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Review

Caspase-2: the orphan caspase

L Bouchier-Hayes'? and DR Green*®

Despite an abundance of literature on the role of caspase-2 in apoptosis, there exists much controversy about this protease
making it difficult to place caspase-2 correctly in the apoptotic cascade, and hence its role in apoptosis remains unclear. The
identification of the PIDDosome as a signaling platform for caspase-2 activation prompted intense investigation into the true role
of this orphan caspase. What has emerged is the idea that caspase-2 may not be mandatory for apoptosis and that activation of
this caspase in response to some forms of stress has other effects on the cell such as regulation of cell cycle progression. This
idea is particularly relevent to the discovery that caspase-2 may act as a tumor suppressor. Here, we discuss the proposed

mechanisms through which caspase-2 signals, in particular those involving PIDD, and their impact on cellular fate.
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Facts

e Caspase-2 is an initiator caspase because it is activated by
dimerization.

e The PIDDosome is a signaling platform for caspase-2
activation that contains the proteins PIDD (p53-induced
protein with a death domain) and RAIDD (RIP-associated
ICH-1/CAD-3 homologous protein with a death domain).

e PIDD induces caspase-2 activation and nuclear factor B
(NFxB) activation in response to DNA damage.

e Caspase-2 can induce apoptosis and cell cycle arrest and
may function as a tumor suppressor.

e Caspase-2-deficient mice have features consistent with
accelerated aging.

Open Questions

e Is the primary function of caspase-2 apoptotic?

e Which proteolytic substrates of caspase-2 are important for
its role in cell cycle arrest?

e Do alternative caspase-2 activating platforms exist that are
independent of PIDD and/or RAIDD?

Caspase-2 is a member of the cysteine aspartate protease
family known as caspases. Caspases are generally responsible
for the initiation and execution of apoptosis although a subset of
caspases are primarily involved in the regulation of inflamma-
tion." When caspases are activated in cells, they cleave a wide
variety of specific protein substrates resulting in the classical

morphological characteristics of apoptosis, including DNA frag-
mentation, chromatin condensation and plasma membrane
blebbing. Caspase-2 is the most evolutionarily conserved of all
caspases® and although there is a wealth of literature on the role
of caspase-2 in apoptosis, there is much controversy regarding
this protein, making it difficult to correctly place caspase-2 in the
apoptotic cascade and hence its role in apoptosis remains
unclear, making it the orphan of the caspase family.®

Of the many important contributions Jiirg Tschopp made to
the apoptosis field, his work on identifying and characterizing
the caspase-2 signaling platform has been vital to advancing
our understanding of the function of this poorly defined
caspase and dispelling some of the controversies that have
existed. This review highlights these important discoveries
Jurg Tschopp made regarding caspase-2 activation and
function in the context of a discussion of the more recent
advancements in the caspase-2 field.

Caspase-2 is Activated by Dimerization

Caspases can be divided into two distinct groups, the initiator
caspases, including caspase-8 and -9, and the executioner
caspases, including caspase-3 and -7.° The initiator caspases
generally function at the apex of their respective signaling
cascades and promote activation of executioner caspases
either directly or indirectly. Initiator caspases are present in
the cell as inactive monomers and their activation is promoted
by dimerization. Dimerization results when initiator caspases
are recruited to large molecular weight protein complexes that
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act as signaling platforms.® For example, genotoxic stress
engages the mitochondrial pathway resulting in cytochrome ¢
release from mitochondria, which in turn activates the
apoptotic protease-activating factor-1 (APAF-1) apoptosome
complex that recruits and activates caspase-9. Following
activation, caspase-9 directly activates the executioner
caspase, caspase-3.”

Although caspase-2 shares some substrate specificity with
the executioner caspases,®® in many ways it is considered to
be an initiator caspase. All caspases are synthesized as
single chain pro-caspases, which undergo intra-chain clea-
vage to generate large and small catalytic subunits. However,
although cleavage is necessary and sufficient to activate
executioner caspases, evidence shows that dimerization is
required for the activation of initiator caspases and the
subsequent intra-chain cleavage serves to stabilize the active
enzyme.®

Caspase-2 is activated in a similar way. Caspase-2 has no
detectable activity in its monomeric form regardless of its
cleavage status, while a dimeric form of a cleavage defective
mutant of caspase-2 retains up to 20% of the enzyme’s
activity. Once the dimerized caspase undergoes autoproces-
sing, the enzyme becomes fully active.® Thus dimerization is
the initiating step in caspase-2 activation.

Recruitment of caspase-2 to a higher molecular weight
protein complex has been demonstrated in cell extracts.!’
This occurred in a similar fashion to caspase-9 but,
importantly, this complex was distinct from the APAF-1
apoptosome and was activated by temperature shift (cell
extracts were heated to 37°C for 30min) rather than by
cytochrome c. This was the first indication that a specific
signaling complex for caspase-2 exists and further evidence
that caspase-2 behaves like an initiator caspase.

Identifying the Caspase-2 Signaling Platform

Caspase-2 has a similar domain organization to the initiator
caspases, caspase-8 and -9. It contains a long prodomain,
and a large and small catalytic subunit'® (Figure 1). The
prodomain of caspase-2 contains a protein:protein interaction
motif termed a caspase recruitment domain (CARD)."® The
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Figure 1 Domain organization of the PIDDosome components. The
PIDDosome is comprised of the proteins PIDD, RAIDD and caspase-2. The
cleavage fragments resulting from PIDD autoprocessing are indicated
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term CARD was first coined by Jurg Tschopp when he
identified a conserved protein:protein interaction domain
present in several caspases and caspase adaptor proteins,
namely caspase-2, RAIDD and the Caenorhabditis elegans
protein CED3."® Upon proposing this domain he postulated:

‘The biological role of proteins containing this domain
allows the prediction of a network of interactions
necessary to recruit caspases to the receptor complexes
signaling apoptosis.”’

Since then, a large array of proteins have been identified as
CARD-containing proteins and although not all of them bind
caspases, the central idea that CARDs mediate recruitment to
signaling complexes holds true.'* This is clearly exemplified in
the caspase-2 pathway. The CARD in caspase-2 binds to the
CARD present in RAIDD and thus RAIDD acts as an adaptor
protein, recruiting caspase-2 to the signaling complex.'>:'®

When RAIDD was identified, it was initially proposed to be a
component of the tumor necrosis factor receptor 1 (TNFR1)
signaling complex.’® It was shown to bind to receptor
interacting protein kinase 1 (RIPK1) and it was thought that
caspase-2 could be recruited to the TNFR1-TRADD-RIPK1
complex in response to tumor necrosis factor (TNF) stimula-
tion. However, there is little evidence that caspase-2 is
required for TNF-induced apoptosis and RAIDD-deficient
cells do not show any resistance to TNF indicating that an
alternative signaling complex for caspase-2 exists.'”

It was Tschopp’s laboratory that discovered an important
missing piece of this puzzle. They identified PIDD as an
essential component of the caspase-2 activation complex that
was assembled upon temperature shift of cell extracts and
hence was termed the PIDDosome.'®

The PIDDosome

PIDD, also known as LRDD (leucine-rich repeat and death
domain-containing protein), was originally identified as a p53
inducible gene.'®2° PIDD contains a death domain (DD) at its
carboxyl terminal, two ZU5 interaction domains and seven
tandem leucine-rich repeats (LRRs) at the amino terminal'®
(Figure 1). The DD is a protein:protein interaction domain that
is similar to the CARD.2" ZU5 domains are found in the ZO-1,
ankyrin and Unc5-like netrin receptors but their function is
unclear.222% | RRs represent another class of protein inter-
action motif that is found in a variety of proteins with diverse
functions.2* LRRs exist in a number of nucleotide-binding
oligomerization domain (NOD)-like and NALP-like proteins
(for reviews on Jiirg Tschopp’s contributions to this interesting
area of research see elsewhere in this issue), and it is this
motif that recognizes various pathogen-associated molecular
patterns and danger-associated molecular patterns that
induce inflammasome or NODosome assembly resulting in
caspase-1 activation or NF«B activation, respectively.2%:2
PIDDosome assembly is likely triggered in an analogous
manner and when Tschopp presented the first description of
the PIDDosome he hypothesized as such:

‘The ultimate trigger leading to assembly seems to be a
stress-related signal of unknown nature.’®’



Unfortunately, we have yet to prove this hypothesis
because, at present, a molecule that can bind the LRRs in
PIDD has not been identified. However, consistent with this
idea, Tschopp and colleagues®” also demonstrated that cells
expressing a PIDD mutant lacking the N-terminal LRRs
showed enhanced function. This suggests that the LRRs act
as an autoinhibitory function similar to the WD repeats in
APAF-128 or the LRRs in NALP or NOD proteins.?®

Assembly of the PIDDosome complex occurs when PIDD
binds RAIDD via a DD present in both proteins. The core of the
complex consisting of the DD of PIDD and the DD of RAIDD
has been crystallized, and this structure revealed that the
complex is comprised of five PIDD DDs and seven RAIDD
DDs, which form two stacked rings with a staggered
hexagonal pattern®® (Figure 2). This complex is predicted to
recruit seven caspase-2 molecules and has a predicted
molecular weight of 696.8 kDa, which matches the molecular
weight of the PIDDosome complex produced upon tempera-
ture shift of extracts.'®

PIDD Acts as a Molecular Switch for Survival and
Apoptosis

PIDD, as well as activating caspase-2, can activate NFxB
in response to DNA damage. In a further refinement of
the PIDDosome model, Tschopp et al demonstrated that
PIDD forms a separate complex that lacks RAIDD and
caspase-2 but contains RIPK1 and NEMO (NFxB essential
modulator)/IKKy, which is the regulatory subunit of the
inhibitor of «B (1xB) kinase complex.®" Recruitment of NEMO
to the complex results in sumoylation of NEMO. Sumoylation
is a post-translational modification that covalently attaches
SUMO-1 (small ubiquitin-like modifier 1) to the target protein.
There are a number of important potential effects of
sumoylation including altering binding properties of the
modified protein or retargeting the modified protein to a
particular subcellular compartment.®2 In the case of NEMO,
sumoylation appears to be required to facilitate ubiquitina-
tion and phosphorylation of NEMO.3® Ubiquitination and
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Figure 2 A model of the PIDDosome for caspase-2 activation. The schematic
model is based on the crystal structure of the PIDD-DD:RAIDD-DD core complex,
which forms the center rings mediating oligomerization. The RAIDD CARD occupies
the outer part of the PIDDosome bringing seven caspase-2 molecules into proximity
facilitating dimerization. Adapted from Park et af°
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phosphorylation of NEMO are dependent on the nuclear
kinase ATM (ataxia telangiectasia mutated) while sumoylation
is ATM-independent. These modifications shuttle NEMO from
the nucleus to the cytoplasm where it induces the release of
the inhibitor 1xB from NF«xB.3® NFxB then translocates to the
nucleus to induce transcription of its many target genes,
including numerous cytokines and other survival genes.
Tschopp demonstrated that, in response to genotoxic stress,
PIDD translocates to the nucleus where it assembles the
PIDD-RIPK1-NEMO complex.®! This complex increases the
amount of sumoylated NEMO in the nucleus, which in turn
leads to an increased activation of NF«B. It is unclear how
PIDD increases sumoylated NEMO as PIDD does not appear
to be a direct SUMO ligase for NEMO. It has been
hypothesized that PIDD can prevent desumoylation of
NEMO,®* however, this has not been shown directly.

The recruitment of RAIDD and RIPK1 to the PIDDosome
appears to be sequential. PIDD first recruits RIPK1 and
NEMO, followed by RAIDD and caspase-2 at a later time
point. Furthermore, in cells that are deficient in RIPK1,
caspase-2 processing was observed to increase in response
to DNA damage. Conversely, knockdown of RAIDD resulted
in stronger SUMO modification of NEMO and increased NF«B
activity in response to genotoxic stress.®! Thus, RAIDD and
RIPK1 appear to compete for PIDD binding thus blocking the
prosurvival or pro-apoptotic function of PIDD, respectively.

This bifurcation of function is purportedly due to the
autoprocessing of PIDD. PIDD is processed by an intein-like
mechanism between the two ZU5 domains at S446 and also
at S588. PIDD autoprocessing produces three fragments:
N-PIDD (48kD) and PIDD-C (51kD) are produced by
cleavage at S446, while further processing at S588 produces
the PIDD-CC fragment (37 kD). RAIDD binds PIDD-CC but
not PIDD-C, and PIDD-CC is exclusively cytoplasmic. PIDD-C,
in contrast, translocates to the nucleus and RIPK1 recruits
only the PIDD-C fragment (Figure 3).%”

The two fragments are formed in a sequential manner —first
PIDD-C and then PIDD-CC. Formation of these fragments
and consequent assembly of the RIPK1- and RAIDD-contain-
ing complexes appears to occur in a dose-dependent manner.
In response to low levels of DNA damage, PIDD-C is
produced and engages RIP and NEMO to activate NFkB-
promoting cell survival. If the damage is too great, however,
RAIDD and caspase-2 are recruited and the apoptotic
program is engaged.?” Thus, PIDD may act as a molecular
switch between death and survival pathways.

The Big Question: is the Function Apoptotic?

‘PIDDosome-based activation of caspase-2 is not toxic,
and cells survive even if a notable fraction of the caspase-2
pool is activated. A second signal apparently is required for
full commitment to caspase-2-mediated apoptosis.’®’

This observation was made by Tschopp when he first
described the PIDDosome. It represents a very important
facet of the PIDD-caspase-2 pathway that unfortunately
is often overlooked. This tells us that PIDD activation and
more importantly caspase-2 activation is not always synon-
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Figure 3 Model of PIDD maturation and complex assembly. PIDD is cleaved at
5446 to generate PIDD-N and PIDD-C. PIDD-C translocates to the nucleus where it
recruites RIPK1 and NEMO, which triggers NF«B activation. Additional processing
of PIDD at S588 produces PIDD-CC, which binds to RAIDD in the cytoplasm, which
recruits and activates caspase-2. Adapted from Tinel et aP”

ymous with induction of apoptosis and there is likely
a threshold of caspase-2 activation that must be reached
before caspase-2-dependent apoptosis is engaged. Emer-
ging evidence supports this idea suggesting that caspase-2
may have functions in other cellular events such as regulation
of cell cycle progression (see below).

Caspase-2 has been shown to cleave the pro-apoptotic
Bcl2 family member Bid.*® This is generally considered to be
the mode through which caspase-2 initiates apoptosis. Thus,
cleavage of Bid results in release of cytochrome c¢ from the
mitochondria to induce apoptosis (Figure 4). However, the
ability of caspase-2 to cleave Bid is much more inefficient
when compared with caspase-8, which can also engage the
mitochondrial pathway through Bid cleavage. In vitro compar-
isons of caspase-2 and caspase-8 suggest that caspase-2
has approximately one-fourth the activity of caspase-8 toward
Bid.%® Although it has been demonstrated that miniscule
amounts of cleaved Bid are sufficient to induce cytochrome ¢
release,® low levels of active caspase-2 still may not produce
enough active Bid to commit a cell to apoptosis in the absence
of additional pro-apoptotic signals.

A number of additional substrates for caspase-2 have been
proposed, including golgin-160, CUX1 and ICAD (33~ for a
full list of substrates see *'), but most of these have only been
shown in vitro and have not been verified in an in vivo
situation, and the functional consequences of their cleavage
by caspase-2 is unclear. It is likely that additional down-
stream targets of caspase-2 exist that when cleaved can
either promote apoptosis or regulate additional functions of
caspase-2.

The subcellular distribution of caspase-2 may also help
inform how caspase-2 functions. Endogenous caspase-2 is
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Figure 4 Caspase-2 pathways to apoptosis and cell cycle arrest. In response to
cellular stresses PIDD activates caspase-2. Active caspase-2 cleaves Bid to form
tBid, which induces mitochondrial outer membrane permeabilization. Active
caspase-2 also cleaves MDM2 to form MDM2 p60, which binds to and stabilizes
p53. p53 induces PIDD expression resulting in a feed-forward loop. Caspase-2 is
also activated by ATM/ATR independently of p53 when Chk1 activity is repressed

localized throughout the cell but appears to be concentrated at
the Golgi apparatus and the nucleus.*®“2 Results from our lab
show that caspase-2 is activated in the cytosol in response to
various stresses including heat shock, cytoskeletal disruption
and DNA damage, as measured by bimolecular fluorescence
complementation.*® It is therefore unclear what the role of
caspase-2 in the nucleus is. It remains possible that caspase-
2 can be activated in the nucleus but only in response to
conditions that do not normally result in apoptosis, and in this
scenario caspase-2 regulates other cellular events. Alterna-
tively, caspase-2 may have a nuclear function that is
independent of its enzymatic activity. These are open
questions that require further exploration, which will likely
uncover additional functions of this protease.

If caspase-2 does indeed function in cellular events distinct
from apoptosis, this may explain the lack of an overt
phenotype in mice that are deficient for caspase-2 and the
caspase-2-related proteins PIDD and RAIDD. While caspase-
8 and caspase-9 knockouts are embryonic lethal, caspase-2-
deficient mice are born at expected Mendelian frequencies
and the only measurable defect appears to be an excess of
oocytes, although it has not been reported if this phenomenon
is also observed in an independently generated caspase-2-
deficient mouse line.*>** This argues against an essential role
for caspase-2 in embryonic development. Similarly, PIDD-
deficient animals and RAIDD-deficient animals are develop-
mentally normal.’”#®4¢ |n addition, there are very few
cases where cells from caspase-2, RAIDD- and PIDD-
deficient animals are profoundly resistant to apoptosis.
Various independent studies have shown that thymo-
cytes from caspase-2-deficient, RAIDD-deficient and PIDD-
deficient mice are as sensitive as wild-type cells are to
various cytotoxic agents, including y-irradiation, etoposide or
TNFOC.17'42'45'46

Some exceptions exist. Caspase-2-deficient and RAIDD-
deficient splenocytes have been shown to be resistant to



heat shock-induced death,*” but studies in other cell types
such as Jurkat fail to see a difference in susceptibility to heat
shock in the absence of caspase-2.*® Caspase-2-deficient
embryonic fibroblasts have been shown to be significantly
resistant to the cytoskeletal disruptors vincristine and pacli-
taxel/taxol but the latter is not phenocopied in PIDD-deficient
cells.*®*4950 Caspase-2-deficient embryonic fibroblasts that
were transformed with the oncogenes E1A and Ras were
observed to be robustly resistant to y-irradiation while the
primary cells were not, again suggesting that caspase-2-
induced apoptosis can be cell-type and context dependent.®®
Finally, RAIDD-deficient fibroblasts are profoundly resistant to
apoptosis induced by PIDD overexpression.'” However, it is
important to note that caspase-2 activation has been observed
to some extent in response to each of the stimuli listed above
even in cases where apoptosis does not occur. 84347

Caspase-2 in Cell Division

Taken together this evidence suggests that, although acti-
vated caspase-2 can induce apoptosis under some circum-
stances, its activation does not mandatorily induce apoptosis
and it may have other regulatory functions. Caspase-2-
deficient embryonic fibroblasts reportedly proliferate at higher
rates and PIDD overexpression induces growth suppression
that is entirely dependent on RAIDD and partially dependent
on caspase-2, indicating a potential role for caspase-2 in cell
division.””"®° In line with these observations, y-irradiation-
induced cell cycle arrest was shown to be profoundly impaired
in the absence of caspase-2, indicating that caspase-2 may
contribute to a cell cycle checkpoint.*®

The mechanism of caspase-2-associated cell cycle arrest is
unclear. Bid has also been shown to be associated with cell
cycle arrest in response to DNA damage.®' However, a
subsequent study failed to reproduce these findings, and
therefore it is uncertain if Bid has any role in the regulation of
cell cycle.®® A requirement for Bid in cell cycle arrest
associated with caspase-2 has not been explored, but based
on the latter results, it is unlikely that caspase-2-mediated
proteolysis of Bid has a major role. Other targets of caspase-2
that carry out this function may exist.

Caspase-2 activity appears to be under tight regulation
during the cell cycle and is repressed during normal mitosis.
This repression is achieved by phosphorylation of serine
residue 340, which is located in the interdomain linker
between the large and small subunits of caspase-2.%° The
mitosis-promoting kinase cdk1-cyclin B1 phosphorylates
caspase-2 at this residue and the phosphatase PP1 (protein
phosphatase 1) facilitates its dephosphorylation during inter-
phase. Impairment of caspase-2 phosphorylation at this site
during mitosis results in caspase-2 activation and cell death.
PP1 is usually suppressed during mitosis, preventing depho-
sphorylation of caspase-2, but if the suppression becomes
alleviated, in response to DNA damage perhaps, then the
prediction is that caspase-2 activation would result. This may
represent a damage limitation function of caspase-2; if the
damage can be repaired then caspase-2 induces cell cycle
arrest but in conditions of irreparable damage caspase-2
engages the apoptotic pathway.
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Obviously, this type of checkpoint function is highly
reminiscent of p53, begging the question: is p53 involved in
this process? A recent paper suggests that caspase-2
enhances p53 function through cleavage of Mdm2 (mamma-
lian double minute 2). A caspase cleavage site was identified
in Mdm2 that separates the p53-binding region from the RING
domain that is responsible for p53 ubiquitination. Conse-
quently, cleavage at this site produces a 60 kD fragment of
Mdm2 that can bind to p53 but does not degrade it, resulting in
an overall increase in p53 stability. This results in a positive
feedback loop where p53 induces PIDD upregulation and
PIDD, in turn, stabilizes p53 through activation of caspas:e-254
(Figure 4). This model claims to explain why exogenous
expression of PIDD can induce growth arrest in cells that are
wild type for p53 but not in cells where p53 is absent or
mutated.?* It is possible that caspase-2-mediated cleavage of
Mdm2 contributes to other functions of p53 such as apoptosis,
senescence and autophagy. In neurons, deficiency in
caspase-2 results in increased autophagy in response to
oxidative stress.>® p53 has been shown to promote and inhibit
autophagy,®® however, it has not been investigated if p53 has
a role in caspase-2-associated inhibition of autophagy in
neurons.

There have been many reports of caspase-2 function
that is independent of p53 so it is likely that cleavage of
Mdm2 is not the sole way caspase-2 can induce growth
arrest. For example, DNA damage triggers an ATM/ATR
pathway that has been shown to induce caspase-2-
dependent apoptosis when checkpoint kinase 1 (Chk1) is
suppressed and this pathway bypasses a requirement
for p53.%7 (Figure 4).

Caspase-2 in Cancer and Aging

The potential role of caspase-2 as a cell cycle checkpoint
protein suggests that loss of caspase-2 would have profound
effects on the genomic stability of the cell and on the
susceptibility of the organism to tumors. Caspase-2 knockout
mice do not develop early spontaneous tumors.** However,
loss of caspase-2 in mice has been shown to be associated
with accelerated tumorigenesis driven by transgenic c-Myc on
the u-enhancer (Ex-Myc).%° Consistent with this, caspase-2-
deficient embryonic fibroblasts are more efficiently trans-
formed than wild-type cells.®® These data suggest that
caspase-2 may function as a tumor suppressor and may
even have an important role in cancer prevention.

Data regarding caspase-2 in human tumor samples have
been somewhat inconsistent. Caspase-2 maps to the q34-35
segment of human chromosome 7.°® The 7q region is
frequently deleted or affected in hematological neoplasms.®®
Chromosomal deletions such as this commonly lead to the
loss of a tumor suppressor, yet specific deletion of caspase-2
has not been reported. However, decreased caspase-2 and
RAIDD expression was observed in mantle cell lymphoma
tumor samples.®° In addition, drug resistance in childhood
forms of acute lymphoblastic leukemia (ALL) has been
correlated with decreased levels of caspase-2.61 In contrast,
increased levels of caspase-2 in acute myelogenous leukemia
and adult ALL have been associated with decreased patient
survival.5®® Finally, a search for somatic mutations in
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caspase-2 failed to find these in acute leukemia and a number
of solid tumor samples, including breast carcinoma and non-
small cell lung cancer.®* Although there is little direct evidence
of genetic abberations of caspase-2 in human cancer, the
possibility exists that inactivation of caspase-2 in tumors
occurs through disruption of the pathway through mutation or
improper regulation of a protein that regulates caspase-2
activity.

For example, we observed that the heat shock protein,
Hsp90x, inhibits caspase-2 activation.*® Hsp90 is commonly
upregulated or has increased activity in many human
tumors®®® and may represent a mode of inactivating
caspase-2 to promote tumor growth. A role for Hsp90 in
caspase-2 regulation is supported by results from Tschopp’s
lab, which showed that Hsp90 binds PIDD.%” However, in
contrast to our results, Tschopp found that Hsp90 is an
effector of PIDDosome activation and maturation. Therefore,
the precise nature of the association between Hsp90 and
PIDD/caspase-2 and its role, if any, in regulating the tumor
suppressor function of caspase-2 remains to be determined.

In addition to a potential role as a tumor suppressor, there
appear to be additional physiological consequences of
impaired caspase-2 activation. Caspase-2-deficient mice
have features consistent with accelerated ageing.®® The mice
do not survive as long; the maximum lifespan is 10% shorter in
the absence of caspase-2. In addition, old caspase-2-deficient
mice show many enhanced aging-related features, including
increased loss of bone mass as a result of increased bone
resorption, lower body fat content and impaired hair regrowth.
A subsequent study showed that caspase-2 deficiency
attenuated diabetes-induced bone marrow adiposity indicated
by decreased PPARy, which is a marker for adipocyte
differentiation, suggesting a potential role for caspsase-2 in
adipocyte differentiation.®®

Remaining Questions

As described here, work from Jiirg Tschopp’s group has vastly
increased our understanding of how caspase-2 is activated
and how caspase-2 functions. Nevertheless, there is still so
much we do not know about this protein, namely how it
participates in cancer and aging. Activation of caspase-2 is
clearly under tight regulatory control both in the regulation of
PIDD and PIDDosome assembly, and by additional regula-
tory factors such as casapse-2 phosphorylation. However,
the full cohort of caspase-2 regulatory proteins and factors
has probably not been identified yet. The publication of
the PIDD knockout mouse indicated that the caspase-2-
containing high molecular weight complex formed upon
temperature shift still assembles in the absence of PIDD.*®
This suggests that alternative caspase-2 activation platforms
exist that are independent of PIDD or can compensate for
the loss of PIDD.

Adding to the complexity of caspase-2 regulation, it
appears that PIDD complexes that are independent of
caspase-2 and RAIDD exist. Tschopp identified a nuclear
PIDD complex that contains PCNA (proliferating cell nuclear
antigen), an important component of DNA repair machinery.”®
PCNA acts as a DNA sliding clamp that binds DNA poly-
merase and prevents its dissociation from the template
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DNA strand. The PIDD-PCNA complex is induced by UV
stimulation and appears to facilitate the loading of PCNA onto
template DNA. Interestingly, PIDD-deficient animals were
more sensitive to UV-induced apoptosis in the epidermis.
Therefore, PIDD can indirectly regulate apoptosis in a manner
that is independent of caspase-2.

Closing Remarks

‘The interest in this caspase has been dampened due to
the lack of an overt phenotype of caspase-2-deficient
mice and limited knowledge of its mode of activation and
downstream targets '®’

Jiurg Tschopp made this statement in the introduction of
his publication characterizing the PIDDosome.'® With this
important discovery, he reignited the interest in this caspase
and the flame has remained strong ever since. Although many
facets of the caspase-2 signaling pathway remain a mystery,
the discovery that it may act as a safeguard against cancer
makes it clear that caspase-2 has many critical and unique
roles in regulating cell fate.
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