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The enigma of caspase-2: the laymen’s view

G Krumschnabel*,1, B Sohm1, F Bock1, C Manzl1 and A Villunger*,1

Proteolysis of cellular substrates by caspases (cysteine-dependent aspartate-specific proteases) is one of the hallmarks of
apoptotic cell death. Although the activation of apoptotic caspases is considered a ‘late-stage’ event in apoptosis signaling, past
the commitment stage, one caspase family member, caspase-2, splits the cell death community into half – those searching for
evidence of an apical initiator function of this molecule and those considering it as an amplifier of the apoptotic caspase
cascade, at best, if relevant for apoptosis at all. This review screens past and present biochemical as well as genetic evidence for
caspase-2 function in cell death signaling and beyond.
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On the basis of structural and functional characteristics,
caspases involved in apoptosis are grouped into ‘initiator’
caspases, containing a long prodomain, such as the death
effector domain found in mammalian caspases-8 and -10 or
the caspase activation and recruitment domain (CARD) found
in caspases-2 and -9, as well as short prodomain containing
effector caspases-3, -6 and -7. Initiator caspases are
activated by autocatalytic processing, which is initiated upon
prodomain-dependent dimerization of zymogens at specific
activation platforms such as the ‘apoptosome’ or the ‘death-
inducing signaling complex’ (DISC).1 The number of sub-
strates cleaved by initiator caspases is thought to be limited to
themselves and downstream effector caspases. The BH3-
only Bcl-2 family member Bid appears to be the only
exception, as it can also be cleaved by initiator caspases, to
connect the extrinsic apoptotic pathway with the mitochondrial
apoptosis signaling pathway.2,3

A molecule at odds with current dogma is caspase-2 (earlier
synonyms Ich-1: ICE/CED-3 homolog 1 or Nedd-2, for neural
precursor cells-expressed, developmentally downregulated),
the most conserved caspase across species, sharing 55%
similarity with Caenorhabditis elegans caspase Ced-3.4–6 On
the one hand, the predicted cleavage specificity of caspase-2
appears to place it more closely to effector caspases-3
and -7.7 On the other, caspase-2 contains a long CARD

prodomain, through which it can interact with adaptor
proteins, which is typical for initiator caspases. Overall,
biochemical analysis supports a role of caspase-2 as an
initiator caspase, but many contradictory findings render the
exact function of this enzyme unresolved. In this review, we
aim to give an overview on the steadily growing body of
literature about this enigmatic enzyme, aiming to provide a
synopsis on the present knowledge and to point out important
aspects that still need to be tackled in future research.

Activation and Processing of Caspase-2

During apoptosis induction, caspase-2 is thought to be
activated by CARD-mediated, dimerization-induced intrasu-
bunit cleavage (@D333) and subsequent removal of the
prodomain (@D169) as well as of the linker region (@D347),
connecting its large p19 subunit with the small p12 fragment.
In addition to these cleavage site residues, it was found that
cystein C320 in the catalytic site is critical for autoprocessing
of the protein.8,9 Consistent with the ‘initiator’ status of
caspase-2, a D333G mutant that remains a monomer,
according to the examination by gel filtration, has no
enzymatic activity in fluorescence substrate assays.9 In
contrast, other mutations that prohibit processing, but not
dimerization, retain catalytic and apoptosis-inducing activity,
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including a C436G mutant,9 which prevents the formation of the
unique disulfide bond between two caspase-2 monomers.10

Although caspase-2 can form a stable dimer in solution, this
may not be sufficient for full activation that may depend on
specific activation platforms, which is analogous to the
activation of initiator caspases-9 or -8.11,12 The fact that
caspase-2 is highly active and appears to autoprocess, even
when expressed without prodomain, is believed to be due to
self-association at high concentrations,9 and this has also been
documented for other caspases when bacterially expressed.13

When present at endogenous levels, however, it is believed
that the prodomain is essential for autoprocessing, which is
supported by the observation that caspase-3 may be converted
into an autoprocessing caspase with hugely enhanced killing
activity when fused to the prodomain of caspase-2.14 In

addition to activation by autoprocessing, several studies
showed that caspase-2 is readily cleaved by caspases-3, and
-8, and with less efficiency also by others.15–17 Taken together,
these experiments show that for activating caspase-2, and
initiator caspases in general, dimerization is the crucial
activation step and that, different from effector caspases, the
appearance of cleavage products in western blotting analysis is
not synonymous with their activation.

Interaction Partners of Caspase-2

The number of molecules reported to interact with caspase-2
through its prodomain has steadily increased in recent years,
suggesting the involvement of caspase-2 in different signaling
pathways (Figure 1). The first among these proteins was the

Figure 1 A summary of experimentally validated and suggested molecules involved in the control of expression and processing of caspase-2, and in the modulation of its
enzymatic activity. PKCK2, protein kinase CK2; CAMK2, calcium/calmodulin-dependent protein kinase 2; GMEB1, glucocorticoid modulatory element-binding protein 1;
cIAP1, cellular inhibitor of apoptosis protein 1; PIDD-CC, C-terminal fragment of p53-induced protein with a death domain; RAIDD, RIP-associated Ich-1/Ced-3-homolog
protein with a death domain; Ubc9, SUMO-conjugating enzyme 9; PACAP, pro-apoptotic caspase adaptor protein; DEFCAP-L, long isoform of death effector filament-forming
Ced-4 like apoptosis protein; ARC, apoptosis repressor with a CARD. ? signifies that the mechanism of interaction is unknown
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death adaptor molecule RAIDD/CRADD (receptor-interacting
protein (RIP)-associated ICH-1/CED-3 homologous protein
with a death domain; CASP2 and RIPK1 domain containing
adaptor with death domain),20,21 which has an N-terminal
CARD and a C-terminal death domain (DD). Through its
CARD, RAIDD/CRADD can bind to the CARD of caspase-2 by
homophilic interaction (as well as to that of the C. elegans
caspase Ced-3) that connects caspase-2 to different protein
complexes. One such DD-containing protein was found to be
RIP-1 kinase, which was in turn associated with TRADD
(tumor necrosis factor receptor-1 (TNF-R1)-associated DD
protein) and implicated a role for caspase-2 in TNF-R
signaling.20 However, although the association of this
complex could be documented upon overexpression, its
physiological relevance remains doubtful considering that
neither catalytically inactive caspase-2 nor dominant-negative
RAIDD constructs were able to block TNF-R1-induced cell
death,20 nor are cells from the relevant knock-out mice
resistant to killing by TNF.22 Nonetheless, some studies have
in fact indicated a role for caspase-2 in TNF-induced cell
death,23,24 but that may not require a physical association of
the protease with the receptor complex (see below). In
addition, a role for caspase-2 in non-apoptotic signaling
emanating from the TNF-R remains to be thoroughly
investigated.

Caspase-2 can also be recruited to the DISC upon Fas
ligation in human T- and B-cell lines, and this was reported to
associate with its activation.25 The DISC recruitment even
persisted in caspase-8-deficient cells but then caspase-2 was
no longer processed, suggesting its activation is a down-
stream event of apoptosis induction.25 In contrast, processing
of caspase-8 was independent from caspase-2, and thus the
significance of caspase-2 recruitment in this context remains
obscure. Furthermore, it should be noted that two other
studies detected no association of caspase-2 with the
DISC26,27 and overexpression of dominant-negative versions
of neither RIP-1 nor RAIDD, which may mediate the
recruitment of caspase-2 to death receptors (DRs), prevents
Fas-induced apoptosis in lymphocytes.28

The most prominent, although indirect, interaction partner
of caspase-2 is PIDD (p53-induced protein with a DD), which
together with RAIDD and caspase-2 forms the so-called
PIDDosome.29 This activating platform was found to self-
assemble upon co-incubating all three components in vitro (at
371C but not at 41C) as well as in various cell lines upon
overexpression, but seems to form even spontaneously upon
cell rupture. When the induction of enzymatic activity of
caspase-2 was examined, estimated from binding of b-VAD-
fmk (a biotinylated synthetic caspase inhibitor),30 it was found
that for activation by PIDD there was a strict requirement for
RAIDD, as RNA interference against RAIDD blocked cas-
pase-2 processing. Consistently, resolution of the crystal
structure of the PIDD DD and RAIDD DD complex indicated
that five C-terminal PIDD fragments (termed PIDD-CC),
seven RAIDD and seven caspase-2 molecules can form a
high-molecular-weight complex of B700 kDa.31 Thus, the
PIDDosome appeared to be the long-sought physiological
activation platform for caspase-2. However, the recruitment of
caspase-2 into a B700-kDa high-molecular-weight complex
was already reported earlier, but co-migration of RAIDD was

not detected in this study.32 Read and colleagues33 also
reported that they were unable to detect the caspase-2
complex formation in etoposide-treated HeLa cells, raising the
possibility that temperature shift-induced formation of cas-
pase-2-containing high-molecular-weight complexes may
differ in their composition from those that assemble during
apoptosis induction. It can be noted that caspase-2 knockout
mouse embryonic fibroblasts (MEFs) were only partially
resistant to PIDD overexpression, whereas RAIDD knockout
cells were fully protected, suggesting that PIDD can also
induce cell death independent of caspase-2.

A member of the mammalian Ced-4 protein family
named DEFCAP (death effector filament-forming Ced-4-like
apoptosis protein), also known as NALP1 (NACHT, LRR and
PYD domains-containing protein 1) or CARD7, identified in a
CARD-domain homology database search, is able to interact
with capsase-2.34 Similar to Apaf-1, DEFCAP has a nucleo-
tide-binding domain and a CARD, and both isoforms of the
protein identified, DEFCAP-L and DEFCAP-S, co-immuno-
precipitated with overexpressed caspase-2 or -9, but did not
bind to caspases-3, -8 and -10 or the adaptors FADD or
RAIDD. Overexpression of the long, but not the short, isoform
in MCF-7 cells induced moderate cell killing, which depended
on the presence of its CARD and could be inhibited by a pan-
caspase inhibitor.34 Its relation to caspase-2 activation has
subsequently not been followed up, whereas other studies
have identified it as a component of a protein complex
required for pro-interleukin-1b processing, the so-called
inflammasome, which contains caspase-1, -5, Pycard/Asc
and DEFCAP/NALP1.35 Interestingly, delayed caspase-1
processing has been reported in caspase-2�/� macrophages
infected with salmonella.36 This leaves us with the possibility
that caspase-2 may even be a modulator of inflammasome
activity, similar to caspase-11 or -12.37 Further support for this
idea can be found in the observation that caspase-2 is
recruited through its CARD to a complex with TNF-R-
associated factor 2 and RIP-1 kinase. This occurs in a
CARD-dependent manner, but does not require its proteolytic
activity and contributes to the activation of nuclear factor-kB
(NF-kB) and p38 mitogen-activated protein kinase.38 Size
exclusion chromatography indicated that this complex
again has an apparent molecular mass of approximately
670 kDa, similar to that of the PIDDosome (697 kDa31).
Subjecting caspase-2�/� mice to bacterial or viral infection
will help in determining the physiological relevance of these
observations.

A number of additional caspase-2-binding molecules have
been identified on the basis of protein–protein interaction
screens (Table 1). As their interaction with caspase-2 was
subsequently only observed upon overexpression, we will not
further speculate on their putative role, because some may be
experimental artefacts.

In summary, all these data suggest that caspase-2
becomes fully activated in a platform similar to the apopto-
some, but, so far, no evidence has been presented that the
activation of caspase-2 strictly depends on its recruitment into
such a complex. It is equally well possible that simple
dimerization of caspase-2, either due to an increase in local
protein concentration and/or due to post-translational
modification, can prompt its full activation.
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Fine-Tuning of Caspase-2 Activity

A unique feature of the PIDDosome is that its formation
appears to depend on the nature and the severity of the
proapoptotic stimulus. It was proposed that the PIDD-CC
fragment, generated by autoproteolysis (@S588) and capable
of interacting with RAIDD and caspase-2, is formed only when
cells are destined to undergo apoptosis, whereas the longer
PIDD-C fragment, also generated by autoprocessing
(@S446), is preferentially produced when cell repair mecha-
nisms are needed to be switched on in response to low-dose
DNA damage.41,42 How or if autoprocessing is fine-tuned
remains unclear at present. The cellular response may simply
depend on the relative expression levels of PIDD isoforms that
either possess or lack the critical cleavage site @S588
required for the formation of PIDD-CC.43

A more conventional way of keeping caspase-2 activity in
check is by inactivation due to phosphorylation at critical
residues (Figure 1). As shown in human cancer cell lines,
protein kinase CK2 (PKCK2) can phosphorylate caspase-2 at
serine-157, and this phosphorylation prevented dimerization,
processing and enzymatic activation of caspase-2.44 In
addition, after the induction of apoptosis by TRAIL (tumor
necrosis factor-related apoptosis-inducing ligand), but also in
response to DNA-damaging agents, PKCK2 activity was
inhibited, while in parallel caspase-2 activity was enhanced.44

Interestingly, the sequence around serine-157 in caspase-2 is
highly conserved in mammals, but not in chicken or Xenopus,
indicating that this specific mechanism is a rather new
evolutionary twist. In contrast, phosphorylation of caspase-2
at serine-135 by calcium/calmodulin-dependent protein
kinase II (CaMKII) is more conserved, as it was also detected
in extracts from Xenopus oocytes using either human or
Xenopus caspase-2.45 Whether this phosphorylation, similar
to that by PKCK2, prevented dimerization of caspase-2 was
not tested, but it clearly prohibited the CARD-dependent
interaction of caspase-2 with RAIDD, its processing and
enzyme activity and, importantly, caspase-2-dependent
apoptosis. Upon exhaustion of oocyte nutrients, CaMKII
activity was reduced, which resulted in a de-repression of
caspase-2 activity and developmentally triggered apoptosis.
Consistently, caspase-2�/� mice were reported to show

increased oocyte numbers. In this context, it is worth
mentioning that caspase-2 expression in various cell lines
was induced by lipid-lowering drugs through binding of sterol
regulatory element-binding protein at functional response
elements within the 50-flanking region of the caspase-2
gene,46 which led to the suggestion that caspase-2 may act
as a more general sensor of cellular nutritional status.

Recently, it was reported that, both in damaged and in
non-stimulated cells, a p53/p21-dependent pathway for the
repression of caspase-2 expression may exist.47 Although
this may seem counterintuitive for apoptotic cells, it
supposedly serves to inhibit caspase-2 activity under resting
conditions, and this block may be overcome once DNA
damage-induced p53 triggers transcription of PIDD.

A further proposed way of controlling caspase-2 activity is
differential expression of caspase-2L, referred to as caspase-
2, and caspase-2S.5 Caspase-2S is generated by the
inclusion of a 61-bp exon in the 30-region of caspase-2 pre-
mRNA, which causes a premature stop of translation and
production of a hypothetical 33 kDa isoform with anti-apoptotic
properties. Overexpression of caspase-2S was shown to
protect Rat-1 and NIH-3T3 cells against cell death induced by
serum withdrawal,5,48 and to delay occurrence of certain
apoptotic features, including processing of caspase-2L, in
etoposide or Fas-stimulated U937 human leukemic cells.
At first sight this may be explained by formation of inactive
caspase-2L/S heterodimers at the expense of pro-apoptotic,
active caspase-2L homodimers.49 However, mutation of the
active site cysteine prevented this protective effect, suggest-
ing that caspase-2S may even selectively process and
thereby activate a cytoprotective substrate. It was further
shown that relative expression levels of long and short isoform
mRNAs were differentially regulated by topoisomerase
inhibitors, causing an increase in caspase-2S mRNA,
whereas agents causing DNA damage by other means were
without effect.50–52 The control of transcription by topoisome-
rase inhibitors was in turn regulated in a cell cycle-dependent
manner by PKC-z,53 which is known to act cytoprotective in
various cell lines.54,55 However, until now no unequivocal
western blot analysis has shown the expression of caspase-
2S because its predicted mass is very close to that of
the intermediate cleavage product of caspase-2L, but

Table 1 Putative caspase-2 interaction partners of unknown significance

Interaction
partner

Identified by Interaction and effect References

DEFCAP CARD-domain homology
database search

Co-IP with caspases 2 and 9, but not caspases 3, 8 and 10, FADD,
RAIDD; overexpression of long isoforms induces CARD-
dependent killing; also a component of the inflammasome

Hlaing et al.34 and
Martinon et al.35

PACAP Y-2H screen Co-IP with caspases 2 and 9, but not caspases 3, 4, 7 and 8;
overexpression induces cell killing

Bonfoco et al.19

Cyclin D3 Y-2H screen Overexpression promotes caspase-2 expression and cleavage;
co-expression enhances cell killing by caspase-2

Mendelsohn et al.39

GMEB1 Y-2H screen Binds CARD of endogenous and overexpressed caspase-2; is
degraded during apoptosis; overexpression protects against
caspase-2 induced apoptosis

Tsuruma et al.18

SUMO, Ubc-9 Y-2H screen Binds CARD of caspase-2 and possibly affects localization Shirakura et al.40

DEFCAP, death effector filament-forming Ced-4-like apoptosis protein; GMEB1, glucocorticoid modulatory element-binding protein 1; PACAP, proapoptotic caspase
adapter protein; SUMO, small ubiquitin-like modifier; Ubc-9, SUMO-conjugating enzyme 9
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2D-electrophoresis or mass spectrometry analysis may help
to resolve that issue. Furthermore, caspase-2S mRNA was
shown to be very short-lived and may thus normally not be
expressed or only at very low levels.56 However, mRNA
encoding both isoforms has been detected readily in the
mouse brain.22 Interestingly, the developmental death of
facial motor neurons appeared temporarily enhanced in
caspase-2�/� mice, whereas factor deprivation-induced
apoptosis of sympathetic neurons from newborn mice was
normal. This suggests a protective role for caspase-2S in
neurodevelopmental apoptosis, whereas it may be redundant
once the central nervous system has been established. Taken
together, these data indicate that an inhibitory isoform of
caspase-2 can be expressed occasionally under certain
stress conditions, but may also be limited to specific cell
types such as neurons. Its mode of action remains to be
determined.

Proteasomal degradation of caspase-2 was reported to be
induced by the PKC inhibitor Rottlerin in HeLa and ovarian
cancer cells. This effect was apparently independent of kinase
inhibition but was considered to contribute to the anti-apop-
totic function of this drug.57 Finally, the small ubiquitin-like
modifier (SUMO) and the SUMO-conjugating enzyme 9
(Ubc-9), constituents of the PML-NBs(promyelocytic leukemia
nuclear bodies), were found to interact with caspase-2.40

Co-immunoprecipitation of overexpressed proteins and
microscopic co-localization of caspase-2 and SUMO at
PML-NBs corroborated this interaction. In fact, it was shown
that SUMO can be conjugated to a lysine residue within the
CARD of the protease (@K60), if caspase-2, SUMO and
Ubc-9 are co-transfected into 293T cells, and that endo-
genous sumoylated caspase-2 is detectable in human
neuroblastoma cells.40 As caspase-858 and caspase-759

may as well be sumoylated and in this form can locate to the
nucleus, the conjugation of caspase-2 may be important for
its subcellular localization (see below).

Subcellular Localization of Caspase-2: A Functional
Relationship?

One remarkable features of caspase-2 is that, different from
all other caspases, it can also be found constitutively in the
nucleus.60–62 This unusual subcellular distribution was origin-
ally believed to depend on a bipartite nuclear localization
signal (NLS) contained in the CARD of the prodomain,63,64 but
subsequent analysis showed that the NLS is contained in the
C-terminal linker of the prodomain.65 Formal evidence for this
was provided by showing that upon mutation of a single
conserved lysine residue in this region, caspase-2–GFP
(green fluorescent protein) fusion proteins no longer accu-
mulated in the nucleus, but aggregated in the cytoplasm.
Moreover, it was shown that caspase-2 is transported into the
nucleus through interaction of this NLS with the a/b-importin
heterodimer, which are constituents of the classical nuclear
import machinery. Somewhat surprisingly, the subcellular
distribution of caspase-2 was shown to be independent of its
state of processing, as a protease-dead mutant did not show
any localization difference compared with the wild-type
form.64 Interestingly, the capacity to enter the nucleus does

not correlate with its potency to kill cells when over-
expressed.65

It was noted that within the nucleus, caspase-2 often formed
dot-like aggregates or filaments,63,64 and generally the latter
are considered overexpression artefacts. However, at least
the former structures were supposed to colocalize with PML-
NBs (reviewed in more detail in Trends Biochem Sci 2007 of
Ref. 68).66 These structures are involved in numerous cell
functions, including DNA repair and apoptosis, are dynamic in
their composition and at least transiently they seem to contain
proteins that could interact with caspase-2.67 One such
protein, SP100, a protein involved in transcriptional regula-
tion, contains a putative CARD, by which it might bind to
caspase-2, although this has not yet been verified.68 In line
with such an interaction, no specific aggregates, but a rather
uniform distribution of caspase-2 across the nucleus was
observed upon transfection with a CARD-deficient caspase-2
construct.65 Interestingly, in 293 HEK and Jurkat T cells, all
caspases expressed as GFP fusions, with the exception of
caspase-2, showed exclusive or mainly cytoplasmic localiza-
tion.64 However, although localization of caspase-2 still
prevailed upon expression in other cell types, caspases-1
and -3 appeared to distribute between the cytoplasm and the
nucleus, suggesting either cell type specific differences
regarding this behavior or experimental artefacts, due to
overexpression.

Some early studies also suggested the existence of a
mitochondrial pool of caspase-2 (and also caspase-9).60,69

However, subsequent studies on three cell types and highly
purified mitochondrial preparations could not confirm these
findings neither under control nor under apoptotic condi-
tions.70 Nonetheless, given that caspase-2 is the only
caspase identified with a putative mitochondrial localization
signal,70 it appears too early to exclude this possibility.

A unique subcellular localization of caspase-2, not docu-
mented for any other caspase, is that at the Golgi complex. In
two studies, using a range of independently generated as well
as commercial antibodies, confocal scanning microscopy
indicated that, besides nuclear and cytoplasmic staining,
caspase-2 can specifically localized to Golgi-like structures
and in fact colocalizes with the Golgi membrane markers
giantin, golgin-16061 and b-coatomer protein.62 Although this
was only shown for HeLa cells in both studies, Golgi localization
was reportedly also seen in human keratinocytes and salivary
gland cells.61 Immunoblot analysis confirmed that a pool of
caspase-2 can be detected in membrane fractions enriched in
Golgi marker proteins. Closely related to this, one report
suggested the presence of caspase-2 at the endoplasmic
reticulum (ER), as detected by microscopy and cell fractiona-
tion.71 Considering the continuous trafficking between the ER
and the Golgi, both compartments may be similarly affected by
proapoptotic stimuli generally referred to as ER stress. As
several studies suggest caspase-2 to act as an initiator
caspase in this case (see below),72,73 its localization at the
ER and the Golgi would thus seem of physiological relevance. It
will be interesting to find out if possible activators such as PIDD
or RAIDD can also be found at such sites, or may translocate to
such sites in response to ER stress. So far, RAIDD has been
detected both in the cytosol and nucleus, where it co-localized
in nuclear dots with overexpressed caspase-2 in a
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CARD-dependent manner.74 Somewhat contradictory, both,
full length PIDD as well as the fully processed PIDD-CC
fragment, which is supposedly rate-limiting for caspase-2
activation, remained mostly in the cytosolic compartment even
upon induction of DNA damage.41,42 It can be noted that in
several cell types, caspase-2 remained mainly nuclear even
after inducing cell death or its translocation to the cytoplasm
occurred only late during apoptosis.75–77 Thus, neither
activators nor inhibitors restricted to the cytosol would be
functional. However, in some cell lines, early and stimulus-
specific nuclear–cytoplasmic translocation was observed,77

but, overall, it appears that a systematic approach is needed to
clarify the question where caspase-2 activation is first initiated
and whether cytosolic versus nuclear activation of caspase-2
has distinct requirements.

Can we Learn from Identifying Caspase-2 Substrates?

A common feature of caspases is that they cleave their
substrates next to an aspartate residue at a specific recognition
sequence of four amino acids, an exception being again
caspase-2, which requires a motif of five amino acid residues
for optimal cleavage.78,79 In two seminal papers, it was shown
that the preferred substrate for caspase-2 should contain the
sequence VDVAD,78,79 but unfortunately artificial substrates
based on this pentapeptide are equally well processed by
caspases-3 and -7.80 In line with this, immuno-depleting cell
extracts of caspase-2 did not significantly reduce its VDVA-
Dase activity, indicating that the main share of this protease
activity can in fact be attributed to other caspases. Along that
line, we observed that VDVADase activity in caspase-2�/� cell
extracts is comparable with that observed in wild-type extracts
(GK and AV, unpublished). Similarly, the VDVAD-based
inhibitors available are not at all selective for caspase-2,80,81

and caspase-2 was also found to be insensitive to inhibitor of
apoptosis proteins-mediated caspase inhibition,3,82 although

one study suggested sensitivity to cIAP-1 (cellular inhibitor
of apoptosis protein 1).83 Thus, it is has proven notoriously
difficult to detect proteins that are bona fide caspase-2
substrates. In summary, experiments using VDVAD-
based compounds as substrates or inhibitors to determine
caspase-2 activity in cells or extracts that contain other
caspases do not allow any conclusion about the involvement
and/or hierarchical position of this protease in a given signaling
pathway.

Nevertheless, from presumed context-specific activation
of the protease and from in vitro cleavage of proteins
by recombinant caspase-2, a few substrates have been
identified (Table 2), the probably most important one being
the proapoptotic BH3-only protein Bid. This well-established
caspase-8 substrate3,4 couples the extrinsic and intrinsic
apoptotic pathways and upon cleavage to its truncated form
tBid, translocates to the mitochondria and participates
in the mitochondrial outer membrane permeabilization
(MOMP).92 The formation of tBid occurs by cleavage at
aspartate-59, and this can be catalyzed by caspases-1,-2, -3
and -8 and by granzyme B in vitro.3,4 The suggestion that
caspase-2 may process Bid in vivo came from the observation
that it was apparently activated upstream of cytochrome c
release in some cell models and that in these models
apoptosis was inhibited upon silencing of caspase-2.26

However, other investigators suggested that MOMP by
caspase-2 occurred independent of Bid cleavage, by direct
action of processed caspase-2 on either an unidentified
membrane protein or lipid.83,93 Supporting this hypothesis, it
was reported that caspase-2 can cause the release of
cytochrome c from artificial liposomes and from mito-
chondria incubated with caspase-2 in the absence of cytosolic
components.16,94 However, this was again challenged
because neither Bid-knockout MEFs nor HeLa cells stably
transfected with RNA interference against Bid underwent
apoptosis or released cytochrome c in response to the over-
expression of caspase-2, suggesting that the requirement for

Table 2 Putative caspase-2 substrates

Substrate Physiological function Effect of cleavage
Cleavage
site(s)a References

BID Apoptosis activator Generation of tBid, which interacts
with Bax to promote MOMP

D59 Luo et al.2

Caspase 2 Apoptosis Activation D169
D333
D347

Guo et al.16

Golgin 160 Vesicular trafficking Disruption of the Golgi structure D59 Mancini et al.61

ICADb Inhibition of caspase-activated DNAse
(CAD)

Release of CAD, which subsequently
can fragment DNA

D117c

D224c
Sakahira et al.84 and
Dahal et al.85

PKC-d Cell cycle regulation, apoptosis Activation, induction of apoptosis D329 Panaretakis et al.86

Huntingtin CNS formation, anti-apoptotic and
neuroprotective

Aggregation, inactivation of
transcription factors; non-specific
cytotoxicity

D552 Hermel et al.87

PARPd DNA damage sensing and repair Inactivation D214 Gu et al.88

aII-spectrin Plasma membrane integrity Cell shape disruption D1185 Rotter et al.89

Plakin Part of adhesion junctions Loss of cell–cell contact ? Aho et al.90

HDAC4e Transcriptional co-repressor Altered subcellular localisation;
induction of cytochrome c release

D289 Paroni et al.91

aNumbering refers to the human protein except for ICAD. bInhibitor of caspase-activated DNAse. cNumbering refers to the mouse protein. dPoly(ADP-ribose)
polymerase. eHistone deacetylase 4. ? signifies that the exact cleavage site is unknown
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Bid may at least be cell type and stimulus-dependent,95,96 as
it appears to be in the context of Fas-induced apoptosis.97

The capsase-2-mediated cleavage of other caspases
has been repeatedly investigated, as this would be indicative
for its role as an initiator caspase. However, besides
processing its own zymogen, most studies found no indication
that it could cleave any other caspase.15,16,21 The only
exception described so far was the cleavage of caspase-7
upon co-expression of both caspases in yeast.98 In addition
to caspase-7 processing, this also resulted in enhanced
cleavage of the presumed caspase-3/-7-specific substrate
DEVD-AFC without a concomitant enhanced VDVADase
activity, although results based on this type of readout
must be interpreted with caution.80 Furthermore, this
caused a dramatic increase in yeast cell death, which was
absent when only caspase-7 was expressed or when
caspase-2 was co-expressed with other caspases. How-
ever, this phenomenon has so far not been confirmed in
mammalian cells.

The only caspase-2-specific substrate identified so far is the
peripheral Golgi membrane protein golgin-160.61 Although it
may be cleaved by other caspases as well at different motives,
golgin-160 was shown to possess a caspase-2-specific
cleavage site, aspartate-59, not susceptible to other caspases
and processing at this site during apoptosis appears to
precede that at other residues. Caspase-2-mediated clea-
vage was confirmed in vitro and, upon overexpression of
golgin-160 also in vivo. Expression of a D59E mutant of
golgin-160 in HeLa cells delayed disintegration of the Golgi
complex,61 and HeLa cells stably expressing a golgin-160
variant mutated at three caspase cleavage sites showed
significantly delayed cell death, when exposed to agents
inducing ER stress.99 However, assuming that overexpres-
sion of cleavage-resistant mutants mimics the effect of
synthetic or natural caspase inhibitors by classic substrate
inhibition, it is not surprising that expression of cleavage
fragments of golgin-160 alone had no impact on cell viability,
leaving the mechanistic role of golgin-160 proteolysis un-
resolved.99

A more relevant substrate of caspase-2 may be DFF-45/
ICAD (DNA fragmentation factor 45/inhibitor of caspase-
dependent DNase).84,100 Originally, DFF-45/ICAD was de-
scribed as a caspase-3 substrate, but early on, it was noticed
that other caspases might as well process this protein.101,102

Recently, it was shown that in HeLa cells exposed to a
membrane-permeable constitutively active caspase-2 con-
struct, ICAD was cleaved and subsequent DNA fragmentation
was induced.85 As the ICAD/CAD heterodimer is supposedly
activated in the nucleus,103 an in vivo role for nuclear caspase-
2 in this process appears plausible and it may be interesting to
assess DNA fragmentation in cells double-deficient for
caspases-3 and -7.

A putative substrate of significant clinical relevance is
Huntingtin (Htt), the mutant form of which underlies the
eponymous disease. Several studies suggest that caspase-
mediated cleavage of Htt is critical for inducing neurodegen-
eration and in vitro Htt was processed by caspase-2, creating
a fragment also detected in vivo.87 Htt co-immunoprecipitated
with caspase-2 in 293 cells overexpressing both proteins and,
more importantly, also in extracts from mouse cortex

expressing a human Htt transgene. In addition, expressing
dominant-negative caspase-2 protected neurons against Htt
expression induced cell death. Both proteins colocalized
within cells, and caspase-2 mRNA was found enhanced in
brain regions showing early signs of the disease.87 However,
interaction, partial protection and co-localization were also
detected for caspases-6 and -7, and a more recent study
indicates that caspase-6-mediated cleavage of Htt is of critical
importance for pathology.104 Nonetheless, it cannot be
excluded that caspase-2 is important in the early stages of
the disease and may act in synergy with caspase-6 by
promoting cleavage of mutant Htt at distinct sites.

Additional substrates that can also be cleaved by caspase-
2 include poly-ADP-ribose polymerase,88 the cortical mem-
brane skeleton proteins aII/bII-spectrin89 and plakins, which
are proteins involved in cell junction complexes.90 Finally,
histone deacetylase-4 is an in vitro substrate of caspase-2,
releasing fragments identical to those seen during ultraviolet
radiation-induced apoptosis.91 However, although processing
of all these substrates would appear appropriate in an
apoptotic context, these proteins are also in vitro targets of
several other caspases, and therefore they are only of limited
use to identify the physiological role of caspase-2.

Figure 2 A schematic model summarizing the most important apoptotic
pathways with a suggested involvement of caspase-2 activity, i.e. cell death in
response to DNA damage, ER stress, heat shock and death receptor (DR) ligation.
ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and Rad3 related;
PIDDosome, protein complex consisting of PIDD, RAIDD and caspase-2; TRAIL,
tumor necrosis factor-related apoptosis-inducing ligand; FADD, Fas-associated
death domain
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Initiator versus Effector Function and Possible
Physiological Roles of Caspase-2

Caspase-2 in the DNA damage response. It has been
repeatedly proposed that caspase-2 plays an important role
in cell death induced by genotoxic stress (reviewed in more
detail in Zhivotovsky and Orrenius82), although, depending
on the specific mode of DNA damage induced or the cell type
investigated, caspase-2 appeared to act either upstream or
downstream of other caspases (Figure 2). For example,
when treated with DNA-damaging agents etoposide or
cisplatin, caspase-2 appears to act as an initiator in various
human tumor cell lines, as caspase-2 knockdown by RNA
interference or antisense oligonucleotides suppressed Bax
translocation, release of mitochondrial proteins and cell
death to a variable degree.93,105–107 Furthermore, siRNA
against caspase-2 was at least partially protective against
DNA damage-induced apoptosis in A549 human lung
epithelial cells,107,108 osteosarcoma U2-OS cells,109

primary mouse renal tubular epithelial cells,110 colon
adenocarcinoma H1299 cells111 and human prostate
cancer cell lines.112 Consistently, cell death induced by the
overexpression of caspase-2 was abrogated in HeLa cells
with silenced Bid and, not surprisingly, MEFs deficient for
Bax/Bak.95

In summary, all these results suggest that caspase-2 can act
upstream of mitochondrial events as an initiator that triggers
cytochrome c release and subsequent apoptosome formation,
either directly or through generation of tBid (Figure 2). At least
two things are worth mentioning here. Some of these data have
been generated using siRNA against caspase-2, which
apparently affects cell death responses independent of its
ability to repress caspase-2 expression105 and, second, similar
phenomena, including delayed Bax translocation and cyto-
chrome c release, have been observed in MEFs double-
deficient for both caspases-3 and -7, indicating that effector
caspases can feed back on events considered to be at the level
of or upstream of MOMP.113

However, a large number of other studies contradict the
idea that caspase-2 may act as a initiator of DNA damage-
induced cell death and assign caspase-2 the role of a
downstream caspase in genotoxic cell death, or question
their relevance for this process at all. Caspase-9-deficient
Jurkat cells reportedly resist apoptosis induction by etoposide
or staurosporine, but despite of displaying normal Bax
translocation and cytochrome c release, neither caspase-2
processing nor its enzymatic activity was detected. Both
features were restored upon re-expression of caspase-9.114

Furthermore, silencing of caspase-2 in normal Jurkat T cells
afforded no protection against DNA damage, whereas
expression of a dominant-negative caspase-9 construct or
of non-cleavable Bid inhibited processing of caspase-2 and
apoptosis.3 It seems worth mentioning that, other than the
contradictive findings on DNA damage induced by genotoxic
agents, most studies agree that, in response to ultraviolet
radiation-induced damage, caspase-2 acts as a downstream
caspase in a number of cell systems, including MCF-7, HCT-
116, MEFs and mouse thymocytes.62,75,96,115 This may be
related to the fact that ultraviolet radiation-mediated DNA
damage preferentially leads to the activation of ATR (ataxia

telangiectasia and Rad3 related), whereas double-strand
breaks induced by irradiation and many anticancer agents
also engage ATM (ataxia telangiectasia mutated) to activate
the DNA damage response machinery and may engage the
caspase cascade differently.

Recently, the hierarchical position of caspase-2 in DNA
damage-induced apoptosis was also addressed using an ‘in
situ trapping’ approach, where Jurkat cells were pre-incu-
bated with a cell-permeable, biotinylated pan-caspase in-
hibitor (b-VAD-fmk), which then supposedly binds to the first
caspase activated in response to a particular stimulus.
Analysis of the caspase trapped in Jurkat cells exposed to a
range of etoposide concentrations revealed that caspases-9
and -8 were trapped, suggesting that both can be activated
upstream of caspase-2.30

Equally relevant, however, is the fact that primary cells from
caspase-2 knockout mice respond to genotoxic stress similar
to wild-type cells22,62 (own unpublished data). Accordingly,
Marsden et al.116 investigated caspase-2/-9 double-deficient
primary MEFs and lymphocytes, but also in these cells, no
protection against DNA damage was detected, which was
also not very pronounced in caspase-9 knockout cells, but
compensatory phenomena, as observed in hepatocytes
derived from caspase-9�/� or caspase-3�/� mice, may in
part account for these observations.117 However, in thymo-
cytes lacking either Apaf-1 or caspase-9, processing of
caspase-2 was not observed after g-irradiation.62 Further-
more, lymphocyte apoptosis was also reported to be normal in
raidd�/� mice.33 In addition, although myeloid cells lacking
caspases-2 and -9 simultaneously showed somewhat de-
layed cell death when challenged with etoposide or doxo-
rubicin, a clonogenic survival advantage was not observed.118

This strongly contradicts the idea that caspase-2 may act
upstream of the mitochondria because clonal survival is
clearly provided by overexpression of Bcl-2 after DNA
damage or growth factor deprivation119 as well as by loss of
caspase-8, overexpression of the viral caspase-8 inhibitor
CrmA or a dominant-negative version of FADD after Fas
ligation.120,121

Taken together, these genetic studies place caspase-2
downstream of apoptosome formation and caspase-9 activa-
tion, suggesting a highly redundant role for caspase-2 in cell
death initiation after DNA damage, but there seems to be a
new twist to the tale. In zebrafish embryos bearing a loss-of-
function mutation of p53, radiosensitivity can be restored by
knockdown or pharmacological inhibition of the checkpoint
kinase 1 (Chk1).122 Interestingly, cell death observed in
embryos with impaired Chk1 function exposed to radiation
could specifically be blocked by concomitant ablation of
caspase-2 expression, but not any other evolutionary con-
served cell death mediator. Intriguingly, similar observations
were made in human cancer cell lines, although with more
varying effects, leading to the conclusion that this Chk1-
suppressed caspase-2 activation pathway may be conserved
in vertebrates. Somewhat puzzling, this type of caspase-2-
mediated cell death appeared to occur in the absence of any
detectable release of mitochondrial factors or even caspase-3
activation, raising the question which substrates may be
directly cleaved by caspase-2 to promote such cell death. As
mentioned before, DFF45/ICAD may be such a target.85 This
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study actually places caspase-2 neither upstream nor down-
stream but in parallel to the mitochondrial as well as the DR
pathways of apoptosis (Figure 2). If true, conditional expres-
sion of caspase-2 overexpression should be sufficient to
induce apoptosis in bax�/�bak�/� MEFs, but this has been
excluded earlier by others.95 One additional caveat, however,
remains. Pharmacological sensitization to radiation by Go
6976 in cells with inactive p53 is unlikely solely because of
specific inhibition of Chk1, as it was originally developed as
a PKC-selective inhibitor, targeting classical as well as
novel PKCs in the nanomolar range.123 Hence, the effects
observed using this drug may not solely be due to inhibition
of Chk1. However, investigating radiation responses in
chk1/p53 or caspase-2/p53 double-mutants will help to clarify
this issue.

Caspase-2 and ER stress. A cell death initiating function for
caspase-2 was repeatedly suggested for ER stress.71–73,124

Given that caspase-2 seems to localize at the ER and the
functionally linked Golgi complex,61,62,71 its role as an apical
sensor of stress signals in this compartment would make
sense (Figure 2). How ER stress translates into caspase-2
activation is still unknown, but once activated, it seems to
exert its effects again through cleavage of Bid. Thus,
caspase-2-directed siRNA as well as pharmacological
inhibition (although less selective) protected SV40-
transformed MEFs against ER stressors, significantly
reduced Bid cleavage, cytochrome c release and cell
death.73 Partial resistance was also seen in Bid-deficient
MEFs and thymocytes. However, as resistance of caspase-2
knockdown cells remained incomplete, even in the absence
of Bid, it is very likely that other BH3-only proteins such as
Bim and Puma can contribute significantly to this form of cell
death,109,125 presumably in a caspase-2-independent
manner.73 Further evidence for a role of caspase-2 in ER
stress was provided by exposing caspase-8-deficient SH-
SY5Y neuroblastoma cells to thapsigargin, which led to
processing of caspase-2, but not caspase-9.72 ER stress
stimulated caspase-2 activation and cell death in HeLa
cells,71 and PC12 pheochromocytoma126 was ameliorated by
caspase-2 siRNA or Bcl-x(L) or Bcl-2 overexpression. All
these studies yielded contradicting results regarding the
question whether caspase-2 activation occurs upstream or
downstream of MOMP in ER stress. Using the ‘in situ
trapping’ approach (see above), the first caspase activated
by ER stressors in thymocytes, however, was caspase-9.30

Overall, caspase-2 seems to respond to ER stress in a cell-
type-dependent manner and is clearly not the sole molecule
relaying ER stressors to MOMP. In some instances,
caspase-2 may merely act as an amplifier of stress stimuli,
participating in a pro-apoptotic feedback loop or may be
redundant (Figure 2). Along that line, loss of caspase-2 also
failed to protect from neuronal death caused by forebrain
ischemia or in a model of amyotrophic lateral sclerosis,22 a
progressive neurodegenerative disorder triggered by ER
stress-mediated loss of motor neurons.127

DR-mediated apoptosis. The exact contribution of
caspase-2 to DR-mediated apoptosis remains controversial,
because genetic evidence for additive or synergistic action

with caspase-8 is still lacking, as is genetic evidence showing
that DR-induced apoptosis is impaired in cells from caspase-
2 knockout mice. However, in a number of leukemic cells
stably transfected with a caspase-2 antisense construct, Fas-
mediated apoptosis was significantly delayed.26 Caspase-2
knockdown also inhibited or delayed the activation of
caspase-826,44 and was partly protective against TRAIL-
induced apoptosis in Jurkat cells,3 and caspase-2 activation
also reportedly preceded that of caspase-8 in TNF-induced
apoptosis in breast cancer cells.23 However, the proximal
caspase trapped using b-VAD-fmk in Jurkat cells stimulated
with death ligands was caspase-8.30 Nevertheless, in some
type II cells (cells that require caspase-mediated Bid
cleavage for efficient apoptosis induction), such as primary
mouse hepatocytes, caspase-2 was supposed to be required
for optimal DR-induced cell death.24,128 Taken together,
these studies place caspase-2 again upstream of caspase-8
or suggest its parallel activation (Figure 2). However,
caspase-2 processing in the DISC of both type I (do not
require Bid cleavage) and type II cells appears to depend on
caspase-8,25 suggesting that in either case caspase-2 may
mainly act as driver of a positive feedback loop through Bid
cleavage. As caspase-8 can readily cleave Bid, the
requirement for caspase-2 to amplify DR-mediated
apoptosis remains questionable. However, DR-mediated
activation of caspase-8 is also required for proliferative
responses, for example in T cells, and hence it remains
possible that caspase-2, recruited to the DISC along with
caspase-8, may be relevant for non-apoptotic signaling
events induced by DR ligation.

Caspase-2 and heat shock. Using the Jurkat b-VAD model
system mentioned earlier, caspase-2 was reported to be the
most apically activated caspase identified in heat-stressed
cells (Figure 2) and cell death ensuing from this was partially
dependent on RAIDD and Bid processing.30,96,129

Surprisingly, it was shown that heat shock also led to Fas
ligand expression and activation of caspase-8.30 Neutralizing
Fas before heat stress conferred additional protection to
already partly resistant caspase-2 knockout MEFs,
suggesting synergy between caspase-2 and -8 during heat
stress-induced apoptosis. However, this finding may as well
have a different molecular basis, as Fas ligation using
neutralizing antibodies may impinge on cell death
susceptibility through the activation of nuclear factor-kB
signaling.130,131 The idea that caspase-2 is relevant for heat
stress-induced apoptosis was recently challenged by
Milleron and Bratton,132 who observed that heat shock-
induced apoptosis can occur independently from any known
initiator caspase activation. In their study, they failed to
observe cytoprotection by loss of caspase-2 or -8 in MEFs,
as well as after siRNA-mediated knockdown of these
caspases in Jurkat cells. Similarly, several attempts to
reproduce the above-mentioned experiments using primary
thymocytes, activated splenocytes or immortalized MEFs
from caspase-2�/� or raidd�/� mice failed to support this
hypothesis (our own unpublished results), consistent with the
idea that heat shock may trigger oligomerization of Bax and
or Bak directly.133
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Other stress stimuli. Numerous other stressors were
described to activate caspase-2-dependent cell death
including cytoskeletal disruption in MEFs,134 trophic factor
deprivation of neurons22,62,135,136 or unknown toxic drug
action induced by the grape constituent resveratrol137 or
mycotoxin T2, a toxin from filamentous fungi.138 Interestingly,
otherwise unrelated articles implying caspase-2 in cell death
have in common that increased levels of free radicals were
produced,139–144 proposing a role for caspase-2 in reactive
oxygen species-induced cell death. It can be noted here that
caspase-2 knockout mice were reported to show age-related
defects, leading to reduced lifespan and elevated level of
liver oxidized proteins.145 In line, caloric restriction
concurrently diminished caspase-2 processing and activity
in rat.146

Conclusions

Summarizing the studies on caspase-2 activation, it still
remains unclear if caspase-2 really requires an activation
platform or if it may dimerize, autoprocess and autoactivate in
the absence of such a platform, as seen when overexpressed
in various cell systems. This may be facilitated by one of the
many interacting proteins that could serve to activate this
protease in a stimulus and/or cell-type-dependent manner
(Figure 1). A particular and so far unresolved difficulty in this
regard is that several studies suggest that for initiator
caspases, processing is not a prerequisite that they attain
enzymatic activity.29,32 Thus, detecting the processed form of
caspase-2 (or any other initiator caspase) by western blot
analysis may not at all reflect the time course of its activation.
Even worse, estimating the enzymatic activity of individual
caspases by using artificial, supposedly caspase-specific
peptide substrates may lead to even more erroneous results
because commercially available caspase-specific substrates
and inhibitors are not specific for a given caspase or, at best,
highly promiscuous. Thus, it seems that the activity of
caspase-2 can currently only be assessed in an indirect
way, either in vitro using highly purified proteins or by carefully
analyzing caspase-2 activation in cells lacking other caspases
such as caspase-3 and, ideally, also caspase-7 or -8.
However, the caveat here is that deficiency of one specific
caspase may sometimes be compensated by increased
activity of another caspase, as shown for caspases-2, -6
and -7 during acute liver cell apoptosis in hepatocytes from
caspase-3 or caspase-9-deficient mice.117 Such phenomena
may mask or even invert effects that can be readily seen upon
an acute downregulation of caspase-2 by RNA interference or
pharmacological inhibition in vitro, suggesting that caspase-2
may be important in a much wider context than delineated
from caspase-2 knockout mice. Importantly, specific functions
of caspase-2 in newly emerging, not yet fully understood cell
death pathways122 indicate that efforts aiming at a deeper
insight into the role of this enigmatic protein may provide
unexpected and exciting earnings.
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