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Proteases to die for
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Apoptosis or programmed cell death (PCD) is a geneti-
cally regulated, cellular suicide mechanism that plays a
crucial role in development and in the defense of homeo-
stasis. Cells respond to a variety of disparate signals by
committing suicide through a series of dramatic but re-
markably uniform events. Morphologically, cells under-
going apoptosis demonstrate nuclear/cytoplasmic con-
densation and membrane protrusions. These initial
changes are followed by fragmentation of the nuclear
contents and subsequent encapsulation of these frag-
ments into “‘apoptotic bodies’ that are quickly and un-
obtrusively consumed by adjacent cells, thereby leaving
little trace of the apoptotic cell’s prior existence (Kerr et
al. 1972). Biochemically, apoptotic cells are character-
ized by reduction in the mitochondrial transmembrane
potential, intracellular acidification, production of reac-
tive oxygen species, externalization of phosphatidylser-
ine residues in membrane bilayers, selective proteolysis
of a subset of cellular proteins, and degradation of DNA
into internucleosomal fragments (Wyllie et al. 1984,
Hockenbery et al. 1993; Lazebnik et al. 1994; Martin et
al. 1995b; Gottlieb et al. 1996; Zamzami et al. 1996b).
These characteristic manifestations of apoptosis reflect
the activation of an intrinsic cell death apparatus that
has been exquisitely conserved during evolution. At the
core of this death apparatus is a novel family of proteases
related to the Caenorhabditis elegans cell death gene
product CED-3, the so-called caspases (cysteine prote-
ases with aspartate-specificity), that are universal effec-
tors of apoptotic cell death. Although several features of
these pro-apoptotic proteases have been summarized
previously (Fraser and Evan 1996; Nicholson 1996; Nich-
olson and Thornberry 1997; Salvesen and Dixit 1997;
Villa et al. 1997; Cryns and Yuan 1998), the present re-
view will focus on recent insights into (1) the regulation
of caspases (both positively and negatively) by other
components of the cell death apparatus; and 2) the
mechanisms by which caspase activation leads to the
demise of the cell.

A conserved cell death apparatus that regulates
CED-3/caspase activity

Genetic studies of developmental PCD in C. elegans
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have identified two genes (ced-3 and ced-4) that are each
required for the execution of cell death and one (ced-9)
that inhibits cell death (Hengartner et al. 1992; Yuan and
Horvitz 1992; Yuan et al. 1993). Mutational analyses of
these genes in C. elegans have defined a sequential cell
death pathway. Inactivating mutations of ced-9 result in
inappropriate cell deaths, but only if both ced-3 and
ced-4 are functional (Hengartner et al. 1992). Targeted
overexpression of either ced-4 or ced-3 induces cell
death, these cell deaths are inhibited by ced-9. In trans-
genic worms, maximal cell death induced by ced-4 over-
expression requires ced-3, whereas ced-3-mediated cell
death is independent of ced-4. Moreover, the ability of
ced-9 to inhibit ced-3-induced killing requires a func-
tional ced-4 gene (Shaham and Horvitz 1996). Taken to-
gether, these findings suggest that ced-4 is genetically
and functionally sandwiched between the upstream
death antagonist ced-9 and the downstream death me-
diator ced-3. Accordingly, CED-9’s antiapoptotic actions
are likely mediated by direct inhibition of CED-4 (Sha-
ham and Horvitz 1996).

Remarkably, all three of these C. elegans cell death
genes have mammalian counterparts that are likely to
play similar, albeit more complex, roles in mammalian
cell death. CED-9 is homologous to Bcl-2, a resident of
the mitochondrial outer membrane and the endoplasmic
reticulum (ER)/perinuclear membrane whose dysregu-
lated expression in several human malignancies protects
against apoptotic cell death (Vaux et al. 1988; Krajewski
et al. 1993; Hengartner and Horvitz 1994; Reed 1995). In
contrast, CED-3 has sequence similarity to interleukin-
1B-converting enzyme (ICE), the first mammalian mem-
ber of the caspase family of cysteine proteases that are
essential effectors of cell death and inflammation (Yuan
et al. 1993). Finally, a candidate mammalian homolog of
CED-4, Apaf-1 (apoptotic protease-activating factor-1),
was identified recently by virtue of its ability to activate
caspase-3 (Zou et al. 1997). The overall similarities be-
tween the nematode and mammalian cell death pro-
grams are striking. To begin, Bcl-2 (and its antiapoptotic
family members) protects cells from apoptosis by acting
upstream of caspases to prevent their activation (Arm-
strong et al. 1996; Chinnaiyan et al. 1996b; Shimizu et al.
1996), just as CED-9 is a negative upstream regulator of
CED-3. Moreover, recent evidence suggests that both
CED-9 and Bcl-x, (an antiapoptotic Bcl-2 family mem-
ber) can antagonize cell death by acting downstream of
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CED-3 and some caspases, respectively (Boise and
Thompson 1997; Xue and Horvitz 1997; Medema et al.
1998; Srinivasan et al. 1998). Similarly, Apaf-1 exerts its
proapoptotic action by facilitating the activation of its
downstream target caspase-3, just as CED-4 promotes
CED-3 processing and killing (see below). Furthermore,
ectopic expression of ced-4 (in some systems) or ced-3
can induce apoptosis in mammalian cells that can be
overcome by Bcl-2 or caspase inhibitors (Miura et al.
1993; Chinnaiyan et al. 1997b). Finally, human Bcl-2 can
inhibit developmental PCD in C. elegans (Vaux et al.
1992), again highlighting the functional similarity of the
worm and human cell death machinery. Nevertheless,
the presence of multiple mammalian CED-9 (the Bcl-2
family) and CED-3 equivalents (the caspase family) with
potentially redundant and/or antagonistic actions in
apoptosis suggest, not surprisingly, that death has be-
come a more complicated business during the course of
evolution.

Recently, a series of landmark biochemical studies has
provided us with a more detailed understanding of the
molecular interactions of the various components of the
cell death apparatus (for review, see Golstein 1997a;
Hengartner 1997; Vaux 1997). Using yeast-two hybrid
analyses or ectopic expression in mammalian cells, sev-
eral groups have demonstrated that CED-4 can bind to
CED-9 (and human Bcl-x,) , CED-3 (and related human
caspases-1 and 8), or both simultaneously (Chinnaiyan et
al. 1997b; Irmler et al. 1997a; Spector et al. 1997; Wu et
al. 1997). Indeed, an analogous mammalian ‘‘apopto-
some’’ consisting of Apaf-1, Bcl-x, , and pro-caspase-9 has
recently been reported (Pan et al. 1998). These interac-
tions are functionally important for cell death signaling.
For instance, CED-9 or human Bcl-x, mutants that are
defective in their ability to inhibit cell death do not bind
to CED-4 or Apaf-1 (Chinnaiyan et al. 1997b; Spector et
al. 1997; Wu et al. 1997; Pan et al. 1998). In addition,
CED-4 binding to CED-3 is mediated by a conserved
amino-terminal protein interaction module, the so-
called caspase-recruitment domain (CARD) that is also
present in Apaf-1 and several caspases (Hofmann et al.
1997; Irmler et al. 1997a; Zou et al. 1997). CED-4 binding
to CED-3 via this domain in the presence of ATP (and
potentially other cellular factors) promotes CED-3’s au-
toproteolytic activation and its ability to induce apopto-
sis (Chinnaiyan et al. 1997a; Seshagiri and Miller 1997b).
Importantly, CED-9 blocks CED-4’s ability to activate
the CED-3 killer protease, thereby preventing cell death
(Seshagiri and Miller 1997b). CED-9 may also act down-
stream of CED-3 as a pseudosubstrate inhibitor of this
protease (Xue and Horvitz 1997). The nematode cell
death apparatus, then, is elegantly parsimonious: Death
is executed by a single protease (CED-3) whose activity is
regulated by one activator (CED-4) and one inhibitor
(CED-9). Viewed in this context, the cell death apparatus
or “apostat” is a molecular “proteostat” that carefully
integrates life and death signals into a proteolytic read-
out. In the remainder of this review, we will see that this
prototypical death apparatus has been expanded and di-
versified in mammals to accommodate multiple pro-
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apoptotic proteases (the caspases) with multiple distinct
routes of activation and inhibition, and multiple proteo-
lytic targets.

Caspases: natural born killers

With the cloning of ced-3 came the observation that it
encoded a protease homologous to the mammalian ICE,
a novel cysteine protease with aspartate specificity re-
quired for proteolytic conversion of pro-interleukin-18
into its mature form (Cerretti et al. 1992; Thornberry et
al. 1992; Yuan et al. 1993). Together with the concurrent
finding that apoptosis could be induced in mammalian
cells by transient expression of ICE or ced-3 (Miura et al.
1993), these studies provided the first inkling that a con-
served family of proteases might be a critical component
of the cell death machinery. At the present time, at least
10 additional mammalian homologs of ced-3 have been
published. Given the considerable confusion generated
by the rapid growth of this family, the trivial names of
these cysteine proteases with aspartate specificity
(caspases) have been replaced with a uniform nomencla-
ture: caspases-1 through -11 (Alnemri et al. 1996; Wang
et al. 1998).

In addition to their sequence similarity to CED-3, the
members of the caspase family of proteases have several
unifying characteristics. As their name indicates,
caspases are cysteine proteases, each containing a con-
served QACXG pentapeptide surrounding the active site
cysteine residue. Several other active site residues that
participate directly in catalysis are strictly conserved
across the family (for a detailed review of these and other
structural/enzymatic features of these enzymes, see
Nicholson 1996; Nicholson and Thornberry 1997; Cryns
and Yuan 1998). Caspases are constitutively and ubiqui-
tously expressed as catalytically inactive proenzymes
composed of a variable-length amino-terminal prodo-
main, a large subunit, and a small subunit. Caspase ac-
tivation requires proteolytic processing of the proen-
zyme at specific aspartate residues separating these three
domains, thereby resulting in the removal of the prodo-
main and the formation of a heterodimer containing one
large and one small subunit. Crystallographic analyses
have demonstrated that the active caspase is a tetramer
composed of two such heterodimers (Walker et al. 1994;
Wilson et al. 1994; Rotonda et al. 1996). Although absent
from the active enzyme, the amino-terminal prodomain
plays a critical role in caspase activation by mediating
the interaction of caspases with the activating apparatus
(detailed subsequently). True to their family name, these
proteases are ‘‘aspases’’: they cleave substrates (includ-
ing pro-caspases) carboxy-terminal to an aspartate resi-
due (the P1 site). This distinctive substrate specificity,
coupled with their requisite proteolytic activation at Asp
sites, immediately suggested that caspases might be re-
sponsible for their own activation (autoproteolysis) and/
or activation of other caspases. Reminiscent of the
complement system in host defense, the caspases are
arranged in a proteolytic cascade that serves to transmit
and amplify death signals.
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Despite their uniform requirement for an Asp residues
at the substrate P1 site, individual caspases differ in their
substrate specificities. These differences are dictated by
the amino acids immediately amino-terminal to the sub-
strate P1 site, especially the P4 site (four amino acids
amino-terminal to the cleavage site). Recently, the sub-
strate specificities of the caspases were delineated using
a positional scanning substrate combinatorial library or
synthetic peptides (Talanian et al. 1997; Thornberry et
al. 1997). Based on their substrate preferences, three
caspases subgroups were identified. The first subgroup
(caspases-1, -4, and -5) prefer bulky hydrophobic residues
in the P4 site and have the optimal substrate cleavage
sequence WEXD. The second subgroup (caspases-2, -3,
-7, and CED-3) favor an Asp in P4 and preferentially
cleave targets carboxy-terminal to a DEXD motif. The
third subgroup (caspases-6, -8, and -9) are less discrimi-
nating in their P4 preferences; their optimal substrate
cleavage sequence is (L/V)EXD. These findings are con-
sistent with the X-ray crystallographic structures of
caspases-1 and 3 that are remarkably similar except in
their respective binding pockets for the P4 substrate resi-
dues. This pocket in caspase-1 is quite large, and there-
fore capable of binding bulky hydrophobic residues,
while the corresponding, much smaller pocket in
caspase-3 is ideally suited for an Asp residue (Walker et
al. 1994; Wilson et al. 1994; Rotonda et al. 1996). Impor-
tantly, the predicted caspase specificities correspond
closely with the cleavage sites in the known intracellu-
lar caspase targets (Thornberry et al. 1997). For instance,
caspase-1 cleaves pro-interleukin-1f at two sites (FEAD
and YVHD) (Cerretti et al. 1992; Thornberry et al. 1992).
Caspase-3 proteolyzes a number of structural and signal-
ing proteins at DXXD sequences during the induction
of apoptosis, including the DNA repair enzyme PARP
(DEVD) (Lazebnik et al. 1994), the inhibitor of the
caspase-activated DNAse (DEPD and DAVD) (Sakahira
et al. 1998, and the cytoskeletal protein gelsolin (DQTD)
(Kothakota et al. 1997). Finally, caspase-6 cleaves lamin
A (VEID), a key structural component of the nuclear en-
velope, during apoptosis (Takahashi et al. 1996).

In addition to their divergent substrate specificities,
caspases differ in the length and sequence of their amino-
terminal prodomains. CED-3 and caspases-1, -2, -4, -5, -8,
-9, and -10 all have long prodomains, whereas caspases-3,
-6, -7, and -11 have short prodomains. Two distinct pro-
tein—protein interaction modules have been identified in
the long prodomains. The first has been called the death
effector domain (DED), two copies of which are present
in both caspases-8 and -10 (Boldin et al. 1996; Fernandes-
Alnemri etal. 1996; Muzio et al. 1996; Vincenz and Dixit
1997). As will be discussed in detail below, this domain
targets caspases-8 and -10 to ligand-activated death re-
ceptors (e.g., Fas/APO-1/CD95, TNFR1, and DR3) via
specific protein interactions with a DED module in the
adaptor protein FADD/MORT1 (Boldin et al. 1995; Chin-
naiyan et al. 1995). In contrast, the prodomains of CED-3
and caspases-1, -2, -4, and -9 all contain a caspase recruit-
ment domain (CARD) also found in CED-4 (and its mam-
malian homolog Apaf-1) and the death adaptor protein
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RAIDD/CRADD (Ahmad et al. 1997; Duan and Dixit
1997; Hofmann et al. 1997; Zou et al. 1997). As we shall
see, this domain mediates the interaction between
Apaf-1 and pro-caspase-9, a necessary event leading to
caspase-9 and subsequently caspase-3 activation (P. Li et
al. 1997). Similarly, caspase-2 can be delivered to acti-
vated death receptors via CARD domain interactions in
its prodomain and in the death adaptor RAIDD/CRADD
(Ahmad et al. 1997; Duan and Dixit 1997). In this sense,
the prodomains provide the critical link between the
death stimulus and caspase activation: they either target
a caspase to the activating death receptor at the cell
membrane or provide the molecular foundation for as-
sembly of the caspase activating apparatus in the cyto-
plasm (Fig. 1).

The observation that some pro-caspases (2, 8, and 10)
are recruited directly to membrane receptors via their
prodomains provided important experimental evidence
for the proteolytic cascade theory of caspase signaling;
these receptor-interacting caspases are at the very top of
this cascade. Additional support for this theory came
from the finding that caspases with distinct proteolytic
profiles were activated at different times during Fas-in-
duced apoptosis: Transient activation of a caspase-1-like
protease was required for subsequent activation of a
caspase-3-like protease (Enari et al. 1995). From a func-
tional standpoint, then, caspases can be loosely divided
into upstream “instigators,” which incite the proteolytic
cascade and downstream ‘‘terminators,” which kill the
cell by cleaving key intracellular death targets (Boldin et
al. 1996; Muzio et al. 1996, 1997; Orth et al. 1996b;
Srinivasula et al. 1996; Talanian et al. 1997; Thornberry
et al. 1997; see also Fig. 1). The instigators include the
long prodomain, DED-containing caspases-8 and -10, and
the CARD-containing caspase-9. Of note, the substrate
cleavage preferences of these instigators correspond
closely to the sites of proteolytic activation in several
effector caspases, suggesting that these upstream prote-
ases may directly activate their downstream counter-
parts, as has been demonstrated in vitro. In contrast, the
terminators include the short prodomain caspases-3 and
-7 whose predilection for proteolyzing targets at DXXD
motifs matches the cleavage sites in the vast majority of
known apoptotic substrates (Boldin et al. 1996; Muzio et
al. 1996, 1997; Orth et al. 1996b; Srinivasula et al. 1996;
Talanian et al. 1997; Thornberry et al. 1997). In addition,
the short prodomain caspase-6 acts as a terminator by
cleaving a partly distinct subset of cellular proteins, such
as the nuclear lamins and the structurally related keratin
18, at VEXD sites (Rao et al. 1996; Takahashi et al. 1996;
Caulin et al. 1997). Like CED-3, caspase-2 is a CARD-
containing caspase with a DXXD substrate cleavage pref-
erence that may function as both an upstream signal
activator and downstream killer. Finally, caspase-1 (and
related caspases-4, -5, and -11) plays an essential role in
the generation of the inflammatory response and in
pathological apoptotic cell deaths (e.g., ischemic injury),
perhaps acting as both an initiator and effector (Kuida et
al. 1995; Li et al. 1995; Miura et al. 1995; Enari et al.
1996; Shi et al. 1996; Hara et al. 1997; Wang et al. 1998).
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Figure 1. Apoptotic cell death: a working blueprint.
Caspases can be activated by one of two potentially
interacting and reversible pathways: a mitochondrial
(left) and a death receptor (right) route. By unclear
mechanisms, apoptotic stimuli such as DNA damag-
ing agents trigger the mitochondrial release of cyto-
chrome c into the cytosol, an event that is antago-
nized by Bcl-2 and its antiapoptotic relative Bcl-x, . In
the cytoplasm, cytochrome c binds to the CED-4 ho-
molog Apaf-1, which interacts with both death effec-
tors (pro-caspase-9) and death antagonists (Bcl-x,) to
form the apoptosome (the interaction between Bcl-x,
and Apaf-1 is not shown). Binding of cytochrome c and
(d)ATP to Apaf-1 somehow promotes its ability to
catalyze the proteolytic activation of pro-caspase-9,
whereas Bcl-x, presumably inhibits this function. Ac-
tive caspase-9, in turn, proteolytically activates the !
downstream caspase terminators such as caspase-3
that kill cells by cleaving key intracellular proteins Th
(see Table 1). In contrast, binding of death ligands
such as TNFa, Fas, and TRAIL to their respective
death receptors [each containing a cytoplasmic death
domain (DD)] leads to the recruitment of a variety of
DD-bearing adaptor proteins such as FADD. FADD in

turn recruits the most upstream pro-caspases (pro-
caspases-8 and -10) to the receptor complex via a dis-
tinct protein interaction module (the DED domain),

an event that leads to the proteolytic activation of
these caspase instigators and initiation of a proteo-
lytic cascade that ultimately results (if unchecked) in

the demise of the cell as above. In addition, these ac-
tivated upstream caspases may act on the mitochon-

dria (directly or indirectly) to facilitate cytochrome ¢
release, thereby further amplifying the apoptotic sig-

nal. Death-receptor mediated apoptosis can be inhib-

ited by preventing pro-caspase recruitment/activation

(the DED-containing protein FLIP) or by prematurely
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halting the caspase proteolytic cascade after its initiation (Bcl-x,). XIAP, a mammalian homolog of the baculoviral IAPs (inhibitor of
apoptosis) is an active site-directed inhibitor of the downstream caspases-3 and -7 and represents the final protective barrier against

unwarranted cell death induced by either pathway.

Evidence for its role in the latter capacity comes from
the observation that mature IL-1B, the specific product
of caspase-1’s proteolytic actions on its precursor cyto-
kine, directly promotes cell death induced by some
stimuli (Friedlander et al. 1996). Clearly, this division of
caspases into instigators and terminators is likely to be
overly simplistic: Upstream caspases may contribute to
the structural disassembly of the cell and downstream
caspases may also proteolytically activate other caspases.

What, then, is the evidence that caspases are essential
effectors of apoptotic cell death (for review, see Cryns
and Yuan 1998)? As noted, forced expression of these
proteases (and others) causes apoptosis (Miura et al.
1993; Fernandes-Alnemri et al. 1994; Kumar et al. 1994;
Wang et al. 1994). In addition, several pro-caspases (1, 2,
3, 6, 7, and 8) are rapidly proteolytically activated during
cell death induced by a wide range of apoptotic stimuli
(Boudreau et al. 1995; Armstrong et al. 1996; Duan et al.
1996; Orth et al. 1996a; Shi et al. 1996; Faleiro et al.
1997; H. Li et al. 1997; MacFarlane et al. 1997b; Medema
et al. 1998; Srinivasan 1998). Furthermore, many of the
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proteins that are selectively cleaved during cell death are
proteolyzed at Asp residues by caspases. More direct evi-
dence is the observation that specific inhibitors of
caspases (peptides, viral gene products, dominant-nega-
tive caspases, and anti-sense constructs) can block a
wide variety of apoptotic cell deaths in vitro and in vivo,
including cell death mediated by death receptors (see be-
low), growth factor withdrawal, radiation and other
DNA damaging agents, detachment from the extracellu-
lar matrix, and developmental cues (in diverse organ-
isms) (Gagliardini et al. 1994; Boudreau et al. 1995; Bump
et al. 1995; Enari et al. 1995; Los et al. 1995; Tewari and
Dixit 1995; Xue and Horvitz 1995; Bertin et al. 1996). For
instance, potent, specific peptide inhibitors have been
modeled after the substrate recognition sequences of a
variety of caspases (e.g., DEVD for caspase-3 and YVAD
for caspase-1) (Thornberry et al. 1992; Nicholson et al.
1995). In addition to confirming the role of caspases col-
lectively in the execution of apoptosis, the tetrapeptide
inhibitors (particularly the reversible aldehydes) provide
some sense of the relative contribution of particular
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caspases (e.g., caspase-3-like vs. caspase-1-like proteases)
by preferentially inhibiting one or more caspases. How-
ever, given the lack of absolute specificity of any one of
these peptie inhibitos for a particular caspase, such stud-
ies must be interpreted with caution. Clearly, the most
definitive support for their essential role in programmed
cell death in vivo comes from their targeted deletion;
this approach also enables one to selectively evaluate the
specific contribution of an individual caspase to the ex-
ecution of apoptosis in vivo. Mice deficient in caspase-1
or caspase-11 undergo normal development but have par-
tial, tissue-specific resistance to Fas- and granzyme-B
mediated apoptosis (Kuida et al. 1995; Li et al. 1995; Shi
et al. 1996; Wang et al. 1998; S. Wang and J. Yuan, un-
publ.). In contrast, mice deficient in caspase-3 are char-
acterized by central nervous system (CNS) hypercellu-
larity (focal areas within grossly smaller brains) and peri-
natal death; these features may reflect, in part,
inadequate cell death in the CNS during development
(Kuida et al. 1996). However, it is unlikely that the ab-
errant brain development in these mice is simply the
result of defective apoptosis: neuronal overexpression of
Bcl-2 in transgenic mice also suppresses PCD in the de-
veloping brain but results in a profoundly different phe-
notype, that is, normally viable mice with grossly en-
larged brains (Martinou et al. 1994). Somewhat supris-
ingly, homozygous deletion of caspase-2 in mice has
both anti- and proapoptotic consequences in different
tissues (Bergeron et al. 1998). Ovarian germ cells from
caspase-2-deficient mice are resistant to developmental
and doxorubicin-induced cell death, whereas specific
neuronal populations demonstrate accelerated apoptosis
during development or growth factor withdrawal. These
paradoxical manifestations may reflect tissue-specific
differences in the expression of the pro- and antiapop-
totic isoforms of caspase-2 generated by alternative splic-
ing (both of which are deleted in these animals): caspase-
2, is prominently expressed in ovaries and encodes a
functional protease, whereas caspase-25 is most abun-
dant in the brain and encodes a truncated, inactive pro-
tease that antagonizes cell death (Wang et al. 1994). Fi-
nally, functional disruption of the Drosophila caspase,
DCP-1, results in multiple developmental defects (with
sparing of the CNS), wide-spread melanotic tumors, and
larval death (Song et al. 1997). Taken together, these
findings indicate unequivocally that caspases are essen-
tial mediators of cell death. Moreover, the highly selec-
tive apoptotic defects observed in mammalian knock-
outs of individual caspase family members strongly sug-
gest that a great deal of functional redundancy has been
built into the death apparatus (a conclusion also sup-
ported by the partially overlapping substrate specificities
of some caspases in vitro). Hence, elimination of one
caspase can often be compensated for by other caspases
with similar proteolytic profiles.

Caspase activation: jump-starting the proteolytic
engine

Under normal conditions, caspases are present in the cy-
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tosol as inert proenzymes that pose no danger to the cell.
For a cell to undergo apoptosis, caspases must be acti-
vated by proteolytic processing at Asp sites, an event
that leads to a self-amplifying cascade of proteolysis
among the caspases. For any enzymatic cascade, the
critical issue is its mechanism of initiation. Specifically,
if caspases activate other caspases, how does the first
caspase get activated? As outlined in Figure 1, two po-
tentially interacting, cascade-initiating pathways con-
verge on the activation of the downstream effector
caspases (terminators such as caspase-3) that act to kill
the cell by cleaving death substrates. The first of these
pathways (and seemingly the most primitive from an
evolutionary perspective) is initiated in response to
apoptotic stimuli such as DNA damaging agents that
trigger the mitochondrial release of cytochrome c into
the cytoplasm; once in the cytoplasm, cytochrome c in-
teracts with other factors to form a caspase-3-activating
complex. In the second pathway, caspase proenzymes are
recruited to ligand-bound death receptors via homophilic
interactions with adaptor proteins (e.g., FADD/
MORT1), thereby leading to the proteolytic activation of
these most upstream caspases and initiation of the cas-
cade. These signaling routes may cross-communicate
prior to their convergence. For instance, ligand binding
to death receptors has been shown to stimulate mito-
chondrial cytochrome c release in most (but not all) stud-
ies (Chauhan et al. 1997; Vander Heiden et al. 1997;
Duckett et al. 1998; Srinivasan et al. 1998). Mitochon-
drial cytochrome c release induced by death receptor li-
gation may be executed by the upstream caspases them-
selves (Vander Heiden et al. 1997), whereas its efflux
triggered by other apoptotic stimuli is likely to be a
caspase-independent event (Kharbanda et al. 1997; Kluck
et al. 1997a; Yang et al. 1997; Bossy-Wetzel et al. 1998)
(see Fig. 1). Both of these caspase activating pathways
have multiple barriers to prevent inappropriate cell
death: Endogenous inhibitors block the initiation of the
caspase cascade and/or interrupt its forward progression.
In the remainder of this section we will analyze these
pathways in detail.

The initially perplexing (and serendipitous) discovery
that cytochrome c, a key component of the mitochon-
drial electron transport chain, is necessary for the induc-
tion of apoptosis in a cell-free system led several inves-
tigators to examine its role in apoptosis. Consistent with
its pro-apoptotic role in vitro, cytochrome c is rapidly
released from the mitochondrial intermembrane space
into the cytoplasm during the induction of apoptosis by
diverse stimuli. Importantly, cytochrome c’s cytoplas-
mic release (triggered by stimuli other than death recep-
tor ligands) precedes caspase-3 activation and DNA frag-
mentation, and is in fact required for these activities.
Cytosolic extracts that had been stripped of cytochrome
¢ by immunodepletion were unable to activate caspase-3
or induce DNA fragmentation; these activities could be
restored by addition of holocytochrome ¢ (complexed
with heme) but not apocytochrome ¢ (Liu et al. 1996;
Yang et al. 1997). Bcl-2 and its antiapoptotic relative Bcl-
X, are located predominantly in the outer mitochondrial
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membrane; their proximity to cytochrome ¢ suggested
that they might regulate the latter’s release during apop-
tosis. Indeed, overexpression of Bcl-2/Bcl-x, or addition
of recombinant Bcl-2 to Xenopus egg extracts containing
mitochondria prevented cytochrome c¢’s exodus from the
mitochondria that was triggered normally by apoptotic
stimuli such as DNA damaging agents and staurospo-
rine; caspase inhibitors (peptides or the baculovirus p35
gene) had no effect on this process (Kharbanda et al.
1997; Kluck et al. 1997a; Yang et al. 1997; Bossy-Wetzel
et al. 1998). In these systems, Bcl-2 acts upstream of
cytochrome c release within the mitochondria. In con-
trast, the pro-apoptotic Bcl-2 family member Bax stimu-
lates mitochondrial cytochrome c release (Deveraux et
al. 1997; Rossé et al. 1998). The molecular mechanisms
by which Bax stimulates and Bcl-2/Bcl-x, inhibits cyto-
chrome c’s mitochondrial egress is unclear but may be
related to their ability to form membrane pores with
distinct ion-conducting properties; Bcl-2 also inhibits
Bax’s ability to form lipid channels (Antonsson et al.
1997; Minn et al. 1997; Schendel et al. 1997). Moreover,
Bcl-x, can bind to cytochrome ¢ and may thereby act to
sequester it in the mitochondria (Kharbanda et al. 1997).
Furthermore, Bcl-x, inhibits the osmotic swelling of mi-
tochondria and subsequent outer membrane disruption
induced by apoptotic stimuli that may directly lead to
the cytosolic efflux of cytochrome c (Vander Heiden et
al. 1997).

To further complicate matters, recent evidence indi-
cates that Bcl-2 and Bcl-x;, may also act downstream of
cytochrome c to prevent caspase activation under certain
circumstances. For instance, overexpression of Bcl-x, or
Bcl-2 inhibits apoptosis induced by direct microinjection
of cytochrome c into cells (F. Li et al. 1997; Zhivotovsky
et al. 1998). Similarly, overexpression of Bcl-2 prevents
Bax-induced caspase activation and cell death even
though it has no effect on Bax-induced mitochondrial
cytochrome c release (Rossé et al. 1998). How Bcl-2/Bcl-
X, might act downstream of cytochrome c release to pre-
vent caspase activation is also unresolved. By virtue of
its ability to bind to cytochrome c, extra-mitochondrial
Bcl-x, (i.e., perinuclear and ER membrane stores) may
remove cytochrome c from the freely available cytoplas-
mic pool and thereby prevent caspase activation. In ad-
dition, Bcl-2/Bcl-x, may negatively regulate the other
components of the caspase-3 activating apparatus (see
the following). One final speculative possibility is that
Bcl-2/Bcl-x, might function as a direct inhibitor of one
or more caspases. Indeed, the C. elegans CED-9 protein
can be cleaved by CED-3 at two sites near its amino
terminus and the presence of at least one of these sites is
important for complete protection by CED-9 against cell
death, suggesting that CED-9 may act as a pseudosub-
strate inhibitor of CED-3 (Xue and Horvitz 1997). How-
ever, although Bcl-2 and Bcl-x, are cleaved by caspases
during apoptosis induced by some stimuli, there is no
experimental evidence that they function as active site-
directed inhibitors of caspases (Cheng et al. 1997; Clem
et al. 1998; Grandgirard et al. 1998). Regardless of its
precise molecular mechanism, Bcl-2/Bcl-x, ’s antiapop-
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totic actions likely reflects its combined ability to pre-
vent cytochrome c release in some situations and to in-
hibit cytochrome c-induced caspase activation in others,
a true testament of its versatility.

What, then, is the Bcl-2 antagonized signal that trig-
gers the mitochondrial release of cytochrome c during
the induction of apoptotic cell death? One intriguing
candidate is the reduction in mitochondrial transmem-
brane potential (depolarization), a relatively early, Bcl-2
inhibitable event in apoptosis that reflects the opening of
mitochondrial megachannels (Zamzami et al. 1995,
1996a,b). However, in several different apoptotic sys-
tems (e.g., cell death induced by DNA damaging agents
and staurosporine), cytochrome c release preceded mito-
chondrial membrane potential changes by many hours;
in Xenopus egg extracts, cytochrome c release occurred
during apoptosis even though mitochondrial membrane
depolarization was never observed (Yang et al. 1997;
Kluck et al. 1997a; Kharbanda et al. 1997; Bossy-Wetzel
et al. 1998). Moreover, during apoptosis induced by DNA
damage or protein kinase inhibition, disruption of the
mitochondrial membrane potential, but not cytochrome
c release, is prevented by caspase inhibitors (Susin et al.
1997; Kluck et al. 1997a; Kharbanda et al. 1997; Bossy-
Wetzel et al. 1998). Under these circumstances, these
two processes can be dissociated unambiguously: Loss of
the mitochondrial membrane potential is a consequence,
not an antecedent of, caspase activation. Caspase-1 can
induce membrane depolarization in isolated mitochon-
dria, a process associated with the release of a pro-apop-
totic, yet-to-be identified caspase (AlF) that may play an
accessory role in apoptosis (Susin et al. 1997). Neverthe-
less, the caspase-mediated disruption of the mitochon-
drial membrane potential might serve to amplify the
death signal by facilitating the mitochondrial release of
cytochrome ¢ during death receptor-mediated apoptosis
(see Fig. 1, and below) and the later stages of PCD in-
duced by DNA damaging agents (Hengartner 1998). More
recent studies suggest that many apoptotic (and necrotic)
stimuli induce progressive mitochondrial swelling that
ultimately ruptures the outer mitochondrial membrane,
thereby allowing cytochrome c to leak out of the mito-
chondria into the cytosol (Vander Heiden et al. 1997).
Importantly, these newly recognized apoptotic events in
the mitochondria (swelling and subsequent membrane
rupture) are prevented by Bcl-x, and precede mitochon-
drial membrane depolarization; hence, they may repre-
sent the primary trigger for cytochrome c release during
cell death.

Upon its release into the cytoplasm during the initia-
tion of apoptosis, cytochrome c forms a caspase-3 acti-
vating complex, the apoptosome. The activating compo-
nents of this complex have been meticulously teased out
in several elegant biochemical studies by Wang and co-
workers (Liu et al. 1996; P. Li et al. 1997; Zou et al. 1997).
These investigators observed that addition of dATP to a
cell-free extract prepared from nonapoptotic cells led to
caspase-3 activation and DNA fragmentation when ex-
ogenous nuclei were added. This caspase-3 activation
could be completely reconstituted by four components:
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(d)ATP, cytochrome c, the mammalian CED-4 homolog
Apaf-1, and caspase-9. Omission or immunodepletion of
any of these factors prevents caspase-3 activation. Apaf-1
has three functional domains: an amino-terminal CARD
with homology to CED-3 and several caspases; a middle
CED-4-like domain that includes a conserved nucleotide
binding module (P-loop); and a carboxy-terminal region
with many WD repeats (a presumptive protein—protein
interaction motif). Apaf-1 binds to caspase-9 via their
respective amino-terminal CARD domains, an interac-
tion that requires dATP and cytochrome c. Binding of
dATP and cytochrome c to Apaf-1 likely alter the latter’s
conformation and render its CARD domain more readily
available to caspase-9. dATP (or higher concentrations of
ATP) may interact with the nucleotide binding domain
in Apaf-1 that is conserved in CED-4; mutations of this
region in CED-4 impair its ability to activate CED-3 and
induce apoptosis (Chinnaiyan et al. 1997a; Seshagiri and
Miller 1997b). Once bound to caspase-9, Apaf-1 triggers
caspase-9’s proteolytic self-activation; caspase-9 subse-
qguently proteolyzes and activates caspase-3. Consistent
with caspase-9’s role in caspase-3 activation and subse-
guent apoptotic events, overexpression of a catalytically
inactive caspase-9 mutant blocks Apaf-1’s ability to ac-
tivate caspase-3 and induce cell death (P. Li et al. 1997).
The apoptosome, then, is a caspase-3 activating appara-
tus whose assembly is dependent on the antecedent re-
lease of cytochrome ¢ from mitochondria. Recently, Bcl-
X, has been shown to bind specifically to the CED-4-like
domain of Apaf-1; this antiapoptotic Bcl-2 family mem-
ber is displaced from the apoptosome by its proapoptotic
relatives Bax and Bak (Pan et al. 1998). Although the
functional significance of this binding (and its precise
intracellular locale) has yet to be determined, one could
certainly envision an “‘evolutionarily correct” scenario
whereby Bcl-x, would interfere with Apaf-1's ability to
activate pro-caspase-9; perhaps, this is the basis for Bcl-
2/Bcl-x_’s inhibition of caspase activation downstream
of cytochrome c release. Another unresolved issue is
whether each effector caspase has its own apoptosome;
alternatively, caspase-3 might activate these other
caspases. Interestingly, microinjection of cytochrome c
does not lead to caspase activation and cell death in
mammalian cells devoid of caspase-3 (F. Li et al. 1997),
suggesting an inherent specificity of the cytochrome c
pathway. Consistent with these observations is the
finding that Apaf-1 appears to be selective about its
caspase binding partners: it does not interact with
pro-caspases 1, 2, 3, or 8 (Pan et al. 1998). Finally, how
does the interaction of Apaf-1 with pro-caspase-9 (in
the presence of dATP and cytochrome c) catalyze the
latter’s autoproteolytic activation? One possibility is
that this interaction triggers a conformational change in
pro-caspase-9 that uncovers a dormant proteolytic capa-
bility and/or renders the critical Asp residues more ac-
cessible to cleavage, leading to its autoactivation.

The second caspase activating route begins outside the
cell with ligand binding to a so-called death receptor.
This growing subset of the tumor necrosis factor (TNF)/
nerve growth factor (NGF) receptor family all share a
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conserved cytoplasmic protein—protein interaction mod-
ule termed the death domain (DD) because of its indis-
pensable role in apoptotic signaling (for review, see Na-
gata 1997). Mammalian death receptors include Fas/
APO-1/CD95, TNFR1, DR3/WSL-1/Apo-3/TRAMP,
and the TRAIL receptors DR4/TRAIL-R1 and DR5/
TRAIL-R2/Trick2/KILLER (for review, see Golstein
1997b). Activation of these receptors by binding of their
respective ligands leads to the recruitment of one or
more mutually interacting, DD-containing adaptor pro-
teins: FADD/MORT1 (Boldin et al. 1995; Chinnaiyan et
al. 1995), TRADD (Hsu et al. 1995), RIP (Stanger et al.
1995), RAIDD/CRADD (Duan and Dixit 1997; Ahmad et
al. 1997), and MADD (Schievella et al. 1997). FADD/
MORT1 provides the direct link between these activated
death receptor complexes and the caspase proteolytic
cascade, although its role in TRAIL-induced apoptosis
via DR4 and DR5 has been supported by some studies
(Chaudhary et al. 1997; Schneider et al. 1997b; Wajant et
al. 1997; Walczak et al. 1997) but not others (Marsters et
al. 1996; Pan et al. 1997a,b; Sheridan et al. 1997). FADD/
MORT1 is recruited via its carboxy-terminal DD either
directly (Fas and possibly DR4 and DR5) or indirectly via
TRADD (TNFR1 and DR3) to the corresponding cyto-
plasmic DD in these receptors (Chinnaiyan et al. 1995,
1996a,b; Boldin et al. 1995; Hsu et al. 1996; Kitson et al.
1996; Chaudhary et al. 1997). Once incorporated into the
ligand bound-death receptor complex (the death-induc-
ing signaling complex or DISC), FADD/MORT1 relies
on a distinct protein—-protein interaction module in its
amino terminus, the death effector domain (DED), to
engage the upstream caspases and induce apoptosis. Spe-
cifically, FADD/MORT1 recruits pro-caspase-8 and/or
pro-caspase-10 to the DISC via their respective DEDs
(one in FADD/MORT1 and two in the amino-terminal
prodomain of these caspases); the various death receptors
may differ somewhat in their relative abilities to recruit
pro-caspase-8 versus pro-caspase-10 (Boldin et al. 1996;
Chinnaiyan et al. 1996a; Fernandes-Alnemri et al. 1996;
Muzio et al. 1996; Srinivasula et al. 1996; Pan et al.
1997a; Vincenz and Dixit 1997). Delivery of these DED-
bearing caspase proenzymes to the DISC leads to their
proteolytic activation: The large/small subunit hetero-
dimer (which oligomerizes to form the active tetramer)
is released into the cytoplasm to incite the caspase cas-
cade while the prodomain remains transiently tethered
to the DISC (Boldin et al. 1996; Fernandes-Alnemri et al.
1996; Muzio et al. 1996). Disruption of this interaction
between FADD/MORT1 and these proximal caspases by
overexpression of a dominant negative FADD/MORT1
(lacking its DED and therefore unable to recruit caspase
proenzymes to the DISC) prevents apoptosis mediated by
death receptors (again, there are conflicting data with
regard to TRAIL-induced cell death) (Chinnaiyan et al.
1996a,c; Hsu et al. 1996; Marsters et al. 1996; Chaudhary
et al. 1997; Pan et al. 1997a,b; Schneider et al. 1997b;
Wajant et al. 1997; Walczak et al. 1997). In an entirely
analogous manner, the DD-containing RAIDD/CRADD
is targeted to the death domain of RIP in the ligand ac-
tivated TNFR1-TRADD-RIP complex. RAIDD/
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CRADD then recruits pro-caspase-2 to the DISC via
their respective CARD domains, an event that may lead
to caspase-2 proteolytic activation (Ahmad et al. 1997;
Duan and Dixit 1997). However, this interaction may
not be essential for death signaling by TNFa: Embryonic
fibroblasts derived from mice deficient in caspase-2
are no less sensitive to TNFa-induced apoptosis than
the corresponding fibroblasts from wild-type mice
(Bergeron et al. 1998). Hence, the TNFR1 signaling com-
plex (and possibly others) can simultaneously attract and
facilitate the proteolytic processing of multiple caspases,
some of which may be performing partly redundant
functions. Finally, an intracellular caspase activating ap-
paratus has been recently described: p28 Bap31 is an in-
tegral ER membrane protein that recruits pro-caspase-8,
Bcl-2/Bcl-x, and possibly Apaf-1 to form an ER-based
apoptosome-like complex (Ng et al. 1997; Ng and Shore
1998).

How, then, does the adaptor-mediated recruitment of
the pro-caspases to the DISC lead to their proteolytic
activation? Perhaps, binding of these pro-caspases to
their adaptors induces a conformational change that un-
masks their proteolytic activity, as was postulated for
Apaf-1-induced activation of pro-caspase-9. An alterna-
tive (but not mutually exclusive) hypothesis is that re-
cruitment of pro-caspases possessing minimal, but dis-
cernible, proteolytic activity to the DISC leads to a criti-
cal concentration of proteases in the local microen-
vironment that facilitates their intermolecular interac-
tion and subsequent activation (Nicholson and Thorn-
berry 1997; Martin et al. 1998; Muzio et al. 1998). This
hypothesis is supported by the observation that chemi-
cally induced dimerization of membrane-targeted pro-
caspase-8 resulted in its proteolytic autoactivation and
ability to induce apoptosis. In these experiments, dimer-
ization of a pro-caspase-8 fusion protein containing mul-
tiple FK506 binding sites in its prodomain (and a myris-
toylation motif for membrane delivery) was triggered by
the addition of an FK506 dimer (Muzio et al. 1998). Simi-
lar results were obtained by transfecting cells with a chi-
meric caspase-8 construct in which its prodomain had
been replaced with an amino-terminal CD8 dimerization
domain (Martin et al. 1998). Once activated, these DED-
bearing instigator caspases proteolytically activate (di-
rectly and/or indirectly) the downstream terminator
caspases (e.g., caspases-3 and -7) that are responsible for
executing the cell by cleaving key intracellular proteins;
caspase-9 may be an important intermediary in this pro-
cess (Pan et al. 1998). Moreover, these instigator caspases
may also directly or indirectly promote the cytosolic ef-
flux of cytochrome c from the mitochondria (see Fig. 1),
thereby further amplifying the death signal. Experimen-
tal evidence in support of their ability to function in this
capacity comes from the observation that caspase inhibi-
tors can block mitochondrial cytochrome c release in-
duced by Fas-ligation but not by staurosporine (Vander
Heiden et al. 1997). Finally, these upstream caspases
may themselves contribute directly to the structural dis-
mantling of the cell.

Like the mitochondrial cytochrome c-dependent path-
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way, the DISC recruitment pathway of caspase activa-
tion is regulated negatively by endogenous inhibitors.
An important clue to the existence of one such mamma-
lian inhibitor of death receptor-induced caspase activa-
tion and apoptosis came with the discovery of a family of
viral proteins that contain two DEDs (Bertin et al. 1997,
Hu et al. 1997; Thome et al. 1997). These viral proteins
disrupt the recruitment of pro-caspases-8 and -10 to the
DISC by competing with these caspases for binding to
the DED of FADD/MORTZ,; viral subversion of this
critical step in caspase activation prevents apoptosis of
host cells, thereby enabling continued viral replication
(for review, see Thompson 1995). Shortly thereafter, a
homologous mammalian DED-containing protein was
identified by several groups and variously named FLIP/
Casper/I-FLICE/FLAME-1/CASH/CLARP/MRIT (here-
after referred to as FLIP). FLIP is expressed in mamma-
lian cells as two alternatively spliced messages. The
FLIPg protein contains two amino-terminal DEDs and
structurally resembles the viral DED proteins. FLIP,
contains a carboxy-terminal domain beyond these two
DEDs and resembles caspases-8 and -10 in its overall
structure. In contrast to these caspases, however, FLIP_
is devoid of protease activity, presumably because it
lacks several strictly conserved residues that are essen-
tial for caspase proteolysis, including the catalytic Cys
residue (Irmler et al. 1997b; Goltsev et al. 1997). Al-
though transient overexpression of FLIP, has been re-
ported to inhibit death receptor-mediated apoptosis in
some situations (Goltsev et al. 1997; Hu et al. 1997; Irm-
ler et al. 1997b; Srinivasula et al. 1997) and to induce cell
death in others (Irmler et al. 1997b; Goltsev et al. 1997;
Inohara et al. 1997; Han et al. 1997), stable overexpres-
sion of FLIP, or FLIPg (resulting in less dramatic eleva-
tions in protein levels) protected cells against death re-
ceptor-induced apoptosis (Irmler et al. 1997b). Further
evidence that FLIP normally antagonizes rather than pro-
motes apoptosis comes from the observation that FLIP is
overexpressed in human metastatic melanomas and in T
lymphocytes during the initial response to mitogen
stimulation; these cells are resistant to Kkilling by Fas
ligation (Irmler et al. 1997b). Several studies, but not all,
have demonstrated that FLIP (both isoforms) can bind to
FADD/MORT1, caspase-8, and caspase-10 via DED-me-
diated homophilic interactions (Goltsev et al. 1997; Han
et al. 1997; Inohara et al. 1997; Irmler et al. 1997b). Like
their viral counterparts, both FLIP, and FLIPg displace
caspases-8 and -10 from the DISC by competing for bind-
ing to FADD/MORTY1, thereby preventing the initiation
of the caspase proteolytic cascade. In addition, FLIP_
may directly inhibit caspase-8 by forming catalytically
dead heterodimers or by functioning as a pseudosub-
strate inhibitor (Irmler et al. 1997b). Consistent with its
mechanism of action, FLIP does not inhibit apoptosis
induced by stimuli that signal through pathways other
than death receptors, such as staurosporine or UV-irradia-
tion (Irmler et al. 1997b; Srinivasula et al. 1997).

Another mechanism for inhibiting death receptor-in-
duced caspase activation is illustrated by the decoy re-
ceptors for TRAIL. In contrast to the death signaling re-
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ceptors for TRAIL, these decoy receptors either lack a
cytoplasmic tail and consequently have no death domain
(TRID/DcR1/TRAIL-R3) or contain a nonfunctional,
truncated death domain (DcR2/TRAIL-R4) (Degli-Es-
posti et al. 1997; MacFarlane et al. 1997a; Marsters et al.
1997; Pan et al. 1997a; Schneider et al. 1997a; Sheridan et
al. 1997). Overexpression of these decoy receptors spe-
cifically inhibits TRAIL-induced apoptosis, presumably
by sequestering the TRAIL ligand away from its death
signaling receptors DR4 and DR5 and preventing DISC
formation. Indeed, the selective sensitivity of many tu-
mor cell lines to TRAIL-induced apoptosis may reflect
the loss of expression of these decoy receptors during
tumor progression/initiation (Pan et al. 1997a; Sheridan
et al. 1997). It remains to be seen whether this distinc-
tive strategy to influence the susceptibility of a given
cell to TRAIL-induced apoptosis has been deployed by
other death-signaling pathways.

In addition, recent findings suggest that Bcl-x, may
antagonize death receptor mediated-apoptosis by inhib-
iting a yet-to-be identified step downstream of caspase-8
activation (Boise et al. 1997; Martin et al. 1998; Medema
et al. 1998). Overexpression of Bcl-x, did not prevent
Fas-induced recruitment of pro-caspase-8 to the DISC or
its proteolytic activation, but did block activation of at
least some downstream effector caspases, loss of mito-
chondrial membrane potential, and cell death. Although
Bcl-x, inhibited apoptosis induced by microinjection of
proteolytically active caspase-8, its actions are likely to
be indirect because it neither interacted with caspase-8
nor inhibited its proteolytic activity. Hence, the precise
mechanism by which Bcl-x, interrupts death receptor
signaling after its initiation is unclear: these actions may
represent a new manifestation of one of Bcl-x,'s already
known biological functions or an entirely novel func-
tion. Nevertheless, these observations, if confirmed in
future studies, are singularly important. They suggest
that initiation of the caspase proteolytic cascade is not
sufficient to commit the cell to an apoptotic demise be-
cause the cascade’s forward progress can be halted by
negative regulators.

Derailing death: endogenous mammalian caspase
inhibitors

As noted earlier, viruses have devised a number of self-
serving tactics to prevent the induction of apoptosis in
virally infected cells. For instance, the cowpox serpin
CrmA and the baculoviral p35 gene product are pseudo-
substrate inhibitors of one or more caspases: CrmA in-
hibits caspase-1 as well as caspase-8 and the structurally
unrelated serine protease granzyme B to a lesser extent,
whereas p35 is a more promiscuous, broad-spectrum
caspase inhibitor (Ray et al. 1992; Komiyama et al. 1994;
Bump et al. 1995; Bertin et al. 1996; Quan et al. 1996).
These viral gene products incapacitate proteolytically
active caspases by remaining tightly bound to the active
site following their proteolysis. In contrast, the baculo-
viral iaps, which can functionally compensate for p35
loss (Crook et al. 1993; Clem and Miller 1994), act up-
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stream of caspases to prevent their activation in insect
cells, rather than directly inhibiting catalytically active
caspases (Manji et al. 1997; Seshagiri and Miller 1997a).
They may act by a similar mechanism in mammalian
cells to prevent apoptosis induced by overexpression of
some pro-caspases, an event that likely requires the en-
dogenous proteolytic activation of the introduced proen-
zymes (Duckett et al. 1996; Hawkins et al. 1996). The
existence of these viral gene products that negatively
regulate caspases has led to an intense search for their
cellular origins. Although no mammalian genes with se-
guence homology to crmA or p35 have been identified, a
growing family of mammalian iaps has been delineated.
To date, this gene family includes naip, xiap/hilp/miha,
c-iapl/hiap-2/mihb, c-iap2/hiap-1/mihc, and survivin
(Rothe et al. 1995; Roy et al. 1995; Duckett et al. 1996;
Liston et al. 1996; Uren et al. 1996; Ambrosini et al.
1997). naip was cloned by virtue of its partial deletion in
a subgroup of patients with spinal muscular atrophy, an
autosomal recessive neurodegenerative disease likely
characterized by excessive apoptosis (Roy et al. 1995).
c-1AP1 and c-IAP2 were initially isolated by their inter-
action with TRAF-1 and TRAF-2 in the TNFR2 receptor
complex (Rothe et al. 1995); c-1AP1 is also recruited to
the DISC of TNFR1 by TRAF2 (Shu et al. 1996). Survivin
is commonly overexpressed in a number of human ma-
lignancies and may contribute to their resistance to
apoptosis (Ambrosini et al. 1997). Like the viral iaps,
these mammalian iaps all contain at least one amino-
terminal baculoviral IAP repeat (BIR); most contain two
or three such repeats (survivin has only one). In addition,
c-1AP1, c-IAP2, and XIAP (but not NAIP or survivin)
have a conserved carboxy-terminal RING finger, zinc-
binding domain characteristic of the baculoviral IAPs.
Overexpression of these mammalian IAPs confers resis-
tance to apoptotic cell death induced by a broad range of
stimuli (Duckett et al. 1996; Liston et al. 1996; Uren et
al. 1996; Ambrosini et al. 1997; Duckett et al. 1998);
protection against apoptosis requires the BIR domains
but not the RING finger (Duckett et al. 1998).

Recent studies have begun to elucidate the mecha-
nisms by which at least some of the mammalian 1APs
antagonize programmed cell death. XIAP is a potent, ac-
tive site-directed inhibitor of the effector caspases-3
(K; 00.7 nm) and -7 (K; 00.2 nwm), but does not inhibit
proteolytically active recombinant caspases-1, -6, or -8
(Deveraux et al. 1997). This inhibition is mediated by
XIAP’s BIRs: an XIAP protein containing only its three
BIRs also potently inhibited these caspases, whereas the
XIAP RING finger was impotent in this regard. XIAP
binds specifically to active caspases-3 and -7; it does not
bind to their proenzymes. In contrast to the viral caspase
inhibitors CrmA and p35, XIAP is not cleaved by these
caspases, indicating a distinct mechanism of inhibition.
XIAP also inhibits the proteolytic activation of pro-
caspase-3 in cell-free extracts and in Bax-transfected
cells, an effect that may reflect inhibition of an upstream
caspase (e.g., caspase-9) required for caspase-3 activation
and/or disruption of caspase-3’s ability to autoprocess
(Deveraux et al. 1997). c-IAP1 and c-lIAP2 also specifi-

GENES & DEVELOPMENT 1559


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 24, 2024 - Published by Cold Spring Harbor Laboratory Press

Cryns and Yuan

cally inhibit caspases-3 and -7 by a BIR-dependent
mechanism, although they are profoundly less potent
than XIAP (Roy et al. 1997). Curiously, NAIP (an IAP
with three BIRs but no RING-finger) does not inhibit
caspases-1, -3, -6, -7, or -8, suggesting that it exerts its
antiapoptotic actions through inhibition of other
caspases or by an entirely distinct mechanism (Roy et al.
1997). Taken together, these findings suggest that some
of the mammalian IAPs (especially XIAP) antagonize cell
death by acting as endogenous inhibitors of the caspase
terminators. As such, the level of their expression may
be a determinant of the cell’s sensitivity to apoptosis.
Currently, little is known about the regulation of expres-
sion of these proteins. Moreover, the mammalian 1APs
are likely to be multifaceted death antagonists. For in-
stance, c-lIAP2, a component of the TNFR1 signaling
complex, antagonizes TNF-induced apoptosis by pro-
moting the activation of the prosurvival transcription
factor NF-«kB (Chu et al. 1997). Furthermore, the exis-
tence of these (and other) inhibitors of activated effector
caspases may explain the puzzling observation that pro-
teolytically active caspase-3 can be found, at least tran-
siently, in viable, cytokine-activated T lymphoctyes
(Miossec et al. 1997). Hence, caspases may have impor-
tant cellular functions in addition to the execution of
apoptosis.

Another endogenous inhibitor of caspases is nitric ox-
ide (NO) and/or its reactive species, the enzymatic prod-
uct of multiple NO synthases (eNOS, nNOS, and iNOS)
(for review, see Mayer and Hemmens 1997). NO sup-
presses a diverse range of naturally occurring and in-
duced programmed cell deaths, although it has also been
linked to the induction of apoptosis in certain circum-
stances (Dimmeler and Zeiher 1997; Mannick et al.
1994, 1997). NO reactive products regulate the activity
of proteins by forming reversible thiol adducts (S-nitro-
sylation) (for review, see Stamler 1994). Recently, several
groups have demonstrated that NO species can S-nitro-
sylate the catalytic cysteine residue of multiple caspases
and thereby incapacitate their proteolytic activity;
caspase activity could be restored by the addition of
DTT, which removes the bound NO species (Kim et al.
1997b; J. Li et al. 1997; Mohr et al. 1997; Tenneti et al.
1997). Like the caspase inhibitor XIAP, NO also blocks
the proteolytic activation of pro-caspase-3 in vitro and in
vivo (Kim et al. 1997b). Hence, modulation of the endog-
enous production of NO, primarily through its inducible
synthase (iNOS), likely influences the cellular apoptotic
threshold by regulating caspase activity. Only time will
tell whether additional endogenous caspase inhibitors
exist, a plausible scenario given the untoward cellular
consequences of inappropriate caspase activation.

Death by cleavage

Following their meticulously guarded activation, the ter-
minator caspases initiate their deadly assault on the cell
by selectively cleaving a number of ‘““death substrates.”
Despite an impressively long list of substrates that are
proteolyzed by caspases during apoptosis (see Table 1),
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the mechanisms by which caspases execute the cell have
been entirely elusive until recently. For one thing, the
functional significance of the vast majority of these
cleavage events is unknown. For the proteolysis of a sub-
strate to contribute functionally to the demise of the
cell, it must be cleaved prior to the biochemical and
morphological manifestations of apoptotic cell death. In
addition, caspase-mediated cleavage must deregulate the
activity of its cellular target, either by activating a dor-
mant, proapoptotic protein or inactivating a protein nec-
essary for the cell’s structural integrity or survival. Fur-

Table 1. Caspase substrates cleaved during apoptosis

I. Substrates functionally linked to the induction of
apoptosis
A. Activation of dormant killers
PKC & and 6 (Emoto et al. 1995; Datta et al. 1997)
MEKK-1 (Cardone et al. 1997)
PAK2/hPAK®65 (Rudel and Bokoch 1997; Lee et al.
1997)
pro-caspases (for review, Fraser and Evan 1996;
Nicholson and Thornberry 1997)
B. Structural dismantling
nuclear lamins (Lazebnik et al. 1995; Rao et al. 1996;
Takahashi et al. 1996)
Gas2 (Brancolini et al. 1995)
gelsolin (Kothakota et al. 1997)
C. Elimination of death antagonists/disruption of the cell
death apparatus
Bcl-2 (Cheng et al. 1997)
Bcl-x, (Clem et al. 1998)
DFF-45/ICAD (Liu et al. 1997; Enari et al. 1998;
Sakahira et al. 1998)
p28 Bap31 (Ng et al. 1997)
1. Substrates of uncertain functional significance in
apoptosis
PARP (Lazebnik et al. 1994)
DNA-PKs (Casciola-Rosen et al. 1995; Han et al. 1996;
Song et al. 1996)
U1-70kD (Casciola-Rosen et al. 1994, 1996)
hnRP C1 and C2 (Waterhouse et al. 1996)
DSEB/RF-C140 (Ubeda and Habener 1997; Rhéaume et al.
1997)
Spl (Piedrafita and Pfahl 1997)
fodrin (Martin et al. 1995a; Greidinger et al. 1996; Cryns
et al. 1996; Vanags et al. 1996)
actin (Mashima et al. 1995; Kayalar et al. 1996)
keratins (Caulin et al. 1997; Ku et al. 1997)
FAK (Wen et al. 1997)
B-catenin (Brancolini et al. 1997)
D4-GDI (Na et al. 1996)
RB (Janicke et al. 1996; Tan et al. 1997)
PITSLRE Kkinase (Lahti et al. 1995; Beyaert et al. 1997)
PRK2 (Cryns et al. 1997)
phospholipase A, (Wissing et al. 1997)
IkB-a (Barkett et al. 1997)
rabaptin-5 (Cosulich et al. 1997)
MDM2 (Chen et al. 1997; Erhardt et al. 1997)
Huntingtin (Goldberg et al. 1996)
presenilins 1 and 2 (Kim et al. 1997a; Loetscher et al.
1997; Vito et al. 1997)
DRPLA (Miyashita et al. 1997)
SREBPs (Wang et al. 1996)
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thermore, inhibiting the proteolysis of a genuine death
substrate (by mutating the Asp residue at the caspase
cleavage site) should prevent one or more of the charac-
teristic features of apoptosis. Recently, a small number
of downstream caspase targets that meet these criteria
have been identified by a variety of approaches. Several
of these substrates have been isolated by systematic
strategies, including purification of specific protein ac-
tivities from cell-free apoptotic systems (Lee et al. 1997;
Liu etal. 1997; Enari et al. 1998; Sakahira et al. 1998) and
in vitro expression cloning approaches (Cryns et al. 1997;
Kothakota et al. 1997; Lustig et al. 1997). In the remain-
der of this section, we will examine how the coordinated
proteolysis of some of these substrates directly and un-
ambiguously implicates the caspases in the systematic
execution of the cell.

Several kinases, including PAK2/hPAK®65, PKC iso-
forms & and 6, and MEKK-1, are activated proteolytically
by one or more caspases during the induction of apopto-
sis (Emoto et al. 1995; Ghayur et al. 1996; Cardone et al.
1997; Datta et al. 1997; Lee et al. 1997; Rudel and Bokoch
1997). In each case, caspase cleavage removes an inhibi-
tory amino-terminal regulatory domain, thereby gener-
ating a constitutively active kinase. PAK2/hPAKGE5 is a
widely expressed member of the PAK (p2l-activated Ki-
nase) family of serine/threonine Kkinases that bind and
transmit signals from the p21 Rho family GTPases Racl
and Cdc42 to the actin cytoskeleton (Knaus et al. 1995;
Teo et al. 1995). Overexpression of the PAK2/hPAK65
carboxy-terminal kinase domain generated by caspase
cleavage induced cytoplasmic/nuclear condensation,
cellular detachment, and phosphatidylserine external-
ization, hallmark characteristics of apoptosis. Impor-
tantly, the induction of apoptosis in this setting was not
inhibited by peptide caspase inhibitors, consistent with
the hypothesis that kinase activation is downstream of
the caspases (Lee et al. 1997). A dominant-negative,
caspase cleavage-resistant PAK2/hPAK65 kinase, con-
taining amino acid substitutions at the caspase cleavage
and ATP-binding sites, delayed the induction of apopto-
sis as monitored by phosphatidylserine exposure (Lee et
al. 1997), whereas a dominant-negative PAK1 construct
(with its caspase cleavage site intact) delayed apoptotic
membrane blebbing (Rudel and Bokoch 1997). Similarly,
MEKK-1, the most upstream kinase in the JNK/SAPK
pathway, is cleaved and activated by caspases during
apoptosis induced by disruption of cellular contacts with
the extracellular matrix (Cardone et al. 1997). Ectopic
expression of the caspase-truncated kinase induces apop-
tosis, whereas the introduction of a mutant MEKK-1 re-
sistant to caspase cleavage suppresses cell death and
caspase-7 activation. The latter finding suggests a death-
amplifying loop in which caspases activate MEKK-1,
which in turn leads to the activation of other caspases
(Cardone et al. 1997). Furthermore, overexpression of the
activated kinase domains of PKC isoforms & and 6 cor-
responding to their caspase cleavage fragments (but not
the intact kinases) also induces apoptosis (Ghayur et al.
1996; Datta et al. 1997). Hence, kinases are important
downstream targets of the caspases whose proteolytic
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activation likely contributes broadly to the execution of
the cell. Although PAK2/hPAK65 and MEKK-1 activate
the JINK/SAPK pathway that has been implicated in
some apoptotic cell deaths (Xia et al. 1995; Chen et al.
1996; Verheij et al. 1996), the substrates of these Killer
kinases are largely unknown.

In addition to modulating the activity of key regula-
tory proteins such as kinases, caspases proteolyze a num-
ber of structural proteins. One such target is gelsolin, a
cytoskeletal protein that organizes the actin filament
network (Kwiatkowski et al. 1986). Gelsolin is rapidly
cleaved by a caspase-3-like protease during Fas- and
TNF-induced apoptosis to yield an amino-terminal
cleavage fragment that, unlike full-length gelsolin, is ca-
pable of disrupting actin filaments in the absence of
calcium and inducing apoptosis (Kothakota et al. 1997).
These actions of the proapoptotic gelsolin cleavage
fragment were not affected by caspase inhibitors: Once
gelsolin is cleaved, caspases are no longer required.
Moreover, neutrophils from gelsolin-deficient mice
were resistant to TNFa- and Fas-induced apoptosis, con-
firming that gelsolin cleavage promotes cell death
(Kothakota et al. 1997). Similarly, caspase cleavage of the
microfilament protein Gas2 leads to profound distur-
bances of the actin cytoskeleton, cellular rounding up,
and cytoplasmic condensation, thereby implicating its
proteolysis in these apoptotic events (Brancolini et al.
1995). In addition, the nuclear lamins, important struc-
tural elements of the nuclear envelope, are cleaved in
their conserved a-helical rod domain by caspase-6 during
PCD (Lazebnik et al. 1995; Orth et al. 1996; Rao et al.
1996; Takahashi et al. 1996). Introduction of caspase
cleavage-resistant lamins into cells prevents or delays
the appearance of many of the nuclear manifestations of
apoptosis, including chromatin condensation, oligo-
nucleosomal DNA fragmentation, and apoptotic body
formation (Rao et al. 1996). These observations indicate
that caspase cleavage of the nuclear lamins is linked
causally to the disassembly of the nucleus during apop-
totic cell death, and may facilitate DNA fragmentation
indirectly, perhaps by providing endonucleases access to
the nucleus.

Indeed, caspases play an essential role in the inter-
nucleosomal DNA laddering that typifies apoptotic cell
death by activating a latent, cytosolic endonuclease,
CAD (caspase-activated deoxyribonuclease) (Enari et
al. 1998; Sakahira et al. 1998). CAD is normally seques-
tered in the cytoplasm via its binding to an inhibitor
(ICAD/DFF-45), which suppresses its endonuclease
activity and conceals its nuclear localization signal (Liu
etal. 1997; Enari et al. 1998; Sakahira et al. 1998). ICAD/
DFF-45 is expressed as two alternatively spliced iso-
forms. The corresponding gene products both bind to
and inhibit CAD. During the induction of apoptosis,
ICAD/DFF-45 (both long and short forms) is cleaved and
inactivated by a caspase-3-like protease, thereby result-
ing in the activation of CAD, its nuclear translocation
and subsequent oligonucleosomal DNA fragmentation.
Of note, CAD may require additional cytosolic factors
to degrade DNA: It has yet to be demonstrated whether
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recombinant CAD has endonuclease activity. Overex-
pression of wild-type or caspase cleavage-resistant
ICAD/DFF-45 protects cells from apoptotic DNA frag-
mentation but does not prevent phosphatidylserine ex-
ternalization, mitochondrial injury, or cleavage of other
caspase targets, again indicating that ICAD/DFF-45 is
but one of several downstream caspase targets (Enari et
al. 1998; Sakahira et al. 1998). Nevertheless, this el-
egantly simple strategy directly couples caspase activa-
tion to DNA degradation, the details of which are cur-
rently being worked out.

Bcl-2 and Bcl-x, , two antiapoptotic Bcl-2 family mem-
bers, are also cleaved by caspases, at least during some
types of apoptotic cell deaths (Cheng et al. 1997; Clem et
al. 1998; Grandgirard et al. 1998). Both are cleaved in
their amino-terminal loop domains: Bcl-2 by a caspase-
3-like protease and Bcl-x, by a caspase-1-like family
member. Caspase cleavage generates a carboxy-terminal
fragment with radically different properties from their
full-length counterparts: They promote rather than an-
tagonize cell death. Furthermore, expression of mutant
Bcl-2 and Bcl-x, proteins resistant to caspase cleavage
conferred greater protection against apoptotic stimuli
than did the wild-type proteins. These findings suggest
that caspase cleavage of these antiapoptotic proteins
(with its consequent removal of their amino-terminal
BH4 domains) transforms them into killers. Interest-
ingly, death induced by overexpression of either the
Bcl-2 or Bcl-x, carboxy-terminal fragments is suppressed
by the broad-spectrum caspase inhibitor p35, thereby im-
plicating them in a death-amplifying loop in which
caspase cleavage of these Bcl-2 family members begets
more caspase activation, and so on. Hence, proteolytic
elimination of death antagonists may be a general theme
in apoptosis.

These studies, then, provide unequivocal evidence
that caspase-mediated proteolysis of specific intracellu-
lar targets is both necessary and sufficient to produce
many of the characteristic features of apoptosis. No
doubt, additional caspase targets (perhaps, even some
listed in Table 1) will be linked functionally to these
and other apoptotic events. However, a major challenge
will be to understand on a more detailed level how these
seemingly chaotic, multiple proteolytic events (exe-
cuted presumably by multiple caspases) collectively pro-
duce a very ordered series of cellular changes culminat-
ing in death. Moreover, it is unclear whether caspase
proteolysis is responsible for all aspects of apoptotic cell
death, or whether caspase-independent apoptotic phe-
nomena exist. Recent studies suggest that apoptosis
triggered by some stimuli (e.g., overexpression of pro-
apoptotic Bcl-2 family members) involves components
(membrane blebbing/permeability alterations, loss of
the mitochondrial membrane potential and generation of
reactive oxygen species) that are refractory to caspase
inhibition (Xiang et al. 1996; McCarthy et al. 1997). In
these settings, caspase inhibitors do not prevent cell
death; death proceeds in a delayed/atypical fashion.
These issues are not merely of academic interest, but
have a direct bearing on the potential efficacy of thera-
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peutic strategies designed to eliminate cell death by in-
hibiting caspases.

Future directions

The field of apoptosis research appears to be advancing
by an amplifying cascade of discoveries: One finding rap-
idly catalyzes another (and leads to the recruitment of
yet another investigator into the field). Nevertheless,
there are many gaps in our understanding of the molecu-
lar details of caspase activation and the multifaceted cel-
lular defenses against inappropriate activation of these
lethal proteases. Moreover, we have identified only a
limited number of functionally relevant downstream
caspase targets whose proteolysis ultimately Kills the
cell; the number and identity of additional such targets
has yet to be determined. Cleavage of each one of these
caspase substrates presumably deregulates signaling
pathways that contribute to one or more components of
apoptosis. However, for most of the substrates linked to
the execution of death, these subsequent events are en-
tirely unknown.

Given the likelihood that dysregulated apoptosis con-
tributes to many disease processes, caspase-directed
therapies may prove to be of clinical utility in a variety
of disorders (for review, see Thompson 1995; Nicholson
1996; Cryns and Yuan 1998). At least in principle, the
deficient cell death that characterizes cancer might be
corrected by the selective delivery of activated caspases
into neoplasms by gene therapy. In contrast, the exces-
sive cell death characteristic of neurodegenerative disor-
ders, strokes, and myocardial infarctions might be pre-
vented or attenuated by treatment with selective caspase
inhibitors. Indeed, several studies have demonstrated
that pre- or early treatment of animals with peptide
caspase inhibitors can dramatically reduce brain infarcts
induced by middle cerebral artery occlusion (with or
without reperfusion) and improve neurologic outcome
(Loddick et al. 1996; Hara et al. 1997). However, the
therapeutic window appears to be quite short: Treatment
initiated even 1 hr after the onset of reperfusion provided
no significant protection (Hara et al. 1997). Similar stud-
ies in an animal model of myocardial infarction revealed
less striking effects despite an almost fourfold reduction
in the number of apoptotic myocytes (Yaoita et al. 1998).
Finally, neuronal expression of a dominant negative
caspase-1 transgene confers resistance to focal cerebral
ischemia and delays the progression of neuromuscular
weakness and death in SOD-1 transgenic mice (Fried-
lander et al. 1997a,b). Taken together, these findings sug-
gest that caspases may, indeed, prove to be important
therapeutic targets, particularly with the advent of po-
tent, cell-permeable, nonpeptide inhibitors and improve-
ments in gene therapy. Nevertheless, it remains to be
seen whether prolonged caspase inhibition will continue
to preserve the functional integrity of salvaged cells and
whether such inhibition does not, itself, result in adverse
consequences.
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Erratum

Genes & Development 12: 1551-1570 (1998)

Proteases to die for
Vincent Cryns and Junying Yuan

The authors have discovered an error on p. 1553, left column, second paragraph. The second sentence should read
“CED-3 and caspase-1, -2, -4, -5, -8, -9, -10, -11, and -12 all have long prodomains, whereas caspase-3, -6, and -7 have
short prodomains.”
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