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Death without caspases,
caspases without death

Mary C. Abraham and Shai Shaham

The Rockefeller University, 1230 York Avenue, New York, NY 10021, USA

Apoptosis is a conserved cell-death process displaying
characteristic morphological and molecular changes
including activation of caspase proteases. Recent work
challenges the accepted roles of these proteases. New
investigations in mice and the nematode Caenorhabditis
elegans suggest that there could be caspase-indepen-
dent pathways leading to cell death. In addition,
another type of cell death displaying autophagic fea-
tures might depend on caspases. Recent studies also
indicate that caspase activation does not always lead
to cell death and, instead, might be important for cell
differentiation. Here, we review recent evidence for
both the expanded roles of caspases and the existence
of caspase-independent cell-death processes. We sug-
gest that cellular context plays an important role in
defining the consequences of caspase activation.

PROGRAMMED CELL DEATH (PCD) (see Glossary) is import-
ant for sculpting tissues and destroying harmful cells such
as autoreactive immune cells and tumor cells. Excess PCD
can be harmful and contributes to various degenerative
pathologies [1], whereas lack of PCD can contribute to the
development of proliferative disorders such as cancer [2].
Historically, morphological criteria have been used to
identify two types of PCD — ApoPTOSIS and autophagic cell
death. Here, we define apoptosis as a type of PCD that is
dependent on the activity of CASPASE proteases (see below)
and is accompanied by highly conserved morphological
changes including chromatin compaction, membrane
blebbing and cell shrinkage (Figure 1). We define auto-
phagic death by the presence of autophagic vesicles within
dying cells (see below). Cells can also die in a nonpro-
grammed way in response to injury by a morphologically
distinct yet ill-defined process termed NECROSIS.
Apoptosis has been the most investigated form of PCD,
and many proteins involved in this process have been
identified. Regulators of apoptosis directly or indirectly
control the activities of caspases — cysteine proteases that
are key executors of apoptosis, cleaving their substrates
following specific aspartate residues. Caspases are syn-
thesized as proproteins, possessing weak proteolytic
activity [3,4]. When cleaved at internal aspartate residues,
procaspases are converted into mature enzymes with
increased activity (Box 1). Three major pathways regulate
caspase activity (Figure 2). Certain protein complexes on
the cell surface that contain receptors for extracellular
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ligands can directly activate caspases. Mitochondrial
proteins, including members of the BCL-2 family, control
caspase activity by regulating CASPASE ACTIVATORS such as
the Caenorhabditis elegans protein CED-4 or its mamma-
lian homolog Apaf-1 [5]; caspase activators act as scaffolds,
thereby allowing cross-activation of adjacent caspase
zymogens [6]. Finally, members of the 1AP family inhibit
apoptosis by binding to and inactivating mature caspases
(Figure 2); for detailed reviews of these upstream regu-
lators see [7,8]. The relationship between caspase acti-
vation and the morphological changes that accompany
apoptosis remains ill defined.

Here, we review evidence suggesting that caspases are
key executioners of apoptosis and discuss recent studies
indicating that caspases also promote autophagic cell
death. In addition, we survey the literature to address two
questions: are there caspase-independent forms of PCD,

Glossary

Adaptor Proteins: Proteins such as mammalian FADD that bind to both
membrane-bound death receptor proteins, such as Fas, and long prodomain
caspases such as Caspase-8.

Apoptosis: A type of programmed cell death (PCD) requiring caspase activity
and in which the dying cell shows highly conserved morphological changes,
including chromatin compaction, membrane blebbing and cell shrinkage.
Autophagy: A process by which a cell uses its lysosomes to degrade vesicles
containing cytoplasm and organelles. Autophagy has been seen in some dying
cells such as the salivary-gland cells of Drosophilalarva; however, itis not clear
whether autophagy is a mechanism used to promote cell death.

Bcl-2 (B Cell Lymphoma 2): A conserved anti-apoptotic protein that can be
negatively regulated by pro-apoptotic BH3-domain-only proteins.

BH3 (Bcl-2 Homology 3) Domain Only Proteins: Pro-apoptotic proteins found
in C. elegans and mammals. Are thought to regulate apoptosis by negatively
regulating Bcl-2-related proteins.

Caspase: A cysteine protease that cleaves substrates after aspartate residues.
Caspase activity is required for apoptosis.

Caspase Activator: Caspases can be activated by other caspases or by proteins
such as CED-4 or Apaf-1 that act as scaffolds for caspase binding.
Cavitation: The process by which the pro-amniotic cavity is created when PCD
occurs in the ectoderm layer of a mouse embryo.

IAP (Inhibitor Of Apoptosis): An anti-apoptotic protein found in Drosophilaand
mammals. IAP can inhibit apoptosis by binding to and inhibiting caspases.
Necrosis: A type of cell death that is not programmed during development or
homeostasis but results from physical trauma. Cells undergoing necrosis have
a distinctive morphology and require a different set of molecules than those
required by cells undergoing apoptosis.

Phagocytosis: The process through which a dying cell is engulfed by a healthy
cell.

Pcd: The natural death of cells during development and/or homeostasis.
Apoptosis is a type of PCD involving caspase activation and distinct
morphological changes.

RNA Interference: A technique in which the introduction of double-stranded
RNA corresponding to a gene of interest results in decreased expression of
that gene product.
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Figure 1. Images of dying cells obtained by electron microscopy. (a) An apoptotic cell in C. elegans (black arrow) engulfed by a neighboring cell. Note the shrunken darkly
stained cytoplasm (flanked by two white arrows) and compare the nucleus with the healthy nucleus at the right (asterisk). (b) Autophagic vesicles in a dying Purkinje cell of
a lurcher mouse (arrows). (¢) Higher-magnification image of an autophagic vesicle in a dying Purkinje cell of a lurcher mouse. (d) Autophagic vacuole (arrow) in a dying
Drosophila salivary gland cell. Images adapted, with permission, from [10,29,32]. Scale bars represent 1 um.

and do caspases function in processes other than cell
death?

The caspase connection to apoptosis

Caspases were first revealed as executors of apoptosis from
studies in the nematode C. elegans. In animals carrying a
mutation in the ced-3 gene, which encodes a caspase,
virtually all cells normally fated to die by apoptosis
survived [9]. Survival of these extra cells did not affect
the viability, life span or gross development of the mutant
animals [9]. Epistasis studies between mutations in ced-3
and mutations in other genes encoding cell-death regula-
tors suggested that ced-3 was the most downstream
regulator of apoptosis known in C. elegans [10].

Genetic studies in other organisms also suggest that
caspases are at the center of the apoptotic program.
Mutations in several mammalian caspases disrupt apop-
tosis (Table 1). However, in contrast to ced-3 mutants, in

Box 1. General principles of caspase activation

which virtually all apoptosis is prevented, mammalian
caspase mutants often display tissue-specific defects in
apoptosis, probably because mammals possess an
expanded repertoire of caspases compared with C. elegans
(Table 1). For example, mice homozygous for knockout
alleles of either caspase-9 [11,12] or caspase-3 [13] died
shortly after birth and had excess brain tissue, which
appeared to be a consequence of defective apoptosis
[11,12]. Cell death in other major organs was, however,
less prominently affected. In human beings, two different
alterations in caspase-10 are associated with type II
autoimmune lymphoproliferative syndrome — a condition
characterized by defective apoptosis of lymphocytes [14].
The altered Caspase-10 proteins exhibited decreased
apoptotic and enzymatic activities, suggesting that the
alterations might cause disease. One of the alterations was
present in a heterozygous state in 6% of a Danish control
group [15], and thus might be a naturally occurring

Caspases are cysteine proteases that cleave substrates after specific
aspartate residues. The specificity of target sites seems to be deter-
mined by a four-amino-acid recognition motif, as well as by other
aspects of the three-dimensional structure of the target protein.
Caspases are synthesized as proenzymes that are activated through
cleavage at internal aspartate residues by other caspases (Fig. 1);
however, caspases might also have weak catalytic activity in their
unprocessed form. Proteins such as C. elegans CED-4 or its mammalian
homolog Apaf-1 can bind to procaspases and can also multimerize.
Multimerization might support cross-activation of adjacent caspase
zymogens. Activated caspases consist of dimers of a large and a

small subunit that, together, form the active site of the enzyme.
Structures obtained by X-ray crystallography suggest that these
heterodimers themselves dimerize to form an enzyme with two active
sites. Procaspases are often divided into two classes; those with
long N-terminal domains are termed initiator caspases, and those
with short N-terminal domains are called executor caspases. Long
prodomains can bind to activator molecules, such as Apaf-1, or
adaptor molecules associated with membrane receptors, such as
Fas. It is thought that long prodomain caspases activate short
prodomain caspases; however, this assertion is only supported by
a limited number of experiments.
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Figure 2. Pathways that regulate caspases. This figure summarizes three major pathways leading to caspase activation as gleaned from studies in mammals, Drosophila
and C. elegans. The evidence used to draw this figure comprises both genetic epistasis studies and biochemical experiments. Membrane receptor complexes, such as Fas
or TNF receptor complexes, can activate caspases directly following receptor aggregation. Mitochondrial proteins, including members of the Bcl-2 family, control caspase
activity by regulating caspase activators such as the C. elegans protein CED-4 or its mammalian homolog Apaf-1. CED-4 and Apaf-1 promote caspase activation by acting
as scaffolds, thereby allowing cross-activation of adjacent caspase zymogens [6]. IAP (inhibitor of apoptosis) proteins inhibit apoptosis by binding to and inactivating

mature caspases.

polymorphism. The affected individual, however, was
homozygous for the caspase-10 allele. In Drosophila,
mutants exist in only two of the seven genes encoding
caspases — dcp-1 [16] and dredd [17] — and neither has an
overt cell death phenotype. However, depletion of the
Drosophila caspase DRONC by RNA INTERFERENCE (RNA1)
[18] or use of a dominant-negative form of the protein [19]
are consistent with a role for this protein in mediating
cell death.

In addition to genetic analyses, inhibitor studies

Box 2. Using chemical caspase inhibitors to study cell death

also suggest important roles for caspases in apoptosis.
Chemical caspase inhibitors, such as zVAD.fmk [20], or
virally derived caspase inhibitors, such as baculovirus
p35 protein [21], prevent apoptosis (Box 2). Immuno-
histochemical data using antibodies specific for the
activated form of caspases are also consistent with
caspase involvement in PCD. For example, antibodies
specific to activated caspase-3 bound to those regions in the
mouse embryo where developmental cell death occurred
naturally [22].

Chemical inhibitors of caspases are often used to study these enzymes
in mammalian systems. Typically, these inhibitors are modified peptide
pseudosubstrates composed of the cleavage sequence of the caspase
target. These peptides are often coupled with a fluoro- or a chloro-
methylketone group that irreversibly inhibits the active site of the
caspase to which it binds. Using chemical inhibitors has important
advantages. These molecules can often rapidly manipulate caspase
activity in cells. Furthermore, broad-spectrum caspase inhibitors might
be the only useful tools for blocking the activity of the entire class of
proteins simultaneously. Because mammals have multiple caspases, a
genetic approach for removing all of them is not feasible.

Although useful for studying caspase function, there are two main
issues to consider when analyzing data obtained from experiments
using achemical inhibitor. First, how specific is the inhibitor and could it
affect other proteins unintentionally? For example, recent experiments
using the broad-spectrum caspase inhibitor zZVAD.fmk suggest that, at
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standard experimental concentrations, it might also inhibit the
cathepsin B protease [81]. Second, how efficient is the inhibitor? Does
it effectively reach its target? One problematic issue with some
mammalian caspase inhibitors is their poor membrane permeability.
Thus, the absence of an effect in experiments using chemical inhibitors
might not truly reflect the absence of caspase function.

These issues make it difficult to decide whether a cell-death process is
caspase-independent. Caspase inhibitors are frequently added to
cultured cells that are challenged by pro-apoptotic stimuli. When the
inhibitors do notblock cell death, caspase-independent cell death is often
pronounced. However, it is possible that the inhibitors did not access
caspases efficiently, and thus they might still be active. Alternatively,
caspases might be inactivated, but the cause of death could be non-
specific cellular damage by the inhibitor. Thus, for convincing con-
clusions on caspase-dependent and/or -independent cell death, inhibitor
studies should be accompanied by other types of studies.
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Table 1. Known mutations in caspase genes of C. elegans, Drosophila, mice and human beings, and their resulting effects on cell
death and other processes

Organism Caspase Mutations available? Cell death phenotype Other roles
(mutant phenotype)
C. elegans ced-3 Yes [9,36]. (Grossly normal Mutant alleles block almost all of the 131 None identified
development.) somatic cell deaths [9,36]
csp-1 No
csp-2 No
csp-3 No
Drosophila dcp-1 Yes [16]. (Larval lethality and melanotic None identified [16] Possibly oogenesis [73,74]
tumors.)
dredd Yes [17]. (Grossly normal None identified Innate immune-system function
development.) [17]
dronc No Impaired embryonic cell death [18,75] None identified
drice No Might be involved in spermatid
differentiation [53]
strica/ dream No
damm No
decay No
Mouse caspase-1 Yes — knockout [62,63]. (Animals Defects in death-receptor-mediated Defects in production of IL-1a
develop normally.) apoptosis [63] and IL-1B [62,63]
caspase-2 Yes — knockout [76]. (Animals have Oocytes resistant to cell death [76] None identified
excess oocytes.)
caspase-3 Yes - knockout [13]. (Perinatal lethality. Defects in brain apoptosis [13,77] Skeletal muscle differentiation
Animals have excess brain tissue.) [78]
caspase-6 Yes — knockout [79]. (Animals develop Not determined Not determined
normally.)
caspase-7 Yes - knockout [79]. (Embryonic Not determined Not determined
lethality.)
caspase-8 Yes - knockout [59]. (Embryonic Defects in Fas and TNF-initiated cell T-cell function [66]
lethality, impaired heart-muscle death [59]
development and decreased pool of
hematopoietic precursors.)
caspase-9 Yes - knockout [11,12]. (Perinatal Defects in brain apoptosis [11,12]. None identified
lethality. Animals have excess brain Defects in cell death in response to UV or
tissue.) y-irradiation [12]
caspase-11 Yes - knockout [64]. (Animals develop Defects in oligodendrocyte-mediated cell Defects in production of
normally.) death [67] cytokines IL-1a and IL-1B [64]
caspase-12 Yes - knockout [80]. (Animals develop Fibroblasts are defective in cell death in  None identified
normally.) response to endoplasmic reticulum
stress stimuli [80]
Human caspase-8 Yes — familial mutation [65]. Defects in death-receptor-mediated Defects in activation of T, B and
apoptosis [65] NK cells [65]
caspase-10 Yes - familial mutation [14]. (Patients  Defects in death-receptor-mediated None identified
have autoimmune lymphoproliferative apoptosis [14]
syndrome type Il.)
caspase-14 No Terminal differentiation of
keratinocytes [60,61]

Caspases and autophagic cell death: apoptosis in
disguise?
AUTOPHAGY is a process enabling cells to dispose of
cytoplasm and organelles by fusion of vesicles containing
these cellular components with the lysosome (Figure 1).
Autophagy has been extensively characterized in the yeast
Saccharomyces cerevisiae, where it is triggered in response
to starvation [23]. Because starved yeast can resume
growth when nutritional conditions improve, the main role
of autophagy in this organism is probably to protect the cell
from starvation by recycling its content. In C. elegans,
autophagy might also serve a protective role. Loss-of-
function mutations in C. elegans homologs of human and
yeast autophagy genes suggest a role for autophagy in the
proper maintenance of a developmentally arrested larval
state termed dauer (German for enduring), which is
adapted to harsh conditions including starvation [24].
Autophagy, however, might be employed for the steroid-
hormone-regulated PCD of the larval salivary glands as
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Drosophila develops from a larva to an adult. Dying cells of
the salivary glands contain autophagic vacuoles (Figure 1)
and express genes associated with autophagy [25,26]; they
are therefore morphologically distinct from apoptotic cells.
Thus, it was surprising when a series of recent publi-
cations suggested that caspases control cell death in the
salivary glands of Drosophila. A genome-wide study of
transcriptional changes during PCD of the salivary glands
showed increased expression of the caspases drice and
dream [25], and other studies showed increased transcrip-
tion of the caspase dronc [26,27]. Furthermore, expression of
the caspaseinhibitor p35, or adominant-negative form of the
caspase dronc, in the cells of the salivary glands prevented
their destruction [28]. How distinct is cell death in the
salivary glands from apoptosis? Interestingly, dying cells of
the salivary glands do possess features associated with
apoptosis, including permeability to the vital dye acridine
orange, phosphatidylserine exposure on the outer leaflet
of the plasma membrane and DNA fragmentation [28].
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Dying gland cells also expressed the apoptotic activators
rpr, hid and grm [29]. Furthermore, a time-course study
showed that autophagic vesicle accumulation preceded the
appearance of apoptotic changes, and the latter correlated
with increased caspase activity [30]. The observation that,
despite the presence of autophagic vacuoles, the
expression of p35 or dominant-negative dronc prevented
cell death in the salivary glands, suggests that caspases
are required to kill these cells and autophagy alone is not
sufficient to promote the demise of the salivary glands.
Mutations in autophagy genes in Drosophila have not been
described, preventing a direct test of this conclusion. Thus,
although cell death in the salivary glands has been dubbed
autophagic, and is distinct from apoptosis, it might harbor
apoptotic characteristics at its core.

Why might cells of the salivary glands possess
autophagic vesicles? During development, apoptotic cells
often die in isolation and their remnants are engulfed by
neighboring cells or professional phagocytes. However,
cells of the larval salivary glands undergo massive
synchronous destruction and might be difficult to clear
efficiently. Autophagy might decrease the volume of the
salivary glands and hence aid the removal of cell remnants
by phagocytes.

In mammals, the relationship between autophagy and
apoptosis has also been examined. Beclin, a homolog of the
yeast autophagy protein Apg6 (or Vps30), can induce
autophagy in human cells [31]. Intriguingly, Beclin
interacted with the key apoptotic regulator Bcl-2 in two-
hybrid studies, suggesting a link between autophagy and
apoptosis. However, the functional consequences of this
interaction have not been investigated. Further evidence
for links among Beclin, autophagy and cell death has
recently come from analysis of Purkinje cells in lurcher
mice [32]. Lurcher mice suffer from degeneration of the
cerebellar cortex because of a mutation causing constitu-
tive activation of the GIuR32 glutamate receptor in
Purkinje cells [33]. Two-hybrid studies in yeast revealed
that GluR32 can interact with nPIST, which in turn could
bind to Beclin [32]. The death of Purkinje cells in lurcher
mice had been defined as apoptotic, because electron
microscopy (EM) studies revealed that in postnatal day 12
animals dying Purkinje cells possessed an apoptotic
morphology [34]. However, recent EM studies of lurcher
mice on postnatal day 10 revealed dying Purkinje cells
with autophagic vesicles (Figure 1) [32]. It is unknown
whether the autophagic cells on day 10 are the same as
those undergoing apoptosis on day 12. However, the
temporal order of autophagy followed by apoptosis, as
seen in the salivary-gland cells of Drosophila, suggests
that autophagy might set the stage for apoptosis to kill the
Purkinje cells of lurcher mice.

Apoptosis following autophagy has also been reported
in an EM study monitoring the death of sympathetic
neurons from the superior cervical ganglion after the
withdrawal of growth factors in vitro [35]. Treatment of
cells with the autophagic inhibitor 3-methyladenine
delayed apoptosis, suggesting that, in this system,
autophagy might facilitate apoptosis [35].

In summary, to date there is no genetic evidence
that autophagy alone is necessary or sufficient to cause
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PCD. Furthermore, cells that die an autophagic death
often also have apoptotic features. Is autophagic death,
therefore, apoptosis in disguise? The answer awaits a
better understanding of the role of autophagy during
cell death.

Evidence for caspase-independent PCD

Early cell-death studies in C. elegans hinted that PCD
could occur in the absence of caspases. Characterization of
C. elegans ced-3 mutants using light microscopy revealed
that the migratory leader cell of the male gonad, the linker
cell, underwent PCD even in the absence of ced-3 [9].
Subsequent findings were consistent with the existence of
ced-3-independent PCD; these included reports that, in
the anterior pharynx, some cells died even in animals
harboring a deletion of the entire protease-encoding
domain of ced-3 [36]. The C. elegans genome contains
three other caspase-related genes — csp-1, csp-2, and csp-3
[37]. Investigation of these caspases by RNAIi in either
wild-type animals or animals homozygous for partial loss-
of-function alleles of ced-3 has failed to reveal a role for the
caspase-related genes in PCD (S. Shaham, unpublished).
Thus, ced-3 might be the only caspase associated with PCD
in C. elegans. One hint to how a ced-3-independent
pathway might promote PCD came from genetic studies.
In a ced-4 loss-of-function mutant of C. elegans, PCD is
blocked, suggesting that CED-4, a caspase activator
(Figure 2, Box 1), is required for PCD [9]. Epistasis
experiments placed ced-4 activity upstream of ced-3 [10].
When CED-4 was overexpressed in the ALM neurons of
C. elegans, it could kill these cells [10]. Surprisingly,
killing was reduced but not completely blocked in a
ced-3 mutant background [10]. This result suggests that
ced-4 can kill cells independently of ced-3 (Figure 3);
however, it is not clear whether the ced-3 alleles used in
these experiments completely eliminated ced-3 activity or
whether overexpressed CED-4 exhibited a novel toxicity.

icd-1
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/ \
ced-9 —] ced-4 Cell death

\/
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_—— T
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Figure 3. Possible caspase-independent cell-death pathways. In C. elegans and
mammals, postulated caspase-independent pathways might differ. In C. elegans
the death pathway might bifurcate downstream of CED-4, a caspase activator pro-
tein. Evidence from murine studies suggests that bifurcation might occur
upstream of the CED-4 homolog Apaf-1. (a) The cell-death pathway in C. elegans is
based on genetic epistasis experiments [10,36,38]. (b) Murine pathway is based on
data from [39,40].
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Consistent with the ability of CED-4 to kill ALM
neurons in the absence of CED-3, Rothman and colleagues
[38] recently showed that inactivation of a gene they
termed icd-1 (inhibitor of cell death) by RNAi promoted
ced-4-dependent, but ced-3-independent, death of a
range of cell types including neurons and male ray cells
(Figure 3). ICD-1 protein is similar to both the Drosophila
protein bicoid and the B subunit of the nascent-polypep-
tide-associated complex. EM analysis of a dying cell in an
icd-1(RNA1); ced-3 double mutant revealed morphological
changes characteristic of apoptosis, including compacted
chromatin and membrane blebbing [38]. Furthermore,
although overexpression of proteins rarely promotes cell
survival, global overexpression of ICD-1 resulted in the
survival of some embryonic cells in C. elegans that would
have normally died by apoptosis. Regardless of whether
icd-1 normally inhibits apoptosis in C. elegans, these
studies suggest that the caspase CED-3 is not required for
some types of cell death in this organism. The mechanism
for these ced-4-dependent ced-3-independent cell deaths
is unknown, neither is it clear whether these deaths are
truly caspase independent. It would be interesting to
know whether a broad-spectrum caspase inhibitor, such as
baculovirus p35, could block the icd-I-dependent cell
deaths or whether any of the other caspase homologs in
C. elegans play a role here.

In mammals, there is also evidence for caspase-
independent PCD. Genetic studies on PCD induced by
BH3-domain-only proteins, such as tBID, BIM and BAD
(Figure 2), showed that these proteins, which have been
shown to promote caspase activation and apoptosis, can
also kill cells independently of Apaf-1 and downstream
caspases. Specifically, Apaf-1 '~ mouse embryonic fibro-
blasts (MEFs) could still die in response to the over-
expression of BH3-domain-only proteins [39]. Although
death was reported as apoptotic, because dying cells
stained with Annexin V, a marker for external exposure
of the normally intracellular membrane lipid PtdSer, such
staining also might indicate non-apoptotic dying cells with
membrane damage [39]. Caspase activation was not
detected in the dying cells when assayed with fluorogenic
substrates for caspase-2, -3, -6 or -7, nor could cell death be
blocked by the pan-caspase inhibitor zVAD.fmk (Box 2)
[39]. Although it is possible that another known mamma-
lian caspase that was not assayed for is the cell-death
executor in these cells, the results are intriguing and
suggestive of caspase-independent cell death. A clue to
possible mediators of this potentially caspase-independent
death came from studies of mice lacking the bcl-2-related
genes bax and bak. bax bak ~'~ mice died just after birth
and showed a brain overgrowth defect, lymphoid-cell
accumulation and retained interdigital webs, all defects
associated with lack of PCD. Interestingly, MEF's derived
from these mice and overexpressing BH3-domain-only
proteins were almost completely resistant to death [40].
These results suggest that the PCD pathway induced by
BH3-domain-only proteins bifurcates downstream of
Bax and Bak (Figure 3), with one branch being caspase-
and Apaf-1-dependent and the other not. It is note-
worthy that this proposed caspase-independent pathway
might be different from the ced-3-independent pathway
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hypothesized in C. elegans, because the points at which
these pathways bifurcate are different (Figure 3).

Another candidate mammalian mediator of caspase-
independent PCD is apoptosis-inducing factor (AIF), a
conserved mitochondrial oxidoreductase. In the early
mouse embryo, PCD occurs in the ectoderm to create the
pro-amniotic cavity. An in vitro model of this event uses an
aggregate of embryonic stem (ES) cells in which the inner
ectodermal cells undergo cell death [41]. CAVITATION might
be caspase-independent because it occurs in aggregates of
ES cells from caspase-9 knockout mice, which do not bind
to antibodies directed against activated Caspase-3 [42].
Histological studies show that the cavitation of ES cells is
blocked when AIF knockout cells are used [42]. A cell-
death block in the ectoderm layer probably prevents
cavitation, because chromatin condensation is not
detected using the DNA stain DAPI, and dying cells are
not seen by EM [42]. Further evidence that AIF might
mediate caspase-independent cell death includes the
observation that microinjection of AIF into cells induced
apoptotic changes, such as chromatin compaction and
PtdSer exposure, that could not be blocked by either
zVAD.fmk or the overexpression of Bcl-2 [43]. ATF knock-
out ES cells could not be used for generating a knockout
mouse to determine the role of AIF in vivo [42], suggesting
that cavitation is perhaps an essential process.

Recent data from a mouse with reduced levels of AIF
expression have, however, called the role of AIF in PCD
into question. The harlequin mouse has a proviral
insertion that is reported to downregulate AIF mRNA
and protein levels by 80% [44]. Neonatal harlequin mice
are indistinguishable from wild-type animals; however,
they succumb to gradual-onset neurodegeneration [44].
The levels of lipid peroxide and catalase activities in these
mice suggest that they suffer from oxidative stress [44],
and cultured harlequin neuronal cells were more sensi-
tive to peroxide than wild-type cells [44]. Based on these
data, AIF, which has structural similarities to peroxide
scavengers, was hypothesized to protect adult neurons
from oxidative stress. Thus, in the absence of AIF, oxi-
dative stress would promote aberrant cell cycle reentry
leading to neurodegeneration [44]. An analysis of cavita-
tion in the harlequin mouse has not been reported. If AIF
is required for PCD during cavitation, why do harlequin
mice initially develop normally? It is possible that the
ES-cell aggregate model of cavitation does not faithfully
recapitulate the in vivo process, or that the lowered AIF
expression in the harlequin mouse might provide adequate
levels of AIF for cavitation to proceed in vivo. Alterna-
tively, AIF levels in the harlequin mouse might only be
reduced postnatally but not during embryogenesis. To
reconcile the data from harlequin and AIF knockout
mice, and to determine whether AIF promotes caspase-
independent PCD, it would be worthwhile investigating
if there are any in vivo or in vitro cavitation abnormalities
in the harlequin mouse. In addition, RNAi of AIF in the
ES-cell aggregate system [45] could be used for determin-
ing whether reduction of AIF to only 20% of its wild-type
levels would be sufficient for cavitation to occur normally.

ATF function in vivo has also been studied in C. elegans.
In this organism, inhibition of the AIF gene homolog wah-1
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by RNAi had only very mild effects on developmental cell
death, although it is unclear whether gene function was
completely eliminated in the animals studied [46].

Other support for caspase-independent PCD comes
from numerous in vitro studies demonstrating that cell
death can proceed even in the presence of broad-spectrum
caspase inhibitors. It is unclear, however, whether such
experiments truly mimic PCD in vivo (Box 2).

Other deadly proteases?

We have discussed some experimental data that hint at
caspase-independent PCD; however, the caspase substi-
tute that allows cell death to proceed in these cases is
unknown. Because caspases are proteases, it is possible
that caspase-independent cell death might require other
proteases. Indeed, there is weak, yet suggestive, evidence
that might support roles for cathepsins, calpains and
granzyme B in caspase-independent PCD. Cathepsins are
lysosomal proteases, and mice lacking cystatin B, an
inhibitor of cathepsins B, H, L and S, show cerebellar cell
death [47]. This suggests that cathepsins might mediate
cell death, although it is also possible that the phenotype
was caused by a cathepsin-independent effect of cystatin
B. Calpains are a family of calcium-dependent proteases
that have also been described as possible facilitators of cell
death. In breast cancer cells, vitamin-D-induced cell death
appeared to be caspase-independent [48] and promoted by
calpains [49]. Interestingly, cathepsin and calpain pro-
teases have been described as key regulators of necrotic
cell death in C. elegans [50]. Granzyme B is important for
cell death mediated by cytotoxic T lymphocytes and might
be an alternative to caspases. However, analysis of the
role of granzyme B is complicated by the fact that it might
also activate caspases [51]. Nonetheless, granzyme B can
mediate some typical apoptotic changes, such as DNA
fragmentation and PtdSer exposure, in the presence of
caspase inhibitors [52].

Not always killers

Despite the stereotyped view that caspases are chief
executioners of cell death, there are several instances
where caspase activation fails to trigger cell death.
Somewhat paradoxically, deadly caspases play an import-
ant role at the beginning of life itself, during sperm
formation in Drosophila. Caspases aid the process of sperm
individualization, through which spermatids become
separated from syncytia and lose the bulk of their
cytoplasm [53]. During individualization, a cytoskeletal
membrane complex, known as the individualization com-
plex, translocates along spermatids, disconnecting cyto-
plasmic ‘bridges’ between them and expelling spermatid
cytoplasm and unnecessary organelles into a membrane
bag called the cystic bulge. Immunostaining for activated
drice marked the pre-individualized part of the spermatid
and the cystic bulge [53]. Indeed, the cystic bulge also
stained with the apoptosis-associated marker acridine
orange [53]. Synthetic and viral pan-caspase inhibitors
severely impaired movement of the individualization
complex and prevented removal of bulk cytoplasm from
the spermatids [53]. It is not known how the activated
caspase facilitates the movement of the individualization
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complex. It is also unclear whether caspases have a direct
role in exclusion of cytoplasm from the spermatid,
although it is reasonable to hypothesize that caspase
activity might aid the degradation of expelled cytoplasm in
the cystic bulge. The morphological defects and sterility of
Drosophila sperm treated with caspase inhibitors strik-
ingly resemble a common abnormality in human sperm,;
mouse knockouts of some apoptotic genes also cause male
sterility [53]. Thus, although these mammalian defects are
largely uncharacterized, they might also point to a non-
lethal role of caspases.

In red blood cells and lens fiber cells, caspase activation
leads to a subset of apoptotic morphological changes
without causing cell death. As embryonic erythroid cells
differentiate into adult red blood cells, they show signs
of apoptosis, including chromatin compaction, nuclear
destruction and caspase activation [54]. Yet, although the
cytoplasm of an apoptotic cell contracts, that of a dif-
ferentiating red blood cell expands [55]. Lens fiber cells
develop from epithelial cells that degrade their organelles
and nuclei during differentiation, presumably to allow
cellular transparency. Caspases are expressed in develop-
ing lens fiber cells [56], and zVAD.fmk can reduce nuclear
destruction in an in vitro model of rat lens-fiber differen-
tiation [56]. In transgenic mice that overexpressed Bcl-xL,
the lens fibers did not lose their nuclei [57]. In both of
these cell examples, it is unclear how caspase activity is
controlled to trigger only non-lethal aspects of the
apoptotic program.

There are also examples of caspase activation promot-
ing differentiation in the absence of any morphological
signs of apoptosis. For example, during infection, human
monocytes differentiate to form macrophages. The dif-
ferentiation process does not show morphological features
of apoptosis [58]; however, antibody staining showed
caspase activation at the time of the switch; and the
monocyte—macrophage switch was blocked by caspase
inhibitors [58]. Caspase-8 might also play a role in
differentiation because caspase-8 knockout mice exhibit
defects in the development of heart muscle and also have
a dramatically decreased pool of hematopoietic pre-
cursors [59]. These defects are not apparently related to
abnormal cell death. The activity of human Caspase-14
was associated with the terminal differentiation of
keratinocytes [60,61].

Immune functions are probably the best-characterized
examples of non-lethal roles for caspases that do not
involve apoptotic changes. Murine knockouts of caspase-1
[62,63] and caspase-11 [64] develop normally, apart from
defects in the production of IL-1a and IL-1B in response
to the bacterial compound lipopolysaccharide (LPS). A
human family pedigree showed that caspase-8 mutations
are linked to defects in the activation of T, B and NK cells
[65]. Mice studies corroborated a role for caspase-8 in T-cell
function, because a targeted caspase-8 deletion in T cells
caused defects in activation-induced expansion of periph-
eral T cells, T-cell activation and the ability of T cells to
clear lymphocyte choriomeningitis virus [66]. Interest-
ingly, in addition to their immune functions, caspase-1, -8
and -11 can also promote apoptosis, because cells from
mice harboring knockout alleles of these caspases have
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impaired death-receptor-mediated PCD [59,63,67]. The
link between caspases and the immune system also
extends to Drosophila. A fly screen to identify mutants
defective in innate immunity revealed that a mutant of the
caspase Dredd mounted a defective immune response
when challenged with Gram-negative bacteria [17].

Caspase activity and prevention of apoptosis

How can caspases be activated without killing the cell?
One possibility is the existence of subcellularly localized
inhibitors that prevent local caspase activity. For example,
the spermatids of Drosophila dbruce '~ males degener-
ate with hypercondensed nuclei, indicative of excessive
nuclear caspase activity [53]. dBruce, an E2—ubiquitin-
conjugating enzyme, has a baculovirus IAP repeat (BIR)
domain. A similar domain in the XIAP protein can
inactivate caspases by blocking their active site [68].
Thus, dBruce might protect the nuclei of differentiating fly
spermatids from destruction during differentiation,
despite caspase activation.

Another way that caspases might be activated without
killing the cell is by blocking PHAGOCYTOSIS of the dying
cell. Phagocytosis can occur early during cell death, even
before a cell shows obvious signs of death [69]. In C. elegans
some cells destined to die by apoptosis can survive if
phagocytosis is defective [70,71]. Perhaps, then, red blood
cells and lens fiber cells that activate caspases without cell
death, survive caspase activation because they do not
initiate phagocytosis.

Concluding remarks

Despite ten years of studying caspases, we are only
beginning to explore the functions of these versatile
enzymes, and many questions regarding their molecular
functions remain. Over a hundred caspase targets have
been identified, including poly ADP-ribose polymerase
(PARP) and nuclear lamins [72]. However, the full range of
targets is not known, nor is it clear what targets must be
cleaved to cause cell death. We also do not have a thorough
understanding of the biochemical and structural events
that convert procaspases to mature enzymes. Recently, a
complex picture has emerged of the many cellular roles of
caspases, suggesting that these enzymes, thought to
herald apoptotic cellular demise, might not be required
for all types of PCD. Exciting new genetic data from
C. elegans and mice suggest that some cells might die with
an apoptotic morphology, but without caspase involve-
ment. Promising leads for investigation of these poten-
tially caspase-independent PCDs include proteins, such as
ATF in mammals, and pathways downstream of CED-4 in
C. elegans and downstream of Bak and Bax in mammals. It
has also become clear that caspases can promote non-
apoptotic death. New insights, particularly from studies of
Drosophila salivary glands, suggest that caspases might
also play roles in autophagic PCD. Finally, recent studies
have also brought to light non-lethal roles of caspases such
as findings demonstrating a need for caspase activity
during Drosophila spermatogenesis. Taken together, these
recent investigations make it clear that caspase activity
can no longer be taken as the gold standard for assaying
whether cells die by apoptosis. Instead, each instance of a
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suspected death needs to be fully explored, not only for
caspase activity, but also for morphological evidence of
death, and for expression of other proteins involved in
death processes.

What are the molecules and mechanisms that allow
PCD without caspases or caspase activity without PCD?
With new experimental approaches, such as RNAi, pro-
teomics, small-molecule inhibitors and conditional knock-
outs, some answers to these fascinating questions might be
within reach.

Acknowledgements

We thank Nat Heintz and Eric Baehrecke for supplying images, Eli
Arama, Lee Niswander, Gail Martin, Dan Klionsky and Junying Yuan for
helpful discussions, Eli Arama, Max Heiman, Elliot Perens and Carine
Waase for critically reading the manuscript and the anonymous reviewers
for insightful comments. We apologize to those whose work we did not cite
because of either oversight on our part or space constraints.

References
1 Mattson, M.P. (2000) Apoptosis in neurodegenerative disorders. Nat.
Rev. Mol. Cell Biol. 1, 120—-129
2 Green, D.R. and Evan, G.I. (2002) A matter of life and death. Cancer
Cell 1, 19-30
3 Cerretti, D.P. et al. (1992) Molecular cloning of the interleukin-18
converting enzyme. Science 256, 97—-100
4 Thornberry, N.A. et al. (1992) A novel heterodimeric cysteine protease
is required for interleukin-18 processing in monocytes. Nature 356,
768-774
5 Thornberry, N.A. and Lazebnik, Y. (1998) Caspases: enemies within.
Science 281, 1312—-1316
6 Hu, Y. et al. (1998) WD-40 repeat region regulates Apaf-1 self-
association and procaspase-9 activation. J. Biol. Chem. 273,
33489-33494
7 Salvesen, G.S. and Duckett, C.S. (2002) IAP proteins: blocking the road
to death’s door. Nat. Rev. Mol. Cell Biol. 3, 401-410
8 Burlacu, A. (2003) Regulation of apoptosis by Bcl-2 family proteins.
J. Cell. Mol. Med. 7, 249-257
9 Ellis, H.M. and Horvitz, H.R. (1986) Genetic control of programmed
cell death in the nematode C. elegans. Cell 44, 817—829
10 Shaham, S. and Horvitz, H.R. (1996) Developing Caenorhabditis
elegans neurons may contain both cell-death protective and killer
activities. Genes Dev. 10, 578591
11 Kuida, K. et al. (1998) Reduced apoptosis and cytochrome c-mediated
caspase activation in mice lacking caspase 9. Cell 94, 325-337
12 Hakem, R. et al. (1998) Differential requirement for caspase 9 in
apoptotic pathways in vivo. Cell 94, 339-352
13 Kuida, K. et al. (1996) Decreased apoptosis in the brain and premature
lethality in CPP32-deficient mice. Nature 384, 368—372
14 Wang, J. et al. (1999) Inherited human Caspase 10 mutations underlie
defective lymphocyte and dendritic cell apoptosis in autoimmune
lymphoproliferative syndrome type II. Cell 98, 47-58
15 Gronbaek, K. et al. (2000) The V4101 (G1228A) variant of the
caspase-10 gene is a common polymorphism of the Danish population.
Blood 95, 2184-2185
16 Song, Z. et al. (1997) DCP-1, a Drosophila cell death protease essential
for development. Science 275, 536—-540
17 Leulier, F. et al. (2000) The Drosophila caspase Dredd is required to
resist Gram-negative bacterial infection. EMBO Rep. 1, 353—358
18 Quinn, L.M. et al. (2000) An essential role for the caspase dronc in
developmentally programmed cell death in Drosophila. J. Biol. Chem.
275, 40416-40424
19 Meier, P. et al. (2000) The Drosophila caspase DRONC is regulated by
DIAP1. EMBO J. 19, 598-611
20 Cain, K. et al. (1996) A cleavage-site-directed inhibitor of interleukin-
1B-converting enzyme-like proteases inhibits apoptosis in primary
cultures of rat hepatocytes. Biochem. J. 314, 27—32
21 Clem, R.J. et al. (1991) Prevention of apoptosis by a baculovirus gene
during infection of insect cells. Science 254, 1388—1390
22 Kouroku, Y. et al. (1998) Detection of activated Caspase-3 by a cleavage


http://www.sciencedirect.com

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

TRENDS in Cell Biology Vol.14 No.4 April 2004

site-directed antiserum during naturally occurring DRG neurons
apoptosis. Biochem. Biophys. Res. Commun. 247, 780—784

Kim, J. and Klionsky, D.J. (2000) Autophagy, cytoplasm-to-vacuole
targeting pathway, and pexophagy in yeast and mammalian cells.
Annu. Rev. Biochem. 69, 303—342

Melendez, A. et al. (2003) Autophagy genes are essential for dauer
development and life-span extension in C. elegans. Science 301,
1387-1391

Lee, C.Y. et al. (2003) Genome-wide analyses of steroid- and radiation-
triggered programmed cell death in Drosophila. Curr. Biol. 13,
350-357

Gorski, S.M. et al. (2003) A SAGE approach to discovery of genes
involved in autophagic cell death. Curr. Biol. 13, 358—363

Lee, C.Y. and Baehrecke, E.H. (2001) Steroid regulation of autophagic
programmed cell death during development. Development 128,
1443-1455

Jiang, C. et al. (1997) Steroid regulated programmed cell death during
Drosophila metamorphosis. Development 124, 4673—-4683

Jiang, C. et al. (2000) A steroid-triggered transcriptional hierarchy
controls salivary gland cell death during Drosophila metamorphosis.
Mol. Cell 5, 445-455

Martin, D.N. and Baehrecke, E.H. (2004) Caspases function in
autophagic programmed cell death in Drosophila. Development 131,
275-284

Liang, X.H. et al. (1999) Induction of autophagy and inhibition of
tumorigenesis by beclin 1. Nature 402, 672—676

Yue, Z. et al. (2002) A novel protein complex linking the 82 glutamate
receptor and autophagy: implications for neurodegeneration in lurcher
mice. Neuron 35, 921-933

Zuo, J. et al. (1997) Neurodegeneration in Lurcher mice caused by
mutation in 82 glutamate receptor gene. Nature 388, 769-773
Norman, D.J. et al. (1995) The lurcher gene induces apoptotic death in
cerebellar Purkinje cells. Development 121, 1183—1193

Xue, L. et al. (1999) Autophagy is activated by apoptotic signalling in
sympathetic neurons: an alternative mechanism of death execution.
Mol. Cell. Neurosci. 14, 180—198

Shaham, S. et al. (1999) Mutational analysis of the Caenorhabditis
elegans cell-death gene ced-3. Genetics 153, 1655—-1671

Shaham, S. (1998) Identification of multiple Caenorhabditis elegans
caspases and their potential roles in proteolytic cascades. J. Biol.
Chem. 273, 35109-35117

Bloss, T.A. et al. (2003) Suppression of CED-3-independent apoptosis
by mitochondrial BNAC in Caenorhabditis elegans. Nature 424,
1066-1071

Cheng, E.H. et al. (2001) BCL-2, BCL-X(L) sequester BH3 domain-only
molecules preventing BAX- and BAK-mediated mitochondrial apop-
tosis. Mol. Cell 8, 705—-711

Wei, M.C. et al. (2001) Proapoptotic BAX and BAK: a requisite gateway
to mitochondrial dysfunction and death. Science 292, 727-730
Coucouvanis, E. and Martin, G.R. (1995) Signals for death and
survival: a two-step mechanism for cavitation in the vertebrate
embryo. Cell 83, 279-287

Joza, N. et al. (2001) Essential role of the mitochondrial apoptosis-
inducing factor in programmed cell death. Nature 410, 549—-554
Susin, S.A. et al. (1999) Molecular characterization of mitochondrial
apoptosis-inducing factor. Nature 397, 441-446

Klein, J.A. et al. (2002) The harlequin mouse mutation downregulates
apoptosis-inducing factor. Nature 419, 367-374

Yang, S. et al. (2001) Specific double-stranded RNA interference in
undifferentiated mouse embryonic stem cells. Mol. Cell. Biol. 21,
7807-7816

Wang, X. et al. (2002) Mechanisms of AIF-mediated apoptotic DNA
degradation in Caenorhabditis elegans. Science 298, 1587—1592
Pennacchio, L.A. et al. (1998) Progressive ataxia, myoclonic epilepsy
and cerebellar apoptosis in cystatin B-deficient mice. Nat. Genet. 20,
251-258

Mathiasen, I.S. et al. (1999) Apoptosis induced by vitamin D
compounds in breast cancer cells is inhibited by Becl-2 but does not
involve known caspases or p53. Cancer Res. 59, 4848—-4856
Mathiasen, I.S. et al. (2002) Calcium and calpain as key mediators of
apoptosis-like death induced by vitamin D compounds in breast cancer
cells. J. Biol. Chem. 277, 30738—30745

Syntichaki, P. et al. (2002) Specific aspartyl and calpain proteases

www.sciencedirect.com

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

are required for neurodegeneration in C. elegans. Nature 419,
939-944

Darmon, A.J. et al. (1996) Cleavage of CPP32 by granzyme B
represents a critical role for granzyme B in the induction of target
cell DNA fragmentation. J. Biol. Chem. 271, 21709-21712

Heibein, J.A. et al. (1999) Granzyme B-induced loss of mitochondrial
inner membrane potential (AW¥,,,) and cytochrome c release are caspase
independent. JJ. Immunol. 163, 4683—-4693

Arama, E. et al. (2003) Caspase activity and a specific cytochrome
¢ are required for sperm differentiation in Drosophila. Dev. Cell 4,
687-697

Morioka, K. et al. (1998) The apoptotic and nonapoptotic nature of
the terminal differentiation of erythroid cells. Exp. Cell Res. 240,
206-217

Zermati, Y. et al. (2001) Caspase activation is required for terminal
erythroid differentiation. JJ. Exp. Med. 193, 247254

Ishizaki, Y. et al. (1998) A role for caspases in lens fiber differentiation.
J. Cell Biol. 140, 153-158

Wride, M.A. et al. (1999) Members of the bcl-2 and caspase families
regulate nuclear degeneration during chick lens fibre differentiation.
Dev. Biol. 213, 142-156

Sordet, O. et al. (2002) Specific involvement of caspases in the
differentiation of monocytes into macrophages. Blood 100,
4446-4453

Varfolomeev, E.E. et al. (1998) Targeted disruption of the mouse
Caspase 8 gene ablates cell death induction by the TNF receptors, Fas/
Apol, and DR3 and is lethal prenatally. Immunity 9, 267—-276
Eckhart, L. et al. (2000) Terminal differentiation of human keratino-
cytes and stratum corneum formation is associated with caspase-14
activation. oJ. Invest. Dermatol. 115, 1148—1151

Lippens, S. et al. (2000) Epidermal differentiation does not involve the
pro-apoptotic executioner caspases, but is associated with caspase-14
induction and processing. Cell Death Differ. 7, 1218—1224

Li, P. et al. (1995) Mice deficient in IL-1B-converting enzyme are
defective in production of mature IL-1B and resistant to endotoxic
shock. Cell 80, 401-411

Kuida, K. et al. (1995) Altered cytokine export and apoptosis in mice
deficient in interleukin-1B converting enzyme. Science 267,
2000-2003

Wang, S. et al. (1998) Murine caspase-11, an ICE-interacting protease,
is essential for the activation of ICE. Cell 92, 501-509

Chun, H.J. et al. (2002) Pleiotropic defects in lymphocyte activation
caused by caspase-8 mutations lead to human immunodeficiency.
Nature 419, 395-399

Salmena, L. et al. (2003) Essential role for caspase 8 in T-cell
homeostasis and T-cell-mediated immunity. Genes Dev. 17, 883—-895
Hisahara, S. et al. (2001) Caspase-11 mediates oligodendrocyte cell
death and pathogenesis of autoimmune-mediated demyelination.
J. Exp. Med. 193, 111-122

Takahashi, R. et al. (1998) A single BIR domain of XIAP sufficient for
inhibiting caspases. J. Biol. Chem. 273, 7787-7790

Robertson, A. and Thompson, N. (1982) Morphology of programmed
cell death in the ventral nerve cord of Caenorhabditis elegans larvae.
J. Embryol. Exp. Morphol. 67, 89—-100

Reddien, PW. et al. (2001) Phagocytosis promotes programmed cell
death in C. elegans. Nature 412, 198—202

Hoeppner, D.J. et al. (2001) Engulfment genes cooperate with
ced-3 to promote cell death in Caenorhabditis elegans. Nature
412, 202-206

Earnshaw, W.C. et al. (1999) Mammalian caspases: structure,
activation, substrates, and functions during apoptosis. Annu. Rev.
Biochem. 68, 383—-424

McCall, K. and Steller, H. (1998) Requirement for DCP-1 caspase
during Drosophila oogenesis. Science 279, 230—234

Meier, P. and Silke, J. (2003) Programmed cell death: Superman meets
Dr Death. Nat. Cell Biol. 5, 1035—-1038

Cakouros, D. et al. (2002) Ecdysone-induced expression of the caspase
DRONC during hormone-dependent programmed cell death in
Drosophila is regulated by Broad —Complex. J. Cell Biol. 157, 985-995
Bergeron, L. et al. (1998) Defects in regulation of apoptosis in
caspase-2-deficient mice. Genes Dev. 12, 1304—-1314

Pompeiano, M. et al. (2000) Decreased apoptosis in proliferative and


http://www.sciencedirect.com

 [[ZXEYE 7ReNDS in Cell Biology Vol.14 No.4 April 2004 193

postmitotic regions of the Caspase 3-deficient embryonic central 80 Nakagawa, T. et al. (2000) Caspase-12 mediates endoplasmic-

nervous system. J. Comp. Neurol. 423, 1-12 reticulum-specific apoptosis and cytotoxicity by amyloid-B. Nature
78 Fernando, P. et al. (2002) Caspase 3 activity is required for skeletal 403, 98—103

muscle differentiation. Proc. Natl. Acad. Sci. U. S. A. 99, 11025-11030 81 Schotte, P. et al. (1999) Nonspecific effects of methyl ketone peptide
79 Zheng, T.S. et al. (1999) Caspase knockouts: matters of life and death. inhibitors of caspases. FEBS Lett. 442, 117-121

Cell Death Differ. 6, 1043—-1053

Endeavour

the quarterly magazine for the history
and philosophy of science

You can access Endeavour online
either through your BioMedNet
Reviews subscription or via
ScienceDirect, where you'll find a
collection of beautifully illustrated
articles on the history of science, book
reviews and editorial comment.

featuring

‘Dr. Steinach coming to make old young!’: sex glands, vasectomy and the quest for rejuvenation in the roaring twenties
by C. Sengoopta
Cheese mites and other delicacies: the introduction of test objects into microscopy by J. Schickore
An herbal El Dorado: the quest for botanical wealth in the Spanish Empire by P. De Vos
Zones of inhibition: interactions between art and science by K. Davies
Global science: the eruption of Krakatau by M. Déerries
Two pills, two paths: a tale of gender bias by M. Potts
Joseph Banks: Pacific pictures by P. Fara

and coming soon

Mr Blandowski misses out: discovery and loss of fish species in 19th century Australia by P. Humphries
The traffic and display of body parts in the early 19th century by S. Alberti and S. Chaplin
Exhibiting monstrosity: Chang and Eng, the ‘original’ Siamese twins by S. Mitchell
The ancient mariner and the transit of Venus at Hudson Bay by R. Griffin-Short
‘l got rhythm’: Gershwin and birth control in the 1930s by P. Viterbo
The market for Julia Pastrana by J. Browne and S. Messenger
Race mixing and science in the United States by P. Farber
Continental drift under the Third Reich by E. Buffetaut
The first president of the Royal Society by P. Fara

and much, much more . ..

Locate Endeavour in the BioMedNet Reviews collection (http:/reviews.bmn.com)
or on ScienceDirect (http://www.sciencedirect.com)

www.sciencedirect.com


http://www.sciencedirect.com

	Death without caspases, caspases without death
	The caspase connection to apoptosis
	Caspases and autophagic cell death: apoptosis in disguise&quest;
	Evidence for caspase-independent PCD
	Other deadly proteases&quest;
	Not always killers
	Caspase activity and prevention of apoptosis
	Concluding remarks
	Acknowledgements
	References


