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In order to eliminate cells that are redundant, damaged,
or infected, metazoan organisms have evolved the cell
suicide mechanism termed apoptosis (Kerr et al. 1972).
This genetic program is vital for normal development,
for maintenance of tissue homeostasis, and for an effec-
tive immune system. Not surprisingly therefore, its dis-
turbance is implicated in numerous pathological condi-
tions, ranging from degenerative disorders to autoimmu-
nity and cancer (Cory and Adams 2002; Cory et al. 2003).

The cell’s death throes are choreographed by a set of
previously dormant proteases, the caspases, which
cleave several hundred cellular substrates (Thornberry
and Lazebnik 1998). Two principal pathways to caspase
activation have been recognized. One is triggered by en-
gagement of so called “death receptors” on the cell sur-
face (Strasser et al. 2000; Ashkenazi 2002). The other, of
more ancient origin, is provoked by various forms of
stress, including inadequate cytokine support and di-
verse types of intracellular damage. During stress, the
cell’s decision on whether to invoke the suicide pro-
gram—*“to be or not to be”—rests primarily with the
Bcl-2 family. Its interacting opposing members integrate
developmental cues with the signals received from other
cells and assess intracellular damage to determine
whether to throw the caspase execution switch (Gross et
al. 1999; Cory and Adams 2002; Cory et al. 2003).

Early in stress-induced apoptosis of vertebrate cells,
the outer membrane of the mitochondria is permeabi-
lized, releasing cytochrome c and other death-promoting
proteins (Newmeyer and Ferguson-Miller 2003). Because
Bcl-2 can prevent this change, it has been widely as-
sumed that commitment to all forms of stress-induced
apoptosis, that is, all those regulated by the Bcl-2 family,
requires this step to initiate all relevant caspase activa-
tion, and hence that Bcl-2 and its anti-apoptotic relatives
function as guardians of mitochondrial integrity (Green
and Reed 1998; Gross et al. 1999; Wang 2001).

That viewpoint is challenged by recent findings. It will
be argued here that in stress-induced apoptosis, as in
death receptor signaling (Strasser et al. 2000; Ashkenazi
2002), caspases can be activated upstream or indepen-
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dently of mitochondria, and hence that the mitochon-
drial breach may often simply deliver the coup de grace
to a cell already on the path to death. A related theme is
that the Bcl-2 cohort must man checkpoints at several
sites in the cell. Finally, the vexed unresolved issue of
how the opposing factions of the Bcl-2 family govern
caspase activation is addressed.

The demolition machinery

Caspases are cysteine proteases that cleave after certain
aspartate residues (for review, see Thornberry and La-
zebnik 1998; Shi 2002). The dozen or so in each mammal
(Table 1) are expressed in most cell types, but to preclude
unwarranted cell death, each is maintained as a zymo-
gen. Before the “executioner” caspases (caspase-3,
caspase-6, and caspase-7) can attack their cellular sub-
strates, their zymogens must be proteolytically cleaved,
typically by “initiator” caspases such as caspase-8 and
caspase-9. Unlike the executioners, each initiator
caspase has a long pro-domain, and activation is trig-
gered by dimerization of the zymogen on a dedicated
adaptor or scaffold protein (Shi 2002; Boatright et al.
2003).

The death receptor pathway activates caspase-8—and
also caspase-10 in humans—via the adaptor protein
FADD (Fas-associated death domain; Table 1). Ligand-
induced aggregation of members of the tumor-necrosis
factor (TNF) receptor family such as CD95 (Fas; Strasser
et al. 2000; Ashkenazi 2002) attracts FADD, which re-
cruits procaspase-8 (or procaspase-10) molecules through
homologous death effector domains (DEDs). The prox-
imity of the zymogens promotes their dimerization and
subsequent autocatalysis (Boatright et al. 2003).

The stress pathway instead typically activates
caspase-9 via the scaffold protein Apaf-1 (apoptotic pro-
tease activating factor), which is related to the nematode
CED-4 and Drosophila Dark (for review, see Wang 2001;
Shi 2002). A conformational change in Apaf-1, induced
by cytochrome ¢ from damaged mitochondria, allows it
to recruit procaspase-9 via their homologous caspase re-
cruitment domains (CARDs) and to oligomerize into a
heptameric scaffold (Acehan et al. 2002). In the resulting
giant (~1 megadalton) “apoptosome”, caspase-9 is acti-
vated primarily by allosteric change and dimerization
rather than cleavage (Rodriguez and Lazebnik 1999;
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Table 1. Mammalian initiator and executioner caspases

Human Mouse Pro-domain Activators Established or proposed function
Initiators
casp 8 casp 8 DED FADD Death receptor signaling, cell proliferation
casp 10 none DED FADD Death receptor signaling
casp 9 casp 9 CARD Apaf-1/cyt ¢ casp 3/7 activation after mitochondrial stress
casp 1 casp 1 CARD Ipaf, ASC, inflammasome IL-1B/IL-18 maturation, apoptosis
casp 5% casp 11?2 CARD inflammasome IL-1B/IL-18 maturation, LPS stress
casp 4°
(casp 12)* casp 122 CARD TRAF-2, calpain ER stress
casp 2 casp 2 CARD DEFCAP, RAIDD Premitochondrial stress
Executioners
casp 3 casp 3 short casp 9,8, others? Cleavage of most apoptotic substrates
casp 7 casp 7 short casp 9,8, others? Cleavage of most apoptotic substrates
casp 6 casp 6 short casp 3,7 Lamin cleavage

Due to recent gene duplications, there is some uncertainty as to which of these genes are orthologs in human and mice. A cluster of
genes for caspl-casp5—casp4—{caspl2) resides on human chromosome 11922.3, but the last seems to have acquired inactivating
mutations (Fischer et al. 2002). The syngeneic mouse cluster is caspl-caspll~caspl2. Although casp4 could be the human homolog
of mouse casp 12, its nucleotide sequence is more similar to caspll (68 %) than caspl2 (57 %).

Boatright et al. 2003). The apoptosome then processes
caspase-3 and caspase-7, which initiate robust proteoly-
sis and free a dedicated DNase (CAD/DFF40) that dices
the chromatin (Enari et al. 1998). Although all stress-
induced apoptosis has been attributed to caspase-9 acti-
vation, it will be argued below that other initiator
caspases often participate, but first the protein family
that governs the stress pathways will be sketched.

The Bcl-2 family of apoptotic regulators

As reviewed recently (Gross et al. 1999; Cory and Adams
2002; Cory et al. 2003), the ~20 Bcl-2 family members in
mammals fall into at least three interacting groups (Fig.
1). All share at least one of four relatively conserved
Bcl-2 Homology (BH) domains. Bcl-2 and four relatives
(Bcl-x;, Bel-w, Al, and Mcl-1) promote cell survival, as
do the several homologs encoded by viruses (Cuconati
and White 2002). Two structurally distinct factions of
cellular relatives instead elicit cell death. The “multi-BH
domain” Bax, Bak, and Bok share three domains (BHI,
BH2, and BH3) with Bcl-2 and, judging by Bax, also have
a similar 3D structure, namely a globular bundle of a-he-
lices with a hydrophobic surface groove (Fesik 2000; Su-
zuki et al. 2000). In contrast, the eight or more diverse
BH3-only proteins, such as Bim, Bad, and Bid, share only
the short BH3 interaction domain, which is necessary
and probably sufficient for their killing action. This am-
phipathic a-helix of ~16 residues binds to the hydropho-
bic surface groove of pro-survival relatives (Sattler et al.
1997; Liu et al. 2003). Both pro-apoptotic factions seem
to be required for launching apoptosis: the damage-sens-
ing BH3-only proteins primarily antagonize the Bcl-2-
like proteins (Huang and Strasser 2000), whereas either
Bax or Bak is essential downstream, probably in organ-
elle perturbation (Lindsten et al. 2000; Cheng et al. 2001;
Wei et al. 2001).

The association of Bel-2 family members with organ-
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elles is important to their function. Bcl-2 is found on the
cytoplasmic face of the outer mitochondrial membrane,
endoplasmic reticulum (ER), and nuclear envelope, and
its relatives either reside on one or more of these mem-
branes or congregate there during apoptosis (Hsu et al.

Bim, Bik, Bad, Puma,
Bid, Noxa, Hrk, Bmf

Bel-x., Bel-w, . Bak, Bok
A1, Mcl-1 s

.

b

initiator
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Figure 1. The three major mammalian factions of the Bcl-2
family. The BH3-only proteins (yellow) are essential initiators
of apoptosis that primarily antagonize their pro-survival rela-
tives (blue), whereas either Bax or Bak (red) is required down-
stream of Bcl-2. The notch on Bcl-2 represents the hydrophobic
groove to which a BH3-only protein attaches, and Bax has a
somewhat similar groove, into which its C terminus can curl.
Whether certain BH3-only proteins, such as Bid, can also acti-
vate Bax/Bak by direct binding is uncertain (see Fig. 4). Bax and
Bak probably indirectly promote caspase activation via mem-
brane perturbation, but whether Bcl-2 inhibits caspase activa-
tion entirely by preventing Bax/Bak activation is unclear. The
pro-survival homologs of Bcl-2 encoded by viruses (e.g., EIB
19K, EBV BHRF1) are reviewed elsewhere (Cuconati and White
2002). Other cellular proteins related to Bel-2 (Boo/Diva, Bel-G,
Bcl-B, Bfk, Bcl-Rambo, BNIP3, BNIP3L) are not shown, because
their function is not well understood; Blk (not shown) is now
considered the mouse ortholog of human Bik.



1997; Kaufmann et al. 2003). The hydrophobic C-termi-
nal domain on most family members helps target them
to organelle membranes (Kaufmann et al. 2003), but their
avidity for membranes is surprisingly variable. Whereas
Bcl-2 is an integral membrane protein even in healthy
cells (Janiak et al. 1994), Mcl-1 is cytosolic (Nijhawan et
al. 2003), and much of Bcl-w and Bcl-x;, like Bax, be-
comes tightly membrane-associated only after an allo-
steric change imposed by cytotoxic signals (Hsu et al.
1997; Wilson-Annan et al. 2003). Pertinently, like Bax
(Suzuki et al. 2000), the C-terminal tail of Bcl-w nor-
mally occupies the hydrophobic groove to which BH3
ligands bind (Hinds et al. 2003). Engagement by Bcl-w of
a BH3-only protein (or BH3 peptide) displaces the tail and
allows membrane association (Wilson-Annan et al.
2003). The varied membrane affinities of the pro-survival
proteins may be indicative of somewhat different func-
tions.

Bax and Bak appear to permeabilize the outer mito-
chondrial membrane, allowing efflux of apoptogenic pro-
teins (see below; Gross et al. 1999; Martinou and Green
2001; Newmeyer and Ferguson-Miller 2003). Whereas
Bax is predominantly a cytosolic monomer in healthy
cells, during apoptosis it undergoes conformational
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changes at both termini, translocates to the outer mito-
chondrial membrane, and oligomerizes (Hsu et al. 1997,
Antonsson et al. 2001; Mikhailov et al. 2001; Nechush-
tan et al. 2001). Bak is present in that membrane even in
healthy cells but also changes conformation and forms
larger aggregates (Griffiths et al. 1999; Wei et al. 2000;
Antonsson et al. 2001; Nechushtan et al. 2001). The Bax
and Bak homo-oligomers may coalesce into larger com-
plexes (Mikhailov et al. 2003). In vitro, Bax or Bak oligo-
mers can permeabilize mitochondria or protein-free lipo-
somes, allowing passage of cytochrome ¢ (Antonsson et
al. 2000; Saito et al. 2000) and even far larger molecules
(Kuwana et al. 2002), but the nature of the “pores” re-
mains controversial (Martinou and Green 2001; Kuwana
et al. 2002; Newmeyer and Ferguson-Miller 2003).

The mitochondrial ‘poison cabinet’

As illustrated in Figure 2, permeabilization of the outer
mitochondrial membrane releases several cytotoxins (for
review, see Wang 2001; Shi 2002), but whether any are
essential for apoptosis is not yet established. Although
cytochrome c activates Apaf-1, its absence only attenu-
ates apoptosis (Li et al. 2000). The released Diablo/Smac

Apoptotic cell

AlF
endo G

nucleus

Figure 2. The role of mitochondrial outer membrane permeabilization in apoptosis. In a healthy cell, the caspases are all present as
zymogens and the BH3-only proteins (BH3) are sequestered away from the Bcl-2-like pro-survival proteins (Bcl-2). After an apoptotic
signal, the freed BH3-only proteins associate with Bcl-2 on mitochondria, and the recruitment of Bax and Bak into oligomers on the
mitochondrial outer membrane then leads to its permeabilization. The released cytochrome c induces formation of the heptameric
“apoptosome” of Apaf-1 and procaspase-9 (c9), which activates caspase-3 (c3). The released Diablo/Smac and Omi/Htr2 incapacitate
the IAPs in the cytosol, whereas AIF and endonuclease G (endoG) enter the nucleus, where they may aid in DNA degradation.
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and Omi/HtrA2 prevent the inhibitor of apoptosis pro-
teins (IAPs) from inhibiting the activity of processed
caspases, but apoptosis is unaffected by loss of Smac/
Diablo (Okada et al. 2002), and although Omi/Htr2
might still block IAP action, inhibition of the IAPs does
not initiate apoptosis (Verhagen et al. 2000). The flavo-
protein AIF and endonuclease G have been proposed to
contribute to a “caspase-independent” cell death path
involving chromatin condensation and large-scale DNA
degradation (Penninger and Kroemer 2003). However,
programmed cell death is retained in mice with minimal
ATF activity (Klein et al. 2002). Moreover, the proposed
nucleolytic role of AIF and endonuclease G needs further
analysis, because all chromatin fragmentation was found
to be entirely dependent on caspase-activated DNase
(CAD) in one study (Kawane et al. 2003), albeit not in
another (Samejima et al. 2001). In any case, cells unable
to degrade their genome still undergo apoptosis and
phagocytosis (Kawane et al. 2003).

The well studied invertebrate models for cell death
provide little support for the view that mitochondrial
disruption is required for apoptosis. Cytochrome c is
most unlikely to have an apoptotic function in Cae-
norhabditis elegans: It does not activate the scaffold pro-
tein CED-4, which lacks the inhibitory WD40 repeats it
targets in Apaf-1. More surprisingly, although the Dro-
sophila Apaf-1 has WD40 repeats, apoptosis in flies also
seems not to require cytochrome c release (Dorstyn et al.
2002; Zimmermann et al. 2002). Moreover, although IAP
antagonists (e.g., Reaper) are critical in fly apoptosis
(Martin 2002), none reside in mitochondria. Even though
nematode mitochondria do contain endonuclease G and
ATF orthologs, which may work together, their down-
regulation merely delays cell death (Parrish et al. 2001;
Wang et al. 2002), and AIF release from mitochondria
appears to require caspase activity in both worms (Wang
et al. 2002) and mammals (Arnoult et al. 2002).

Amplification role of the apoptosome

The bedrock of the case for mitochondrial control of
mammalian apoptosis has been that holo-cytochrome c,
present only in mitochondria, is an essential cofactor for
Apaf-1-mediated activation of caspase-9 and thence
caspase-3 (Li et al. 1997; Wang 2001). But does the apop-
tosome account for all stress-induced apoptosis, that is,
all apoptosis regulated by the Bcl-2 family? Initial reports
on mice lacking either Apaf-1 (Cecconi et al. 1998;
Yoshida et al. 1998) or caspase-9 (Hakem et al. 1998;
Kuida et al. 1998) supported that view: The mice died
near birth with enlarged brains, as do mice lacking
caspase-3, and apoptosis of several cell types was found
to be impaired in vitro. Recent findings, however, rule
out an essential role for Apaf-1 and caspase-9 in stress-
induced apoptosis of several cell types (Marsden et al.
2002). Unlike Bcl-2 overexpression or loss of Bim, the
absence of Apaf-1 or caspase-9 did not increase B or T
lymphocyte numbers in vivo, indicating that their devel-
opmentally programmed death continued unabated.
Moreover, in response to diverse insults against which
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Bcl-2 protects, lymphocytes lacking either Apaf-1 or
caspase-9 died at near normal rates and with all the hall-
marks of apoptosis. Indeed, even postmitotic neurons
that lack Apaf-1 die normally (Honarpour et al. 2001),
and a few Apaf-1~/~ mice become healthy adults (Honar-
pour et al. 2000).

Thus, in many cells, the apoptosome is dispensable for
stress-induced apoptosis. Since the level of total caspase
activity is markedly lower in its absence, the apopto-
some must be an amplifier of the caspase cascade rather
than a critical initiator of it (Marsden et al. 2002). Ap-
parently the amplification is more important for ensur-
ing the death of certain cell types (e.g., neuronal precur-
sors) than others (e.g., lymphocytes). Further evidence
that the Bcl-2 family has a broader role than preventing
apoptosome activation is that Bcl-2 can protect embry-
onic stem cells lacking Apaf-1 from stress-imposed death
(Haraguchi et al. 2000); that the deletion of lymphocytes
with self-reactivity requires the Bcl-2 antagonist Bim
(Bouillet et al. 2002) but not Apaf-1 (Hara et al. 2002); and
that fibroblasts lacking both Bax and Bak are much more
refractory to cytotoxic insults, including overexpression
of BH3-only proteins, than those lacking Apaf-1 or
caspase-9 (Cheng et al. 2001; Zong et al. 2001).

It has been argued that mitochondrial disruption is
required to activate the caspases initiating apoptosis, be-
cause synthetic caspase inhibitors blocked cell death but
not cytochrome c release (Kluck et al. 1997; Bossy-Wet-
zel et al. 1998), but other data demonstrate that the mi-
tochondrial breach can be triggered by caspases (Adrain
et al. 2001; Gao et al. 2001; Lassus et al. 2002; Marsden
et al. 2002). Thus, certain caspases may well be activated
at other sites in the cell.

Potential role of the ER in apoptosis

The endoplasmic reticulum (ER) is receiving increased
attention as a second compartment participating in
stress-induced apoptosis. In the ER, quality control
mechanisms ensure that only properly folded proteins
are passed along the secretory pathway. Stress to the ER
produced by disturbed glycosylation, misfolded proteins,
perturbed calcium homeostasis, or glucose deprivation
provokes the unfolded protein response, and persistence
of this response induces necrosis or apoptosis (Ferri and
Kroemer 2001; Kaufman 2002).

The ER is the major intracellular store of Ca>* ions;
their efflux from it is often associated with uptake into
mitochondria. The flux of Ca®>* ions has been implicated
in cell death, albeit often in conflicting findings. Al-
though Ca®* ions seem to signal between the ER and
mitochondria, whether or how this promotes caspase ac-
tivation is obscure (see below). One potential mediator of
Ca®* signaling is the Ca?*-binding annexin-5, recently
shown to be required for apoptosis in response to certain
insults (Hawkins et al. 2002). Because cells lacking an-
nexin-5 failed to release cytochrome ¢ from mitochon-
dria, and chelators of Ca** ions protected wild-type cells,
annexin-5 might transduce a critical Ca>* signal from the
ER needed for mitochondrial disruption.



Increasing evidence suggests that Bcl-2 functions on
the ER as well as mitochondria. Bcl-2 targeted specifi-
cally to the ER interrupted the cross-talk from the ER to
mitochondria produced by ER stress and certain other
stimuli (Hicki et al. 2000; Annis et al. 2001; Rudner et
al. 2001) and even prevented activation of Bax localized
to mitochondria, suggesting that Bcl-2 can control Bax
activation through an intermediate (Thomenius et al.
2008).

Either Bax or Bak is required for ER stress-induced ap-
optosis (Wei et al. 2001; Zong et al. 2001), and recent
findings suggest that both can function on the ER, where
they also reside in certain cells (Scorrano et al. 2003;
Zong et al. 2003). Bax and Bak are implicated in mobili-
zation of Ca®* from ER stores and its uptake into mito-
chondria (Nutt et al. 2002; Scorrano et al. 2003) and ap-
parently can function directly on the ER to promote
caspase-12 activation (Zong et al. 2003; see below). In-
deed, a full apoptotic response to certain cytotoxic
stimuli (e.g., etoposide) may require that Bax/Bak act
both in the ER to discharge Ca** ions and in mitochon-
dria to permeabilize its outer membrane (Scorrano et al.
2003; Zong et al. 2003). No escape of proteins from the
ER, however, has been reported. The cardiolipin in the
mitochondrial membrane may account for its greater
permeabilization by Bax (Kuwana et al. 2002).

Potential apoptotic roles of initiator caspases other
than caspase-9

Although stress-induced apoptosis does not always rely
on caspase-9 and the apoptosome (see above), caspase
activity does seem to be essential. The apoptosis of Apaf-
1-null hematopoietic cells was greatly retarded by a
broad-spectrum caspase inhibitor, and the activated
caspases detected included not only the executioner
caspase-7 but also caspase-1 and another presumptive
initiator with the size expected for processed caspase-11
or caspase-12, pointing to a novel apoptotic pathway in
which caspase-1 and probably other initiator caspases
directly activate caspase-7 (Marsden et al. 2002). In some
cells, caspase-2 is essential (Lassus et al. 2002), but no
single upstream initiator can have full responsibility, be-
cause apoptosis is not markedly impaired in mice lack-
ing any one of these caspases (see below). Hence, apopto-
sis may typically be initiated by several initiator
caspases acting redundantly, either upstream or indepen-
dent of mitochondria (Marsden et al. 2002). Their poten-
tial roles (Table 1) will be considered in turn, and their
intracellular locations are sketched in Figure 3.

Caspase-12

Mouse caspase-12 appears to have special roles at the ER.
It resides on the cytoplasmic face of the ER (Fig. 3) and is
activated by ER stress (Nakagawa and Yuan 2000; Na-
kagawa et al. 2000). Cells from mice deficient in caspase-
12 were partially resistant to ER stress-induced apoptosis
but still succumbed to other death stimuli. For example,
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their cortical neurons were somewhat refractory to amy-
loid-B protein but not to staurosporine or trophic factor
deprivation (Nakagawa et al. 2000).

Although ER disturbances can lead to mitochondrial
disruption (see above), some evidence may implicate a
path from the ER independent of mitochondria. Thus,
independently of Apaf-1, caspase-12 has been reported to
specifically activate caspase-9, which can then cleave
caspase-3 (Rao et al. 2002). Similarly, caspase-9 seems to
be required for the death induced by Sendai virus, but its
processing does not depend on Apaf-1, caspase-3, or
caspase-8 (Bitzer et al. 2002). Hence, in some circum-
stances, caspase-9 might be activated independently of
the apoptosome.

As no clear human ortholog of caspase-12 has been
identified (Table 1), it seems very likely that other ini-
tiator caspases, for example, perhaps caspase-8 (see be-
low) contribute to the ER stress response. Conversely,
caspase-12 can be activated by other stimuli, such as
serum starvation (Kilic et al. 2002) and the protein syn-
thesis inhibitor anisomycin (Hoppe et al. 2002). Interest-
ingly, these treatments produced large complexes of
caspase-3 or caspase-12 that lacked detectable Apaf-1
and hence might represent novel types of apoptosome
(Hoppe et al. 2002; Kilic et al. 2002).

How caspase-12 is activated is not known, although
activation of Bax/Bak on the ER membrane may be nec-
essary (Zong et al. 2003). It has been proposed that m-
calpain, a cysteine protease activated by calcium ions
(see above), processes procaspase-12 (Nakagawa and
Yuan 2000). Although this would potentially provide a
mechanism for coupling ER stress through Ca>* release
to caspase-12 activation, the evidence for m-calpain in-
volvement is very limited, and processing of other ini-
tiator caspases is not sufficient for their activation
(Boatright et al. 2003). TRAF2, a factor that associates
with death receptors, has also been reported to interact
with procaspase-12 and promote its self-processing (Yon-
eda et al. 2001).

Caspase-2

Whether caspase-2 has any significant role in apoptosis
has been unclear. In mice lacking caspase-2, the effects
on apoptosis were limited (Bergeron et al. 1998): oocytes
were more plentiful and proved refractory to cytotoxic
drugs, and B lymphoblasts were somewhat resistant to
granzyme B and perforin. With several stimuli, the death
of thymocytes and neuronal cells was unaffected
(O'Reilly et al. 2002). Significantly, however, in certain
cells, caspase-2 can initiate apoptosis upstream of mito-
chondria. In several transformed cell lines treated with
genotoxic agents, RNA interference (RNAi) to caspase-2
or Apaf-1 showed that apoptosis required both proteins
(Lassus et al. 2002). Caspase-2 must act upstream, be-
cause it was required for Bax translocation to mitochon-
dria and cytochrome c release (Lassus et al. 2002; Rob-
ertson et al. 2002). Although caspase-2 apparently cannot
process other caspases (Van de Craen et al. 1999; Guo et
al. 2002), like caspase-8 it can cleave Bid and hence may
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Figure 3. The location of caspases and their major regulators. Caspase-2 is found in the nucleus and Golgi (not shown) and caspase-12
is found on the ER membrane, but the other initiator caspases (caspase-1, caspase-8, caspase-9, and caspase-11) and the executioner
caspases—caspase-3, caspase-7, and caspase-6 (not shown)—are cytosolic. Bcl-2 family members either reside on the mitochondrial,
ER, and nuclear membranes or congregate there during apoptosis. Caspase-8, which is activated by FADD on receptors of the TNF
receptor family such as CD95 (Fas), directly activates caspase-3 but can also process Bid and thereby elicit mitochondrial damage.
Caspase-9 is activated predominantly on the apoptosome after mitochondrial permeabilization (see Fig. 2). Caspase-12 may be acti-
vated via a Ca>*-mediated signal from the ER, and Ca®* ions and annexin-5 may convey signals from the ER to mitochondria. Previous
suggestions that a proportion of certain caspase molecules are located within mitochondria have been strongly challenged (van Loo et
al. 2002).

initiate mitochondrial disruption either through activa-
tion of Bax via truncated Bid (tBid), or by cleaving an

unkn

own protein on the membrane (Guo et al. 2002).

Caspase-2 activation is not well understood. Because
its CARD can self-associate, caspase-2 could be activated
simply by release from an inhibitor (Butt et al. 1998). In
incubated cell extracts, active caspase-2 is found in a large

(>700
2002)
tion,
Nac),
caspa
gion,

kD) complex of unknown composition (Read et al.
. If a scaffold protein is involved in caspase-2 activa-
one interesting candidate is DEFCAP (Nalpl/Card7/
which has a CARD that interacts with that of pro-
se-2, a nucleotide-binding domain, a leucine-rich re-
and an N-terminal pyrin domain (Hlaing et al. 2001).

Alternatively, a potential adaptor is RAIDD/CRADD
(Duan and Dixit 1997; Shearwin-Whyatt et al. 2000).
A puzzling feature of caspase-2 is its unique localiza-

tion |

Fig. 3), predominantly in the nucleus and the Golgi

(O’Reilly et al. 2002). Perhaps the nuclear localization

hints

at a special role for caspase-2 in the response to

DNA damage. It has been argued that caspase-2 could
trigger apoptosis directly from the nucleus, perhaps by
cleaving a substrate like Bid, which is small enough to
diffuse through the nuclear pores (Paroni et al. 2002).

2486

GENES & DEVELOPMENT

Caspase-1 and caspase-11

Caspase-1 and caspase-11 of mice, like the corresponding
human caspase-1 and caspase-5, are encoded by adjacent
genes within a small cluster (Table 1). Their primary
function is thought to be processing the precursors of the
inflammatory cytokines IL-18 and IL-18. Mice lacking
either caspase develop normally but cannot make the
mature cytokines and are highly resistant to septic shock
(Kuida et al. 1995; Li et al. 1995). Certain observations,
however, hint at roles in apoptosis. When caspase-11 is
induced by lipopolysaccharide (as is human caspase-5),
it contributes to the activation of caspase-3 and
caspase-7 as well as caspase-1 (Kang et al. 2002), and
caspase-1 can also process the executioner caspases in
vitro (Van de Craen et al. 1999). Furthermore, oligoden-
drocytes lacking caspase-11 are somewhat refractory
to cytotoxic cytokines (Hisahara et al. 2001), neutrophils
lacking caspase-1 die more slowly in culture (Rowe
et al. 2002) and, as noted above, dying Apaf-1-null hema-
topoietic cells contain active caspase-1 (Marsden et al.
2002).

The apoptotic potential of caspase-1 has been ex-
ploited by pathogens. The invasin proteins of Shigella



(IpaB) and Salmonella (SipB) trigger apoptosis in macro-
phages by binding to procaspase-1 and promoting its self-
processing, and the ensuing rapid cell death requires
caspase-1 (Hilbi et al. 1998; Hersh et al. 1999). SipB also
activates caspase-2, which seems to drive the somewhat
slower death of macrophages lacking caspase-1 (Jesen-
berger et al. 2000).

In uninfected cells, how caspase-1 might be activated
for apoptosis is unclear. If a scaffold similar to Apaf-1 is
required, the best current candidate is Ipaf (Card12/Clan;
Poyet et al. 2001); as well as a CARD that interacts with
that of Apaf-1, Ipaf has a nucleotide-binding domain and
a C-terminal leucine-rich regulatory domain, removal of
which induces caspase-1-dependent apoptosis. Alterna-
tively, caspase-1 might be activated by the adaptor pro-
tein ASC (Pycard/Tms1), which has both a CARD and a
pyrin domain (Srinivasula et al. 2002), or by a more com-
plex scaffold involving several proteins, akin to the pro-
posed “inflammasome”, in which human caspase-1 and
caspase-5 are bridged by two proteins with both CARD and
pyrin domains (Martinon et al. 2002). Different activators
might target caspase-1 for inflammatory or apoptotic duty.

Caspase-8

Caspase-8 and its adaptor FADD are required for the ap-
optosis elicited by all death receptors (Strasser et al.
2000; Ashkenazi 2002). Once activated, caspase-8 can
initiate robust proteolysis in many cell types (e.g., lym-
phocytes) by directly processing caspase-3 (Fig. 3). Alter-
natively, in certain cell types (e.g., hepatocytes),
caspase-8 acts in addition by cleaving Bid (Yin et al.
1999), which can then promote mitochondrial permeabi-
lization (see below) and thus caspase-9 activation (Fig. 3).
The physiological significance of this alternative path-
way is uncertain, however, because loss of Bid does not
disturb tissue homeostasis (Yin et al. 1999), and neither
Bcl-2 overexpression in lymphocytes (Strasser et al.
1995) nor loss of both Bax and Bak in fibroblasts (Wei et
al. 2001) impedes the killing elicited by death receptors.

Although cells lacking caspase-8 or FADD function
are refractory to death receptor engagement, they die
normally with every other type of cytotoxic insult so far
tested (Newton et al. 1998; Varfolomeev et al. 1998; Sal-
mena et al. 2003). It is therefore tempting to regard the
FADD-caspase-8/10 pathway as dedicated entirely to
death receptor responses. A redundant role in some
forms of stress-induced apoptosis, however, cannot be
entirely ruled out. Indeed, some results implicate
caspase-8 as well as caspase-12 in apoptosis induced by
ER stress (Breckenridge et al. 2003; Jimbo et al. 2003;
Yamaguchi et al. 2003).

Interplay of Bcl-2 family members in commitment
to apoptosis

The roles of opposing Bcl-2 family members in tissue
homeostasis have been established genetically (Cory et
al. 2003). For example, in the lymphoid compartment,
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excess cells result from overexpression of Bcl-2, loss of
the BH3-only protein Bim (Bouillet et al. 1999), or elimi-
nation of both Bax and Bak (Lindsten et al. 2000; Rath-
mell et al. 2002). Hence, at least in those cells, Bim,
Bcl-2, and Bax/Bak constitute a single essential pathway
to cell death (see below). Bim and other BH3-only pro-
teins clearly lie upstream of Bax/Bak, because they can-
not kill cells lacking both Bax and Bak (Cheng et al.
2001; Zong et al. 2001).

The BH3-only proteins trigger apoptosis in response to
developmental cues, insufficient trophic support, and in-
tracellular damage (Huang and Strasser 2000; Bouillet
and Strasser 2002; Puthalakath and Strasser 2002). In C.
elegans, the death of all 131 somatic cells fated to die
during development requires the BH3-only protein
EGL-1 (Conradt and Horvitz 1998). The eight or more
members in mammals (Fig. 1) allow more specialization.
For example, loss of Bim renders cells refractory to cy-
tokine deprivation, calcium flux, Taxol, and the T-cell
receptor signals that kill self-reactive lymphocytes, but
not markedly to y-irradiation (Bouillet et al. 1999, 2002.).
Conversely, the p53-induced Noxa and Puma may well
mediate the response to genotoxic damage, as demon-
strated for Puma in a cancer cell line (Yu et al. 2003)

Premature activity of the BH3-only proteins is pre-
cluded by diverse mechanisms (Bouillet and Strasser
2002; Puthalakath and Strasser 2002; Cory et al. 2003).
Whereas Noxa, Puma, Hrk/DP5, and EGL-1 are con-
trolled primarily at the transcriptional level, Bad is regu-
lated by its phosphorylation and sequestration by 14-3-3
proteins, and Bid by the need for cleavage to expose its
BH3 domain. Evidence that Bim and Bmf are normally
sequestered to the microtubules and actin cytoskeleton,
respectively, has led to the view that BH3-only proteins
can serve as sentinels for damage to particular intracel-
lular structures (Puthalakath et al. 1999, 2001).

How Bax and Bak are activated is uncertain. It has
been proposed that Bid activates Bax and Bak, as well as
inactivates pro-survival relatives (Desagher et al. 1999;
Gross et al. 1999; Wei et al. 2000). Cleavage of Bid, for
example by caspase-8, and myristoylation of its C-termi-
nal fragment (p15 tBid) promotes its migration to mito-
chondria (Li et al. 1998; Luo et al. 1998; Zha et al. 2000).
If Bak (or Bax) is present (Wei et al. 2000; Kuwana et al.
2002), tBid then triggers cytochrome c release and apo-
ptosis, apparently by inducing Bax and Bak to oligomer-
ize and breach membrane integrity. Any direct associa-
tion of tBid with them must be transient, however, be-
cause they do not colocalize on the membrane
(Nechushtan et al. 2001) and Bid is not usually detect-
able in Bax or Bak oligomers (Wei et al. 2000; Grinberg et
al. 2002), although it may bind weakly to Bak (Ruffolo
and Shore 2003). Whether tBid requires another mito-
chondrial protein to trigger Bax oligomerization is con-
troversial (Kuwana et al. 2002; Roucou et al. 2002).
Hence, it is not ruled out that tBid acts mainly by inac-
tivating pro-survival relatives, or by facilitating Bax/Bak
effects on the membrane without dimerizing with Bax or
Bak. In any case, Bid cannot be uniquely responsible for
Bax/Bak activation: Although the absence of Bid renders
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hepatocytes refractory to Fas-mediated apoptosis, it does
not noticeably affect tissue homeostasis (Yin et al. 1999)
nor impede stress-induced apoptosis (Wei et al. 2001).

Conceivably, the activation of Bax and Bak might nor-
mally be restrained by other proteins. Bax, for example,
might be sequestered in the cytosol of healthy cells by
one of several putative new binding partners (Guo et al.
2003; Nomura et al. 2003; Sawada et al. 2003). Similarly,
in healthy but not in apoptotic cells, a small proportion
of Bak molecules are bound to VDAC2, which forms a
pore in the mitochondrial outer membrane (Cheng et al.
2003). The physiological relevance of all these interac-
tions, however, remains to be established.

In principle, the different factions of the Bcl-2 family
could interact in several ways to set the threshold for cell
death (Fig. 4):

(A) Bcl-2 sequesters BH3 ligands from Bax/Bak. In this
model (Fig. 4A), the Bcl-2-like proteins principally cap-
ture activated BH3-only proteins, preventing their acti-
vation of Bax or Bak (Cheng et al. 2001; Zong et al. 2001).
For example, if a BH3-only protein can bind to Bax/Bak
but has a higher affinity for Bcl-2, it must titrate Bcl-2
before it can activate Bax. Some results with tBid may be
compatible with this model; for example, tBid, or a Bid
BH3 peptide, induced Bax to permeabilize protein-free
liposomes (Kuwana et al. 2002). Tellingly, however, no
binding to Bax is demonstrable with most BH3-only pro-
teins, particularly under conditions that avoid non-ionic
detergents, which are known to “open” the Bax structure
(Hsu and Youle 1998; Suzuki et al. 2000). Also, this
model predicts that the threshold for apoptosis would
fall with the concentration of Bcl-2-like molecules, but
cell death is not discernibly increased in mice retaining
a single allele of bcl-2, or of any of its homologs (Cory et
al. 2003).

(B) BH3-only proteins target Bcl-2 and ablate its inhi-

Cc

{2) »
‘I———CI—@ o

Bax/ Bax/
Bak Bak

Figure 4. Three models for the functional relationship of the
different factions of the Bcl-2 family. (A) A model in which the
BH3-only proteins (BH3) directly engage Bax/Bak, once they
have overwhelmed Bcl-2 and its pro-survival homologs. (B) A
model in which the BH3-only proteins (BH3) target only Bcl-2,
which prevents activation of Bax/Bak (either directly or indi-
rectly) until it is itself inactivated. (C) A model in which certain
BH3-only proteins (e.g., Bad) can engage only Bcl-2, whereas
others (e.g., tBid) can bind to both, so that both classes of BH3-
only proteins must be activated.
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bition of Bax. In this model (Fig. 4B), the BH3-only pro-
teins promote Bax activation only via their ability to
inactivate the Bcl-2-like proteins. Certainly, the known
BH3-only proteins (or BH3 peptides) do bind to the pro-
survival proteins, often with low nM affinity (Letai et al.
2002; Hinds et al. 2003). For example, the major isoforms
of Bim bind strongly to several Bcl-2-like proteins but
not discernibly to Bax (O’Connor et al. 1998). This model
also accounts for the widespread observation that Bcl-2
overexpression prevents activation of Bax and Bak.

(C) Certain BH3-only proteins activate Bax whereas
others inactivate Bcl-2. In this model (Fig. 4C), BH3-only
proteins of one subset, for example tBid, can directly
activate Bax/Bak but are first sequestered by Bcl-2, until
displaced by members of the second subset, for example
Bad, which bind specifically to the pro-survival proteins
with high affinity (Letai et al. 2002). This model arose
from evidence that a Bad BH3 peptide induced cyto-
chrome c release from mitochondria only in the presence
of tBid or a Bid BH3 peptide (Letai et al. 2002), but no
quantitative data on binding of BH3 peptides to Bax has
been reported. Also, in this model apoptosis would seem
to require activation of both the two proposed classes of
BH3-only protein, but single BH3-only proteins such as
Bad are a potent apoptotic stimulus (Cheng et al. 2001;
Zong et al. 2001).

Do the Bcl-2-like proteins function primarily by keep-
ing BH3-only proteins away from Bax and Bak, as might
be inferred from models A and C in Figure 4? That is
unlikely, because Bcl-w lacking only 10 C-terminal resi-
dues is biologically inactive, even though it still binds
BH3-only proteins avidly (Hinds et al. 2003). Moreover,
CED-9, the worm homolog of Bcl-2, does not function
merely by binding EGL-1 (see below). If it did, reduction
in that ability would impair its survival activity. Instead,
a point mutant of CED-9 with reduced affinity for EGL-1
has increased survival activity in the worm (del Peso et
al. 2000; Parrish et al. 2000). The apoptotic role of Bcl-
2-like proteins is therefore unlikely to be confined to
engaging BH3-only proteins. For the mammalian pro-
teins, one additional function clearly is preventing acti-
vation of the Bax-like proteins, but whether that in-
volves direct association is problematic, because inter-
action is wusually detectable only with detergent
conditions that alter the Bax structure (Hsu and Youle
1998). Interestingly, however, the viral Bcl-2 homolog
E1B 19K has been proposed to act entirely by sequester-
ing activated Bax (Perez and White 2000). The Bcl-2-like
proteins might act instead by sequestering a membrane
protein needed for Bax/Bak activation.

How might the Bcl-2 family control the activation
of caspases?

Nobel prize-winning genetic studies in C. elegans (Hor-
vitz 1999) laid the foundation for a simple protein asso-
ciation model for the survival function of CED-9 (Fig. 5).
In a healthy cell, both CED-9 and CED-4 reside on mi-
tochondria (Chen et al. 2000). CED-9 can bind CED-4
and thereby prevent it from activating the caspase CED-
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Figure 5. The sequestration model for pro-survival function in
the nematode C. elegans. The sole worm Bcl-2 homolog CED-9,
which resides on mitochondria, is proposed to sequester the
scaffold protein CED-4, preventing it from activating the
caspase CED-3. When EGL-1 is synthesized, it displaces CED-4
from CED-9, and CED-4 moves to the nuclear envelope and
presumably can then oligomerize and activate CED-3.

3. Cells fated to die synthesize EGL-1, which binds to
CED-9 and displaces CED-4 (Conradt and Horvitz 1998).
CED-4 then moves to the nuclear envelope (Chen et al.
2000), presumably in association with CED-3.

The evolutionary conservation of the cell death pro-
gram and the ability of human Bcl-2 to convey survival
in C. elegans (Vaux et al. 1992) argue that Bcl-2 should
function very similarly to CED-9 (Fig. 5). Hence, it has
been suggested (e.g., Hausmann et al. 2000; Strasser et al.
2000) that Bcl-2 might act, at least in part, by sequester-
ing a mammalian homolog of CED-4. That cannot be
Apaf-1, because Apaf-1 does not associate or localize
with Bcl-2-like proteins (Moriishi et al. 1999; Hausmann
et al. 2000). Several other mammalian proteins that re-
semble CED-4 are now known (see above), but none has
yet been reported to interact with Bcl-2.

Although the sequestration model is elegantly simple,
recent data in the worm indicate that it does not fully
account for CED-9 function. Significantly, neither re-
lease of CED-4 from CED-9 nor translocation of CED-4
to the nuclear envelope is sufficient for cell death (H.R.
Horvitz, pers. comm.). CED-9 must therefore have an
unknown survival function independent of CED-4 asso-
ciation. One potential clue is that, relative to Bcl-2,
CED-9 possesses an extra N-terminal domain that con-
tains two caspase cleavage sites required for its full sur-
vival function (Xue and Horvitz 1997). Hence, CED-9
might act as a pseudosubstrate and convey survival in
part by directly inhibiting CED-3 activity (Xue and Hor-
vitz 1997). CED-9 might also help to maintain mito-
chondrial integrity. Since there is no Bax ortholog in C.
elegans, that putative function presumably would be
mediated through its association with an unidentified
protein on the outer membrane.

For mammalian cells, the major gaps in current
knowledge also preclude a definitive model for the con-
trol of stress-induced apoptosis, but some possibilities
can be outlined. In a speculative model (Fig. 6), Bcl-2 not
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only interacts with BH3-only proteins but may also have
two effector functions. One is to prevent activation of
certain upstream initiator caspases, for example,
caspases-1 and 2, perhaps by restraining “caspase activa-
tors” such as their presumptive scaffold proteins, as
CED-9 is thought to do in the worm (Fig. 5). When these
caspases are activated, they may directly process effector
caspases such as caspase-7 and also promote organelle
perturbation by activating Bax and Bak, perhaps via
cleavage of Bid or proteins akin to it. The second postu-
lated effector function of Bcl-2, to prevent Bax and Bak
activation (Fig. 6), might be mediated by interaction with
them, although the evidence for direct association is
weak (Cory et al. 2003). Alternatively, Bcl-2 might con-
trol an unknown “Bax/Bak activator”, such as a mem-
brane protein that can facilitate Bax/Bak oligomeriza-
tion. Once Bax and Bak are activated, the model assumes
that they perturb not only the mitochondrial membrane
but also that of the ER. Their major function on the ER
may be the release of Ca*>* ions and activation of caspase-
12, paralleling their role in the release of cytochrome ¢

mitochondrion ER/nucleus

lcyt c lcaz*-

Figure 6. A speculative model for the control of caspase acti-
vation by the Bcl-2 family. Features of the model are that certain
initiator caspases (perhaps caspase-1 and caspase-2) are envi-
sioned to be activated upstream of organelle perturbation and
others (caspase-9 and caspase-12) downstream; that Bel-2 (and
its pro-survival relatives) are presumed to regulate the former
set fairly directly and the latter set by preventing Bax/Bak acti-
vation; and that Bax/Bak perturbs the ER/nuclear membrane as
well as the outer mitochondrial membrane. Whether the ER/
nuclear pathway predominantly functions independently of the
mitochondrion or acts mainly through it is uncertain. “BH3"”
denotes a BH3-only protein that engages a Bcl-2-like pro-sur-
vival protein; “tBid” indicates a molecule that, after caspase
cleavage, can activate Bax or Bak. Italics indicate the most
speculative features of the model, namely the putative activa-
tors of several caspases and of Bax/Bak.
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from the mitochondrion and the activation of caspase-9
(Fig. 2). Once the effector caspases have been processed,
they undoubtedly will disturb the organelles further.

Conclusions and conundrums

The findings reviewed here indicate that the regulation
of programmed cell death and stress-induced apoptosis is
likely to be much more complex than previously envi-
sioned. The notion that all forms of intracellular stress
governed by the Bcl-2 family rely upon mitochondrial
disruption and activation of caspase-9 on the apopto-
some now seems difficult to maintain. Rather than ini-
tiating the caspase cascade, in many cells the apopto-
some may primarily boost the total level of caspase ac-
tivity (Marsden et al. 2002). That elevation is
undoubtedly needed for the demise of certain cell types
but not for many others, presumably because the lower
levels generated by other pathways suffice.

Each of the initiator caspases clearly can trigger cellu-
lar demolition under certain circumstances, but identi-
fying the major physiological initiators will require more
genetic analysis. The best candidates seem to be caspase-
1, caspase-2, and caspase-12, but the very modest conse-
quences for apoptosis of disrupting the individual genes
suggests that several initiator caspases with largely re-
dundant function may be activated (Marsden et al. 2002).
Ablation of more than one initiator caspase will be re-
quired to test this hypothesis.

How the initiator caspases other than caspase-8 and
caspase-9 are activated is poorly understood. Although
candidate scaffold or adaptor proteins have been identi-
fied (Table 1), no gene knockout or other data yet incor-
porate them into a cytotoxic signaling pathway. Because
dimerization suffices for activation of initiator caspases
(Boatright et al. 2003), structures much simpler than the
heptameric apoptosome (Fig. 2) might be used. Some
very recent data implicate serine proteases at an early
stage of stress-induced apoptosis (de Bruin et al. 2003;
Egger et al. 2003).

In the Bcl-2 family network (Figs. 1, 4), the initiating
role of the BH3-only proteins seems accepted, but more
insight is needed into which stress signals each of these
proteins transduces, how each registers particular
stresses, and how their association with the Bcl-2-like
proteins cancels survival activity. For the pro-survival
family members, it would help to know whether their
interactions with the BH3-proteins are promiscuous or,
more likely, show some specificity, whether they con-
trol Bax activation by direct contact or through interme-
diates, and whether their survival function involves any
engagement of nonfamily members, as that of CED-9
does (Fig. 5). The essential role of Bax or Bak for apopto-
sis of many cells is established, but their activation re-
mains poorly understood; in particular, the issues of
whether it involves direct engagement by BH3-only pro-
teins (Fig. 4), whether other proteins sequester Bax in the
cytosol, and whether additional proteins on the mem-
brane facilitate or hamper Bax/Bak oligomerization re-
main controversial, as does the mechanism of mitochon-
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drial membrane permeabilization (Newmeyer and Fergu-
son-Miller 2003).

Increasing evidence implicates ER as well as mito-
chondrial disturbance in apoptosis. Although both Bcl-
2-like proteins and Bax and Bak probably function on the
ER (Fig. 3), the ER perturbation seems less dramatic: The
release of calcium ions is implicated, but their role in
apoptosis remains poorly understood. In addition to the
cross-talk between the ER and mitochondria, an inde-
pendent pathway from the ER to cell death may exist,
probably involving caspase-12 (Fig. 6; Zong et al. 2003).

The central question of how the Bcl-2 family governs
caspase activation remains largely a mystery. If Bax and
Bak do function by perturbing the ER and mitochondrial
membranes, the profound block to apoptosis in many
cell types that lack both these proteins argues that the
organelle perturbation is crucial. Hence, Bcl-2 might act
entirely by preventing perturbation of these organelles. If
so, Bcl-2 might not control the activation of certain up-
stream initiator caspases, just as it cannot prevent
caspase-8 activation by death receptors. On the other
hand, in C. elegans, which has no protein similar to Bax
or Bak, the Bcl-2 ortholog CED-9 seems to function in
part by more directly controlling caspase activation (Fig.
5). Hence, the Bcl-2-like proteins might block activation
of certain upstream caspases as well as prevent Bax and
Bak from disturbing the organelles and thereby inducing
the activation of additional initiator caspases (Fig. 6).

In the 15 years since the discovery of the survival func-
tion of Bel-2 (Vaux et al. 1988), an immense amount has
clearly been learned about its biological role, its many
relatives, and the caspase demolition machinery, and the
knowledge gleaned has opened the prospect of directly
targeting the apoptotic machinery for therapeutic benefit
(Cory and Adams 2002; Cory et al. 2003). Nevertheless,
central questions remain about how the interaction of
these remarkable networks controls the life and death of
cells.
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