resistance in tumor and normal
cells become particularly of interest. Several factors have been impli-
cated in TRAIL sensitivity, such as method of preparation of
TRAIL, expression levels of death receptors and decoy receptors on

the cell surface, expression level of caspase-8, -10, FLIP or IAPs, the
status of other signaling pathways such as the AKT pathway, NF-κB
pathway or c-Myc pathway.

Various versions of TRAIL may have different ability to induce
apoptosis in normal or tumor cells. The toxicity of His-tagged ligand
toward normal hepatocytes and keratinocytes may be associated with
recombinant variants of the protein that possess aberrant structural
and biochemical properties.135 Studies on human cells or primate
model indicated that nontagged TRAIL is not toxic to normal cells.
The difference may lie in the internal zinc atom bound by cysteine
residues in each subunit of nontagged TRAIL, but not tagged
TRAIL, which is crucial for trimer stability and biological function.136

The toxicity of TRAIL toward normal cells also can be avoided by
the combinatorial use of caspase-9 inhibitor137 or specific mono-
clonal antibody against either DR4 or DR5.138 Hyper-oligomerized
TRAILs, including hexamers and nonomers exhibited an extremely
high potency in apoptosis induction.139

The high expression of decoy receptors in normal cells, but not
tumor cells was originally proposed as a major mechanism resulting
in differential sensitivity to TRAIL.9 However, in most cancer cell
lines, DR4 and/or DR5 are expressed, whereas DcR expression is less
frequent and does not correlate with resistance to TRAIL. Thus,
there are probably additional determinants of sensitivity besides
decoy receptor expression. Either DR4 or DR5 must be present on
the cell surface to transduce the TRAIL signal. Deficiency or mutation
in death receptors confer tumor cell resistance to TRAIL-induced
apoptosis.140 Transport of TRAIL receptors to the cell membrane
seems also very important to determine TRAIL sensitivity. Tumor
cells may become resistant to TRAIL through regulation of the death
receptor cell surface transport.141 In the screen of small interfering
RNA (siRNA) library for genes regulating TRAIL sensitivity, the sig-
nal recognition particle (SRP) complex was identified and related to
cell surface levels of DR4 as well as DR4-mediated apoptosis.142 The
sensitivity of tumor cells to TRAIL-induced apoptosis has been cor-
related with surface expression of death receptors in melanomas.143

Despite the central role of caspases in cell death execution, screen-
ing for mutations in initiator or executioner caspases in a variety of
human tumors suggests caspase mutations as a rare event in human
tumors.144 MCF-7 breast carcinoma cells completely lack caspase-3
expression due to a frameshift mutation within exon 3 of the cas-
pase-3 gene.145 These cells can be sensitized by transfection of
procaspase-3 towards treatment with cytotoxic drugs.146 Alternative
splicing has been identified as another level of transcriptional regu-
lation of caspase expression. The genes encoding procaspase-2 or -9
can generate short isoforms that prevent apoptosis in a dominant-
negative manner.147 Caspase expression and function appears to be
frequently impaired by epigenetic mechanisms in cancer cells.148

Caspase-8 expression was found to be inactivated by hypermethyla-
tion of regulatory sequences of the caspase-8 gene in a number of
different tumor cells derived from neuroblastoma, malignant brain
tumors, Ewing tumor and small lung cell carcinoma and also in
primary tumor samples. Importantly, restoration of caspase-8
expression by gene transfer or by de-methylation treatment sensitized
resistant tumor cells for death receptor- or drug-induced apoptosis.149

The caspase activation inhibitor FLIP acts as important negative
regulator of TRAIL-induced apoptosis. Overexpression of FLIP
protects cells from TRAIL-induced apoptosis,150 and suppression of
FLIP by RNAi sensitizes cells to TRAIL-induced apoptosis.151 A
genetic screen in human placental cDNA retroviral library isolated
c-FLIP(S) as a suppressor of TRAIL signaling in TRAIL-resistant
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clones.152 Correlations between FLIP levels and TRAIL resistance
have also been observed.153 Degradation of FLIP following exposure
to a PPAR selective ligand apparently sensitizes tumor cells to
Apo2L/TRAIL-induced apoptosis.154 However, other studies failed
to find such a correlation.143,155 Moreover, recent work suggests that
FLIP can actually promote caspase-8 activation in response to death
ligand.115,143 Thus more work is needed to further analyze the role
of FLIP in the TRAIL resistance.

IAPs can inhibit TRAIL-induced apoptosis by modulating cas-
pase activity.156 Transfection of Smac/DIABLO, an inhibitor of IAPs,
overcomes the resistance of BAX-null HCT116 cells to Apo2L/
TRAIL-induced apoptosis of.132 A comparison of Apo2L/TRAIL-
sensitive and -resistant melanoma cell lines showed a strong correla-
tion between binding of XIAP to cleaved caspase-3 and TRAIL
sensitivity. More Smac/DIABLO is released to the cytosol in TRAIL-
sensitive cell lines.157 Smac/DIABLO agonists sensitize human acute
leukemia Jurkat T cells for apoptosis induction by Apo2L/TRAIL
and induces regression of malignant glioma in vivo.158 A small
molecule mimic of Smac strongly sensitizes both TNF and TRAIL-
induced caspase activation and apoptosis.159

Although TRAIL can activate the mitochondrial pathway, the
importance of the mitochondrial pathway in TRAIL-induced apop-
tosis is still controversial. Overexpression of Bcl-2 or Bcl-Xl does not
block TRAIL-induced apoptosis in lymphoid cells.160 In contrast,
overexprssion of Bcl-2 or Bcl-Xl inhibits TRAIL-induced apoptosis
in human lung or prostate cancer cells.161 Thus, involvement of the
mitochondria in TRAIL-induced apoptosis may depend on cell
type, like type I and type II cells in FAS-induced apoptosis.162 In
cells requiring mitochondrial involvment, blockade of the mitochon-
drial pathway may change TRAIL sensitivity. For example, BAX-null
HCT-116 are completely resistant to TRAIL-induced apoptosis.

Other cell signaling pathways may also be involved in the regula-
tion of TRAIL sensitivity, including the AKT, Myc, NF-κB or p53
pathways. Constitutive activation of AKT in several cancer cells has
been shown to confer resistance to TRAIL.163,164 This Inhibition of
TRAIL-induced apoptosis by activated AKT may occur at the level
of BID cleavage. Suppression of AKT activity in these cells sensitizes
them to TRAIL-induced apoptosis. Activation of AKT also rescues
human gastric cancer cells from TRAIL-induced apoptosis via
upregulation of FLIPs.165 Myc is more likely a positive regulator of
TRAIL sensitivity. An RNAi library screen for genes regulating
TRAIL sensitivity identified Myc and its transcriptional activator
TCF4 as required for TRAIL sensitivity.166 Several cancer cell lines
showed a correlation between TRAIL sensitivity and expression level
of Myc. c-Myc-mediated a transcriptional repression of FLIP which
sensitized cells to death receptor stimuli.151 Myc also has been
shown to upregulate expression of TRAIL receptors in some tumor
cells.167 c-Myc enhances the apoptotic activity of death receptor
signaling proteins by engaging the mitochondrial apoptotic path-
way.168 Thus, myc may serve as a indicator of potential TRAIL
sensitive tumor cells in clinical trials. p53 is another important
regulator of TRAIL sensitivity. KILLER/DR5 was originally discov-
ered as DNA damage inducible, p53 regulated gene.127 p53 also may
regulate the expression of DR4 in a limited number of tumors.169

Considering p53 is a central player of the mitochondrial apoptotic
pathway, it is not so surprising that p53 can broadly sensitize the
tumor cells to TRAIL through a mitochondrial amplification loop.
TRAIL can activate NF-κB weakly both in vivo and in vitro.
Although most studies have shown that NF-κB acts as an inhibitor
of TRAIL-induced apoptosis,170,171 its role as an activator has also

been reported.172 It is likely that various subunits of NF-κB may
have different effects on the regulation of the cellular response to
TRAIL. It has been shown that the RelA/p65 subunit of NF-κB
transduces a survival signal by inhibiting expression of DR4/5 and
caspase-8 as well as upregulating cIAPs, whereas c-Rel acts as a
proapoptotic factor by enhancing DR4/5 and Bcl-Xs, and inhibiting
cIAPs after TRAIL treatment.

Selective cytotoxicity to tumor cells by TRAIL makes it a prom-
ising death ligand for clinical application. However, many cancer
cells are resistant to TRAIL-induced apoptosis. Application of
TRAIL alone may not be effective in these cancers. Intensive effort
has been made to sensitize TRAIL-resistant tumor cells. Various
means have been found to act synergistically with TRAIL. These
include (1) conventional chemotherapeutic drugs, (2) irradiation,
(3) histone deacetylase inhibitors, (4) stress inducers, (5) proteasome
inhibitors, (6) interferon, (7) small molecules like peptide mimicking
Smac or Bax, (8) others like retinoid or cyclooxygenase-2
inhibitors.163 The mechanisms underlying these synergies vary
between therapies but all appear to be related to the TRAIL sig-
naling pathway or regulatory mechanisms introduced above. Many
of these treatments have been applied in clinical cancer therapy, but
toxicity is still a problem. Sub-toxic doses of some agents listed above
often arrest tumor cells in aspecific cell cycle phase instead of induc-
ing apoptosis. Combined application of low doses of these agents
with TRAIL may provide a way to efficiently kill tumor cells with less
toxicity to normal cells. Such strategies suggest the importance of
understanding the relationship between cell cycle position and
TRAIL sensitivity.

Although extensive studies have focused on the molecular mech-
anisms of TRAIL resistance, few of them explored the acquired
resistance after TRAIL treatment. Acquired resistance could be
different from the intrinsic resistance. Demonstration of the mecha-
nisms of acquired TRAIL resistance may benefit the successful appli-
cation of TRAIL and prevention of cancer relapse after TRAIL treat-
ment in patients.

INTRINSIC APOPTOTIC PATHWAYS
Mitochondria as a central regulator of intrinsic apoptotic

pathways
Intrinsic apoptotic pathways are initiated inside cells. The most

important turning point in the course of the intrinsic apoptotic
process occurs in the mitochondria. Although it is arguable whether
the mitochondrial event triggers the apoptosis, it appears to be the
key event in apoptosis. A pivotal event in the mitochondrial pathway
is mitochondrial outer membrane permeabilization (MOMP).
MOMP is mainly mediated and controlled by Bcl-2 family members.
Once MOMP occurs, it precipitates cell death through either the
release of molecules involved in apoptosis, or the loss of mitochon-
drial functions essential for cell survival.173

About 20 Bcl-2 family members in mammals can be divided into
at least three groups. They all contain at least one of four relatively
conserved Bcl-2 Homology (BH) domains. Anti-apoptotic members,
including Bcl-2 and four relatives (Bcl-Xl, Bcl-w, A1, and Mcl-1)
promote cell survival. Another two groups of pro-apoptotic members
instead elicit cell death. The “multi-BH domain” Bax, Bak, and Bok
share three domains (BH1, BH2, and BH3) with Bcl-2 and also have
a similar 3D structure featuring a globular bundle of -helices with a
hydrophobic surface groove.174,175 In contrast, the eight or more
diverse BH3-only proteins, such as Bid, Bad, and Bim, posses only
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the short BH3 interaction domain, which is necessary and probably
sufficient for the induction of apoptosis. Both pro-apoptotic groups
seem to be required for launching apoptosis. The damage-sensing
BH3-only proteins clearly lie upstream of Bax/Bak, because they
cannot kill cells lacking both Bax and Bak.176,177

The pro-survival Bcl-2 is a 26-kDa protein that is localized in the
mitochondria, endoplasmic reticulum and perinuclear mem-
branes.178 Bcl-2 belongs to the family of proto-oncogenes, but the
ability of bcl-2 to promote tumor growth is different from other
oncogenes; it can rescue cells that are destined to die without affecting
the proliferation rate of the cell.179 It is possible that the location of
Bcl-2 might be a key feature of its function. Bcl-2 is involved in
maintaining homeostatsis, including the mitochondrial membrane
status and balance of the interactions between the members of the
Bcl-2 protein family (e.g., Bax). In addition, bcl-2 has a role in the
regulation of calcium homeostasis in the cell.180 The Bcl-2 family
members can inhibit cell death by sequestering or neutralizing the
BH123 molecules. The BH1, BH2 and BH3 domains in BCL-Xl
are in close proximity and create hydrophobic pocket that can
accommodate a BH3 domain of the pro-apoptotic members. The
ratio of anti- to pro-apoptotic molecules constitutes a rheostat that

sets the threshold of suscepti-
bility to apoptosis for the
intrinsic pathway.180 Evidence
for a critical role of Bcl-2 in
maintaining normal cellular
homeostasis comes from the
analysis of Bcl-2 knockout
mice. Bcl-2 deficient mice dis-
play apoptosis of lymphocytes,
developmental renal cell death
and loss of melanocytes.181 Bcl-
2 transgenic mice show
enhanced haematopoietic cell
survival. 182,183

The BH3-only proteins
trigger apoptosis in response to
developmental cues, insufficient
trophic support, and intracel-
lular damage. They play distinct
roles in these different death
stimuli-induced apoptotic path-
ways. The loss of Bim renders
cells refractory to cytokine
deprivation, calcium flux, Taxol,
and the T-cell receptor signals
that kill self-reactive lympho-
cytes, but not to γ-irradiation.184

Conversely, the p53-induced
Noxa and Puma may mediate
the response to genotoxic
damage, as demonstrated for
Puma in a cancer cell line.
BH3-only proteins can serve as
sentinels for damage to particu-
lar intracellular structures, but
they remain inactive without
stimulation by diverse mecha-
nisms. Noxa and Puma are

controlled primarily at the transcriptional level and can be transacti-
vated by p53 in response to DNA damage. p53 also mediates apop-
tosis by transcriptionally regulating many other genes including Bax,
Apaf-1, Fas, killer/DR5, or pidd.185 Additionally recent studies sup-
port a transcriptionally independent pathway involving localization
of p53 to the mitochondria, followed by binding and inhibition of
Bcl-xl and/or bcl-2 or activating Bax directly.186 Bad is regulated by
its phosphorylation and sequestration by 14-3-3 proteins.
Deprivation from growth factors or cytokines results in the inactiva-
tion of AKT,187 which induces the de-phosphorylation and activation
of Bad. Bid remains inactive until cleaved to expose its BH3 domain.
Cleavage of Bid by caspase-8 in death receptor-mediated apoptosis
results in the subsequent myristoylation favoring its translocation to
mitochondrial membranes.29,30 Bim and Bmf are normally
sequestered to the microtubules and actin cytoskeleton, respectively.
Bmf may have role in the suspension-induced apoptosis (anoikis).188

Death signals activate some BH3-only members of the Bcl-2
protein family and other proteins, which in turn induce oligomer-
ization of the pro-apoptotic, BH123 proteins like Bax and Bak to
insert into the outer mitochondrial membrane (OMM). Other BH3-
only proteins can act indirectly by releasing the BH123 proteins
from the anti-apoptotic Bcl-2 family proteins that sequester them.

Figure 5. Intrinsic pathway mediated by mitochondria. See text for details.



Bax and Bak appear to permeabilize the outer mitochondrial mem-
brane, allowing efflux of apoptogenic proteins.189 Whereas Bax is
predominantly a cytosolic monomer in healthy cells, during apoptosis
it undergoes conformational changes at both termini, translocates to
the outer mitochondrial membrane, and oligomerizes. Bak is present
as monomer in mitochondrial membrane even in healthy cells, but
also changes conformation and forms larger aggregates during apop-
tosis. A small proportion of Bak molecules are bound to VDAC2 in
healthy cells. In the absence of inhibition by VDAC2, BAK demon-
strates an enhanced allosteric conformational activation resulting in
the release of cytochrome c, caspase activation, and mitochondrial
dysfunction responsible for an increased susceptibility to apoptotic
death.180

The BH123 proteins engage either PT (permeability transition)-
dependent or PT-independent mechanisms for MOMP. In PT-
dependent MOMP, apoptotic signals open the putative PT pore
composed of ANT in the inner mitochondrial membrane (IMM)
and VDAC in the OMM. This so-called permeability transition
pore complexes (PTPC) may also contain cyclophilin D and periph-
eral benzodiazepine receptor (PBR). Opening the pore cause water
to enter the matrix and ions to equilibrate, dissipating ∆Ψm at least
transiently. The matrix swells, rupturing the OMM to release proteins
of the mitochondrial intermembrane space (IMS). In PT-independent
MOMP, BH123 proteins, perhaps with other proteins like VDAC,
cause the formation of pores in the OMM through which IMS
proteins are released.173

MOMP results in the cell death through two mechanisms
including release of soluble mitochondrial intramembrane proteins
(SIMPs), such as cytochrome c (cyt c) and disruption of essential
mitochondrial functions (Fig. 5).173

Among the released molecules, most are involved in the induction
of caspase-dependent apoptosis, but some can prompt cell death in
a caspase-independent way. The first identified protein released from
the mitochondrion is cytochrome C,190 which was previously
known to function within the electron transport chain. Subsequent
binding of cytochrome c to Apaf-1 results in the formation of a
complex known as the apoptosome in the presence of ATP/dATP.
The apoptosome can recruit procaspase-9 and thereby activate it
through oligomerization which then leads to the activation of
executioner caspase-3, -6 and -7.191,192 In vivo studies showed that
the Apaf-1, caspase-9 or caspase-3 knock-out MEFs are resistant to
various apoptotic stimuli.21,25,193,194

The second important group of proteins found to release from
the mitochondria upon MOMP are the IAP antagonists including
Smac/DIABLO, HtrA2/Omi and GSPT1/eRF3. IAPs act as a brake
for apoptosis by inhibiting activated caspases. Smac/DIABLO,
HtrA2/Omi and GSPT1/eRF3 bind IAPs in a manner similar to
caspases, therefore functioning as competitive inhibitors.65,195,196

The caspase coactivator Smac/Diablo is released along with
cytochrome c during apoptosis to neutralize the inhibitory activity
of IAPs and promote cytochrome c-dependent caspase activation.
Smac/DIABLO seems also to play an important protective role in
death receptor-mediated apoptosis.132 The first four amino acids of
mature SMAC/DIABLO, AVPI interact tightly with the BIR3
domain of XIAP. Peptides mimicking this sequence have proven to
be strong inhibitors of IAPs and greatly sensitize to TNF and
TRAIL-induced apoptosis.159 Omi/HtrA2 can also proteolytically
cleave and inactivate IAP proteins and therefore it is presumably a
more efficient IAP suppressor.197 But recent data showed that cells

from Omi/HtrA2 transgenic mice (mnd2 mice) containing the
mutation in a noncatalytic serine residue were more sensitive to
apoptosis induced by tunicamycin, etoposide, and hydrogen perox-
ide.198 These seemingly conflicting results suggest that Omi/HtrA2
is a dual agent, which promotes DNA fragmentation under apoptotic
conditions and maintains normal mitochondrial functions in living
cells in a fashion similar to that of cytochrome c.

Processed caspase-9, -3, and -2 are also released together with
cytochrome c from mitochondria in vitro by disruption of ∆ψ with
an uncoupler or in cell death caused by staurosporine. These findings
imply that the mitochondrial procaspase molecules participate in
apoptosis induction.199

In addition to proteins that can trigger or enhance caspase acti-
vation, mitochondria also release pro-apoptotic proteins unrelated to
caspase activation. AIF, once released to the cytosol, translocates to
the nucleus in response to death stimuli including pneumococcus,
p53, UVB and N-methyl-N-nitro-N-nitrosoguanidine, H2O2, and
N-methyl-aspartate. In the nucleus, AIF induces peripheral chromatin
condensation and large-scale DNA fragmentation. AIF in association
with a heat-labile cytosolic factor may also permeabilize mitochondrial
membranes. None of these AIF effects can be prevented by addition
of zVAD.fmk indicating that they are caspase-independent, but the
cell death is characterized by various apoptotic features including cell
shrinkage, cell surface exposure of phosphatidylserine, loss of mito-
chondrial membrane potential and large-scale DNA fragmentation.200

Definitive genetic evidence establishes an essential role for AIF
during early mammalian development.201 AIF was found to be
essential for the first wave of programmed cell death required for
embryonic morphogenesis and cavitation.

In response to apoptotic stimuli, endoG is also released from the
mitochondria into the cytosol where it translocates to the nucleus
and generates oligonucleosomal DNA fragmentation. It is essential
for DNA fragmentation, particularly during caspase-independent
apoptosis.202 Unlike caspase inhibitors, Bcl-2 effectively protects
cells from both caspase-dependent and -independent apoptosis. This
is more likely through its ability to prevent mitochondrial membrane
permeabilization and the resultant release of potent pro-apoptotic
molecules like endo G (Fig. 5).203

The ER stress apoptotic pathway
Besides the mitochondria, the endoplasmic reticulum (ER) is a

second compartment participating in intrinsic apoptosis. In the ER,
quality control mechanisms ensure that only properly folded proteins
are passed along the secretory pathway. Stress to the ER including
oxidative stress, chemical toxicity, treatment with Ca2+ ionophores
or exposure to inhibitors of glycosylation can result in misfolded
proteins and perturbed calcium homeostasis, which provokes the
unfolded protein response (UPR). UPR involves (1) reduced protein
synthesis to prevent further aggregation and accumulation of unfolded
proteins; (2) induction of ER-resident chaperones and folding
catalysts; and (3) activation of ER-associated protein degradation
(ERAD) to eliminate aggregates. However, if this response persists
and stress can not be resolved, induction of necrosis or apoptosis
becomes inevitable.204

Release of calcium from the ER into the cytosol is required for
stress-induced apoptosis in many cases. The ER is the major intra-
cellular store of Ca2+ ions. Efflux of Ca2+ ions from the ER is often
associated with uptake into the mitochondria. In staurosporine and
ceramide-induced apoptosis, calcium acts as a messenger that coor-
dinates the amplification loop between the mitochondria and the
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ER. A small amount of cytochrome c released from the mitochon-
dria diffuses to the adjacent endoplasmic reticulum (ER) and binds
to InsP3 receptors, thereby enhancing calcium release from the
endoplasmic reticulum. The released calcium causes a mass exodus
of cytochrome c from all mitochondria. The positive feedback finally
results in the dramatic activation of caspases. This process may be an
important event in disorders such as myocardial infarction,
Alzheimer's disease and stroke.205

Increasing evidence suggests that Bcl-2 family members also
function on the ER. Bcl-2 targeted specifically to the ER interrupted
the cross-talk from the ER to mitochondria produced by ER stress
and certain other stimuli. Either Bax or Bak is required for ER stress-
induced apoptosis. Recent findings suggest that both of them
localize and function at the ER. Bax and Bak have been implicated
in maintaining homeostatic concentrations of Ca2+ in the ER.
Release of Ca2+ from ER stores and its uptake into mitochondria is
impaired in Bax or Bak double knockout mice, which results in
reduced apoptosis in response to certain death stimuli.206 Bax or Bak
apparently can function directly on the ER to promote caspase-12
activation. Indeed, a full apoptotic response to certain cytotoxic
stimuli (e.g., staurosporine and etoposide) may require that Bax/Bak
act both in the ER to discharge Ca2+ ions and in the mitochondria
to permeabilize its outer membrane.207,208

Other molecules, such as GADD153/CHOP, ALG-2, VCP and
BAP31, may also be involved in ER stress-induced apoptosis.
However, the mechanism underlying their function is not very
clear.205

So far, only caspase-12 activation during ER-mediated apoptosis
has been reported. Upon activation, caspase-12 translocates from the
ER to the cytosol, where it directly cleaves pro-caspase-9 to activate
caspase-3. Caspase-12-/- mice were also found to be resistant to Aβ
peptide-induced apoptosis in an Alzheimer's disease model. However,
functional caspase-12 has only been cloned from the mouse and rat,
and the existence of a human isoform of caspase-12 remains contro-
versial.209

Neurodegenerative disorders such as Alzheimer’s disease,
Parkinson’s disease, Huntington's disease, ALS (amyotrophic lateral
sclerosis, or Lou Gehrig's disease) and prion protein diseases all
feature misfolded proteins and the aggregation of misfolded proteins.
ER stress plays an important pathogenetic role in these diseases.210

CROSSTALK BETWEEN EXTRINSIC AND INTRINSIC PATHWAYS
Two major apoptotic pathways exist, namely the extrinsic pathway

(death receptor pathway) and the intrinsic pathway (the mitochon-
drial pathway) within a cell. Despite the difference in the initiation
manner, they converge on the activation of effector caspases.180

Crosstalk between the two pathways at both the execution and initi-
ation levels has been reported.

Based on the requirement of the mitochondrial pathway for
apoptosis induced by death receptors, cells can be divided into type
I and type II cells. In type I cells, activation of caspase-8 in the DISC
is sufficient to induce apoptosis. However, in type II cells, only a
small amount of FADD and caspase-8 are recruited to DISC, so
insufficient activation of caspase-8 require involvement of mito-
chondria to finally induce apoptosis.211 Death receptor-mediated
apoptotic signaling can activate the mitochondrial pathway through
the BH-3 only protein, Bid. Caspase-8 activated in the DISC is
sufficient to cleave cytosolic Bid. Cleaved Bid (tBid) then translocates
to the mitochondria, which leads to mitochondrial dysfunction and

apoptosome formation (Fig. 4).29,30 Although the apoptotic mito-
chondrial events occurs in both types of cells, only the apoptosis in
type II cells is abrogated if the mitochondrial pathway is blocked by
overexpression of Bcl-2.180 Genetic evidence further proved the exis-
tence of these two cell types. Hepatocytes from Bid-/- mice behave
like type II cells after treatment with Fas, but thymocytes from Bid-/-

mice respond to Fas in a type I manner.212 Tumor cells and hepato-
cytes also showed different requirements for the mitochondrial
pathway (type I vs. type II) in TRAIL-induced apoptosis.162

It was originally believed that the activation of capspase-9 and -3
in the apoptosome would function as the amplification loop which
can compensate the weak DISC formation and caspase-8 activation.14

However, the evidence that cells like hepatocytes derived from the
Apaf-1-/- and caspase-9-/- mice exhibit the similar sensitivity to
Fas-mediated apoptosis suggests that other factors required for the
amplification.194,213

This controversy is reconciled by the finding that the second
group of molecules including Smac/Diablo are released from the
mitochondria during death receptor-mediated apoptosis. This
protein interacts with and sequesters XIAP to remove its inhibition
from caspase-3 and caspase-9.132 Caspase-3 then can undergo a
second proteolytic step to be fully activated. This portion of fully
activated caspase-3 subsequently cleaves many proteins, such as
XIAP, to facilitate the apoptotic feedback functioning as amplifica-
tion loop finally results in irreversible apoptosis.214

Despite the major role of caspase-8 in extrinsic apoptosis, it’s
activation in response to some intrinsic cell death stimuli also facili-
tates the further caspase activation and accelerates death kinetics.
215,216 Caspase-9 and -3 is required for the activation of four other
caspases (-2, -6, -8, and -10) in cell-free extracts in response to
cytochrome c. Inhibition of caspase-6 activity in cells significantly
inhibited caspase-8 cleavage and apoptosis, therefore establishing
caspase-6 as a major activator of caspase-8 in vivo and confirming
that this pathway can have a critical role in promotion of apoptosis.217

Not only does mitochondrial dysfunction influence caspase
activation in death receptor-mediated apoptosis, but crosstalk exists
between the upstream component of the extrinsic and the intrinsic
pathways. The typical example is p53-mediated apoptosis. In response
to DNA damage, p53 not only targets the intrinsic apoptotic mole-
cules like the Bax and Puma to activate the mitochondrial apoptotic
pathway, but also upregulates the extrinsic pathway genes like FasL
and killer/DR5.127,218 It was shown that DNA damage-induced
apoptosis can proceed through death receptor signaling.219 These
reports would argue for a contribution of death receptor signaling to
the intrinsic apoptotic pathway.

The connections between the extrinsic and the intrinsic pathway
suggests that many chemotherapeutic agents or stress-inducers can
sensitize cells to death ligand-induced apoptosis. Sensitivity to
TRAIL could be achieved or enhanced by many intrinsic death
stimuli including (1) the transcription inhibitor actinomycin D or
the protein synthesis inhibitor cycloheximide; (2) DNA damaging
chemotherapeutic agents such as doxorubicin, cis-diammine-
dichloroplatinum or etoposide; (3) ER stress inducers such as tuni-
camycin or animomycin; and (4) ionizing radiation.163

REGULATORY MECHANISMS IN APOPTOTIC SIGNALING
While the initiation and execution of apoptosis depend on acti-

vation of the receptor- and/or mitochondrial-dependent death path-
ways, the apoptotic process is affected by many other signaling
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pathways including the Myc, MAPK/ JNK, PI-3K/AKT and NF-κB
pathway.

Myc pathway
Mammals have three Myc proteins: c-Myc, N-Myc and L-Myc.

These proteins are basic helix-loop-helix leucine-zipper (bHLH-Zip)
transcription factors that bind to the bHLH-Zip protein Max.
Myc–Max heterodimers regulate the transcription of many target
genes. Myc family members have important roles in the control of
both cell proliferation and cell death in animals. The Myc proteins
seem to regulate the rates of cell growth and G1-S progression
through coordinated effects on many genes.220

Activation of Myc can lead to a net loss of cells through apopto-
sis.221 Similarly, overexpression of Myc in flies induces cell prolifer-
ation and compensatory apoptosis.222 It seems that c-Myc sensitizes
cells to the pro-apoptotic effects of diverse cellular stresses by several
means. These include: 1. activation of the intrinsic pathway and the
release of cytochrome c from mitochondria (possibly by suppression
of levels of the pro-survival proteins Bcl-2 and Bcl-XL and/or by
induction of the pro-apoptotic protein Bax).223,224 Myc-induced
apoptosis is dependent on p53 function. c-Myc-induced apoptosis is
suppressed in mice harboring p53 mutation, which results in
enhanced tumor formation. However, increased p53 signaling
inhibits tumor formation. Proliferative signals and p53 activation by
Myc in mammalian cells are linked by ARF. The ARF promoter is
responsive to Myc.225 Activation of c-Myc upregulates ARF transcrip-
tion and protein levels. In turn, ARF promotes the p53 response by
inhibiting MDM2, which blocks p53-induced transcription and
targets p53 for degradation.226,227 ARF induction therefore sets a
threshold for cellular proliferative signaling. Cells that receive exces-
sive proliferative signals are prone to apoptosis due to the induction
of p53-dependent apoptotic signaling by ARF. ARF also binds with
c-Myc and dramatically blocks c-Myc’s ability to activate transcrip-
tion and induce hyperproliferation and transformation. In contrast,
c-Myc’s ability to repress transcription is unaffected by ARF and
c-Myc-mediated apoptosis is enhanced.228 These differential effects
of ARF on c-Myc function suggest that separate molecular mecha-
nisms mediate c-Myc-induced hyperproliferation and apoptosis.
This direct feedback mechanism represents a p53-independent
checkpoint to prevent c-Myc-mediated tumorigenesis. (2)
Cooperation with extrinsic death-receptor signaling; c-Myc-induced
apoptosis has been shown to correlate with Fas ligand and Fas
receptor expression.168,229 c-myc down-regulation of FLIP expression
provides a universal mechanism to explain the ability of c-myc to
sensitize cells to death receptor stimuli.151 3. The generation of
reactive oxygen species and damage to DNA. One target for tran-
scriptional stimulation by c-Myc is ornithine decarboxylase (ODC)
which can cause apoptosis when overexpressed.230,231

NF-κB
NF-κB was discovered as a factor in the nucleus of B cells that

binds to the enhancer of the kappa light chain of immunoglobulin.232

NF-κB is known to consist of a family of Rel-domain-containing
proteins; e.g., Rel A (also called p65), Rel B, c-Rel, p50 (also called
NF-κB1), and p52 (also called NF-κB2). It is activated when it is
released from IκB and translocates to the nucleus, where it regulates
the expression of many immune, growth, inflammation and anti-
apoptosis genes.233

The effects of NF-κB on apoptosis has far-reaching consequences
for normal development and/or tissue homeostasis. NF-κB’s impli-
cation in apoptosis is also vital to the outcome of viral infections, the
onset and progression of many cancers and their response to radiation

and chemotherapy. While NF-κB is generally believed to mediate
survival signals, there are a number of instances where it is proapop-
totic depending on the inducing stimulus and the cell context.234 A
large body of evidence supports an anti-apoptotic effect of
Rel/NF-κB factors. Overexpression of constitutive Rel/NF-κB was
shown to protect transformed cells against apoptosis induced by
TNF , FasL or TRAIL.235,236 Conversely, inhibiting the Rel/NF-κB
activity by overexpressing IκB sensitizes transformed cells to apopto-
sis induced by death ligands, ionizing radiations or chemotherapeutic
drugs.81,237 In vivo, the inactivation of the genes encoding RelA,
IKK2 or NEMO leads to embryonic lethality by massive liver apop-
tosis, due to enhanced TNF sensitivity.82,238,239 Nuclear factor
kappa B (NF-κB) prevents cells from undergoing apoptosis via
activation of anti-apoptotic genes including XIAP, FLIP, Bcl-Xl, et al.240

However, besides these anti-apoptotic effects, numerous reports
have in contrast revealed an ability of Rel/NF-κB factors to induce
apoptosis. For example, CD4+/CD8+ thymocytes from transgenic
mice overexpressing IκB become resistant to CD3-mediated apopto-
sis.241 Activation of Rel/NF-κB factors by cytokine withdrawal,
paclitaxel, focal ischemia, p53 or the viral protein LMP1 were shown
to promote apoptosis.240,242

It was recently discovered that NF-κB also became a repressor of
transcription when induced by commonly employed DNA damaging
anticancer drugs, doxorubicin (adriamycin) and daunorubicin
(daunomycin).243 These findings are striking in light of the past
literature that described these genotoxins as inducers of NF-κB-
dependent transcription.244 This new finding underscores the need
to specifically examine the action of NF-κB in an individual cancer
cell context.

JNK
c-Jun N-terminal protein kinase JNK/SAPK is a member of the

mitogen-activated protein kinase (MAPK) superfamily. JNK is acti-
vated by sequential protein phosphorylation through a MAP kinase
module, i.e., MAP3K-MAP2K-MAPK. Two MAP2Ks (JNKK1/
MKK4/SEK1 and JNKK2/MKK7) for JNK have been identified to
phosphorylate JNK on Thr 183 and Tyr185, which result in the
activation of JNK. JNK also can be negatively regulated by NF-κB-
mediated inhibition. JNK is a key regulator of c-jun activity. JNK
specifically phosphorylates the transcription factor c-Jun on its
N-terminal transactivation domain at Ser63 and Ser73 resulting in
the augmentation of its transcriptional activity. This phosphorylation
can be induced by a variety of extracellular stimuli such as TNF
exposure.75,245

The JNK signaling pathway is involved in regulation of many
cellular events, including growth control, transformation and apop-
tosis. The role of JNK activation in apoptosis is highly controversial.
JNK has been implicated in a pro-apoptotic effect, anti-apoptotic
effect or as having no role in cell death. The role of the JNK pathway
in apoptosis may depend on cell type, the nature of the death stim-
ulus, the duration of its activation and the activity of other signaling
pathways, especially NF-κB and p53.246

The JNK pathway may play a pro-apoptotic role in neurons.
Neurons from mice in which endogenous c-jun alleles were replaced
with a nonphosphorylatable c-junAA63/73 mutant are resistant to
apoptosis induced by UV and the excitotoxic glutamate-receptor
agonist kainite.247 JNK also has been shown to initiate apoptosis by
phosphorylating and thereby inactivating BCL2 and BCL-Xl248,249

and by phosphorylating and activating the BH3-only protein
BIM.250 However, the role of JNK in the phosphorylation of Bcl-2
and Bcl-Xl in response to cell death stimuli has been challenged by a



recent study.251 JNK also induces increased expression of pro-apop-
totic p53 and FAS/FASL molecules under certain situations.252

C-Jun induction is has also been implicated in the exit from
p53-dependent cell cycle arrest followed by apoptosis in response to
UV.253 MEFs isolated from nonphosphorlylatable c-jun AA63/73
mutant transgenic mice displayed resistance to excitotoxic agonists
and UV.254 Recent studies showed that the JNK pathway is required
for TNF-induced apoptosis. TNF activates the JNK pathway
through Mkk7 to induce the cleavage of Bid to produce j-Bid, and
j-Bid then translocates to the mitochondria to induce the release of
SMAC from the mitochondria, which finally results in cell death.92

Other evidence suggests that JNK activation may be required for
survival/anti-apoptosis under certain circumstances. In jnk-1-/-jnk-2-/-

mice, apoptosis was increased in the hindbrain and forebrain
regions.221 In addition, immature thymocytes and peripheral mature
T cells deficient in JNK kinase1 (SEK1/MKK4) were highly suscep-
tible to Fas/CD95- and CD3-mediated apoptosis.255 This suggests
that JNKK1 may play an anti-apoptotic role in T cells. Biochemical
analysis also revealed that JNK can phosphorylate the proapoptotic
Bcl-2 family protein BAD at threonine 201, thereby inhibiting
BAD association with the anti-apoptotic molecule BCL-XL. This
inactivation of BAD is required for IL-3-mediated cell survival.256 It
has been reported that activation of the JNK pathway can inhibit
p53-induced cell cycle arrest and therefore promote p53-induced
apoptosis. This might explain why JNK only exerts its anti-apoptotic
function in p53-deficient tumor cells.253

AKT pathway
The AKT pathway is a survival signal in many different cell death

paradigms, including withdrawal of extracellular signaling factors,
oxidative and osmotic stress, irradiation and treatment of cells with

chemotherapeutic drugs and ischemic shock.257 Moreover, AKT
activation has been related, in tumor cells, with increased resistance
to apoptosis induced by TRAIL/APO-2L.258,259

Receptor protein tyrosine kinase (RPTK) activation results in
PI(3,4,5)P3 and PI(3,4)P2 production by PI3K at the inner side of
the plasma membrane. AKT interacts with these phospholipids,
causing its translocation to the inner membrane, where it is phospho-
rylated and activated by PDK1 and PDK2. AKT activation induces
different cell survival mechanisms.260

Stimulation of AKT acts principally to attenuate the activation of
the intrinsic apoptotic pathway. AKT phosphorylates pro-apoptotic
BH3 only protein BAD on serine 136.187,261 As a result of phos-
phorylation, BAD interacts with 14-3-3 proteins and is prevented
from blocking Bcl-2 death-protective function. Human caspase-9
has been reported to be phosphorylated by AKT, resulting in atten-
uation of its activity.55 AKT inactivates by phosphorylation the
Forkhead family of transcription factors that induce the expression
of proapoptotic factors such as Fas ligand and Bim.262 In addition,
AKT activates by phosphorylation the transcription factor cyclic
AMP response element-binding protein (CREB), and the IκB kinase
(IKK), a positive regulator of NF-κB, both of them regulating the
expression of genes with anti-apoptotic activity (Downward, 2004).

THE FATE OF APOPTOTIC CELLS
Efficient elimination of cells undergoing apoptosis is crucial for

normal tissue homeostasis and for the regulation of immune
responses. Apoptotic cells must be properly recognized and rapidly
cleared before loss of membrane integrity to prevent leakage of
potentially cytotoxic or antigenic contents.263 Indeed, defects in
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Figure 6. Clearence of apoptotic cells by phagocyte. See text for details.



apoptotic corpse clearance have been closely associated with autoim-
mune and inflammatory diseases.264 The engulfment of apoptotic
cells also has important consequences for immune responses. For
example, the uptake of apoptotic cells can induce the release of anti-
inflammatory mediators, such as transforming growth factorβ
(TGFβ), interleukin-10 (IL-10) and prostaglandin E2 (PGE2), and can
inhibit the secretion of pro-inflammatory mediators, such as tumor
necrosis factor α (TNF-α) from phagocytes.265 This clearance of
dying cells is thought to prevent immune responses to self-antigens
derived from dying cells. By contrast, the uptake of necrotic cells is
pro-inflammatory.266

Among the surface changes on apoptotic cells, the most common
and best characterized is the loss of phospholipid asymmetry in the
plasma membrane and the translocation of PtdSer from the inner to
the outer leaflet of the lipid bilayer. The exposure of PtdSer occurs
very early during the apoptotic process and is almost universally
required for engulfment.267 PtdSer and annexin I (AnxI) translocate
and colocalize in discrete patches on the surface of the outer
membrane where they function as ‘eat-me’ signals to trigger phagocyte
recognition and uptake.268 Extracellular bridging molecules in serum,
such as milk-fat-globule-EGF-factor 8 (MFG-E8), β2 glycoprotein I
(β2GPI), serum protein S and growth arrest-specific 6 (GAS6), bind
to phospholipids like PtdSer on the apoptotic cell surface and act as
extracellular bridging molecules to link them to phagocytes.269-271

This makes apoptotic cells more susceptible to phagocytosis by
providing recognition sites for a greater number of phagocyte recep-
tors. Other extracellular bridging molecules known to facilitate
engulfment have also been linked to the recognition of altered
sugars on the surface of apoptotic cells. These include certain members
of the collectin family, such as mannose-binding lectin (MBL), as well
as the collectin-related first component of the classical complement
cascade, C1q. Humans with C1q deficiency and C1q-knockout
mice both have defects in clearance of apoptotic cells in vivo and
display an increased risk of developing autoimmune diseases such
as systemic lupus erythrematosus (SLE) and glomerulonephritis
(Fig. 6).272,273

MFG-E8 is a bridging protein secreted by macrophages. Binding
of MFG-E8 to apoptotic cells stimulates their removal by phagocytic
cells. Engagement of the MFG-E8 receptor (possibly integrin αvβ3
or α2β5) expressed by macrophages not only induces internalization
of MFG-E8, but also may inhibit macrophage activation, thereby
preventing the development of an autoimmune response against
apoptotic cell epitopes. In the absence of MFG-E8, apoptotic cells
still bind to macrophages via other signals or receptors, but they
cannot be engulfed. MFG-E8 is specifically required to initiate the
subsequent cytoskeletal rearrangements needed for phagocytosis.266

In addition, the mice lacking MFG-E8 suffer from late-onset
autoimmune disease, a defect often associated with impaired clearance
of apoptotic cells.274

Many different cell-surface receptors in phagocytes can recognize
and respond to eat-me signals. These receptors include: certain
scavenger receptors, such as CD36, CD68 and lectin-like oxidized
low-density lipoprotein receptor-1 (LOX-1), all of which can recog-
nize PtdSer in vitro;275-277 certain integrins, such as the αvβ3 inte-
grin receptor, which can bind to MFG-E8.275,276,278 The receptor
tyrosine kinase MER, which binds to the GAS6 bridging molecule;
279,280 LRP (also called CD91), which interacts with CRT bound to
MBL and C1q as described above;272 the LPS receptor CD14,
which binds to the Ig-superfamily member adhesion molecule

ICAM-3; and the PtdSer receptor (PSR) (Fig. 6).281 In addition,
evidence has been found for a “don’t eat me” signal involving CD31,
which repulses the binding to phagocytes, exists on the surface of
healthy cells. Loss of the “don’t eat me” signal is sometimes required
for the clearance of apoptotic cells by phagocytes.281,282

The “eat-me” and “don’t-eat-me” signals are crucial for the ability
of phagocytes to recognize apoptotic cells. However, these signals can
only apply when the phagocyte and apoptotic cell are in close prox-
imity. It is therefore reasonable to predict that attraction signals must
exist to induce the migration of professional phagocytes to sites of
apoptosis to facilitate the rapid removal of dying cells. It has been
shown that the supernatants of several types of apoptotic cells contain
a chemo-attractant activity for monocytes and primary human
macrophages. Apoptotic cells, but not nonapoptotic cells, secrete a
chemotactic factor into the supernatant. Interestingly, caspase-3-
mediated activation of Ca2+-independent phospholipase A2 (iPLA2)
in apoptotic cells has been linked to the release of this chemo-attrac-
tant lysophosphatidylcholine (LPC).283

NONTYPICAL APOPTOSIS AND NECROSIS
Necrosis
Necrosis has traditionally been considered an unregulated, energy-

independent form of cell death, and has been well-characterized in a
wide range of pathologic states. Extensive failure of normal physio-
logical pathways that are essential for maintaining cellular home-
ostasis, such as regulation of ion transport, energy production and
pH balance can lead to necrosis. Necrosis is characterized morpho-
logically by vacuolation of the cytoplasm, breakdown of the plasma
membrane and induction of inflammation around the dying cell due
to the release of cellular contents and pro-inflammatory molecules.284

A classic example of necrotic conditions is ischemia that leads to
a drastic depletion of oxygen, glucose, and other trophic factors and
evokes massive necrotic death of endothelial cells and nonproliferating
cells of surrounding tissues. Necrosis can be induced by microbial
infections, neuronal excitotoxins, or reactive oxygen species (ROS).285

The expression of Bax or treatment with tumor necrosis factor
(TNF) or Fas ligand can elicit nonapoptotic cell death in the presence
of nonspecific pan-caspase inhibitors such as zVAD-fmk or anti-
apoptotic molecules like Bcl-XL that prevent caspase activation.286,287

Under these conditions, cells that would normally die by apoptosis
exhibit the hallmarks of necrosis. Studies on necrosis are generally
performed under condition of inhibition of apoptosis either by
pharmacological or genetic methods. A recent observation showed a
biologically relevant role for necrosis.288 In these studies, cells infected
with vaccinia virus encoding an anti-apoptotic protein were used to
illustrate a natural condition in which necrosis takes over when
apoptosis is inhibited. This result also suggests an important function
for necrosis in fighting microbial infection.

Recent cytological data indicate that necrotic death occurs not
only during pathological events, but is also a component of some
physiological processes. For example, during renewal of the small
intestine, both apoptosis and necrosis of enterocytes contribute to
cell loss.288 Genetic evidence also indicates that necrotic cell death
can potentially substitute for apoptosis during normal development.
For instance, genetic deletion of caspase-3 and caspase-9 does not
affect normal loss of spinal cord and brain stem neurons during
development, although the morphology of the forebrain suffers a
marked perturbation.289

www.landesbioscience.com Cancer Biology & Therapy e65

Apoptotic Signaling Pathway

 



Until recently, necrosis has often been viewed as an accidental
and uncontrolled cell death process. Nevertheless, growing evidence
supports the idea that necrotic cell death may also be programmed.290

Cellular signaling events have been identified to initiate necrotic
destruction that could be blocked by inhibiting discrete cellular
processes. Integration of the BH3 protein BNIP3 tomitochondria
triggers a necrotic-like form of PCD.291 The necrosis-like cell death
triggered by engagement of the Fas/FADD signal transduction system
in mammalian cells was reported to depend on the kinase RIP as an
effector molecule.292 Ca2+, ceramide, and the JNK/p38 pathway
have also been shown to be mediators of necrosis.284 Excessive acti-
vation of PARP resulting from profound induction of DNA breaks
is believed to be a cause of necrotic cell death due to ATP depletion.293

Surprisingly, programmed necrosis in response to DNA alkylating
agents initiated by PARP only occurrs in actively proliferating cells.
This selectivity may be due to the differential energy source utilized
by vegetative or proliferating cells. The cell fate in response to a
DNA-alkylating agent is determined by cellular metabolic status.47

During apoptosis, PARP is inactivated by caspase-mediated cleavage
to shut down the necrosis pathway.

Many human tumors carry mutations that inactivate apoptotic
pathways. Inactivation of apoptosis allows tumor cells to proliferate
beyond normal homeostatic control. Necrosis represents an alternative
pathway for tumor cells to be eliminated. The inflammatory compo-
nent of necrotic death has the potential advantage of stimulating an
immune response that could increase the efficiency of tumor cell
death.290 The balance between apoptotic and necrotic cell death
may be modulated to potentiate a patient's immune response to a
tumor. However, inflammatory responses induced by necrosis may
also be associated with systemic toxicity.

Autophagy
Autophagy is an evolutionarily conserved lysosomal pathway

involved in the turnover of long-lived proteins and organelles.
Functions of autophagy include: (1) remodeling during development
and differentiation; (2) the production of amino acids when nutrients
are limiting; (3) elimination of unwanted or damaged organelles and
molecules. These functions are important for maintenance of cyto-
plasmic homeostasis. The conservation of autophagy genes throughout
phylogeny suggests that this form of death might have a role in
many eukaryotes.284 Autophagy can be stimulated in response to
different situations of stress, such as starvation, changes in cell volume,
oxidative stress, accumulation of misfolded proteins, hormonal
signaling, irradiation, xenobiotic or TRAIL treatment.294 TRAIL
has been shown to positively regulate lumen formation in acini
formed in vitro by the breast cancer cell line MCF-10 via induction
of autophagy.295 The activity of the p70S6-kinase is regulated by the
mTor kinase, and inhibition of S6 phosphorylation caused by
inactivation of mTor with rapamycin induces autophagy even under
nutrient-rich conditions. Autophagy can a also be induced when
apoptosis is inhibited, such as treatment with z-VAD, or etoposide
in Bax/Bak double knockout MEFs.290 Three groups of diseases,
i.e., myopathies, neurodegenerative disorders and cancer, may be
related to alterations in the autophagic pathway and/or deficiency in
autophagy genes.296

Two major systems are responsible for the degradation of proteins
in cells: the ubiquitin-proteasome pathway and the vacuolar system.
One is the familiar ubiquitin-mediated proteolysis that takes place
in proteasomes. Autophagy is an intracellular lysosome-mediated
catabolic mechanism that is responsible for the bulk degradation
and recycling of damaged or dysfunctional cytoplasmic components

and intracellular organelles.297 Autophagy may also switch cells to a
catabolic program in which cellular constituents are degraded for
energy production as a survival mechanism during periods of nutrient
stress. Following the induction of autophagy, autophagic vesicles or
autophagosomes are formed through the assembly and expansion of
double-layered, membrane-bound structures of endoplasmic reticulum
around whole organelles and isolated proteins. The autophagosome
encapsulates the cytosolic materials, then docks and fuses with lyso-
somes or other vacuoles, causing degradation of the autophagosomal
contents. At the molecular level, the signaling pathway that leads to
autophagy involves at least the activities of phosphatidylinositol
3-kinase (PI3K) and the kinase target of rapamycin (TOR). Class-III
PI3K activity is particularly important for the early stages of
autophagic vesicle formation. By contrast, TOR negatively regulates
autophagosome formation and expansion.298

The discovery of the APG genes and the AUT genes that regulate
autophagy in the yeast Saccharomyces cerevisiae has contributed to
our understanding of the molecular control of autophagy.299,300 Two
key autophagy genes, ATG7 and beclin 1, are necessary for this
nonapoptotic death pathway in mammalian cells. Beclin 1 is the
mammalian homolog of the yeast Atg6 protein that is involved in
the early steps of autophagic vesicle formation. Beclin 1 knockouts
cause an unexplained increase in spontaneous tumors.301 It is possible
that beclin 1 may act as a tumor suppressor by causing autophagic
cell death. Activation of RIP and MKK7 has been shown to be
involved in autophagy induced in the presence of z-vad.302 An
interesting unresolved question is the molecular connection between
RIP and the JNK signaling pathway. Inhibition of caspase-8 seems
to facilitate autophagic death. The suppression of autophagic death
by caspase-8 in mammalian cells indicates that caspases can regulate
both apoptotic and nonapoptotic cell death. Recent data also
demonstrated that Bcl-Xl also modulates autophagic death induced
by etoposide in Bax/Bak double-null MEFs, possibly through regu-
lation of Beclin1 to induce APG5-APG12.303

Mitotic catastrophe
Mitotic catastrophe has taken on a broader definition and has

been used to explain a type of mammalian cell death that is caused
by aberrant mitosis. Mitotic catastrophe is associated with the forma-
tion of multinucleate, giant cells that contain uncondensed chromo-
somes, and is morphologically distinct from apoptosis, necrosis or
autophagy.304

The G2 checkpoint of the cell cycle is responsible for blocking
mitosis when DNA of cells is exposed to sustained insults. DNA
damage activates a number of molecules that promote cellular activ-
ities such as cell-cycle arrest, DNA repair or apoptosis, if the damage
is too harsh to be repaired. However, if the G2 checkpoint is defective,
a cell can enter mitosis prematurely, before DNA replication is
complete or DNA damage is repaired. This aberrant mitosis causes
the cell to undergo death by mitotic catastrophe.

The inhibition or inactivation of any of these G2-checkpoint
genes including those that encode ATR, CHK1, p53, WAF1 and
14-3-3 may lead to mitotic catastrophe in cells with unrepaired
DNA damage.305-309

Mitotic catastrophe is a highly conserved stress-response mecha-
nism. Agents that damage microtubules and disrupt the mitotic spindle
also cause mitotic catastrophe. For example, the drug paclitaxel
induces an abnormal metaphase in which the sister chromatids fail
to segregate properly. CDK1 activation is prolonged abnormally in
paclitaxel-treated cells, which undergo death by mitotic catastrophe.310

Defects in genes that are required for inducing mitotic catastrophe
can contribute to tumorigenesis.
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DISEASE AS A CONSEQUENCE OF DYSREGULATED APOPTOSIS
Many diseases may involve too much apoptosis (e.g., neuro-

degenerative diseases, or AIDS) or too little apoptosis (e.g., cancer
due to mutations of p53 or overexprssion of many anti-apoptotic
proteins).

Cancer
Tumorigenesis is a multistep process involving genetic alterations

that confer a growth advantage to transformed cells. These changes
drive the progressive transformation of normal human cells into
highly malignant derivatives. Six essential alterations have been
identified to collectively lead to malignant transformation: (1)
self-sufficient growth signals, (2) insensitivity to growth-inhibitory
signals, (3) evasion of programmed cell death, (4) indefinite replica-
tion, (5) sustained angiogenesis, and (6) tissue invasion and metas-
tasis.311

Acquired resistance toward apoptosis is a hallmark of perhaps all
types of cancer. Overexpression of many oncogenes induces massive
apoptosis. These oncogenes include ras, E1A, myc, e2f1, possibly
through the ARF-mdm2-p53 pathway. Transgenic mice in which
the pRb tumor suppressor has been functionally inactivated exhibit
high apoptotic rates.220 Thus elimination of cells bearing activated
oncogenes or inactivated tumor suppressor genes by apoptosis may
provide a selection pressure that requires cells to evade apoptosis.

Tumor cells can acquire resistance to apoptosis by the upregula-
tion or overactivation of anti-apoptotic proteins or by the downreg-
ulation or mutation of pro-apoptotic proteins.

Dysregulation of tumor resistance-related anti-apoptotic signal-
ing includes anti-apoptotic Bcl-2 family members, IAPs, the PI-3K-
AKT pathway, or NF-κB pathways. A common feature of follicular
B-cell lymphoma is the chromosomal translocation t(14;18), which
couples the BCL2 gene to the immunoglobulin heavy chain locus,
leading to enhanced BCL2 expression.312 The expression level of the
BCL-2 protein in some tumor cells correlates with malignancy of
tumors and response to chemotherapy.313 The PI-3K-AKT pathway
is a strong pro-survival pathway. In many tumors this pathway is
overactivated by loss-of-function mutation of the PTEN tumor
suppressor gene 314 or gain-of-function mutation of the oncogenes
such as Ras, BCR-ABL315 or growth factor receptors such as
EGFR.257 Recently evidence was showen that activation of the AKT
pathway by upregulation of tyrosine kinase receptor factors like
TrkB or insulin receptor substrate 2 facilitate mammary tumor
metastasis.316,317 This effect is associated with the ability of AKT to
suppress anoikis. Overactivation of the AKT pathway renders tumor
cells resistant to apoptosis by several different mechanisms (see
“Regulatory Mechanisms in Apoptotic Signaling”). Another
important factor influencing apoptosis of tumor cells is the tran-
scription factor nuclear factor κB (NF-κB) (see “Regulatory
Mechanisms in Apoptotic Signaling”). NF-κB and proteins reg-
ulated by it could promote tumorigenesis through suppression of
apoptosis. Genes encoding NF-κB or IκB proteins are amplified or
translocated in human cancer.318 Constitutively active NF-κB has
been identified not only in human cell lines but also in tumor tis-
sues derived from patients with multiple myeloma, acute myeloge-
nous leukemia, acute lymphocyte leukemia, chronic myelogenous
leukemia, prostate or breast cancers. Furthermore, genetic evidence
that NF-κB mediates tumorigenesis has also been provided.319

Karin and coworkers recently showed that activation of NF-κB by
endotoxin in cancer cells produces inflammation-induced tumor
growth through expression of TNF, whereas inhibition of NF-κB

mediates tumor regression through TRAIL.171 Upregulation of other
anti-apoptotic proteins such as FLIP or survivin have also been
reported in different human tumors.110,320

Inactivation of the pro-apoptotic signaling pathways provides
another efficient way for tumor cells to acquire resistance to apoptosis.
Both intrinsic and extrinsic apoptotic pathways can be shut down in
tumors through different mechanisms. p53, a major mediator of the
intrinsic pathway, is very frequently mutated gene in cancer. Moreover,
dysregulation of many other genes facilitates tumorgenesis by inter-
fering with the downstream function of p53. These include mutation
in the effector Bax, DR5 or alterations in the upstream regulators
ATM, mdm2 or ARF. P53 knockout mice exhibit both reduced
sensitivity to -irradiation or chemotherapy and accelerated tumor
development.321 Other key mediators of the intrinsic apoptotic
pathway including Bax, Bak or Apaf-1 also do not function normally
in certain cancer types. For Bax, frameshift mutations that lead to
loss-of-expression, and mutations in the BH domains that result in
loss-of-function have been observed in tumors.322,323 Reduced Bax
expression has been associated with a poor response rate to
chemotherapy and shorter survival in some situations.324 Loss of
expression of Apaf-1 has been found in metastatic melanomas and
proposed as a way to escape mitochondria-dependent apoptosis.325

Moreover, death receptor pathways are downregulated or inactivated
in many tumors. The expression of the death receptor CD95 is
reduced in some tumor cells—for example, in hepatocellular carci-
nomas, neoplastic colon epithelium and melanomas.326 Deletions
and mutations of the death receptors TRAIL-R1 and TRAIL-R2
have also been observed in tumors.327 The frequent deletion of the
chromosomal region 8p21-22 in head and neck cancer and in non-
small-cell lung cancers affects the DR5 gene. Mutations have been
found in the ectodomain or the death domain of DR4 or DR5. Loss
of CD95 or TRAIL might contribute to immune escape, which
facilitates the metastasis of tumors.122 Resistance to treatment down-
stream of apoptosis induction might be linked to absence of initia-
tor or executioner caspases. For example, loss of pro-caspase-3 expres-
sion in breast cancer cells and a deficiency of apical caspase-8 has
recently been described in small-cell lung cancer (SCLC) and in
neuroblastomas resulting in resistance to some, but not all apopto-
sis-inducing treatments.

The resistance to apoptosis in tumor cells hinders the success of
cancer therapy. Overcoming therapeutic resistance represents a big
challenge. Fortunately most regulatory and mediatory components
of apoptosis are present in redundant forms. This redundancy holds
important implications for the development of novel types of anti-
tumor therapy, since tumor cells that have lost pro-apoptotic compo-
nents are likely to retain other similar ones. We anticipate that new
technologies will be able to display the apoptotic pathways still
operative in specific types of cancer cells. Apoptosis research has
provided several new cytotoxic agents that might circumvent the
pathways that are blocked in tumors. The death ligand TRAIL has
attracted a great deal of attention in this regard because most cancer
cell lines are sensitive to TRAIL, whereas normal cells are resistant.
In SCID mice, treatment of tumor xenografts with TRAIL sup-
presses tumor growth, with no adverse effects. Chemotherapy or
irradiation could sensitize resistant cells to TRAIL-induced apoptosis
in vitro and in vivo. Moreover, TRAIL-induced apoptosis is not
dependent on the status of p53, which is mutated in many tumor
cells. Another strategy to exploit insights into tumor resistance
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mechanisms is to downregulate anti-apoptotic molecules with
anti-sense, RNAi, small peptide or chemical inhibitors.

Neuro-degenerative disease
Under normal conditions, neuron possess strong intrinsic anti-

apoptotic factors and survive for the lifetime of the organism.
Pathological PCD occurs if metabolic stress, damage or genetic
abnormalities overwhelm these survival factors. Premature death of
adult neurons leads to irreversible functional deficits ending up with
neuro-degeneration, as seen in Alzheimer’s and Parkinson’s disease.
The remaining neurons have no capacity for regeneration to
compensate for the loss.328

The mode of cell death in neurodegenerative disorders remains a
matter of controversy, and it is possible that both apoptotic and
nonapoptotic cell death coexist in the brains of affected patients.
Like the apoptosis in other cell types, two main pathways lead to
apoptosis in mature neurons—the ‘extrinsic’ or death receptor-initi-
ated pathway, and the ‘intrinsic’ or mitochondrial pathway. Specific
genes are involved in the death of different types of neurons, and a
given neuron might activate distinct death pathways in response to
different stimuli.329

Changes in the expression of death ligands and receptors in
specific neuronal subtypes in neurodegenerative diseases indicate
putative death pathways. Basal FAS expression is low, but its induc-
tion in various neurological disorders causes both direct and
bystander damage to neurons and glia. The FAS–FASL pathway has
roles both in maintaining the immune-suppressed status of the CNS
and in inducing neuronal death in Alzheimer’s disease, Huntington’s
disease and Parkinson's disease, as well as amyotyophic lateral
sclerosis (ALS).330,331 FASL- and FADD-mediated neuronal death
was found in models of motor neuron death and Parkinson’s disease.
332,333 TNFα-mediated death occurs in the brains of patients with
Alzheimer's disease.334 TNFα and TNFα-receptors (TNFR) are
expressed at low levels in the brain under normal conditions, but are
a key component of the inflammatory response in Parkinson’s disease,
Alzheimer's disease, prion disease, HIV-associated dementia and the
neuronal injury produced by trauma and stroke. Death occurs by
both the FAS- and TNFα-mediated pathways following ischemic
brain injury.335,336

AIF is released from mitochondria in the intrinsic apoptotic
pathway. AIF acts as a downstream mediator of PARP1-induced
caspase-independent neuronal cell death in response to NMDA.337

In sympathetic and cerebellar granule cells, BIM can be phosphory-
lated by JNK to potentiate a BAX-dependent corelease of cytochrome
c and SMAC/DIABLO, which finally lead to apoptosis.338

Alzheimer’s disease, Huntington’s disease, Parkinson’s disease and
prion disease, as well as ALS, all have features of misfolded proteins.
Misfolded proteins are highly toxic to neurons and can induce ER
stress in these neurons. ER-stress-mediated apoptosis might have an
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