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Introduction

Cell death plays a central role in multicellular organisms
during their early development in sculpting the body parts
and in their adult life by controlling cell numbers (homeo-
stasis), and cell death further protects the organism overall
by removing all cells damaged by disease, aging, infection,
genetic mutation, and exposure to toxic agents. Kerr et al'
coined the term “apoptosis,” referring to a particular mor-
phology of physiological cell death involving cell shrink-
age, nuclear condensation, membrane blebbing, and cellular
and nuclear fragmentation into membrane-bound apoptotic
bodies (Fig. 4.1). The lipid changes that occur in the mem-
brane eventually lead to phagocytosis of the apoptotic cel-
lular fragments. Often apoptosis is used synonymously with
programmed cell death, implying that death results from the
regulated activation of a preexisting death program that is
encoded in the genome. The first evidence of a genetic pro-
gram that orchestrates physiological cell death came from
the developmental studies of the nematode Caenorhabditis
elegans.? Our knowledge of cell death and the mechanisms of
its regulation increased dramatically in the past two decades
with the discovery of several death genes in C. elegans® and
their counterparts in mammals. Now it is clear that apoptotic
cell death has important biological roles not only in develop-
ment and homeostasis but also in the pathogenesis of sev-
eral disease processes. Dysregulation of apoptosis is found
in a wide spectrum of human diseases, including cancer,
autoimmune diseases, neurodegenerative diseases, ischemic
diseases, and viral infections.* Interestingly, death programs
other than apoptosis with different morphological features
were also considered in controlling the cell numbers. These
death programs could be directed by the condemned cell
itself or by neighboring cells, with or without the help of
humoral factors.
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Alternative Forms of Cell Death

Previously, cell death was broadly categorized into only
two distinct types: apoptosis and necrosis. However, it has
become increasingly evident that such a categorization is
an oversimplification. There are 12 different types of cell
death that have been described in the literature, which can
be grouped into only five major types: apoptosis, necrosis,
autophagy, paraptosis, and autoschizis. Other forms of death
could be classified under one of these headings. For exam-
ple, anoikis and oncosis are forms of apoptosis (triggered
by cell detachment) and necrosis, respectively. Because of
overlapping and shared signaling pathways among different
death programs, it is difficult to provide exclusive definitions
for each one of these cell death programs. However, there is
evidence that inhibition of one form of cell death may lead
to another. Although the term “programmed cell death” was
used specifically to describe apoptosis, other forms of cell
death may also fall into this category, if gene activation is
required for their execution.

Necrosis

Necrosis results from a variety of accidental and lethal
actions by toxins or physical stimuli or in association
with pathological conditions, such as ischemia. Necro-
sis is characterized by cellular edema, dissolution of
nuclear chromatin, disruption of the plasma membrane,
and release of intracellular contents into the extracellular
space, resulting in inflammation (see Fig. 4.1). In con-
trast, membrane damage occurs very late in the apoptotic
process, where dead cells are engulfed by neighboring
cells or phagocytes, leading to little or no inflamma-
tion (see Fig. 4.1). Although necrosis has mostly been
regarded as an accidental form of cell death, more recent
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Necrosis

FIG. 4.1. Morphological features of cell death. Necrosis: Cells die
by necrosis, and their organelles are characteristically swollen.
There is early membrane damage with eventual loss of plasma
membrane integrity and leakage of cytosol into extracellular space.
Despite early clumping, the nuclear chromatin undergoes lysis
(karyolysis). Apoptosis: Cells die by type I programmed cell death
(also called apoptosis); they are shrunken and develop blebs con-
taining dense cytoplasm. Membrane integrity is not lost until after
cell death. Nuclear chromatin undergoes striking condensation and
fragmentation. The cytoplasm becomes divided to form apoptotic
bodies containing organelles and/or nuclear debris. Terminally,
apoptotic cells and fragments are engulfed by phagocytes or sur-
rounding cells. Autophagy: Cells die by type II programmed cell
death, which is characterized by the accumulation of autophagic
vesicles (autophagosomes and autophagolysosomes). One fea-

data have suggested that necrosis can also occur as a pro-
grammed form of cell death. There is growing evidence
that necrotic and apoptotic forms of cell death may share
some similarities.’” Nevertheless, necrosis has been shown
to occur in cells having defective apoptotic machinery or
upon inhibition of apoptosis,® and this form of cell death
is emerging as an important therapeutic tool for cancer
treatment.” Some forms of cell death may have a mixture
of morphological features of both necrosis and apoptosis
and are referred to as “aponecrosis.”®

Autophagy
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Autoschizis

Phagocyte

Apoptosis

ture that distinguishes apoptosis from autophagic cell death is the
source of the lysosomal enzymes used for most of the dying cell
degradation. Apoptotic cells use phagocytic cell lysosomes for this
process, whereas cells with autophagic morphology use the endog-
enous lysosomal machinery of dying cells. Paraptosis: Cells die by
type III programmed cell death, which is characterized by exten-
sive cytoplasmic vacuolization and swelling and clumping of mito-
chondria, along with absence of nuclear fragmentation, membrane
blebbing, or apoptotic body formation. Autoschizis: In this form
of cell death, the cell membrane forms cuts or schisms that allow
the cytoplasm to leak out. The cell shrinks to about one-third of its
original size, and the nucleus and organelles remain surrounded by
a tiny ribbon of cytoplasm. After further excisions of cytoplasm, the
nuclei exhibit nucleolar segregation, and chromatin decondensation
followed by nuclear karyorrhexis and karyolysis.

Autophagy

Autophagy, which is referred to as “macroautophagy” or type
Il programmed cell death,’ is characterized by sequestration
of cytoplasm and organelles by double or multimembrane
structures called autophagic vacuoles, followed by deg-
radation of the contents of these vacuoles by fusing to the
cell’s own lysosomes (see Fig. 4.1). Although the precise
role of autophagy in cell death is not clear, yet it has long
been regarded as a cell survival mechanism whereby starving
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cells produce energy-generating basic molecules from com-
plex polymers such as proteins, lipids, polysaccharides,
and nucleic acids through sequestration and degradation of
some of the cytoplasm and organelles. In this regard, it is
argued that autophagy may help cancer cells to survive under
nutrient-limiting and low-oxygen conditions and against ion-
izing radiation.!®!! However, recent observations that there is
decreased autophagy during experimental carcinogenesis and
heterologous disruption of Beclin 1 (Atg6),'>'* an autophagy
gene, in breast and ovarian cancers suggest that breakdown
of autophagic machinery may contribute to development
of cancer.” In addition, Atg6 heterozygous mice develop
tumors spontaneously, suggesting tumor suppressor activ-
ity of Atg6.!? Similarly, mice deficient in another autophagy
gene, Atg4C, a cysteine protease, are susceptible to chemical
carcinogenesis.'® However, the mechanism of how autophagy
suppresses tumorigenesis is still unclear. Other studies have
shed some light on the relationship between autophagy and
apoptosis. For example, reduction of Atg7 and beclin 1
inhibited zVAD-induced death in human U937 cells'” and
knockdown of Atg5 and beclin 1 protected Bax/Bak double-
knockout cells from staurosporine- or etoposide-induced
nonapoptotic death.'®!* However, these studies were done
in cells whose apoptotic pathways had been compromised.
Thus, it remains to be seen whether cells with intact apoptotic
machinery can also die by autophagy and whether apoptosis-
competent cells lacking autophagy genes will be resistant to
other death stimuli. In the in vivo setting, the complicated
relationship between autophagy and apoptosis needs to be
clarified.

Because some autophagic cells would undergo caspase-
independent gene-activated cell death but not display any of
the characteristic ultrastructural features of apoptosis includ-
ing DNA laddering, autophagy is still considered as pro-
grammed cell death. Similar to apoptosis, cells do require de
novo gene expression with an increase in the expression of
the ubiquitin-like gene.?*?! The ubiquitin-like protein conju-
gation system and formation of protein complexes that direct
membrane docking and fusion of the lysosomes and vacuoles
are main components of autophagy. Although the molecular
details are still being elucidated, this process appears to be
regulated by various kinases, phosphatases, and guanosine
triphosphatases (GTPases).?>%

Paraptosis

Paraptosis was recently described as a form of cell death
characterized by extensive cytoplasmic vacuolation (see
Fig. 4.1) involving swelling of mitochondria and endoplas-
mic reticulum. This form of cell death was not inhibited
by the caspase inhibitors but is inhibited by translation and
transcription inhibitors, cycloheximide and actinomycin D,
suggesting a requirement for new protein synthesis.?* Parap-
tosis has been shown to be triggered by the tumor necrosis
factor (TNF) receptor family TAJ/TROY and insulin-like
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growth factor I receptor. TAJ/TROY-induced paraptotic cell
death was enhanced by overexpression of programmed cell
death 5 (PDCD5).” This form of cell death was shown to
be mediated by mitogen-activated protein (MAP) kinases
and inhibited by AIP1/ALIX, a protein interacting with
the calcium-binding death-related protein ALG-2.?° Inhibi-
tion by Na*/H* exchanger also led to cell death resembling
paraptosis.?” Recently, glucocorticoids were shown to induce
retinal toxicity by mechanisms associated with paraptosis.?
Although this form of cell death has been shown to be evoked
by a variety of reagents, the exact molecular mechanism is
far from clear.

Cytoplasmic vacuolation, as seen in paraptosis, has been
shown to occur in a wide range of cell lines either spontane-
ously or as induced by a variety of stimuli. The extent to
which a cell becomes vacuolated depends on the cell type.
The process of vacuolation seems to follow a definite pat-
tern, with the vacuole number and size increasing gradually.
Cells can recover from vacuolation up to a certain thresh-
old, beyond which they succumb to death.” The presence
of a definite underlying program that decides whether a cell
undergoing cytoplasmic vacuolation should be destined to
death is currently unknown. However, there are instances
in which a decidedly vacuolated cell undergoes cell death,
which suggests the existence of some underlying programs.
During the salivary gland development in metamorphosis
of blowfly larva (Calliphora vomitoria), cells are elimi-
nated by a process of intensive vacuolation in a particular
order.’*3! Furthermore, in Dictyostelium discoideum, stalk
cells undergo extensive cytoplasmic vacuolation while pro-
ceeding toward programmed cell death.*? In addition, cyto-
plasmic vacuolation was also observed in aspirates of lobular
and ductal breast carcinoma.** These studies further empha-
size that cytoplasmic vacuolation-induced cell death has a
physiological role and warrants further investigation. The
most studied cytoplasmic vacuolation-induced cell death is
autophagy.

Autoschizis

A new form of cell death, which has been shown to be
triggered by oxidative stress,* differs from apoptosis and
necrosis and is characterized by reduction of cytoplasm to
a narrow rim around the nucleus with chromatin marginat-
ing the entire nucleus from inside.* Mitochondria and other
organelles aggregate around the nucleus as a consequence
of cytoskeletal damage and loss of cytoplasm. Interestingly,
the rough endoplasmic reticulum is preserved until the late
stages of autoschizis, in which cells fragment and the nucleo-
lus becomes condensed and breaks into smaller fragments.
The nuclear envelope dissipates eventually with the remain-
ing organelles after cell death. In this type of death, cells
lose cytoplasm by self-morsellation or self-excision (see
Fig. 4.1). Autoschizis usually affects contiguous groups of
cells both in vitro and in vivo but can also occasionally affect
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scattered individual cells trapped in subcapsular sinuses of
lymph nodes.*

Apoptosis

Genetic studies in the nematode worm C. elegans led to the
initial characterization of apoptosis. Activation of specific
death genes during the development of this worm results in
death of exactly 131 cells, leaving 959 cells intact.? Further
studies revealed that apoptosis can be divided into three
successive stages: (1) commitment phase, in which death
is initiated by specific extracellular or intracellular signals;
(2) execution phase; and (3) cleanup phase, in which dead
cells are removed by other cells with eventual degradation
of the dead cells in the lysosomes of phagocytic cells.?’
The apoptotic machinery is conserved through evolution
from worm to human.*® In C. elegans, execution of apop-
tosis is mediated by CED-3 and CED-4 proteins. Commit-
ment to a death signal results in the activation of CED-3 by
CED-4 binding. The CED-9 protein prevents activation of
CED-3 by binding to CED-4.%*

Mechanisms of Apoptosis

The mechanisms of apoptosis are very complex and involve a
cascade of energy-requiring molecular events. Past research
indicates that there are two main apoptotic pathways: the
extrinsic or death receptor pathway, and the intrinsic or
mitochondrial pathway. An additional pathway also operates
during T-cell-mediated cytotoxicity involving perforin-gran-
zyme-mediated cell killing. The perforin/granzyme pathway
can induce apoptosis via either granzyme B or granzyme
A. All three pathways then converge on the same terminal
execution pathway, which is initiated by the cleavage and
activation of effector caspase-3 and -7, resulting in the deg-
radation of cytoplasmic, cytoskeletal, and nuclear proteins,
fragmentation of nuclear DNA, formation of apoptotic bod-
ies (membrane blebbing), expression of cell-surface ligands
for phagocytosis, and finally uptake by phagocytic cells.

Caspases

The executioners in both intrinsic and extrinsic pathways of
cell death are the caspases,”’ which are cysteine proteases
with specificity to cleave their substrates after aspartic acid
residues. The first member of the caspase family, caspase-1,
was initially known as interleukin-1B-converting enzyme
(ICE), an enzyme required for the maturation of IL-1J.
Later, the C. elegans cell death gene ced-3 was found to
be similar to ICE and a developmentally regulated protein
Nedd2 (now referred to as caspase-2). Subsequently, many
caspase genes have been cloned from mammalian and non-
mammalian sources. The central role of caspases in apopto-
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sis is underscored by the observation that apoptosis and all
classic changes associated with apoptosis can be blocked by
inhibition of caspase activity. To date, 12 mammalian cas-
pases (caspase-1 to -10, caspase-14, and mouse caspase-12)
have been identified. Caspase-13 was later found to repre-
sent a bovine homologue, and caspase-11 appears to be a
murine homologue of human caspase-4 and -5, respectively.
These caspases have been broadly categorized into initiators
(caspase-2, -8, -9, -10), effectors or executioners (caspase-3,
-6, -7), and inflammatory caspases (caspase-1, -4, -5). While
murine caspase-11 is reported to regulate apoptosis and
cytokine maturation during septic shock, caspase-12 appears
to mediate endoplasmic reticulum-specific apoptosis and
cytotoxicity by amyloid-f. Caspase-14 is highly expressed
in embryonic tissues but not in adult tissues.*!

Caspases are normally produced as inactive zymogens
containing an N-terminal prodomain followed by a large and
a small subunit that constitute the catalytic core of the pro-
tease. They have been categorized into two distinct classes:
initiator and effector caspases. The upstream initiator cas-
pases contain long N-terminal prodomains and one of the
two characteristic protein—protein interaction motifs: the
death effector domain (DED; caspase-8 and -10) and the cas-
pase activation and recruitment domain (CARD; caspase-1,
-2, -4, -5, -9, and -12). The downstream effector caspases
(caspase-3, -6, and -7) are characterized by the presence of
a short prodomain. Apart from the structural differences,
a prominent difference between initiator and effector cas-
pases is their basal state. Both the zymogen and the activated
forms of effector caspases exist as constitutive homodimers,
whereas initiator caspase-9 exists predominantly as a mono-
mer both before and after proteolytic processing.*? Initiator
caspase-8 has been reported to exist in equilibrium between
monomers and homodimers.* Although the initiator cas-
pases are capable of autocatalytic activation, the activation
of effector caspases requires formation of oligomeric com-
plexes with their adapter proteins and often intrachain cleav-
age within the initiator caspase.

Caspases have also been divided into three categories based
on substrate specificity. Group I members (caspase-1, -4, and
-5) have a substrate specificity for the WEHD sequence with
high promiscuity; group II members (caspase-2, -3, and -7
and CED-3) prefer the DEXD sequence and have an absolute
requirement for aspartate (D) at P4; and members of group
III (caspase-6, -8, and -9 and the “aspase” granzyme B) have
a preference for the (I/L/V)EXD sequences. Several reports
have suggested a role for group I members in inflammation
and that of group II and III members in apoptotic signaling
events.

The roles of various caspases in apoptotic pathways
and their relative importance for animal development have
been examined in genetic studies involving knockout of
different caspase genes (Table 4.1). A caspase-1 (inter-
leukin-1B-converting enzyme, ICE) knockout study sug-
gested that ICE plays an important role in inflammation
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TaBLE 4.1. Summary of effects of loss of function of caspases in vivo.
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Genotype Phenotype

Caspase-17~ Viable mice. No defects in cell death. Defects in pro-IL-1b and pro-IL-18 processing and resistant to lipopolysaccharide (LPS)-
induced septic shock

Caspase-27~ Viable and fertile mice. No defects in cell death except during development. Excess germ cells in the female mutant ovaries.
Oocytes and neurons show resistance to apoptosis in vitro. Mutant mouse embryonic fibroblasts (MEFs) show some resistance to
killing by heat shock and some drugs

Caspase-37~ Postnatal death in mixed background mutants (129/SvJ and C57BL/6). Mice are viable in C57BL/6 background.
Decreased apoptosis in brain

Caspase-77~ Viable mice. Mild resistance to apoptosis in mutant MEFs

Caspase-37~ Double-knockout (DKO) mice die perinatally. Exencephaly in about 10% of DKO embryos. Resistant to apoptosis.

and caspase-77"~ Defects in cardiac development. MEFs show resistance to apoptosis

Caspase-87~ Embryonic lethal. Defects in cardiac and T-cell development. Impaired heart muscle development and congested accumulation
of erythrocytes. Degeneration of yolk sac vasculature and circulatory failure. Defective hematopoietic progenitor function and
macrophage differentiation. Mutant MEFs are resistant to death receptor-mediated apoptosis

Caspase-97~ Perinatal lethal. Defective brain development associated with decreased apoptosis. Mutant MEFs are resistant to apoptosis

Caspase-117- Viable mice. Defects in IL-1 production. Defects in LPS-induced apoptosis

Caspase-127- Viable mice. Reduced endoplasmic reticulum (ER) stress-induced apoptosis. Improved bacterial clearance and resistance to sepsis

by activating cytokines such as IL-1p and IL-18. However,
caspase-1 was not required to mediate apoptosis under nor-
mal circumstances and did not have a major role during
development.* Surprisingly, ischemic brain injury was sig-
nificantly reduced in caspase-1 knockout mice compared
with wild-type mice,* suggesting that inflammation may
contribute to ischemic injury. Caspase-3 deficiency leads
to impaired brain development and premature death. Also,
functional caspase-3 is required for some typical hallmarks
of apoptosis such as formation of apoptotic bodies, chro-
matin condensation, and DNA fragmentation in many cell
types.* Lack of caspase-8 results in the death of embryos at
day 11 with abnormal formation of the heart,*’ suggesting
that caspase-8 is required for cell death during mamma-
lian development. In support of this finding, knockout of
FADD, which is required for caspase-8 activation, resulted
in fetal death with signs of abdominal hemorrhage and
cardiac failure.*® Moreover, caspase-8-deficient cells did
not die in response to signals from members of the TNF
receptor family.*’ However, cells lacking either FADD
or caspase-8, which are resistant to TNF-o-mediated or
CD95-mediated death, are susceptible to chemotherapeu-
tic drugs, serum deprivation, ceramide, y-irradiation, and
dexamethasone-induced killing.** In contrast, caspase-9
has a key role in apoptosis induced by intracellular activa-
tors, particularly those that cause DNA damage. Deletion
of caspase-9 resulted in perinatal lethality, apoptotic fail-
ure in developing neurons, enlarged brains, and craniofa-
cial abnormalities.*’ In caspase-9-deficient cells, caspase-3
was not activated, suggesting that caspase-9 is upstream
of caspase-3 in the apoptotic cascade. As a consequence,
caspase-9-deficient cells are resistant to dexamethasone or
irradiation, whereas they retain their sensitivity to TNF-o.-
induced or CD95-induced death* because of the presence
of caspase-8, the initiator caspase involved in death recep-

tor signaling that can also activate caspase-3. Overall, these
observations support the idea that different death signaling
pathways converge on downstream effector caspases (Fig.
4.2). Indeed, caspase-3 is regarded as one of the key execu-
tioner molecules activated by apoptotic stimuli originating
either at receptors for exogenous molecules or within cells
through the action of drugs, toxins, or radiation.

A cascade of caspases plays the central executioner role by
cleaving various mammalian cytosolic and nuclear proteins
that play roles in cell division, maintenance of cytoskeletal
structure, DNA replication and repair, RNA splicing, and
other cellular processes. This proteolytic carnage produces
the characteristic morphological changes of apoptosis. Once
the caspase cascade is initiated, the process of cell death has
crossed the point of no return.

Extrinsic Death Pathway

The extrinsic pathway involves binding of death ligands
such as tumor necrosis factor-o. (TNF-a), CD95 ligand (Fas
ligand), and TNF-related apoptosis-inducing ligand (TRAIL)
to their cognate cell-surface receptors TNFR1, CD95/Fas,
TRAIL-R1, TRAIL-R2, and the DR series of receptors,®
resulting in the activation of initiator caspase-8 (also known
as FADD-homologous ICE/CED-3-like protease, or FLICE)
and subsequent activation of effector caspase-3 (see Fig.
4.2).°" The cytoplasmic domains of death receptors contain
the “death domain,” which plays a crucial role in transmitting
the signal from the cell’s surface to intracellular signaling
molecules. Binding of the ligands to their cognate receptors
results in receptor trimerization and recruitment of adapter
proteins to the cell membrane, which involves homophilic
interactions between death domains of the receptors and
the adapter proteins. The adapter protein for the receptors
TNFR1 and DR3 is TNFR-associated death domain protein
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F1G. 4.2. Schematic representation of apoptotic signaling pathways.
Extracellular Pathway: Following the binding of peptides such as
tumor necrosis factor (TNF)-e or Fas ligand (FASL), the recep-
tors oligomerize and recruit adapter proteins [Fas-associated death
domain (FADD), tumor necrosis factor receptor (TNFR)-associated
death domain (TRADD)] to form death-inducing signaling com-
plexes, causing the activation of the initiator caspase-8, which
sequentially activates effector caspases (e.g., caspase-3). Other
adapter proteins (FLASH), inhibitory proteins (FLIP), or proteins
involved in survival pathways as well as death mechanisms (recep-
tor interaction protein, RIP) may participate in complex mecha-
nisms that determine life or death. The TNF-+-TNFR1 complex can
also elicit an antiapoptotic response by recruiting TRAF2, which
results in NF-kB-mediated upregulation of antiapoptotic genes. In
cytotoxic T-lymphocyte-induced death, granzyme B, which enters
the cell through membrane channels formed by the protein perforin,
activates caspases by cleaving them directly or indirectly. Intrac-
ellular Pathways: Lack of survival stimuli (withdrawal of growth
factor, hypoxia, genotoxic substances, etc.) is thought to generate
apoptotic signals through poorly defined mechanisms, which lead
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to translocation of proapoptotic proteins such as Bax to the outer
mitochondrial membrane. In some cases, transcription mediated
by p53 may be required to induce proteins such as Bax. Translo-
cated Bax undergoes conformational changes in the outer mem-
brane to form oligomeric structures (pores) that leak cytochrome
¢ from mitochondria into the cytosol. Formation of a ternary com-
plex of cytochrome c, the adapter protein Apaf-1, and the initia-
tor caspase-9 called the “apoptosome” results in the activation of
caspase-9, followed by sequential activation of effector caspase(s)
such as caspase-3 and others. The actions of caspases, endonu-
cleases, and possibly other enzymes lead to cellular disintegration.
For example, the endonuclease CAD (caspase-activated DNAse)
becomes activated when it is released from its inhibitor ICAD upon
cleavage of ICAD by an effector caspase. Antiapoptotic proteins
such as Bcl-2 and Bcl-xL inhibit the membrane-permeabilizing
effects of Bax and other proapoptotic proteins. Cross-talk between
extra- and intracellular pathways occurs through caspase-8-medi-
ated Bid cleavage, which yields a 15-kDa protein that migrates to
mitochondria and releases cytochrome c, thereby setting in motion
events that lead to apoptosis via caspase-9.
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(TRADD)> and that for Fas, TRAIL-R1, TRAIL-R2, and
DR4 is Fas-associated death domain protein (FADD).

The receptor—ligand and FADD complex in turn recruit
caspase-8 to the activated receptor, resulting in the forma-
tion of death-inducing signaling complex (DISC) and sub-
sequent activation of caspase-8 through oligomerization and
self-cleavage. Depending on the cell type and/or apoptotic
stimulus, caspase-8 can also be activated by caspase-6.3
Activated caspase-8 then activates effector caspase-3. In
some cell types, cleavage of caspase-3 by caspase-8 also
requires a mitochondrial amplification loop involving cleav-
age of proapoptotic protein Bid by caspase-8 and its translo-
cation to the mitochondrial membrane, triggering the release
of apoptogenic proteins from mitochondria into cytosol (see
Fig. 4.2). In these cell types, overexpression of Bcl-2 and
Bcl-xL can block CD95-induced apoptosis.™

Tumor necrosis factor-o is produced by T cells and acti-
vated macrophages in response to infection. Although TNF-o.-
mediated signaling can be propagated through either TNFR1
or TNFR2 receptors, the majority of biological functions are
initiated by TNFR1.% Binding of TNF-a. to TNFR1 causes
release of inhibitory protein silencer of death domain protein
(SODD) from TNFR1, which enables recruitment of adapter
protein TRADD. Signaling induced by activation of TNFR1
or DR3 diverges at the level of TRADD. In one pathway,
nuclear translocation of the transcription factor nuclear factor-
kB (NF-kB) and activation of c-Jun N-terminal kinase (JNK)
are initiated, which results in the induction of a number of
proinflammatory and immunomodulatory genes.*’ In another
pathway, TNF-a signaling is coupled to Fas signaling events
through interaction of TRADD with FADD.® The TNFRI1-
TRADD complex can alternatively engage TRAF2 protein,
resulting in activation of transcription factor c-Jun, which is
involved in survival signaling. Furthermore, binding of recep-
tor interaction protein (RIP) to TNFR1 through TRADD results
in the activation of transcription factor NF-xB, which sup-
presses apoptosis through transcriptional upregulation of anti-
apoptotic molecules such as TRAF1, TRAF2, cIAP1, cIAP2,
and FLIP. The FLICE-associated huge protein (FLASH) was
initially identified to be a CED-4 homologue interacting with
the DED of caspase-8 and was shown to modulate Fas-medi-
ated activation of caspase-8.%FLASH is also required for the
antiapoptotic effects of TNF that occur in some cells, where it
participates in the activation of the NF-«xB transcription fac-
tor.® Another class of protein, FLIP (FLICE inhibitory pro-
tein), was shown to block Fas-induced and TNF-o-induced
DISC formation and subsequent activation of caspase-8.°!

Cytotoxic T cells play a major role in vertebrate defense
against viral infection.®? They induce cell death in infected
cells to prevent viral multiplication and spread of infection.®®
Cytotoxic T cells can kill their targets either by activating
the Fas ligand/Fas pathway or by injecting granzyme B, a
serine protease, into target cells. Cytotoxic T cells carry
Fas ligand on their surface but also carry granules contain-
ing the channel-forming protein perforin and granzyme B.
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Upon recognizing the infected cells, the lymphocytes bind
and secrete granules onto the surface of infected cells. Perfo-
rin then assembles into transmembrane channels to allow the
entry of granzyme B into the target cell. Upon entry, gran-
zyme B, which cleaves after aspartate residues in proteins
(“aspase”), activates one or more of the apoptotic proteases
(caspase-2, -3, -7, -8, and -10) to trigger the proteolytic death
cascade (see Fig. 4.2). Fas ligand/Fas and perforin/granzyme
B systems are the main apoptotic machinery that regulates
homeostasis in immune cell populations.

Intrinsic Death Pathway

Cells can respond to various stressful stimuli and metabolic
disturbances by triggering apoptosis. Drugs, toxins, heat,
radiation, hypoxia, and viral infections are some of the stimuli
known to activate death pathways. Cell death, however, is not
necessarily inevitable after exposure to these agents, and the
mechanisms determining the outcome of the injury are a topic
of active interest. The current consensus appears to be that it
is the intensity and the duration of the stimulus that determine
the outcome. The stimulus must go beyond a threshold to com-
mit cells to apoptosis. Although the exact mechanism used
by each stimulus may be unique and different, a few broad
patterns can be identified. For example, agents that damage
DNA, such as ionizing radiation and certain xenobiotics, lead
to activation of p53-mediated mechanisms that commit cells
to apoptosis, at least in part through transcriptional upregula-
tion of proapoptotic proteins.® Other stresses induce increased
activity of stress-activated protein kinases, which results ulti-
mately in apoptotic commitment.®® These different mecha-
nisms converge in the activation of caspases.

All stimuli described above change the outer mitochon-
drial membrane permeability and release two main groups of
normally sequestered proapoptotic proteins from the inter-
membrane space into the cytosol.* The first group consists
of cytochrome ¢, Smac/DIABLO, and the serine protease
HtrA2/0mi.%% Cytochrome ¢ binds the adapter protein,
Apaf-1, and procaspase-9 to form an “apoptosome”® com-
plex and activates caspases. The clustering of procaspase-9
in the apoptosome complex leads to caspase-9 activation.
IAPs (inhibitors of apoptosis proteins) in the cell block acti-
vate caspase-9 and cause the activation of downstream effec-
tor caspases. Smac/DIABLO and HtrA2/Omi are reported to
promote apoptosis by inhibiting the activity of IAPs.” The
second group of proapoptotic proteins, AIF, endonuclease G,
and CAD (caspase-activated DNAse), are released from the
mitochondria during apoptosis, but this is a late event that
occurs after the cell dies. The control and regulation of these
mitochondrial events during apoptosis occurs through mem-
bers of the Bcl-2 family of proteins,” as discussed next.

In C. elegans, biochemical and genetic studies have indi-
cated a role for CED-4 upstream of CED-3.7> Upon receiv-
ing death commitment signals, CED-4 binds to pro-CED-3
and releases active CED-3.”> However, when overexpressed,



36

CED-9 can inhibit the activation of pro-CED-3 by binding
to CED-4 and sequestering it away from pro-CED-3. There-
fore, CED-3 and CED-4 are involved in activation of apop-
tosis, and CED-9 inhibits apoptosis. After the discovery of
caspases as CED-3 homologues, a search for activators and
inhibitors analogous to CED-4 and CED-9 led to the discov-
ery of diverse mammalian regulators of apoptosis. The pleth-
ora of these molecules and their functional diversity allowed
them to be classified into four broad categories: (1) adapter
proteins, (2) the Bcl-2 family of regulators, (3) inhibitors of
apoptosis (IAPs), and (4) other regulators.

Adapter Proteins

As stated earlier, two major pathways of apoptosis, involv-
ing either the initiator caspase-8 or the initiator caspase-9
(see Fig. 4.2), have been recognized. Signaling by death
receptors (CD95, TNFRI) occurs through a well-defined
process of recruitment of caspase-8 to the death receptor
by adapter proteins such as FADD. Recruitment occurs
through interactions between the death domains that are
present on both receptor and adapter proteins. Receptor-
bound FADD then recruits caspase-8 through interactions
between DEDs common to both caspase-8 and FADD,
forming a DISC. In the DISC, caspase-8 activation occurs
through oligomerization and autocatalysis. Activated cas-
pase-8 then activates downstream caspase-3, culminating
in apoptosis. The inhibitory protein FLIP was shown to
block Fas-induced and TNF-o-induced DISC formation
and subsequent activation of caspase 8.5 Of particular
interest is cellular FLIP, which stimulates caspase-8 activa-
tion at physiologically relevant levels and inhibited apopto-
sis upon high ectopic expression.” Cellular FLIP contains
two DEDs that can compete with caspase-8 for recruitment
to the DISC; this limits the degree of association of cas-
pase-8 with FADD and thus limits activation of the caspase
cascade. It also forms a heterodimer with caspase-8 and
caspase-10 through interactions between both the DEDs
and the caspase-like domains of the proteins, thus activat-
ing both caspase-8 and caspase-10.* Apoptotic protease
activating factor-1 (Apaf-1), a CED-4 homologue in mam-
malian cells, affects the activation of initiator caspase-9.”
This factor binds to procaspase-9 in the presence of cyto-
chrome c¢ and 2’-deoxyadenosine 5’-triphosphate (dATP) or
adenosine triphosphate (ATP) and activates this protease,
which in turn activates a downstream cascade of proteases
(see Fig. 4.2).%° By and large, Apaf-1 deficiency is embry-
onically lethal, and the embryos exhibit brain abnormalities
similar to those seen in caspase-9 knockout mice.” These
genetic findings support the idea that Apaf-1 is coupled to
caspase-9 in the death pathway. Unlike CED-4 in nema-
todes, Apaf-1 requires the binding of ATP and cytochrome
¢ to activate procaspase-9. The multiple WD40 repeats in
the C-terminal end of Apaf-1 have a regulatory role in the
activation of caspase-9.”
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The Bcl-2 Family of Proteins

The CED-9 homologue in mammals is the Bcl-2 protein. Bel-2
was first discovered in B-cell lymphoma as a proto-oncogene.
Overexpression of Bcl-2 was shown to offer protection against
a variety of death stimuli.”® The Bcl-2 protein family includes
both proapoptotic (Bcl-2, Bcl-xL, Bel-w, Mcl-1, Nr13, and
A1/Bfll) and antiapoptotic proteins (Bax, Bak, Bok, Diva,
Bcl-Xs, Bik, Bim, Hrk, Nip3, Nix, Bad, and Bid).”" These
proteins are characterized by the presence of Bcl-2 homology
(BH) domains: BH1, BH2, BH3, and BH4 (Fig. 4.3). The
proapoptotic members have two subfamilies: a multidomain
and a BH3-only group (see Fig. 4.3). The relative ratio of
pro- and antiapoptotic proteins determines the sensitivity of
cells to various apoptotic stimuli. The best studied proapop-
totic members are Bax and Bid. Exposure to various apop-
totic stimuli leads to translocation of cytosolic Bax from the
cytosol to the mitochondrial membrane.® Bax oligomerizes
on the mitochondrial membrane along with another proapop-
totic protein, Bak, leading to the release of cytochrome ¢ from
the mitochondrial membrane into the cytosol.®!

Other proapoptotic proteins, mainly the BH3-only pro-
teins, are thought to aid in Bax—Bak oligomerization on the
mitochondrial membrane. The antiapoptotic Bcl-2 family
members are known to block Bax-Bak oligomerization on
the mitochondrial membrane and subsequent release of cyto-
chrome c¢ into the cytosol.®'#? After release from the mito-
chondria, cytochrome c is known to interact with the WD40
repeats of the adapter protein Apaf-1, resulting in the forma-
tion of the apoptosome complex. Seven molecules of Apaf-1,
interacting through their N-terminal caspase activation and
recruitment domain, form the central hub region of the sym-
metrical wheel-like structure, the apoptosome. Binding of
ATP/dATP to Apaf-1 triggers the formation of the apopto-
some, which subsequently recruits procaspase-9 into the
apoptosome complex, resulting in its activation.®® Activated
caspase-9 then activates executioner caspases, such as cas-
pase-3 and caspase-7, eventually leading to programmed cell
death. However, for the caspase-9 to be active, it must reside
on the apoptosome complex.’*

Inhibitors of Apoptosis Proteins

The IAPs, first discovered in baculoviruses and then in
insects and Drosophila, inhibit activated caspases by directly
binding to the active enzymes.®® These proteins contain one
or more baculovirus inhibitors of apoptosis repeat domains,
which are responsible for the caspase inhibitory activity.%
To date, eight mammalian IAPs have been identified: they
include X-linked IAP (XIAP), c-IAP1, c-IAP2, Melanoma
IAP (ML-IAP)/Livin, IAP-like protein-2 (ILP-2), neuronal
apoptosis-inhibitory protein (NAIP), Bruce/Apollon, and
Survivin. In mammals, caspase-3, -7, and -9 are inhibited
by IAPs.®. There are reports suggesting aberrant expres-
sion of IAPs in many cancer tissues. For example, cIAP1
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is overexpressed in esophageal squamous cell sarcoma®’; the
cIAP2 locus is translocated in mucosa-associate lymphoid
lymphoma?®$; and Survivin has been shown to be upregulated
in many cancer cells.¥

Other Regulators

The caspase inhibitory activity of IAPs is inhibited by pro-
teins containing an IAP-binding tetrapeptide motif.** The
founding member of this family is Smac/DIABLO, which is
released from the mitochondrial intermembrane space into
the cytosol during apoptosis. In the cytosol, it interacts with
several IAPs and inhibits their function. The other mitochon-
drial protein, Omi/HtrA2, is also known to antagonize XIAP-
mediated inhibition of caspase-9 at high concentrations.”” A
serine protease, Omi/HtrA2, can proteolytically cleave and
inactivate IAP proteins and thus is considered to be a more
potent suppressor of IAPs than Smac.”!

It has been reported that the heat shock proteins Hsp90,
Hsp70, and Hsp27 can inhibit caspase activation by cyto-
chrome c by interacting with either Apaf-1 or other players in
the pathway.”>** A high-throughput screen identified a com-
pound called PETCM [o-(trichloromethyl)-4-pyridineeth-
anol] as a caspase-3 activator. Further work with PETCM
revealed its involvement in apoptosome regulation.” This
pathway also includes oncoprotein prothymosin-¢t and tumor
suppressor putative HLA-DR-associated proteins. These
proteins were shown to promote caspase-9 activation after

apoptosome formation, whereas prothymosin-o. inhibited
caspase-9 activation by inhibiting apoptosome formation.

Protein Targets of Caspases

In an apoptotic cell, the regulatory, structural, and house-
keeping proteins are the main targets of the caspases. The
regulatory proteins mitogen-activated protein/extracellular
signal-regulated kinase kinase-1, p2l-activated kinase-2,
and Mst-1 are activated upon cleavage by caspases.” Cas-
pase-mediated protein hydrolysis inactivates other proteins,
including focal adhesion kinase, phosphatidylinositol-3
kinase, Akt, Raf-1, IAPs, and inhibitors of caspase-activated
DNAse (ICAD). Caspases also convert the antiapoptotic
protein Bcl-2 into a proapoptotic protein such as Bax upon
cleavage. There are many structural protein targets of cas-
pases, which include nuclear lamins, actin, and regulatory
proteins such as spectrin, gelsolin, and fodrins.*™’
Degradation of nuclear DNA into internucleosomal chro-
matin fragments is one of the hallmarks of apoptotic cell
death that occurs in response to various apoptotic stimuli in
a wide variety of cells. A specific caspase-activated DNase
(CAD), that cleaves chromosomal DNA in a caspase-depen-
dent manner, is synthesized with the help of ICAD. In pro-
liferating cells, CAD is always found to be associated with
ICAD in the cytosol. When cells are undergoing apoptosis,
caspases (particularly caspase-3) cleave ICAD to release
CAD and allow its translocation to the nucleus to cleave
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chromosomal DNA. Thus, cells that are ICAD deficient or
which express caspase-resistant ICAD mutant do not exhibit
DNA fragmentation during apoptosis.

Conclusion

Cell death has become an area of intense interest and inves-
tigation in science and medicine because of the recognition
that cell death, in general, and apoptosis, in particular, are
important features of many biological processes. Apoptosis
is a carefully regulated energy-dependent process in which
caspase activation plays a central role. Although many of the
key apoptotic proteins have been identified, the molecular
mechanisms of their action are not yet fully understood and
thus continue to be a research focus. Because apoptosis is a
vital component of both health and disease that is initiated
by various physiological and pathological stimuli, as well as
having widespread involvement in the pathophysiology of
disease, it lends itself to therapeutic intervention.

References

1. Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological
phenomenon with wide-ranging implications in tissue kinetics.
Br J Cancer. 1972;26(4):239-257.

2. Horvitz HR. Worms, life, and death (Nobel lecture). ChemBio-
Chem. 2003;4(8):697-711.

3. Ellis HM, Horvitz HR. Genetic control of programmed
cell death in the nematode C. elegans. Cell. 1986;44(6):
817-829.

4. Saikumar P, Dong Z, Mikhailov V, Denton M, Weinberg JM,
Venkatachalam MA. Apoptosis: definition, mechanisms, and
relevance to disease. Am J Med. 1999;107(5):489-506.

5. Leist M, Jaattela M. Four deaths and a funeral: from caspases to
alternative mechanisms. Nat Rev. 2001;2(8):589-598.

6. Nicotera P, Leist M, Ferrando-May E. Intracellular ATP, a
switch in the decision between apoptosis and necrosis. Toxicol
Lett. 1998;102-103:139-142.

7. Zong WX, Ditsworth D, Bauer DE, Wang ZQ, Thompson CB.
Alkylating DNA damage stimulates a regulated form of necrotic
cell death. Genes Dev. 2004;18(11):1272-1282.

8. Formigli L, Papucci L, Tani A, et al. Aponecrosis: morphological
and biochemical exploration of a syncretic process of cell death
sharing apoptosis and necrosis. J Cell Physiol. 2000;182(1):
41-49.

9. Klionsky DJ, Emr SD. Autophagy as a regulated pathway of
cellular degradation. Science. 2000;290(5497):1717-1721.

10. Paglin S, Hollister T, Delohery T, et al. A novel response of
cancer cells to radiation involves autophagy and formation of
acidic vesicles. Cancer Res. 2001;61(2):439-444.

11. Cuervo AM. Autophagy: in sickness and in health. Trends Cell

Biol. 2004;14(2):70-77.

Qu X, Yu J, Bhagat G, et al. Promotion of tumorigenesis by

heterozygous disruption of the beclin 1 autophagy gene. J Clin

Invest. 2003;112(12):1809-1820.

Karantza-Wadsworth V, White E. Role of autophagy in breast

cancer. Autophagy. 2007;3(6):610-613.

12.

13.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

P. Saikumar and M.A. Venkatachalam

. Shen Y, Li DD, Wang LL, Deng R, Zhu XF. Decreased expres-

sion of autophagy-related proteins in malignant epithelial ovar-
ian cancer. Autophagy. 2008;4(8):1067-1068.

Mathew R, Kongara S, Beaudoin B, et al. Autophagy suppresses
tumor progression by limiting chromosomal instability. Genes
Dev. 2007;21(11):1367-1381.

. Marino G, Salvador-Montoliu N, Fueyo A, Knecht E, Miz-

ushima N, Lopez-Otin C. Tissue-specific autophagy altera-
tions and increased tumorigenesis in mice deficient in Atg4C/
autophagin-3. J Biol Chem. 2007;282(25):18573-18583.

Wu YT, Tan HL, Huang Q, et al. Autophagy plays a protec-
tive role during zVAD-induced necrotic cell death. Autophagy.
2008;4(4):457-466.

Kim KW, Mutter RW, Cao C, et al. Autophagy for can-
cer therapy through inhibition of pro-apoptotic proteins and
mammalian target of rapamycin signaling. J Biol Chem.
2006;281(48):36883-36890.

Moretti L, Attia A, Kim KW, Lu B. Crosstalk between Bak/Bax
and mTOR signaling regulates radiation-induced autophagy.
Autophagy. 2007;3(2):142-144.

Ohsumi Y. Molecular dissection of autophagy: two ubiquitin-
like systems. Nat Rev. 2001;2(3):211-216.

Gozuacik D, Kimchi A. Autophagy as a cell death and tumor
suppressor mechanism. Oncogene. 2004;23(16):2891-2906.
Meijer AJ, Codogno P. Regulation and role of autophagy in mam-
malian cells. Int J Biochem Cell Biol. 2004;36(12):2445-2462.
Ogier-Denis E, Pattingre S, El Benna J, Codogno P. Erk1/2-
dependentphosphorylation of G-alpha-interacting protein stim-
ulates its GTPase accelerating activity and autophagy in human
colon cancer cells. J Biol Chem. 2000;275(50):39090-39095.
Sperandio S, de Belle I, Bredesen DE. An alternative, nonapop-
totic form of programmed cell death. Proc Natl Acad Sci USA.
2000;97(26):14376-14381.

Wang Y, Li X, Wang L, et al. An alternative form of paraptosis-
like cell death, triggered by TAJ/TROY and enhanced by PDCD5
overexpression. J Cell Sci. 2004;117(pt 8):1525-1532.
Sperandio S, Poksay K, de Belle I, et al. Paraptosis: mediation
by MAP kinases and inhibition by AIP-1/Alix. Cell Death Dif-
Sfer.2004;11(10):1066—-1075.

Schneider D, Gerhardt E, Bock J, et al. Intracellular acidifica-
tion by inhibition of the Na+/H+-exchanger leads to caspase-
independent death of cerebellar granule neurons resembling
paraptosis. Cell Death Differ. 2004;11(7):760-770.
Valamanesh F, Torriglia A, Savoldelli M, et al. Glucocorticoids
induce retinal toxicity through mechanisms mainly associated
with paraptosis. Mol Vis. 2007;13:1746-1757.

Henics T, Wheatley DN. Cytoplasmic vacuolation, adaptation
and cell death: a view on new perspectives and features. Biol
Cell. 1999;91(7):485-498.

Bowen ID, Morgan SM, Mullarkey K. Cell death in the salivary
glands of metamorphosing Calliphora vomitoria. Cell Biol Int.
1993;17(1):13-33.

Bowen ID, Mullarkey K, Morgan SM. Programmed cell death
during metamorphosis in the blow-fly Calliphora vomitoria.
Microsc Res Tech. 1996;34(3):202-217.

Cornillon S, Foa C, Davoust J, Buonavista N, Gross JD, Gol-
stein P. Programmed cell death in Dictyostelium. J Cell Sci.
1994;107(pt 10):2691-2704.

Nijhawan R, Rajwanshi A, Gautam U, Gupta SK. Cytoplas-
mic vacuolation, intracytoplasmic lumina, and DPAS stain-



4. Apoptosis and Cell Death

34.

35

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

ing in ductal carcinoma of the breast. Diagn Cytopathol
2003;28(6):291-294.

Gilloteaux J, Jamison JM, Arnold D, Summers JL. Autoschizis:
another cell death for cancer cells induced by oxidative stress.
Ital J Anat Embryol. 2001;106(2 suppl 1):79-92.

. Jamison JM, Gilloteaux J, Taper HS, Calderon PB, Summers JL.

Autoschizis:anovelcelldeath. Biochem Pharmacol.2002;63(10):
1773-1783.

Gilloteaux J, Jamison JM, Lorimer HE, et al. Autoschizis: a
new form of cell death for human ovarian carcinoma cells fol-
lowing ascorbate:menadione treatment. Nuclear and DNA deg-
radation. Tissue Cell 2004;36(3):197-209.

Platt N, da Silva RP, Gordon S. Recognizing death: the phagocy-
tosis of apoptotic cells. Trends Cell Biol. 1998;8(9):365-372.
Yuan J. Evolutionary conservation of a genetic pathway of pro-
grammed cell death. J Cell Biochem. 1996;60(1):4—-11.
Spector MS, Desnoyers S, Hoeppner DJ, Hengartner MO. Inter-
action between the C. elegans cell-death regulators CED-9 and
CED-4. Nature. 1997;385(6617):653-656.

Thornberry NA, Lazebnik Y. Caspases: enemies within. Sci-
ence. 1998;281(5381):1312-1316.

Kumar S. Caspase function in programmed cell death. Cell
Death Differ. 2007;14(1):32-43.

Shiozaki EN, Chai J, Rigotti DJ, et al. Mechanism of XIAP-medi-
ated inhibition of caspase-9. Mol Cell. 2003;11(2):519-527.
Donepudi M, Mac Sweeney A, Briand C, Grutter MG. Insights
into the regulatory mechanism for caspase-8 activation. Mol
Cell. 2003;11(2):543-549.

Li P, Allen H, Banerjee S, Seshadri T. Characterization of mice
deficient in interleukin-1 beta converting enzyme. J Cell Bio-
chem. 1997;64(1):27-32.

Schielke GP, Yang GY, Shivers BD, Betz AL. Reduced
ischemic brain injury in interleukin-1 beta convert-
ing enzyme-deficient mice. J Cereb Blood Flow Metab.
1998;18(2):180-185.

Janicke RU, Sprengart ML, Wati MR, Porter AG. Cas-
pase-3 is required for DNA fragmentation and morpho-
logical changes associated with apoptosis. J Biol Chem.
1998;273(16):9357-9360.

Varfolomeev EE, Schuchmann M, Luria V, et al. Targeted dis-
ruption of the mouse caspase 8 gene ablates cell death induction
by the TNF receptors, Fas/Apol, and DR3 and is lethal prena-
tally. Immunity. 1998;9(2):267-276.

Yeh WC, Pompa JL, McCurrach ME, et al. FADD: essential
for embryo development and signaling from some, but not all,
inducers of apoptosis. Science. 1998;279(5358):1954—1958.
Kuida K, Haydar TF, Kuan CY, et al. Reduced apoptosis and
cytochrome c-mediated caspase activation in mice lacking cas-
pase 9. Cell. 1998;94(3):325-337.

Magnusson C, Vaux DL. Signalling by CD95 and TNF receptors:
not only life and death. Immunol Cell Biol. 1999;77(1):41-46.
Ashkenazi A, Dixit VM. Death receptors: signaling and modu-
lation. Science. 1998;281(5381):1305-1308.

Hsu H, Xiong J, Goeddel DV. The TNF receptor 1-associated
protein TRADD signals cell death and NF-kappa B activation.
Cell. 1995;81(4):495-504.

Chinnaiyan AM, O’Rourke K, Tewari M, Dixit VM.
FADD, a novel death domain-containing protein, interacts
with the death domain of Fas and initiates apoptosis. Cell.
1995;81(4):505-512.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

39

Cowling V, Downward J. Caspase-6 is the direct activator of
caspase-8 in the cytochrome c-induced apoptosis pathway:
absolute requirement for removal of caspase-6 prodomain. Cell
Death Differ. 2002;9(10):1046-1056.

Scaffidi C, Fulda S, Srinivasan A, et al. Two CD95 (APO-1/
Fas) signaling pathways. EMBO J. 1998;17(6):1675-1687.
Grell M, Zimmermann G, Gottfried E, et al. Induction of cell
death by tumour necrosis factor (TNF) receptor 2, CD40 and
CD30: arole for TNF-R1 activation by endogenous membrane-
anchored TNF. EMBO J. 1999;18(11):3034-3043.

Natoli G, Costanzo A, Moretti F, Fulco M, Balsano C, Levrero
M. Tumor necrosis factor (TNF) receptor 1 signaling down-
stream of TNF receptor-associated factor 2. Nuclear factor kap-
paB (NFkappaB)-inducing kinase requirement for activation
of activating protein 1 and NFkappaB but not of c-Jun N-ter-
minal kinase/stress-activated protein kinase. J Biol Chem.
1997;272(42):26079-26082.

Boldin MP, Goncharov TM, Goltsev YV, Wallach D. Involvement
of MACH, a novel MORT 1/FADD-interacting protease, in Fas/
APO-1- and TNF receptor-induced cell death. Cell. 1996;85(6):
803-815.

Imai Y, Kimura T, Murakami A, Yajima N, Sakamaki K, Yone-
hara S. The CED-4-homologous protein FLASH is involved in
Fas-mediated activation of caspase-8 during apoptosis. Nature.
1999;398(6730):777-1785.

Choi YH, Kim KB, Kim HH, et al. FLASH coordinates NF-
kappa B activity via TRAF2. J Biol Chem. 2001;276(27):
25073-250717.

Thome M, Schneider P, Hofmann K, et al. Viral FLICE-inhibi-
tory proteins (FLIPs) prevent apoptosis induced by death recep-
tors. Nature. 1997;386(6624):517-521.

Offit PA, Cunningham SL, Dudzik KI. Memory and distri-
bution of virus-specific cytotoxic T lymphocytes (CTLs)
and CTL precursors after rotavirus infection. J Virol.
1991;65(3):1318-1324.
Zajac AJ, Quinn DG,
dent CD4+ cytotoxic
virus infection. Proc
14730-14735.

Wu Q, Kirschmeier P, Hockenberry T, et al. Transcriptional regu-
lation during p21 WAF1/CIP1-induced apoptosis in human ovar-
ian cancer cells. J Biol Chem. 2002;277(39):36329-36337.
Kunz M, Ibrahim S, Koczan D, et al. Activation of c-Jun NH2-
terminal kinase/stress-activated protein kinase (JNK/SAPK)
is critical for hypoxia-induced apoptosis of human malignant
melanoma. Cell Growth Differ. 2001;12(3):137-145.

Cai J, Yang J, Jones DP. Mitochondrial control of apop-
tosis: the role of cytochrome c. Biochim Biophys Acta.
1998;1366(1-2):139-149.

DuC, Fang M, Li Y, Li L, Wang X. Smac, a mitochondrial pro-
tein that promotes cytochrome c-dependent caspase activation
by eliminating IAP inhibition. Cell. 2000;102(1):33-42.

van Loo G, van Gurp M, Depuydt B, et al. The serine pro-
tease Omi/HtrA2 is released from mitochondria dur-
ing apoptosis. Omi interacts with caspase-inhibitor XIAP
and induces enhanced caspase activity. Cell Death Differ.
2002;9(1):20-26.

Zou H, Li Y, Liu X, Wang X. An APAF-1.cytochrome ¢ multi-
meric complex is a functional apoptosome that activates procas-
pase-9. J Biol Chem. 1999;274(17):11549-11556.

Cohen PL, Frelinger JA. Fas-depen-
T-cell-mediated pathogenesis during
Natl Acad Sci USA. 1996;93(25):



40

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Schimmer AD. Inhibitor of apoptosis proteins: translat-
ing basic knowledge into clinical practice. Cancer Res.
2004;64(20):7183-7190.

Cory S, Adams JM. The Bcl2 family: regulators of the cellular
life-or-death switch. Nat Rev Cancer. 2002;2(9):647-656.
Hengartner MO, Horvitz HR. The ins and outs of programmed
cell death during C. elegans development. Philos Trans R Soc
Lond B Biol Sci. 1994;345(1313):243-246.

Chang DW, Xing Z, Pan Y, et al. c-FLIP(L) is a dual function
regulator for caspase-8 activation and CD95-mediated apopto-
sis. EMBO J. 2002;21(14):3704-3714.

Peter ME. The flip side of FLIP. Biochem J. 2004;
382(pt 2):el—e3.

Zou H, Henzel WJ, Liu X, Lutschg A, Wang X. Apaf-1, a
human protein homologous to C. elegans CED-4, partici-
pates in cytochrome c-dependent activation of caspase-3. Cell.
1997;90(3):405-413.

Cecconi F, Alvarez-Bolado G, Meyer BI, Roth KA, Gruss
P. Apafl (CED-4 homolog) regulates programmed cell
death in mammalian development. Cell. 1998;94(6):
727-737.

Srinivasula SM, Ahmad M, Fernandes-Alnemri T, Alnemri ES.
Autoactivation of procaspase-9 by Apaf-1-mediated oligomer-
ization. Mol Cell. 1998;1(7):949-957.

Zhong LT, Sarafian T, Kane DJ, et al. bcl-2 inhibits death of
central neural cells induced by multiple agents. Proc Natl Acad
Sci USA. 1993;90(10):4533-4537.

Reed JC. Bcl-2 family proteins. Oncogene. 1998;17(25):
3225-3236.

Saikumar P, Dong Z, Patel Y, et al. Role of hypoxia-induced
Bax translocation and cytochrome c release in reoxygenation
injury. Oncogene. 1998;17(26):3401-3415.

Mikhailov V, Mikhailova M, Degenhardt K, Venkatacha-
lam MA, White E, Saikumar P. Association of Bax and
Bak homo-oligomers in mitochondria. Bax requirement for
Bak reorganization and cytochrome c release. J Biol Chem.
2003;278(7):5367-5376.

Mikhailov V, Mikhailova M, Pulkrabek DJ, Dong Z, Ven-
katachalam MA, Saikumar P. Bcl-2 prevents Bax oligomer-
ization in the mitochondrial outer membrane. J Biol Chem.
2001;276(21):18361-18374.

Shi Y. Mechanisms of caspase activation and inhibition during
apoptosis. Mol Cell. 2002;9(3):459-470.

Saikumar P, Mikhailova M, Pandeswara SL. Regulation of cas-
pase-9 activity by differential binding to the apoptosome com-
plex. Front Biosci. 2007;12:3343-3354.

85.

86.

87.

88

89.

90.

91.

92.

93.

94.

95.

96.

97.

P. Saikumar and M.A. Venkatachalam

Ekert PG, Silke J, Hawkins CJ, Verhagen AM, Vaux DL. DIA-
BLO promotes apoptosis by removing MIHA/XIAP from pro-
cessed caspase 9. J Cell Biol. 2001;152(3):483—490.

Deveraux QL, Reed JC. IAP family proteins: suppressors of
apoptosis. Genes Dev. 1999;13(3):239-252.

Imoto I, Yang ZQ, Pimkhaokham A, et al. Identification
of cIAPI as a candidate target gene within an amplicon at
11922 in esophageal squamous cell carcinomas. Cancer Res.
2001;61(18):6629-6634.

. Dierlamm J, Baens M, Wlodarska I, et al. The apoptosis

inhibitor gene API2 and a novel 18q gene, MLT, are recur-
rently rearranged in the t(11;18)(q21;q21) associated with
mucosa-associated lymphoid tissue lymphomas. Blood.
1999;93(11):3601-3609.

Ambrosini G, Adida C, Altieri DC. A novel anti-apoptosis
gene, survivin, expressed in cancer and lymphoma. Nar Med.
1997;3(8):917-921.

Suzuki Y, Imai Y, Nakayama H, Takahashi K, Takio K, Takahashi
R. A serine protease, HtrA2, is released from the mitochondria
andinteracts with XIAP, inducing cell death. Mol Cell.2001;8(3):
613-621.

Yang QH, Church-Hajduk R, Ren J, Newton ML, Du C. Omi/
HtrA2 catalytic cleavage of inhibitor of apoptosis (IAP) irre-
versibly inactivates IAPs and facilitates caspase activity in
apoptosis. Genes Dev. 2003;17(12):1487-1496.

Beere HM, Wolf BB, Cain K, et al. Heat-shock protein 70
inhibits apoptosis by preventing recruitment of procaspase-9
to the Apaf-1 apoptosome. Nat Cell Biol. 2000;2(8):469-475.
Pandey P, Farber R, Nakazawa A, et al. Hsp27 functions as a
negative regulator of cytochrome c-dependent activation of pro-
caspase-3. Oncogene. 2000;19(16):1975-1981.

Pandey P, Saleh A, Nakazawa A, et al. Negative regulation of
cytochrome c-mediated oligomerization of Apaf-1 and acti-
vation of procaspase-9 by heat shock protein 90. EMBO J.
2000;19(16):4310—4322.

Jiang X, Kim HE, Shu H, et al. Distinctive roles of PHAP pro-
teins and prothymosin-alpha in a death regulatory pathway.
Science. 2003;299(5604):223-226.

Widmann C, Gerwins P, Johnson NL, Jarpe MB, Johnson
GL. MEK kinase 1, a substrate for DEVD-directed caspases,
is involved in genotoxin-induced apoptosis. Mol Cell Biol.
1998;18(4):2416-2429.

Sanghavi DM, Thelen M, Thornberry NA, Casciola-Rosen
L, Rosen A. Caspase-mediated proteolysis during apop-
tosis: insights from apoptotic neutrophils. FEBS Lett.
1998:422(2):179-184.



2 Springer
http://www.springer.com/978-0-387-89625-0

Basic Concepts of Molecular Pathology
Cagle, P.T.; Allen, T.C. (Eds.)

2009, XMV, 190 p., Softcover

ISBN: @78-0-387-B0625-0





