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Caspase-2: an orphan enzyme out of the shadows
J Forsberg1, B Zhivotovsky1,2 and M Olsson1

Caspase-2 has been embodied as an initiator or executioner protease in diverse apoptotic scenarios. However, accumulating
evidence is challenging this view, pertaining to its true role. The enzyme’s catalytic activity is currently implicated in various
functions required for correct cell proliferation, such as counteracting genomic instability, as well as suppressing tumorigenesis.
Here, apart from summarizing the latest observations in caspase-2-related research, we make an attempt to reconcile these findings
and discuss their implications for future directions.
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INTRODUCTION
Genomic instability refers to the concept of karyotypic change over
time and encompasses a range of processes including nucleotide
instability, microsatellite instability and chromosome instability, all of
which are characteristics of tumor genomes and indicators of cancer
progression. Although the two former changes to the genome arise
as a result of malfunctioning DNA repair mechanisms, chromosome
instability is more complex and can occur because of defects in the
regulation of virtually all parts of the chromosomal cycle.1 Unless the
genome remains balanced or is corrected for by the cell through
diverse checkpoint regulations and repair mechanisms, chromosome
mis-segregation, including aneuploidy and polyploidy, may lead to
genomic instabilities or, alternatively, render cells unviable through
engagement of programmed cell death pathways.2,3 Accordingly,
caspase-2 has been implicated in the maintenance of genomic
stability by being a member of the caspase enzyme family and,
thereby, pivotal for the removal of abnormal cells by apoptosis. In
experimental settings, silencing or inhibition of the enzyme is then
followed by diminished appearances of endpoint apoptotic markers,
such as the processing of effector caspases and cleavage of targeted
substrates. It should be noted, however, that apoptotic outcomes in
these situations can be compromised by the canonical caspase
cascade.4 At a glance, the recent discovery of the involvement of
caspase-2 in tumor suppression harmonizes with the concept of
important functions of cell death regulators as gatekeepers for tumor
cell development. Based on findings from the caspase-2 knockout
mouse, however, the enzyme hardly qualifies as a key apoptotic
enzyme and in other experimental settings in vitro only a few stress
stimuli were reported to depend on caspase-2 for efficient cell
elimination.4,5 Moreover, recent results strongly suggest that caspase-
2 emerges as a suppressor of tumor formation and progression solely
following oncogenic pressure. When transformed with E1A and Ras
oncogenes, caspase-2−/− mouse embryonic fibroblasts caused more
aggressive tumors in nude mice compared with caspase-2+/+ mouse
embryonic fibroblasts. Similarly, caspase-2-deficient Eμ-Myc trans-
genic mice displayed an accelerated tumorigenic onset,6,7 as did
MMTV/c-neu casp2−/− and Atm−/−casp2−/− mice.8,9 Remarkably, this is
not always the case, as loss of caspase-2 in a TH-MYCN neuro-
blastoma model proved the opposite.10 Common signatures in the

described reports and others that are aiming to develop a more
profound understanding of caspase-2 function during tumorigenesis
emphasize cell proliferation, p53 regulation and aneuploidy tolerance
(Figure 1). Briefly summarized, the current model for the enzyme is
gradually shifting from an unmitigated apoptotic factor toward a
regulatory involvement in genomic stability. The current review is an
attempt to discuss these findings in relation to the role of caspase-2
in tumor suppression with the aim to position the enzyme function
with respect to data that are becoming altogether more uniform.

CASPASE-2 IN GENOMIC INSTABILITY
It is stated that malignant transformations frequently result
from deregulated genes associated with growth regulation,
cell cycle progression and arrest as well as programmed cell
death. Besides, although the distinct mechanism(s) remain elusive,
several models are trying to describe the momentum of tumor
onset and progression through genomic instability, which thereby
becomes a dynamic process shaping the genomes of cancer cells
in order to develop their survival advantage.1,11,12 An alternative
view emphasizes genomic instability as pro-death, whereby
surviving cells with tumorigenic capabilities are selected. Indeed,
caspase-2 has been implicated in several mechanisms that
are associated with tumor suppression and therefore we have
previously discussed the enzyme in terms of being either versatile
or a factor regulating an isolated process functionally connected
to other cellular systems.13 Cells isolated from caspase-2-
deficient mice were reported to multiply faster than their normal
counterpart,6,8,14,15 a trait that has been attributed to the failure
of cells to enter a senescent state.16,17 Dawar et al.18 observed
that DNA damage and aneuploidy increase in bone marrow cells
of caspase-2-deficient mice. In addition, the hematopoietic stem
cell differentiation was impaired, and progenitor fractions were
skewed toward myeloid progenitors. This was not the first case
reported where blood cells were affected by the loss of caspase-2,
as T cells from premalignant Atm−/−casp2−/− mice also displayed
elevated levels of aneuploidy.14 Upon tumor formation, the
dependency on caspase-2 becomes more pronounced, as was
seen in casp2−/−/MMTV tumors, which displayed karyomegaly,
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abnormal mitoses and were often multinucleated.8 A tendency for
genomic instabilities and allowance of aneuploidization is thus a
prominent characteristic of primary cells lacking caspase-2, and
especially during oncogenic pressure.9,15,16

The identification of the PIDDosome complex as a unique
platform for caspase-2 activation was followed by a period of
ambiguity as several experimental models failed to connect the
finding to a distinct programmed cell death process.19,20–23 This
uncertainty, however, began to dissipate following the establish-
ment of Mdm2 as a specific caspase-2 substrate.24,25 It was shown
that PIDD-activated caspase-2 cleaves Mdm2, leading to the loss
of the C-terminal RING domain responsible for p53 ubiquitination
and, consequently, the reinforcement of tumor-suppressor stabi-
lity. Recently, the model was further refined by data indicating
that PIDDosome activation can occur following an increased
number of mature centrosomes generated through aberrant
cytokinesis,26 thus providing a detailed mechanism for observa-
tions associating loss of caspase-2 to aneuploidy. Several reports
are in support of this view. For instance, Ho et al.27 concluded that
caspase-2 is required for apoptosis induced by therapies targeting
microtubule dynamics, such as vincristine and paclitaxel, in a
PIDD-dependent manner. Further, in a systematic study using
somatic mutation analysis of chromosomally unstable colorectal
cancer genomes as a starting point, dysfunction of the transcrip-
tional regulator B-cell CLL/lymphoma 9-like entailed ceased
caspase-2 expression, p53 accumulation and aneuploidy.28 Inter-
estingly, in both studies Bid processing and engagement of
mitochondrial apoptosis was emphasized as central for the
termination of mitotically stressed cells. Besides, there are
mechanisms described that either are discrete or, alternatively,
need further clarification in order to align to the proposed model.
For instance, compared with controls, liver cells from caspase-2-
deficient mice display karyomegaly (a trait often associated
with aneuploidy), which is furthermore pronounced in response
to paraquat treatment. This was accompanied by a reduced
expression of genes important in combating oxidative stress,
suggesting that caspase-2 may prevent aneuploidy through
means other than tumor cell termination.29 In summary, although
it is clear that loss of caspase-2 in both premalignant and
tumorigenic settings can allow cells to complete the cell cycle
despite being faulty, resulting in aneuploidy, the exact mechan-
isms may vary depending on the biological context.

Normally, following a prolonged mitotic arrest occurring in
response to irreparable cell cycle errors, cells typically undergo
one of two fates; either they die in mitosis via mitotic catastrophe,
a mechanism with hallmarks of apoptosis,30–32 or they undergo
‘slippage’, whereby mitosis exit occurs without or by asymmetric
cytokinesis and the G1 phase is entered, albeit in a polyploid or
aneuploid state, respectively.33 It was recently demonstrated that
aneuploidy, but not polyploidy, causes p53-dependent post-
mitotic apoptosis in spindle assembly checkpoint (also referred to
as the mitotic checkpoint) impaired cells.34 Notably, caspase-2 has
been implicated in the model of mitotic catastrophe, which was
dependent on mitochondrial release of pro-apoptotic factors.35,36

In an alternate experimental model, however, polyploidization
following treatment using the aureolic acid antibiotic mithramycin
SK (plicamycin) appears to be coupled with a decrease in p53 and
p21WAF1 and subsequent necrosis. Interestingly, p53−/− cells
primarily died via caspase-2-mediated apoptosis,32 indicating that
the ploidy status is what dictates how p53 will influence the
function of caspase-2. If so, then it may partly explain why p53−/−

cells died through apoptosis following mithramycin SK treatment.
Lack of p53 would in this case be expected to have a negative
impact on PIDD expression and in turn PIDDosome formation,
which, according to Fava et al.26 may be pivotal for caspase-2-
mediated cell cycle arrest. It should, however, be noted that
mithramycin SK does not act on the level of centrosomes, but
rather is targeting the Sp1 family of transcription factors.37,38

Obviously, mitotic and post-mitotic cell death mechanisms
need further clarification and, hence, more sophisticated nomen-
clature. Given that current data strongly imply caspase-2 as an
endpoint regulator, which ultimately determines the fate of
genetically unstable cells, does this mechanism correlate with the
proposed tumor-suppressor function of the enzyme?

CASPASE-2 IN TUMOR SUPPRESSION
The mutation(s) of critical genes can transform a progenitor cell.
Further tumor evolution driven by additional rounds of genomic
alterations may then result in heterogenic sub-populations
of cancer cells with aggressive and therapeutically insensitive
properties. Intriguingly, the tumor-suppressor activity and p53
linkage of caspase-2 does not seem to rely on PIDD, which, in
contrast, upon loss associates with delayed disease onset in a
tumor mouse driven by aberrant c-Myc expression.7 In addition,
loss of neither the PIDDosome adaptor protein RAIDD nor the
BH3-only protein Bid correlate with increased dissemination
of tumor cells in animal models.7,39 Thus, as the catalytic activity
was found to be a necessity for caspase-2 tumor repressing
functions,40 current data support a view of redundant activation
mechanisms or, alternatively, separate, but simultaneous regula-
tory events may have to occur in order for caspase-2 to be
activated in the process (Figure 1). Some reports have provided
alternatives to PIDDosome-dependent mitotic enzyme regulation.
For example, it was shown that the mitosis-promoting kinase,
cdk1-cyclin B1, suppresses caspase-2 upstream of the mitochon-
dria through phosphorylation of an evolutionarily conserved
interdomain motif.41 It should also be noted that additional
mechanisms for caspase-2 regulation has been described
although not yet implicated in tumor suppression.42–44

As it is possible that the role the enzyme has in tumor
formation/suppression varies between different biological situa-
tions, it may also be difficult to find one specific function of
caspase-2 that would designate it as a 'true' tumor suppressor
throughout all tumorigenic settings. Some mechanistic studies
have demonstrated how caspase-2 displays its antitumorigenic
potential in certain contexts. For instance, by cleaving RIP1,
thereby abrogating transcription of the nuclear factor-κB (NF-κB)
target gene survivin, HCT116 cells were pushed into apoptosis,
consequently reducing the tumorigenicity.45 In a similar manner,
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Figure 1. Schematic presentation illustrating the involvement of
caspase-2 in tumor suppression and aneuploidy. The PIDDosome-
activated caspase-2 is important for prevention of aneuploidy but
not tumorigenesis. Potential alternative mechanisms of caspase-2
regulation are described in the text.
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Ren et al.40 reported that the catalytic sites Cys-320 and Ser-139 of
caspase-2 are important for repressing NF-κB activity in SV40- and
K-Ras transformed mouse embryonic fibroblasts, which further
indicates the central role of this pathway for the proposed tumor-
suppressor function of caspase-2. Another potential manner
in which caspase-2 may act antitumorigenic is by modulating
autophagy, a process considered to have dual functions as it can
be either a way in which cells commit themselves to self-eating
(and thus die), or a way of promoting their survival through
degradation and recycling of cellular components. In a study by
Tiwari et al.,46 it was concluded that caspase-2 acts as a negative
regulator of the canonical autophagy pathway, as a loss of the
protein increased levels of LC3-II, autophagosomes, autolyso-
somes and furthermore enhanced protein degradation. Similar
findings were observed in rabies virus-infected cells, which
induced incomplete autophagy by downregulating caspase-2.47

The mechanism by which caspase-2 inhibits autophagy could
thus have an influence on tumor survival, as downregulation of
autophagy could disable energy production that otherwise leads
to tumor growth and therapeutic resistance.48

Recent research has proposed a possible way to effectively
target and eliminate cancer cells, which have abolished tumor-
suppressor genes in order to become immortalized.49 This
novel approach is based on the fact that many cancer cells
also co-delete genes adjacent to the tumor-suppressor genes, thus
making them vulnerable to certain targeting treatments. For
instance, cells that co-delete a gene encoding a metabolic protein
will thereby become highly dependent on backup genes for other
metabolic proteins. Were these proteins are to be specifically
targeted, it is likely that the tumor cells would perish.
It was demonstrated by Dey et al.50 that pancreatic ductal

adenocarcinoma cells, in which the copies of SMAD4 had been
deleted, lost the genes encoding mitochondrial malic enzyme 2
(ME2) as well. This consequently led to the increased reliance
on mitochondrial malic enzyme 3 (ME3), in order to convert
malate into pyruvate. ME2 and ME3 are furthermore involved in
the regeneration of reduced nicotinamide adenine dinucleotide
phosphate, which is important for normal metabolic processes.

Interestingly, caspase-2 has previously been demonstrated
to be regulated by metabolic processes, being able to cause
apoptosis in Xenopus eggs during nutrient depletion.42 When
glucose-6-phosphate (G6P) was added, simulating nutrient
abundance, apoptosis was inhibited. Furthermore, it was sug-
gested that the pentose-phosphate-pathway was seemingly the
underlying process leading to abrogated cell death, through the
production of nicotinamide adenine dinucleotide phosphate.
When either intermediates of the pentose-phosphate-pathway,
glucose-6-phosphate, malate or nicotinamide adenine dinucleo-
tide phosphate were added to the egg extracts, caspase-2
processing, and subsequently apoptosis, were inhibited. This
turned out to be caused by the inhibitory phosphorylation in the
prodomain of caspase-2, mediated by CaMKII, although at the
time the direct link between CaMKII and metabolic stimulation
remained unknown (Figure 2). Later on, this was however solved,
as it turned out that the addition of glucose-6-phosphate incr-
eased the levels of free coenzyme A in the cytosol. This coenzyme
A would then bind to the calmodulin-binding domain of CaMKII,
thus triggering the phosphorylation of caspase-2 at Ser135.51,52

Could this potentially be a mechanism through which caspase-2
exerts its tumor-suppressing function, or, conversely, how cancer
cells inhibit caspase-2?

CONCLUDING REMARKS
The true function of caspase-2, as well as the context in which it
becomes activated, has for a long time been an enigma. Although
recognized as an initiator caspase in apoptosis, the view of this being
the main function of the protease has been open for debate. Lately,
an increasing number of studies point instead toward functions that
may influence tumorigenesis when malfunctioning. These include
executing apoptosis after mitotic failures, preventing the emergence
of aneuploid cells, as well as counteracting oncogenic pressure
(Figure 1). Furthermore, caspase-2 has been shown to be regulated
by metabolic processes. Whether or not this may impact the overall
survival of tumors is still unknown. Although the exact mechanisms
of the protein are hard to define, as well as the machinery that
causes the switch between various functions, it appears to be highly
situation specific. Nevertheless, caspase-2 is strongly indicated to
have a vital role in ensuring that only normal cells replicate. Future
work has to be carried out in order to provide us with new
and exciting knowledge about the still unknown function(s) of this
enzyme.
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