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Abstract
Apoptosis is a form of programmed cellular “suicide” which is activated in
response to a variety of pro-death stimuli. Apoptotic cell death is orderly and energydependent, and cellular constituents are packaged into membrane-bound vesicles for
consumption by phagocytes. Toxic intracellular signals are never exposed to
neighboring cells or to the extracellular environment, and a host inflammatory response
does not occur. Apoptosis is executed by the coordinated activation of caspase family
proteins. Caspase-2 is an apical protease in this family, and promotes cell death after
receipt of cues from intracellular stressor signals. Caspase-2 helps to initiate apoptosis
by responding to cellular death stimuli and signaling for downstream cytochrome c
release and executioner caspase activation.
Several years ago our lab determined that Xenopus laevis oocyte death is partly
controlled by the activation of caspase-2. In the setting of oocyte or egg extract nutrient
depletion, caspase-2 was observed to be activated upstream of mitochondrial
cytochrome c. In fact, caspase-2 is suppressed in response to the nutrient status of the
oocyte: nutrient-replete oocytes with healthy pentose phosphate pathway flux and
abundant NADPH production are able to inhibit caspase-2 via S135 phosphorylation
catalyzed by calcium/calmodulin-dependent protein kinase II. Phosphorylation of
caspase-2 at S135 is critical in preventing oocyte cell death, and a caspase-2 mutant
unable to be phosphorylated loses its ability to respond to suppressive NADPH signals.
In this dissertation we examine the converse mechanism of metabolicallyregulated caspase-2 activation in the Xenopus egg extract. We now show that caspase-2
phosphorylated at S135 binds the interactor 14-3-3ζ, thus preventing caspase-2
dephosphorylation. Moreover, we determined that S135 dephosphorylation is catalyzed
iv

by protein phosphatase-1, which directly binds caspase-2. Although caspase-2
dephosphorylation is responsive to metabolism, neither PP1 activity nor binding is
metabolically regulated. Rather, release of 14-3-3ζ from caspase-2 is the point of
metabolic control and allows for caspase-2 dephosphorylation. Accordingly, a caspase-2
mutant unable to bind 14-3-3ζ is highly susceptible to activation. Although this
mechanism was initially established in Xenopus, we now demonstrate similar control of
murine caspase-2 by phosphorylation and 14-3-3 binding in mouse eggs.
In the second part of this dissertation we examine the paradigm of caspase-2
metabolic regulation in a mammalian somatic cell context. We observed that
mammalian caspase-2 is a metabolically-regulated phosphoprotein in somatic cells, and
that the site of regulation is caspase-2 S164. Phosphorylation at S164 appears to inhibit
mammalian caspase-2 by preventing its induced proximity oligomerization, thus also
preventing procaspase-2 autocatalytic processing. We further identify some of the
molecular machinery involved in S164 phosphorylation and demonstrate conservation
with the validated Xenopus regulators. Interestingly, we extend the findings of caspase-2
phosphorylation to a study of ovarian cancer, and show that caspase-2 S164
phosphorylation might be involved in determining cancer cell chemosensitivity. We
further provide evidence that chemosensitivity can be modulated by the cellular
metabolic status in a caspase-2-dependent manner. Thus, we have identified a novel
phosphorylation site on mammalian caspase-2 in somatic cells, and are working further
to understand the implications of caspase-2 signaling in the context of cancer cell
responsiveness to chemotherapeutic treatments.
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1. Introduction
1.1 Apoptosis
Apoptosis is a form of programmed cell death that is activated by various prodeath signals such as DNA damage, oxidative stress, and nutrient deprivation.
Apoptosis is characterized morphologically by rapid and orderly cell shrinkage,
chromatin condensation, DNA fragmentation, and plasma membrane “blebbing,” which
is followed by the pinching off of membrane-bound apoptotic bodies (Figure 1.1). The
membrane-enclosed cellular fragments are then engulfed and disposed of by
neighboring phagocytes. Since the contents of the dying cell are neatly sequestered and
never exposed to the extracellular environment, apoptotic cell death does not elicit a
host immune or inflammatory response, and intracellular pro-death stimuli are not
released to the extracellular milieu. Thus, apoptosis is a cell-autonomous process of
programmed “suicide” dictated by the cellular response to pro-death stimuli.
Under normal physiologic conditions, apoptosis of damaged or unneeded cells is
precisely balanced by cellular regeneration, thus maintaining tissue homeostasis and
function. Apoptosis is also critical in development for the formation of mature tissues
and organs; for example, during embryogenesis and fetal growth, the cells comprising
interdigital webbing of the hands and feet undergo apoptosis in order to form mature
extremities. In contrast to its role in normal physiology and development, disruption of
the apoptotic program may manifest as either excessive cell death or inappropriate cell
survival. An important example of apoptosis in disease is the development and
propagation of cancer, in which transformed cells survive despite the presence of prodeath signals from chemotherapeutics, hypoxia, and DNA damage. In contrast,
1

Figure 1.1: Morphologic features of apoptosis
Figure 1.1: Shown in the color-enhanced scanning electron micrograph above
are a healthy white blood cell (blue) and an apoptotic white blood cell (red).
The healthy cell is round and symmetrical, with no membrane defects or
irregularities. The apoptotic cell displays membrane “blebs”, which will pinch
off to form plasma membrane-packaged apoptotic bodies. Apoptotic bodies
will be phagocytosed by neighboring macrophages, and the normal cell will not
be exposed to the intracellular contents of the dying cell. Image from Dr. Gopal
Murti, Science Photo Library, Photo Researchers.
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diseases of inappropriate cell loss, such as neurodegeneration and immunodeficiency,
are examples of pathology secondary to excessive apoptosis.

1.1.1 Apoptotic signaling cascade
The apoptotic pathway is coordinated by the activation of a group of cysteine
dependent aspartate-directed proteases known as caspases, which cleave substrates Cterminal to aspartate residues. Cleavage of caspase substrates serves to either directly
aid in the dismantling of the cell or propagate a positive feed-forward circuit for the
activation of additional pro-death molecules or inhibition of pro-survival molecules.
Caspases are broadly characterized as either “initiator” or “executioner” proteases based
on their role in the apoptotic signaling cascade: initiator caspases help to “jump start”
the apoptotic program by communicating pro-death signals to downstream executioner
caspases, which are responsible for cleaving cellular substrates to orchestrate cellular
demise.
Programmed cell death in the nematode Caenorhabditis elegans is dependent upon
the gene ced-3, in that loss of ced-3 results in a failure of apoptosis in the canonical
formation of the mature nematode (Yuan and Horvitz, 1990). In 1993, it was discovered
that ced-3 encodes a protein which closely resembles mammalian interleukin-1 betaconverting enzyme (ICE), a cysteine protease now known as caspase-1 (Yuan et al.,
1993). Currently, there are twelve known members of the CED-3 homolog caspase
family based on structural similarities; some of the caspase proteins play a role not as
apoptotic factors but instead as inflammatory mediators (e.g. caspase-1 and -11), and the
rest are involved in orchestrating programmed cell death (Nicholson and Thornberry,
1997).
Caspases are synthesized as inactive pro-enzymes which consist of a prodomain,
large subunit, and small subunit and are activated in response to various death stimuli
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(Garcia-Calvo et al., 1999). Initiator caspases (e.g. caspases-2, -8, and -9) are essential for
upstream signaling in the cascade and are activated following the binding of adaptor
proteins to their prodomains which promotes oligomerization and induced-proximity
autoprocessing. Once active, initiator caspases cleave and activate the pro-forms of
executioner caspases (e.g. caspases-3 and -7) which then go on to cleave protein
substrates within the cell, promoting cell death (Danial and Korsmeyer, 2004). In fact,
nearly four hundred caspase substrates targeted for protease-dependent cleavage have
been identified in a collection of molecules referred to as the apoptotic “degradome”
(Luthi and Martin, 2007). The comprehensive list of putative caspase substrates has
been published in a searchable format online (The Casbah; www.casbah.ie), although
the precise contribution and coordination of substrate cleavage products remains to be
fully validated for the majority of targets (Luthi and Martin, 2007). Taken together, the
apoptotic cascade serves to amplify pro-death stressor stimuli via a complex network of
cellular signaling molecules.
Apoptotic pathways may be generally stratified as either “intrinsic” or
“extrinsic” depending primarily on their utilization of signaling through the
mitochondrial platform (Figure 1.2). The most extensively characterized caspase
signaling pathway is the mitochondrial-initiated pathway, or the intrinsic apoptotic
pathway, which utilizes the balance between pro- and anti-apoptotic modulators to
regulate the release of the mitochondrial respiratory chain protein, cytochrome c, from
the intermitochondrial membrane space. Release of cytochrome c helps to nucleate
downstream apoptotic machinery and execute cell death, as described below
(Waterhouse and Green, 1999). The extrinsic apoptotic pathway involves engagement of
extracellular plasma membrane death receptors by pro-death ligands, and the
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Figure 1.2: The intrinsic and extrinsic apoptotic pathways
Figure 1.2: The extrinsic and intrinsic apoptotic pathways are shown. The
extrinsic pathway activates caspase-8/-10 and is initiated at the plasma membrane by
the binding of death ligands to death receptors. This forms the death-induced signaling
complex (DISC), which recruits and activates procaspase-8. Following activation,
caspase-8 can directly cleave effector caspases, such as caspase-3, and/or the BH3-only
protein Bid, which promotes cytochrome c release from the mitochondrial
intermembrane space. The intrinsic apoptotic pathway signals either through activation
of caspase-2 by the PIDDosome (PIDD and RAIDD adaptor proteins), or by changes in
the balance between pro- and anti-apoptotic Bcl-2 family members. The intrinsic
pathway impinges on the mitochondria to promote cytochrome c release. Once
cytosolic, cytochrome c initiates nucleation of the apoptosome activation complex,
which consists of cytochrome c, Apaf-1, and procaspase-9. Oligomerization of
procaspase-9 promotes its autoactivation, and active caspase-9 can directly activate
caspase-3. Caspase-3 cleaves substrates to promote the dismantling of cellular
components. From Kurokawa and Kornbluth (2009), with permission from Elsevier.
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interaction between the receptor-ligand pair initiates downstream executioner caspase
activation and apoptosis (Danial and Korsmeyer, 2004).
1.1.1.1 Intrinsic Pathway
In the intrinsic pathway, a variety of pro-apoptotic signals (for example DNA
damage, oxidative stress) induce the activation of initiator caspases and Bcl-2 family
members upstream of mitochondrial cytochrome c release. Importantly, caspase-2 has
been demonstrated to signal upstream of cytochrome c release by cleaving and
activating the pro-apoptotic BH3-only protein, Bid (the mechanism of caspase-2
signaling is described further in section 1.2) (Bonzon et al., 2006). Bcl-2 family members
themselves are paramount in dictating the threshold for cytochrome c release and
apoptosis. Bcl-2 family proteins are generally stratified as either anti-apoptotic (e.g. Bcl2, Bcl-xL, Mcl-1) or pro-apoptotic (e.g. Bax, Bak) (Danial and Korsmeyer, 2004).
Furthermore, the pro-apoptotic BH3-only proteins such as Puma, Noxa, Bid, Bad, and
Bim are responsible for binding and sequestering the anti-apoptotic Bcl-2 proteins, thus
freeing Bax/Bak to initiate mitochondrial outer membrane permeabilization and the
release of pro-apoptotic molecules from the inner mitochondrial membrane space
(Danial and Korsmeyer, 2004). The Bcl-2 family members play a critical role in finetuning the cell’s response to upstream apoptotic signals by dictating cytochrome c
release into the cytosol.
In addition to cytochrome c, other pro-apoptotic molecules confined to the inner
mitochondrial membrane space prior to membrane permeabilization are released to the
cytosol during apoptosis. These molecules include Smac, Diablo, apoptosis-inducing
factor (AIF), and endonuclease G (Danial and Korsmeyer, 2004). Smac and Diablo act by
binding and rendering inactive inhibitor of apoptosis (IAP) proteins, which interact with
and inhibit executioner caspases under normal conditions (Chai et al., 2000; Du et al.,
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2000; Verhagen et al., 2000; Wu et al., 2000). Once released from the mitochondria, AIF
and endonuclease G are able to translocate to the nucleus to promote chromatin
condensation and DNA fragmentation (Joza et al., 2001; Li et al., 2001). Mitochondrial
outer membrane permeabilization, as dictated by the balance and activity of upstream
apoptotic regulators such as caspase-2 and Bcl-2 family members, is critical in
propagating the apoptotic signaling cascade.
Once in the cytosol, cytochrome c forms a multimeric complex with the apoptotic
protease activating factor (Apaf-1), which serves as an activation platform for the
initiator caspase, caspase-9; this complex is termed the “apoptosome” (Kluck et al., 1997;
Liu et al., 1996; Ow et al., 2008). Cytosolic cytochrome c promotes apoptosome
formation by first binding Apaf-1, which results in a conformational change of Apaf-1
itself as well as Apaf-1 dATP hydrolysis. dATP hydrolysis is required for complete
Apaf-1 oligomerization into the heptameric apoptosome, and, once formed, the
apoptosome recruits the pro-form of caspase-9 via Apaf-1/caspase-9 homotypic caspase
recruitment domain (CARD) interactions (Kim et al., 2005; Kim et al., 2008). Caspase-9
oligomerization results in its induced-proximity activation by autocatalytic processing,
and active caspase-9 subsequently cleaves and activates the executioner caspases,
caspase-3 and -7 (Inoue et al., 2009; Li et al., 1997b; Pop et al., 2006; Salvesen and
Renatus, 2002; Zou et al., 1997; Zou et al., 1999). As mentioned previously, caspase-3
and -7 help execute the structural dismantling of the cell by cleaving cellular
constituents and proteins such as poly (ADP-ribose) polymerase (PARP) and inhibitor of
caspase-activated deoxyribonuclease (ICAD) (Enari et al., 1998; Lazebnik et al., 1994).
Cleavage and inactivation of PARP and ICAD promotes a loss in DNA repair as well as
an increase in DNA fragmentation, thus priming the cell for later dismantling (Enari et
al., 1998; Lazebnik et al., 1994).
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1.1.1.2 Extrinsic Pathway
Similar to the intrinsic pathway, engagement of the extrinsic pathway of
apoptosis also results in downstream executioner caspase-3 activation and cellular
destruction (Figure 1.2). However, in contrast to the intrinsic pathway, the extrinsic
pathway is less reliant on cytochrome c release to promote cell death. The extrinsic
pathway involves activation of the tissue necrosis factor (TNF) receptor family of
proteins, including Fas (APO-1/CD95), which is activated by the Fas ligand, and TNF
receptors, which are activated by TNF itself (Ogasawara et al., 1993; Suda et al., 1993;
Tartaglia et al., 1993; Trauth et al., 1989).
As an example of receptor-mediated apoptosis, the Fas receptor resides at the
plasma membrane as a trimer, and upon Fas ligand binding the receptor changes
conformation so as to accommodate downstream signaling regulators (Suda et al., 1993).
Upon conformational change, components of the death-inducing signaling complex
(DISC) are recruited to the Fas receptor cytoplasmic tail (Muzio et al., 1996). Via
homotypic interactions, the death domain (DD) of Fas receptor binds the DD of the
adaptor, FADD (Kischkel et al., 1995). FADD in turn recruits pro-caspase-8 via its death
effector domain (DED), thus providing pro-caspase-8 with a platform for inducedproximity activation and autoprocessing; active caspase-8 goes on to activate caspase-3
and -7 and promote apoptosis (Kischkel et al., 1995).
Despite the predominance of mitochondrial signaling in the intrinsic pathway of
apoptosis, components of the extrinsic signaling pathway also rely on mitochondrial
feedback loops for maximal cell death. In type I cells exposed to Fas ligand,
mitochondrial cytochrome c release is not required and caspase-8 activity secondary to
DISC formation is sufficient to induce executioner caspases and apoptosis (Scaffidi et al.,
1998). However, in type II cells Fas-mediated apoptosis is inhibitable by blocking
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mitochondrial outer membrane permeabilization, suggesting a role for intermembrane
proteins in receptor-mediated apoptosis. In fact, type II cells require activation of the
pro-apoptotic BH3-only protein, Bid, in order to execute apoptosis: in a mitochondrial
positive feedback loop, caspase-8 cleaves and activates Bid, which then promotes
cytochrome c release and caspase-3/7 activation (Li et al., 1998; Luo et al., 1998). Death
receptor signaling is an interesting paradigm by which the classical apoptotic
morphology may be executed either in the absence or presence of mitochondrial
cytochrome c release.
It is important to note that caspase-3 activation is a critical step in the execution
of both the extrinsic and intrinsic pathway. This efficient protease is also indispensible
for development in the modeling of embryo- and organogenesis. Developmental
knockout of caspase-3 in mice results in postnatal death secondary to increased
intracranial pressure; this is due to a loss of normal physiological neuronal apoptosis as
the embryo develops, resulting in neuronal hyperplasia (Kuida et al., 1996).

1.2 Caspase-2
The apoptotic protein caspase-2 was the second caspase to be identified and is
also considered to be the most evolutionarily-conserved caspase family member, sharing
a region of 43% amino acid identity with the catalytic region of one of the required C.
elegans programmed cell death proteins, CED-3 (Yuan et al., 1993). Caspase-2 was first
discovered and cloned almost two decades ago, and has been identified in the literature
by a number of synonyms, including the interleukin-1 converting enzyme/C. elegans cell
death gene (ICE/CED-3) homolog 1 (Ich-1), and neural precursor cells-expressed,
developmentally downregulated (Nedd-2) (Kumar et al., 1994; Wang et al., 1994; Yuan et
al., 1993).
9

Despite a recent increase in interest regarding caspase-2 regulation and signaling
pathways, progress on the details of this protease was stalled for several years after
characterization of the caspase-2 knockout mouse revealed only a mild phenotype
(Bergeron et al., 1998). Noteably, caspase-2 -/- female mice were found to have excess
ovarian germ cells (Figure 1.3A) (Bergeron et al., 1998). During normal fetal
development, the vast majority of ovarian germ cells will undergo programmed cell
death in order to compensate for high rates of clonal expansion during embryogenesis
(Ratts et al., 1995). Of interest, it was also demonstrated that oocytes void of caspase-2
were resistant to doxorubicin-induced apoptosis as compared to their wild-type
counterparts, which is a relevant paradigm for pathophysiologic germ cell loss in the
setting of anticancer treatment (Figure 1.3B, C) (Bergeron et al., 1998). These data not
only suggest a critical role for caspase-2 in developmental oocyte apoptosis, but also
point toward caspase-2 as a regulator of DNA damage-mediated apoptosis in ovarian
germ cells (Bergeron et al., 1998).

1.2.1 Caspase-2 structure and localization
Similar to other well-characterized initiator caspases such as caspase-8 and -9, the
amino terminus of caspase-2 consists of a long prodomain with a CARD interaction
motif utilized for homotypic CARD-CARD adapator protein binding (Kumar et al., 1997;
Kumar et al., 1994; Wang et al., 1994). In addition to the prodomain, caspase-2 also
contains a large subunit and a small subunit, which together help form the active site of
the molecule following autocatalytic processing (Baliga et al., 2004). The crystal
structure of human caspase-2 was reported in 2003, and this work demonstrated that,
unlike caspase-8 and -9, caspase-2 exists as a stable dimer in solution secondary to a
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Figure 1.3: Analysis of oocytes from caspase-2 -/- mice
Figure 1.3: Oocytes from caspase-2 -/- female mice are resistant to apoptosis.
A) Number of follicles in neonatal female mice. B) Micrographs of the normal
apoptotic response of oocytes to doxorubicin treatment. C) Percent apoptosis in
wildtype versus caspase-2 -/- oocytes in response to doxorubicin. From
Bergeron, L. et. al (1998), with permission from Gene & Dev.
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covalent disulfide bridge linkage at the zymogen dimer interface (Schweizer et al., 2003).
This property is unique to caspase-2 in that canonical initiator caspases are thought to
exist in solution as a monomer, with dimerization induced only following ligand
binding and engagement (Renatus et al., 2001; Talanian et al., 1996). However,
additional studies have suggested that caspase-2 may also exist in solution as a
monomer, and that disulfide bond-induced dimerization is dispensable for caspase-2
activation (Baliga et al., 2004). Also unique to the structure of caspase-2 is the existence
of an additional substrate specificity pocket, S5 (Schweizer et al., 2003; Talanian et al.,
1997). The S5 specificity pocket provides a structural explanation for the specificity of
caspase-2 toward pentapeptide targets for both substrate recognition as well as cleavage
efficiency (Schweizer et al., 2003). Thus, although the overall three-dimensional
structure of caspase-2 is similar to that of other crystallized caspases, it contains some
unique properties that differentiate caspase-2 from other known initiators.
Caspase-2 is also unique among other caspase family proteins in the diversity of
its subcellular localization. Whereas the majority of other known caspases are primarily
cytoplasmic, caspase-2 is thought to be constitutively localized to the nucleus, Gogli
complex, and cytoplasm, and reports also suggest the possibility of resident caspase-2
pools in the mitochondrion and endoplasmic reticulum (ER) (Cheung et al., 2006;
Mancini et al., 2000; Susin et al., 1999; van Loo et al., 2002; Zhivotovsky et al., 1999).
Caspase-2 contains a nuclear localization signal (NLS) near the carboxy-terminal region
of the prodomain that participates in transporting caspase-2 into the nucleus in part
through the interaction with the nuclear import heterodimer α/β-importin (Baliga et al.,
2003; Colussi et al., 1998; Shikama et al., 2001). Of note, caspase-2 nuclear localization
appears to be independent of its activation status, wherein a kinase-dead caspase-2
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construct shows an identical localization pattern to wildtype caspase-2 (Shikama et al.,
2001).
Localization of a caspase family protein to the Golgi complex has only been
reported for caspase-2, thus this is a unique subcellular compartment (Mancini et al.,
2000; O'Reilly et al., 2002). Caspase-2 Golgi localization has been demonstrated
primarily by immunostaining and microscopy studies, and cell lysate experiments with
immunoblotting of membrane-enriched fractions have also supported the idea of a pool
of caspase-2 in Golgi-like structures (Mancini et al., 2000; O'Reilly et al., 2002).
Furthermore, caspase-2 colocalizes with the Golgi membrane components golgin-160
and β-coatomer protein (Mancini et al., 2000; O'Reilly et al., 2002). In fact, as detailed
later in this section, golgin-160 is a caspase-2 substrate, and cleavage of golgin-160 aids
in the dismantling of the Golgi complex (Mancini et al., 2000). As continuous membrane
and protein trafficking occurs between the Golgi and ER, it is perhaps not surprising
that caspase-2 has also been reported to localize to the ER as indicated by microscopy
and fractionation with immunoblotting (Cheung et al., 2006). Caspase-2 localization to
the ER is perhaps most interesting in light of reports linking capase-2 to ER stressinduced apoptosis secondary to the unfolded protein response (UPR) in
immunoglobulin-producing multiple myeloma cells treated with the proteasome
inhibitor, Bortezomib (Gu et al., 2008).
The localization of caspase-2 to the mitochondria is the most controversial of its
putative subcellular localization sites. It was originally reported that the pro-form of
caspase-2, as well as caspase-9, is released from the mitochondrial intermembrane space
following membrane permeabilization (Susin et al., 1999). This work suggests that it is
the release of pro-caspase-2 from the mitochondria that catalyzes caspase-2 activation by
redistributing the zymogen to its cytosolic activation machinery (Susin et al., 1999).
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However, subsequent detailed mitochondrial fractionation studies from cell lines treated
with various pro-apoptotic stimuli (anti-Fas, Fas ligand, growth factor withdrawal)
demonstrated that, while the established mitochondrial molecules such as cytochrome c,
SMAC/DIABLO, and AIF were released from the intermitochondrial membrane space,
no caspases were able to be detected in the mitochondrial fraction (van Loo et al., 2002).
Although the idea of an initiator caspase being housed within the mitochondria is an
attractive one, it remains to be fully validated whether this is, in fact, the case for
caspase-2.

1.2.2 Caspase-2 activating stimuli
Many studies have linked specific initiator caspases with certain physiological
processes. Caspase-2 has been demonstrated to signal upstream of mitochondrial
cytochrome c release in the intrinsic apoptotic pathway, and as such receives pro-death
signals from within the cell (Kumar et al., 1994; Lassus et al., 2002; Wang et al., 1994).
Accumulating evidence suggests that caspase-2 is not universally engaged by apoptotic
signaling pathways, but instead responds to specific cellular stressors such as heat
shock, nerve growth factor deprivation in differentiated neurons, and certain cytotoxic
and DNA-damaging agents (Chen et al., 2004; Panaretakis et al., 2005; Robertson et al.,
2002; Stefanis et al., 1998; Tu et al., 2006).
Shown in Table 1.1 is a list of suggested caspase-2-dependent apoptotic stimuli
from the literature. However, it is worth mentioning that this list is by no means
exhaustive, and many reports are published each year implicating caspase-2 as an
initiator caspase responsible for propagating apoptosis following pro-death stimuli.
Furthermore, it is important to note that while many of the published papers use
irreversible caspase-2 inhibitors or caspase-2 siRNA to remove functional caspase-2 from
the equation, a more convincing study would be to test pro-apoptotic stimuli in cells
14

Table 1.1: Putative caspase-2 activating stimuli
STIMULUS

CELL LINE(S)

CASPASE-2
INHIBITION

REFERENCE

Cytoskeletal disruption:
paclitaxel, vincristine,
cytochalasin D, zoledronic
acid

MEFs

siRNA, knockout
MEFs

(Ho et al., 2008)

Amyloid-β 1-42 peptide

Neuronallydifferentiated
PC12

siRNA

(Troy et al.,
2000)

Heat shock

Jurkat

Biotinylated-VDVADfmk

(Tu et al., 2006)

Nitric oxide stimulation in
E1A-positive cells

NIH-3T3,
Human H4 cells

siRNA

(Cook et al.,
2008)

PRIMA-1 treatment in
cancer cells

H1299, Saos-2,
SKOV-TA

siRNA, Ac-VDVADfmk

(Wiman et al.,
2008)

Bortezomib proteasome
inhibitor treatment in
multiple myeloma cells

NCI-H929,
RPMI-8226/S

Lentiviral shRNA, AcVDVAD-fmk

(Gu et al., 2008)

NRIF3 transcription factor

T47D, MEFs

Retroviral shRNA,
knockout MEFs

(Samuels et al.,
2007)

CD95 signaling in
response to DNA damage;
signaling via DISC
complex

HCT116

siRNA

(Zhivotovsky
et al., 2009)

Caspase-2 proenzyme
overexpression

MCF7-Fas, 293T,
HeLa

None; overexpression
only

(Alnemri et al.,
2002)

Histone deacetylase
inhibitor TSA

DU145, LNCap

siRNA, caspase-2
dominant negative,
Ac-VDVAD-fmk

(Cohen et al.,
2006)

Docetaxel inducing
mitotic catastrophe

PC3, DU145

None

(Silvestrini et
al., 2008)

Etoposide double-strand
DNA breaks

Bowes

Ac-VDVAD-fmk

(Rudolf et al.,
2009)

Etoposide double-strand
DNA breaks

Jurkat

Lentiviral shRNA, AcVDVAD-fmk

(Robertson et
al., 2002)
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derived from the caspase-2 knockout mouse. Experiments from caspase-2 knockout
cells would truly help decipher caspase-2-dependent death stimuli from stimuli that
take advantage of downstream caspase feedback loops which use caspase-2 as an
apoptotic amplifier. Thus, publications detailing the requirement of caspase-2 for
stimulus-induced death must be critically analyzed to determine the true contribution of
caspase-2 to the apoptotic pathway.
Of particular relevance to my dissertation work is the role of caspase-2 in both
developmental and pathophysiological oocyte death, as well as in chemotherapeuticinduced death following cytotoxic treatment. As mentioned previously, the caspase-2
knockout mouse has a defect in normal ovarian germ cell apoptosis, resulting in excess
oocytes (Bergeron et al., 1998). Additionally, these oocytes are resistant to doxorubicininduced death, suggesting a role for caspase-2 in promoting apoptosis in the setting of
DNA damage (Bergeron et al., 1998; Panaretakis et al., 2005). Further supporting the
importance of caspase-2 in oocyte apoptosis are studies examining ionizing radiationinduced germ cell death in the mouse ovary (Hanoux et al., 2007). In this model of
ionizing radiation-induced primordial follicle loss and infertility, caspase-2 expression
and activation are seen to correlate with cell death, and inhibition of caspase-2 abrogates
oocyte death following radiation exposure (Hanoux et al., 2007). Thus, there is strong
evidence placing caspase-2 as a critical initiator caspase in ovarian germ cell apoptosis.
Also of importance to my dissertation work is the role of caspase-2 in cell death
induced by cytoskeletal disruption (Ho et al., 2008). Using mouse embryonic fibroblasts
(MEFs) derived from caspase-2 knockout mice, it was demonstrated that the cytoskeletal
disrupting agents zoledronic acid, vincristine, cytochalasin D, and, importantly,
paclitaxel, are all dependent upon caspase-2 to promote apoptosis (Ho et al., 2008). In
the absence of caspase-2, cytochrome c release and downstream caspase activation are
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significantly delayed and dampened in response to cytoskeletal disrupting agents (Ho et
al., 2008).

1.2.3 Caspase-2 mechanism of activation
Maximal caspase-2 efficacy occurs following two principle activation steps:
oligomerization of caspase-2 precursors via adaptor protein binding, and induced
proximity autocatalytic processing of full-length caspase-2 to form the active enzyme
(Baliga et al., 2004; Krumschnabel et al., 2009). Caspase-2 activation is initiated by the
binding of its canonical adaptor proteins, receptor-interacting protein (RIP)-associated
ICH-1/CED-3 homologous protein with a death domain (RAIDD) and p53-induced
protein with a death domain (PIDD) (Duan and Dixit, 1997; Read et al., 2002; Tinel and
Tschopp, 2004). Once activated by induced proximity oligomerization, caspase-2 cleaves
and activates a pro-apoptotic member of the Bcl-2 family, Bid, which in turn promotes
Bax translocation to the mitochondria and cytochrome c release (Baliga et al., 2004;
Bonzon et al., 2006; Guo et al., 2002; Li et al., 1997a).
1.2.3.1 PIDDosome formation
As mentioned above, the adaptor proteins RAIDD and PIDD bind caspase-2 in
an activating complex termed the “PIDDosome” (Tinel and Tschopp, 2004).
Crystallography studies suggest that five PIDD molecules comprise the core of the
PIDDosome, in a structure similar to the caspase-9 activating platform, the apoptosome
(Park and Wu, 2006, 2007). PIDD contains a DD, and the DD of PIDD is able to interact
with the DD of RAIDD (Park and Wu, 2007; Tinel and Tschopp, 2004). It has been
demonstrated that the five core PIDD molecules are able to recruit seven RAIDD
proteins via homotypic DD interactions (Park and Wu, 2007). In addition to a DD,
RAIDD also contains a CARD which it uses to bind seven procaspase-2 molecules, thus
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recruiting inactive caspase-2 to the PIDDosome oligomer (Park and Wu, 2007; Tinel and
Tschopp, 2004).
PIDD was first identified as a novel gene induced by p53-mediated transcription
in response to DNA damage by ionizing radiation (Lin et al., 2000). p53 is believed to be
required to induce PIDD expression in the setting of ionizing radiation as well as in the
context of a variety of other DNA-damaging agents, and PIDD overexpression promotes
apoptosis, whereas its knockdown attenuates p53-mediated cell death (Lin et al., 2000).
However, despite the fact that several publications have demonstrated a dependence on
both PIDD and RAIDD expression for caspase-2 activation in a variety of tissue culture
cell scenarios, it is remarkable to note that recent characterization of the PIDD knockout
mouse showed no defects in caspase-2 mediated apoptosis (Berube et al., 2005; Manzl et
al., 2009; Vakifahmetoglu et al., 2006). Caspase-2 recruitment into high molecular
weight complexes and subsequent processing was readily detected despite the absence
of PIDD in knockout mice, and apoptosis secondary to various stimuli (DNA damage,
growth factor deprivation, ER stress) occurred normally in all cell types analyzed (Manzl
et al., 2009). Of note, the characterization of the PIDD-deficient mouse does not include
a mention of a potential phenotypic effects on ovarian germ cells, and the caspase-2
knockout mouse would suggest that oocyte survival could be a prime target for
PIDDosome regulation (Bergeron et al., 1998; Manzl et al., 2009). These data imply that
an alternative to the canonical PIDDosome activation platform must exist to activate
caspase-2, at the very least in the absence of PIDD expression (Manzl et al., 2009).
In contrast to PIDD, very little is known about the regulation of RAIDD. RAIDD
is thought to exist in solution as a protein with six tightly packed helices containing
opposing acidic and basic patches on the surface that are responsible for mediating
CARD/CARD interactions (Chou et al., 1998). However, despite information about
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RAIDD structure, there have been no reports in the literature of RAIDD regulation at the
transcriptional, post-transcriptional, or post-translational level. Although RAIDD
regulation has not been reported, RAIDD does appear to be critical for caspase-2
signaling in that RAIDD is strictly required for PIDDosome formation and caspase-2
activation as demonstrated by knockdown studies (Berube et al., 2005). Furthermore,
RAIDD knockout MEFs are resistant to PIDD overexpression-induced caspase-2
activation and apoptosis, suggesting a central role for RAIDD in modulating caspase-2
induced proximity oligomerization (Berube et al., 2005). Although a RAIDD-deficient
mouse stain has been created, no extensive report of the RAIDD -/- phenotype exists in
the literature. Further studies directed against the role of RAIDD in apoptosis and the
potential contribution of regulatory modifications on RAIDD would be of interest in
order to better understand the platform of caspase-2 activation.
1.2.3.2 Induced proximity autocatalytic processing
Once oligomerized as heptameric procaspase-2 in the PIDDosome complex,
caspase-2 is able to maintain some catalytic activity toward its substrates, in that even a
caspase-2 mutant which is unable to be processed still has some activity secondary only
to oligomerization (Baliga et al., 2004). Following the key event of oligomerization,
caspase-2 induced proximity activation occurs via autocatalytic processing (Figure 1.4)
(Baliga et al., 2004). The first autocleavage event of caspase-2 occurs at D333 between
the large and small subunits, and these subunits , once cleaved, remain stably associated
to form the active site of the enzyme (Baliga et al., 2004). Complete caspase-2 processing
also involves removal of the prodomain and linker regions, and the fully active enzyme
is a heterodimer consisting of two large subunits and two small subunits (Figure 1.4).
Thus, the mechanism of initial caspase-2 activation is oligomerization, not processing
(Baliga et al., 2004). This is an important distinction in that many publications use
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Figure 1.4: Mechanism of caspase-2 autocatalytic processing
Figure 1.4: Procaspase-2 monomers are recruited into close proximity via adaptor
protein interactions (e.g. RAIDD, PIDD). Once in close proximity, the catalytic
domains of caspase-2 can promote cleavage between the large and small subunits
of each monomer (at D333). Intramolecular cleavage leads to the formation of an
active stable tetrameric complex, which contains maximal enzymatic capacity and
is fully processed upon removal of the prodomain and linker regions of the
protein. From Baliga, BC. et al. (2004), with permission from Cell Death & Diff.
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caspase-2 proenzyme processing as a readout for its activation, whereas a more
appropriate target might be cleavage of a caspase-2-specific substrate. These data also
help to further implicate caspase-2 as a true initiator caspase, in that its cleavage is not
required to initiate its activity (Baliga et al., 2004).

1.2.4 Caspase-2 regulation by phosphorylation
Complementary to upstream regulation by its adaptor proteins, caspase-2
activation is also modulated by phosphorylation, which can either be inhibitory or, less
commonly, activating. The regulation of caspase-2 by phosphorylation is central to this
dissertation, and indeed there are several examples of this level of regulation in the
literature (Table 1.2). Discussed in more detail in sections 1.3.2.4 and 3.1, Xenopus laevis
caspase-2 is phosphorylated on serine 135 by calcium/calmodulin-dependent protein
kinase type II (CaMKII) (Nutt et al., 2005). Phosphorylation at S135 is inhibitory and
prevents binding of the caspase-2 prodomain to the CARD domain of RAIDD (Nutt et
al., 2005). Interestingly, caspase-2 S135 phosphorylation is under metabolic regulation in
Xenopus cell-free egg extract: in the presence of abundant nutrient flux through the
pentose phosphate pathway and ample nicotinamide adenine dinucleotide phosphate
(NADPH) production, caspase-2 is robustly phosphorylated and suppressed (Nutt et al.,
2005). In fact, a caspase-2 construct unable to be phosphorylated at S135 is unresponsive
to NADPH production and undergoes constitutive processing regardless of nutrient
status.
Caspase-2 phosphorylation has also been demonstrated to be involved in the
crosstalk between Xenopus egg extract cell cycle and apoptotic machinery (Andersen et
al., 2009). Caspase-2 is directly suppressed during mitosis by the M phase-promoting
kinase, cyclin dependent kinase-1 (Cdk1) (Andersen et al., 2009; Sherr, 1994). Cdk1cyclin B1 phosphorylates caspase-2 at serine 308 in Xenopus, thus inhibiting caspase-2
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Table 1.2: Caspase-2 phosphorylation sites
KINASE
CaMKII (activated by
NADPH)
PKCK2 (inhibited by
TRAIL binding)
Cdk1 (activated in
mitosis)
DNA-PK (activated to
induced G2/M arrest)

PHOSPHORYLATION
CASPASE-2
SITE
OUTCOME
S135 (Xenopus)
Inhibitory
S157 (human)

Inhibitory

S308 (Xenopus)
S340 (human)
S122 (human)

Inhibitory
Activating

REFERENCE
(Nutt et al.,
2005)
(Shin et al., 2005)
(Andersen et al.,
2009)
(Shi et al., 2009)

activation and ensuring that apoptosis will not be aberrantly activated during normal
cell cycle progression (Andersen et al., 2009).
Caspase-2 has also been demonstrated to be a substrate of protein kinase casein
kinase 2 (PKCK2), which phosphorylates human caspase-2 on serine 157 (Shin et al.,
2005). Interestingly, this phosphorylation inhibits caspase-2 from potentiating death
receptor-induced caspase-8 activation in a PIDDosome-independent signaling cascade
(Shin et al., 2005). As PKCK2 activity drops in the cell, caspase-2 becomes
hypophosphorylated and active against procaspase-8, where it serves as a primer for
death receptor-induced apoptosis (Shin et al., 2005). In an opposing paradigm, recent
evidence suggested that caspase-2 phosphorylation by DNA-dependent protein kinase
(DNA-PK) at serine 122 is actually an activating modification (Shi et al., 2009).
However, instead of playing a role in apoptosis, phosphorylation of caspase-2 on S122 is
reported to promote a cell cycle checkpoint and G2/M arrest (Shi et al., 2009).
Caspase-2 regulation by phosphorylation provides another level of apoptotic
fine-tuning. In addition to adaptor protein binding and the sensitivity and availability
of downstream substrates, the threshold of caspase-2 activation itself is also affected by
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post-translational modifications. For example, in the setting of high metabolic activity in
Xenopus laevis egg extract, aberrant activation of upstream caspase-2 adaptors should be
insufficient to engage the caspase unless S135 phosphorylation is also lost (Nutt et al.,
2005). This provides a safety checkpoint to avoid inappropriate caspase-2-mediated cell
death.

1.2.5 Caspase-2 substrates
Unlike the prototypical initiator caspases, caspase-8 and -9, which both cleave
and activate effector caspase-3, caspase-2 does not directly cleave any caspases with the
exception of its own zymogen (Guo et al., 2002). Instead, caspase-2 propagates the
apoptotic pathway by both mediating mitochondrial cytochrome c release as well as by
aiding in the dismantling of the cell. Most central to its role upstream of mitochondrial
cytochrome c release, caspase-2 has been extensively characterized to cleave the
proapoptotic BH3-only protein, Bid (Luo et al., 1998). Truncated Bid is apoptotically
active and able to promote Bax activation, mitochondrial outer membrane
permeabilization, cytochrome c release, and cell death (Luo et al., 1998). Caspase-2 is
able to promote cytochrome c release from mitochondria in the presence of cytosol from
wild-type, but not Bid-deficient cells (Bonzon et al., 2006). This indicates that Bid is
required for caspase-2-induced downstream mitochondrial outer membrane
permeabilization, placing Bid as a critical caspase-2 substrate in promoting apoptosis
(Bonzon et al., 2006). In fact, Bid has been implicated as an important mediator of
caspase-2 induced cell death even in the setting of death receptor signaling via
TRAIL/Apo2L activation (Wagner et al., 2004).
Although only a handful of caspase-2 substrates have been identified, one subset
of targets is important in maintaining the functional and structural integrity of the cell;
upon cleavage of these substrates, cellular function is compromised and apoptosis is
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enabled. Caspase-2 has been demonstrated to cleave and inactivate Golgin 160, αIIspectrin, and plakin, which are normally involved in maintaining the structure of the
Golgi complex, plasma membrane, and cell-cell adhesion junctions, respectively (Aho,
2004; Mancini et al., 2000; Rotter et al., 2004). Degradation of these substrates by
caspase-2-mediated proteolysis contributes to the morphological features of apoptosis,
including loss of cellular attachments, rounding up, and membrane blebbing.
In addition to structural proteins, caspase-2 also cleaves targets whose normal
function is to help maintain cellular genomic integrity. ICAD, PARP, and histone
deacetylase 4 (HDAC4) are all affected by caspase-2 activity (Gu et al., 2008; Paroni et al.,
2004; Sakahira et al., 1998). ICAD cleavage promotes release of CAD from its inhibitor,
driving the DNA fragmentation process characteristic of apoptosis (Sakahira et al., 1998).
PARP helps to locate and repair foci of DNA damage, and inactivation of PARP by
caspase-2 increases DNA replication errors and promotes DNA-damage induced death
(Gu et al., 2008). Finally, HDAC4 cleavage results in accumulation of the N-terminal
fragment in the nucleus, where it is able to strongly repress DNA transcription as well as
promote cytochrome c release (Paroni et al., 2004). Thus, inactivation of the caspase-2
targets ICAD, PARP, and HDAC4 result in compromised genomic integrity as well as
increased DNA fragmentation and, ultimately, apoptosis.
Two particularly interesting substrates implicated as caspase-2 targets are the
enzyme protein kinase C delta (PKCδ) and the huntingtin protein (Htt) (Hermel et al.,
2004; Panaretakis et al., 2005). Cleavage of PKCδ by caspase-2 is actually an activating
step for the kinase by exposing an NLS and promoting PKCδ nuclear accumulation
(DeVries et al., 2002; Panaretakis et al., 2005). Active PKCδ plays an important role in
promoting mitochondrial-associated apoptosis including activation of the apoptosispromoting tumor suppressor, p53, and replacement of endogenous PKCδ with a
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catalytically-inactive mutant is sufficient to suppress apoptosis mediated by the intrinsic
pathway (DeVries et al., 2002; Panaretakis et al., 2005). Mutant Htt is thought to play a
major role in the etiology of the progressive neurodegenerative disorder, Huntington’s
disease. Huntington’s disease is marked by neuronal loss specifically in the striatum
and cortex of the brain, and it is believed that cleavage of full-length Htt might
contribute to neuronal apoptosis (Hermel et al., 2004). Caspase-2 has been shown to
interact with and cleave Htt in a polyglutamine repeat-dependent manner, suggesting
that caspase-2 might play a critical role in sensing abnormal Htt protein; however, a
consequence of caspase-2 mediated Htt cleavage is neuronal toxicity and cellular loss,
promoting the symptomatic manifestations of Huntington’s disease (Hermel et al., 2004).
Given the potential role of caspase-2 in propagating neuronal apoptosis in Huntington’s,
it would be of interest to conduct further studies to determine if inhibition of caspase-2
is sufficient to prevent mutant Htt signaling and disease progression.

1.2.6 Caspase-2 as a tumor suppressor
The caspase-2 gene (at the time referred to as Nedd2) is located on human
chromosome 7q34-35 (Kumar et al., 1995). Of interest, the human chromosome 7q has
been demonstrated to contain structural alterations (e.g. chromosomal inversions) in
hematological malignancies, implicating this region as a prime candidate for housing a
tumor suppressor gene (Kumar et al., 1995). Also suggestive toward the importance of
7q in tumor suppression, loss of this region of the chromosome, as well as chromosome
7 monosomy, have been shown to correlate with a poor prognosis in acute myeloid
leukemia (AML) (Johansson et al., 1993; Mrozek, 2008). More specifically, a decrease in
caspase-2 expression levels in cancer has been reported for childhood acute
lymphoblastic leukemia (ALL) and AML as well as in mantle cell lymphoma (Hofmann
et al., 2001; Holleman et al., 2005). Furthermore, in childhood ALL and AML a loss of
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caspase-2 is thought to correlate with an increase in chemotherapeutic resistance
(Holleman et al., 2005).
Studies focusing on the role of caspase-2 as a putative tumor suppressor gene
have recently confirmed a role for the loss of caspase-2 in the pathogenesis of Eµ-Myc
lymphoma (Ho et al., 2009). In the first part of this study, MEFs from caspase-2
knockout mice demonstrated an increased doubling time and propensity toward
transformation compared to cells with wildtype caspase-2 (Ho et al., 2009). Consistent
with a role in tumor suppression, caspase-2 knockout MEFs also formed larger, more
numerous colonies in a soft agar colony-forming assay, and upon injection into mice,
caspase-2 knockout MEFs formed large, aggressive tumors within 10 days (Ho et al.,
2009). Further supporting the case for caspase-2 as an endogenous tumor suppressor
were studies conducted in an Eµ-Myc mouse model of lymphoma, which is a model
where disease spontaneously develops within several weeks (Ho et al., 2009). In this
model, mice with two wildtype copies of caspase-2 developed lymphoma around 16
weeks, whereas heterozygous mice with only one copy of caspase-2 developed terminal
disease around approximately 12 weeks (Ho et al., 2009). Remarkably, loss of both
caspase-2 alleles resulted in aggressive lymphoma formation and terminal illness
between four to eight weeks (Ho et al., 2009). Although the precise mechanism of
caspase-2-mediated tumor suppression remains to be characterized, the Eµ-Myc
lymphoma studies suggest that caspase-2 may play a critical role in preventing aberrant
cellular growth and transformation, and that loss of caspase-2 may be a critical step in
carcinogenesis (Ho et al., 2009; Kumar, 2009).
It will be of future interest to determine the mechanism of caspase-2 suppression
in lymphoma as well as whether loss of functional caspase-2 might play a role in other
tumor types. For example, in the absence of chromosome 7 loss or alteraions, could
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functional mutations or suppression of caspase-2 play a similar role in promoting
tumorigenesis and chemoresistance? Although perhaps not surprising that loss of a prodeath protein results in increased cellular growth and survival, understanding the
specificity of caspase-2 in tumorigenesis may be important in the design and rationale of
targeted therapeutics.

1.2.7 Caspase-2 suppression in Xenopus oocytes
Despite the lack of a dramatic developmental phenotype in the absence of
caspase-2, the results of the caspase-2 knockout mouse studies (detailed in section 1.2)
were of particular interest to our lab where we study cell death pathways using
germline cells in the Xenopus laevis egg extract system (Bergeron et al., 1998). It has been
known for over a decade that Xenopus egg extract, when left to sit at room temperature
over several hours, will eventually display many of the classical signs of apoptosis
including caspase processing and activation and cytochrome c release (Newmeyer et al.,
1994). However, the initiating factor in Xenopus extract apoptosis remained unknown
until recently. In a 2005 publication in Cell, our lab demonstrated that apoptosis in the
Xenopus extract system is initiated by the depletion of critical nutrients over time, which
eventually results in activation of caspase-2 (Nutt et al., 2005). Caspase-2 is the most
apical caspase involved in this signaling cascade, and is required for Xenopus extract
death in the setting of nutrient loss.
To understand the relevance of nutrient loss in Xenopus oocytes, it is important to
consider the dominant metabolic pathways in these germ cells. Xenopus oocytes
preferentially downregulate glycolysis in order to instead divert metabolites to form
glycogen, which is an important energy source conserved until oocyte gastrulation
(Dworkin and Dworkin-Rastl, 1989). To support the oocyte and early embryo, energy
from yolk protein amino acids may be converted to phosphoenolpyruvate and then
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glucose-6-phosphate (G6P), which feeds preferentially into the pentose phosphate
pathway (Dworkin and Dworkin-Rastl, 1989). Thus, yolk proteins in addition to
glycogen are critical to support the oocyte nutrient demands, and yolk protein
metabolism aids in creating G6P and promoting glycogen deposition as well as flux
through the PPP.
The work studying Xenopus apoptosis in our lab established that caspase-2 is
held in an inactive state in the presence of sufficient flux through the PPP in order to
produce the critical cofactor NADPH (Nutt et al., 2005). NADPH in turn acts to promote
an inhibitory phosphorylation of caspase-2 at serine 135 by CaMKII (Nutt et al., 2005).
Phosphorylation of caspase-2 at S135 prevents Xenopus egg extract apoptosis, as well as
whole-cell death in an intact Xenopus oocyte model. In fact, abrogation of S135
phosphorylation makes caspase-2 unresponsive to metabolic signals and drives caspase2 processing and egg extract apoptosis (Nutt et al., 2005). This work demonstrates that
oocyte nutrient flux is crucial in preventing caspase-2-mediated apoptosis in the Xenopus
egg extract system, thus defining a mechanism of metabolic capase-2 suppression.
However, it remained to be determined whether the converse pathway, caspase-2
activation, is also metabolically-regulated.
The metabolic suppression of caspase-2 in an oocyte context is especially
compelling when considered in the setting of oocyte maintenance and fertility.
Vertebrate female fertility is determined in large part by oocyte number as established
by a balance between oocyte stockpiles made during embryogenesis and physiologic
ovarian germ cell apoptosis that normally occurs during infancy (Pru and Tilly, 2001).
From a pathophysiological standpoint, fertility is also impacted by inappropriate oocyte
loss following cytotoxic insults such as chemotherapeutics (Bergeron et al., 1998; Perez et
al., 1997). Thus, it is important to understand the mechanistic pathways dictating oocyte
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survival as this may help provide insight into ways of preserving fertility in the setting
of unwanted germ cell loss (e.g. following chemotherapeutic treatment).

1.3 Metabolism and apoptosis
Metabolic activity is a critical determinant of a cell’s decision to undergo
apoptosis. Although it is not yet fully understood how metabolic status communicates
to the effectors of apoptosis, it is clear that a complex network of signaling pathways is
required to integrate metabolic inputs and modulate cell fate. Elucidating these
pathways is of great importance as metabolic aberrations leading to changes in
downstream cellular processes are now recognized to contribute to the etiology of a
wide range of diseases such as cancer and degenerative disorders.
A myriad of metabolites participate in cellular energy commerce: glucose, lipids,
amino acids, and nucleic acids are extensively broken down and remodeled to form
countless metabolic intermediates and byproducts. The number of potential metabolic
signaling molecules is staggering, and research is only beginning to uncover how these
metabolites communicate with cell death machinery to effect cellular fate.
Molecular responses to nutrient flux are complex, and many recent studies have
focused on upstream, multimodal “nutrient sensing” pathways such as those initiated
by PI3K/AKT, AMPK, and mTOR (Engelman et al., 2006; Hardie, 2007; Manning and
Cantley, 2007; Wullschleger et al., 2006). As a complement to understanding upstream
signaling, it is important to also dissect modulation of apoptotic effectors by metabolism,
in an attempt to examine how nutrient-initiated signaling pathways impinge on key
cellular processes. Crosstalk between metabolism and apoptosis is a growing topic in the
literature, with publications detailing effects on p53, caspase-2, Bcl-2 family proteins,
cytochrome c, and the apoptosome.
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When cellular metabolic activity is robust, cells can often withstand subthreshold
apoptotic stimuli in order to provide otherwise healthy cells with an opportunity to
recover from damaging stimuli. Conversely, when nutrients wane, cells may be unable
to perform critical tasks and may become appropriately more vulnerable to
programmed cell death. There are many points at which metabolism can impinge on
apoptotic signaling; discussed in this section are some of the significant effectors in
metabolic-apoptotic communication in an effort to better appreciate the crosstalk
between metabolism and cell death.

1.3.1 Cellular metabolism
The metabolism of nutrients and intermediates within the cell involves complex
signaling networks depending upon nutrient uptake and availability as well as the
activities of countless metabolic enzymes and cofactors. Countless metabolic regulators
help determine the direction and rate of pathway flux, and the cellular outputs of ATP,
cofactors, nucleotides, amino acids, and lipids help support the cell’s biosynthetic and
energy demands.
1.3.1.1 General glucose metabolism
Carbon metabolism in the form of glucose is one of the primary metabolic
currencies of the cell. Glucose is taken up into the cell by glucose transporter (GLUT)
receptors upon cellular growth stimulation, for example by growth factors or, in some
cell types, by the insulin hormone. Once cytosolic, glucose is prevented from cycling
back out to the extracellular environment via its phosphorylation by the enzyme
hexokinase to produce G6P. G6P lies at the top of two major metabolic pathways within
the cell: glycolysis, and the PPP. The primary role of glycolysis is to convert glucose into
pyruvate, which feeds into the tricarboxylic acid (TCA) cycle and supports
mitochondrial ATP production via respiration. Glycolysis is a critical pathway for
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maintaining cellular respiration and ATP production. Alternatively, G6P can also be
shunted into the PPP, which consists of an oxidative phase which produces NADPH as
well as a non-oxidative phase involving the interconversion of sugars.
1.3.1.2 Pentose phosphate pathway
The pentose phosphate pathway is critical for cellular survival in that it helps
synthesize reducing equivalents as well as provides biosynthetic products for amino
acid, nucleic acid, and fatty acid synthesis. Without the pentose phosphate pathway,
cells would be unable to neutralize reactive oxidative species and would not have the
macromolecular constituents necessary to support cellular growth or division.
In the oxidative phase of the pentose phosphate pathway, G6P is converted to
ribulose-5-phosphate (R5P) through a series of enzymatic reactions. Among the
responsible proteins is the rate-limiting enzyme, G6P dehydrogenase, which converts
G6P to 6-phosphogluconolactone. During the metabolism of G6P to R5P, two molecules
of NADPH are synthesized from NADP+. NADPH is a critical cofactor in the cell and is
used in the reductive biosynthesis of lipids and nucleic acids as well as in maintaining a
reduced intracellular environment. NADPH helps generate reduced glutathione within
the cell, which neutralizes toxic reactive oxidative species (ROS) to protect the cell from
ROS-induced DNA damage and apoptosis. In addition to its role in oxidationreduction, NADPH is also a crucial cofactor in anabolic biosynthetic reactions,
specifically for fatty acids and nucleic acids. Thus, NADPH is important in promoting
fatty acid chain elongation, which can be later used as lipid biomass and energy sources.
Without NADPH as a cofactor for biosynthesis, the cell would be unable to make the
components necessary for its growth and division.
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1.3.2 Apoptotic factors responding to metabolism
It is important to understand how metabolism interacts with apoptotic effectors
in order to truly appreciate the exchange between nutrient flux and cellular response.
Many downstream apoptotic regulators have been identified that are influenced by
metabolic pathways, and an appreciation of these regulatory steps is important in
understanding the apoptotic outcome.
1.3.2.1 p53
The tumor suppressor p53 integrates intracellular signals and induces the
transcription of target genes to help determine cellular fate and promote cell cycle arrest,
senescence, or apoptosis. p53 is itself modified in response to metabolism; p53 is
phosphorylated by AMP-activated kinase (AMPK) when intracellular glucose levels are
low, and this phosphorylation is required for G1/S cell cycle arrest to allow for recovery
or senescence in the setting of glucose deprivation (Jones et al., 2005). p53 also responds
to genotoxic stress by upregulating the transcription of pro-death molecules such as the
BH3-only proteins, PUMA and Noxa, the Bcl-2-family member, Bax, and the caspase-2activating adaptor protein, PIDD (Chipuk et al., 2005; Miyashita and Reed, 1995; Nakano
and Vousden, 2001; Oda et al., 2000). In fact, upstream of PUMA, p53 activity itself has
also been demonstrated to be glucose-responsive (Zhao et al., 2008). In a
transcriptionally-independent manner, p53 can promote mitochondrial outer membrane
permeabilization (MOMP) and apoptosis by complexing with Bcl-XL and PUMA
(Chipuk et al., 2005; Mihara et al., 2003). The metabolic crosstalk between p53 and
metabolism is also displayed in Figure 1.6.
In addition to its role in activating cell death proteins, p53 also influences
metabolic pathways via upregulation of guanidinoacetate methyltransferase (GAMT),
synthesis of cytochrome c oxidase 2 (SCO2), phosphoglycerate mutase (PGM), and the
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TP53-induced glycolysis and apoptosis regulator (TIGAR) (Bensaad et al., 2006; Ide et
al., 2009; Kondoh et al., 2005; Matoba et al., 2006). p53 modulates creatine biosynthesis in
the setting of both genotoxic and nutrient stress via upregulation of GAMT (Ide et al.,
2009). GAMT converts the glycine metabolite, guanidoacetate, to creatine for ADP/ATP
energy metabolism and promotes genotoxic- and glucose starvation-induced apoptosis
(Ide et al., 2009). Interestingly, upregulation of GAMT by p53 in the setting of glucose
deprivation not only promotes apoptosis, but also modulates fatty acid oxidation (FAO)
and creatine biosynthesis to help regulate ATP levels and dictate cell fate (Ide et al.,
2009). The effect of p53 on the cytochrome c oxidase (COX) complex assembly protein
SCO2 also promotes alterations in cellular respiration and oxygen consumption (Matoba
et al., 2006). p53 increases SCO2 expression and upregulates aerobic mitochondrial
respiration; conversely, loss of p53 compromises COX complex function and supports a
switch to glycolytic metabolism, contributing to the metabolic phenotype observed in
cancer cells (Matoba et al., 2006).
p53 also influences glycolytic flux via the expression of PGM and TIGAR. p53
activity decreases PGM expression, an enzyme that produces 2-phosphogylcerate
(Kondoh et al., 2005). A decrease in PGM corresponds with a drop in glycolysis and
entry into senescence. Thus, loss of functional p53, as is common in cancer cells, might
drive increased PGM expression, thereby propelling aerobic glycolysis (Kondoh et al.,
2005). This change, along with a similar effect on the glycolytic enzyme
glucosephosphate isomerase (GPI), may promote the PPP and render cells resistant to
oxidative stress, thereby forestalling senescence. In contrast to the effects of PGM on
glycolysis, TIGAR expression decreases intracellular Fru-2,6-BP levels, concomitantly
decreasing glycolysis (Bensaad et al., 2006). As described previously, a decrease in
glycolysis allows the diversion of G6P into the pentose phosphate pathway, where it
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Figure 1.5: Crosstalk between p53 and metabolism
Figure 1.5: p53 has been demonstrated to be activated in response to glucose
deprivation as well as various metabolic stressors. Active p53 induces
transcription of target genes, a number of which are closely involved in metabolic
and apoptotic pathways. Depicted in this figure are several critical p53
downstream targets, the interplay of these targets on metabolism, and the
outcome of target transcription on cellular apoptosis. Thus p53 is a central
integrator of cellular metabolism and apoptosis, and helps dictate the survival of
cells in setting of nutrient stress. Pathway details are provided in the text, and
enzyme abbreviations are given in the text as well as in the dissertation List of
Abbreviations.
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generates reducing equivalents and limits ROS-induced cell death (Herrero-Mendez et
al., 2009). Therefore, TIGAR might help the cell assess the appropriate response to p53dependent stressors by metabolic fine-tuning of the cell’s reaction to apoptotic stimuli.
Recent publications have delineated interesting connections between p53,
cellular metabolism, and antioxidant responses (Hu et al., 2010; Suzuki et al., 2010). p53
promotes an increase in glutaminase 2 (GLS2) expression, which drives the conversion
of glutamine to glutamate. Glutamate can increase mitochondrial respiration and ATP
production by its interconversion into the TCA cycle substrate α-ketoglutarate, and
glutamate can also participate in glutathione (GSH) synthesis to help regulate the
antioxidant status of the cell. By upregulating GLS2, p53 influences both mitochondrial
respiration and intracellular reactive oxygen species status. In this regard, GLS2
upregulation and glutamate production may be mechanisms by which p53 protects
against apoptosis by promoting an intracellular environment conducive to recovery
from sub-threshold stressors (Hu et al., 2010; Suzuki et al., 2010).
1.3.2.2 Bcl-2 family proteins
The mitochondria utilize downstream metabolites from cytosolic pathways such
as glycolysis and the pentose phosphate pathway in addition to housing the
tricarboxylic acid cycle, glutamine metabolism, fatty acid β-oxidation, and oxidative
phosphorylation. Importantly, the mitochondria are also responsible for integrating cell
death signals to undergo cytochrome c release from the intermembrane space in order to
trigger apoptosis. Given the shared physical platform of the mitochondria, this organelle
is a prime candidate for regulating metabolic and apoptotic crosstalk. In particular, the
Bcl-2 family of proteins dynamically interacts with the mitochondria, and the balance
between pro- and anti-apoptotic Bcl-2 players is a central determinant of downstream
caspase activation. Intriguingly, Bcl-2 family members are extensively regulated by
35

nutrients in order to create a metabolic threshold for mitochondrial outer membrane
permeabilization and cytochrome c release. Conversely, Bcl-2 family proteins have also
been shown to play a role in modulating metabolism and in particular mitochondrial
respiration (Table 1.3).
The Bcl-2 family members are generally stratified as either the anti-apoptotic Bcl2, Bcl-xL, and Mcl-1 proteins, the pro-apoptotic Bax and Bak proteins, or the
proapoptotic BH3-only proteins including Bid, Bad, Bim, PUMA, and NOXA (Danial,
2007). Anti-apoptotic Bcl-2/-xL and Mcl-1 interact with and inhibit the activity of Bax
and Bak, preventing cytochrome c release. When active, the proapoptotic BH3-only
proteins sequester Bcl-2/-xL and Mcl-1 from Bax/Bak, leaving them free to interact with
mitochondrial membrane proteins and induce MOMP. Additionally, some BH3-only
proteins, such as Bid and Bim, also serve as direct activators of Bak/Bax (Danial, 2007).
We touch briefly here on the crosstalk between metabolism and Bcl-2 proteins.
Pro-apoptotic BH3-only proteins such as Bad have emerged as central metabolic
effectors dictating downstream pro-apoptotic Bcl-2 family protein activation. Cellular
growth factor (e.g. IL-3) stimulation results in increased glucose uptake and metabolism
as well as AKT-mediated inhibitory Bad phosphorylation, thereby protecting
metabolically robust cells from undergoing apoptosis (Datta et al., 1997; del Peso et al.,
1997; Rathmell et al., 2000). Interestingly, Bad is also phosphorylated and inhibited in
response to IL-3 by mitochondrial-associated PKA (Harada et al., 1999). Dissociation of
PKA from the mitochondria disrupts the kinase/Bad interaction, promotes Bad
hypophosphorylation, and would be expected to sensitize the cell to apoptosis (Harada
et al., 1999). Indeed, Bad phosphorylation is critical for its anti-apoptotic capabilities;
replacement of endogenous Bad with a non-phosphorylatable variant reduces the
threshold for MOMP (Datta et al., 2002). Additionally, Bad itself is able to influence
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Table 1.3: Communication between metabolism and Bcl-2 family proteins
METABOLIC
PATHWAY

PROXIMAL
METABOLIC
FACTOR
GSK3

BCL-2
PRO.

EFFECT ON BCL-2
PROTEIN

Mcl-1

Ceramide

Bcl-2

GF
stimulation
and glucose
uptake
GF stim. and
glucose
uptake
Glucose
uptake and
glycolysis
Glucose
deprivation
Glucose
uptake and
glycolysis

AKT

Bad

AKT inhibits
GSK3-mediated
Mcl-1
ubiquitination
Ceramide causes
PP2A-mediated
Bcl-2 activation
Bad
phosphorylation
and inhibition

Mitochondriaassociated
PKA
Glucoseresponsive
p53
Mcl-1/Noxa
interaction
Glucosemediated
AKT

Bad

Glycolysis

HXK II

Bax

Sphingolipid
metabolism

Ceramide

Bak

Respiration

VDAC

Bcl-XL

Glycolysis
and
respiration
Sphingolipid
metabolism

Glucokinase

Bad

Long-chain
ceramides

Bak

GF
stimulation
and glucose
uptake
Sphingolipid
metabolism

PUMA
Noxa
Bax

Bad
phosphorylation
and inhibition
Decreased Puma
expression causes
decr. Bax activation
Noxa interacts with
Mcl-1
Decreased Bax
activity due to
conformational
change
HXK II binding to
VDAC limits Baxinduced MOMP
Ceramide and Bak
cooperate for
MOMP
Bcl-XL prevents
VDAC closure and
incr. respiration
Decr. Bad causes
decr. glucokinase
activity
Bak causes increase
in long-chain
ceramides

DEATH

REFS

-

(Zhao et
al., 2007;
Maurer et
al., 2006)
(Ruvolo et
al., 1999)

+
-

-

(Rathmell
et al., 2000;
Datta et al.,
1997)
(Harada et
al., 1999)

-

(Zhao et
al., 2007)

+

(Alves et
al., 2006)
(Rathmell
et al., 2003;
Yamaguchi
et al., 2001)
(Majewski
et al., 2004)

-

+

(Ganesan
et al., 2010)

-

(Vander
Heiden et
al., 1999)
(Danial et
al., 2003)

+

(Siskind et
al., 2010)

GF = growth factor. Apoptotic outcome described as either (-) anti-apoptotic or (+) pro-apoptotic.
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mitochondrial metabolism via its interaction with a membrane-associated holoenyzme
containing glucokinase (hexokinase IV), the enzyme that catalyzes the first committed
step in glycolysis (Danial et al., 2003). Bad is required for holoenzyme assembly and
efficient glucokinase activity, in that Bad-/- hepatocytes display decreased glucokinase
function and compromised mitochondrial respiration and ATP production (Danial et al.,
2003).
Parodoxically, growth factor stimulation of T lymphocytes, which promotes
glucose uptake and metabolism, has also been demonstrated to upregulate the proapoptotic BH3-only protein, Noxa (Alves et al., 2006). Under metabolically robust
conditions, the anti-apoptotic Bcl-2 protein Mcl-1 binds and inhibits Noxa, and this
Noxa/Mcl-1 pair is thought to act as a glucose-sensitive apoptotic “rheostat” (Alves et
al., 2006). For example, in the setting of decreased Mcl-1 expression, glucose deprived
lymphocytes are sensitized to Noxa-induced apoptosis (Alves et al., 2006). Loss of
glucose uptake following growth factor withdrawal has also been shown to induce
expression of the p53-regulated, pro-apoptotic BH3-only protein, PUMA (Zhao et al.,
2008). Interestingly, maintenance of glucose uptake, even in the absence of growth factor
stimulation, is sufficient to downregulate PUMA levels, thus abrogating Bax activation
and downstream caspase induction (Zhao et al., 2008). These studies place PUMA,
induced by glucose-responsive p53 activity, as a metabolically-regulated apoptotic
effector (Zhao et al., 2008). Proapoptotic Bax has also been shown to be directly
regulated by cellular glucose levels in that maintenance of glucose uptake and
metabolism, as is observed in the setting of Akt signaling in growth factor-stimulated
cells, can hold Bax in an inactive conformation and prevent apoptosis (Rathmell et al.,
2003; Yamaguchi and Wang, 2001). Apoptosis is further linked to metabolism by the
interaction between hexokinase II (HXK II) and voltage-dependent anion channel
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(VDAC), which is thought to prevent cytochrome c release both in the presence and
absence of Bax/Bak signaling (Majewski et al., 2004a; Majewski et al., 2004b; Pastorino et
al., 2002).
The anti-apoptotic proteins Bcl-2, Bcl-xL, and Mcl-1 have also been demonstrated
to receive metabolic signals and influence mitochondrial physiology (Table 1.3). For
example, Mcl-1 is also regulated by the Akt signaling axis to promote cellular survival
(Maurer et al., 2006; Zhao et al., 2007). When active, the Akt substrate GSK-3
phosphorylates Mcl-1, targeting it for ubiquitination and proteasomal degradation, thus
predisposing the cell to cytochrome c release (Maurer et al., 2006; Zhao et al., 2007). In
response to growth factor stimulation, Akt inhibits GSK-3, thus preserving Mcl-1 levels
and contributing to cellular survival. Bcl-xL itself can help maintain mitochondrial
metabolism and membrane potential. Mitochondrial-associated Bcl-xL prevents
apoptosis by driving mitochondrial respiration and ATP/ADP exchange via inhibition
of VDAC closure and by maintenance of F1F0-ATP synthase flux (McClintock et al.,
2002; Vander Heiden et al., 1999; Vander Heiden et al., 1997; Vander Heiden et al., 2001).
The novel interplays detailed above between mitochondrial-localized metabolic and
apoptotic proteins raises the question of whether additional crosstalk at the level of the
mitochondrial platform might remain to be discovered.
1.3.2.3 Cytochrome c and the apoptosome
Cytochrome c is at the crossroads of energy generation and the apoptotic cascade
(Liu et al., 2009; Ow et al., 2008; Wikstrom, 1977). Thus, it is not difficult to imagine a
scenario where upstream metabolic messages affect electron transport chain fitness and
modulate death signaling via cytochrome c-dependent pathways. In fact, cells that rely
heavily on glucose utilization, such as neurons and cancer cells, have been demonstrated
to inhibit the pro-apoptotic functions of cytochrome c in a glucose-dependent manner
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(Schubert, 2005; Vaughn and Deshmukh, 2008; Warburg, 1956). The apoptogenic
activity of cytochrome c is influenced by its redox state, with reduced cytochrome c
lacking the ability to promote cell death (Vaughn and Deshmukh, 2008). Glucose flux
through the pentose phosphate pathway to produce abundant NADPH is critical in
determining the redox state of cytochrome c; inhibition of the pentose phosphate
pathway by dehydroepiandrosterone (DHEA) as well as incubation of the cells in
glucose-free media sensitizes the cells to cytochrome c-induced apoptosis (Vaughn and
Deshmukh, 2008). This mechanism couples glucose flux through the pentose phosphate
pathway with the potency of pro-apoptotic cytochrome c, providing an additional layer
of crosstalk between metabolism and cell death.
Outside of the canonical intrinsic pathway of apoptosis, glycolysis and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are able to protect cells from
death that can occur following MOMP even when downstream caspases are inhibited
(“caspase-independent cell death”, CICD) (Chipuk and Green, 2005; Colell et al., 2007;
Green and Kroemer, 2004). In CICD, caspase inhibition is insufficient to prevent MOMPinduced cell death, most likely due to compromised mitochondrial membrane potential
and release of pro-death mediators from the intermembrane space (Chipuk and Green,
2005; Green and Kroemer, 2004). MOMP is typically accompanied by a loss of GAPDH
levels and decreased glycolysis and membrane potential (Colell et al., 2007; Majeski and
Dice, 2004). However, Green and colleagues found that overexpression of GAPDH could
rescue cell death following MOMP and cytochrome c release not only by inducing ATP
production, but also by triggering autophagy, presumably resulting in removal of
damaged mitochondria (Colell et al., 2007). Thus, up-regulation of GAPDH following
mitochondrial damage may, under some circumstances, provide a cell the wherewithal
to recover following MOMP (Colell et al., 2009; Colell et al., 2007).
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Evidence of crosstalk between metabolism and the apoptosome outside of
cytochrome c regulation is limited, though it is certainly plausible that inhibiting
executioner caspase activity in conditions of nutrient abundance would contribute to cell
survival. Despite the paucity of evidence for apoptosomal regulation by metabolism at
the post-translational level, some interesting work has emerged suggesting an interplay
between lipid metabolism and caspase-9 regulation at the post-transcriptional level
(Chalfant et al., 2002). The caspase-9 splice variant, 9b, plays an inhibitory role in the
apoptotic cascade in contrast to the canonical pro-death caspase-9 isoform (Chalfant et
al., 2002; Seol and Billiar, 1999). Ceramides are lipid molecules involved in bilayer cell
membrane structure as well as various cell signaling pathways and are known to induce
apoptosis when present in excess. Excess ceramide promotes a decrease in the caspase9b/caspase-9 ratio secondary to its effects on alternative splicing proteins, thus
sensitizing cells to apoptosis via the intrinsic pathway (Chalfant et al., 2002). This
crosstalk between lipid molecules and caspase-9 mRNA represents a mechanism by
which ceramide-producing death stimuli sensitize the cell to apoptosis and
communicate pro-death signals via a metabolic messenger (Chalfant et al., 2002).
1.3.2.4 Caspase-2
As mentioned previously, in the last several years caspase-2 has emerged as a
critical locus for communication between metabolic and cell death pathways upstream
of mitochondria. In response to specific stimuli such as DNA damage and heat shock,
caspase-2 is activated by induced proximity oligomerization via adaptor proteins (Baliga
et al., 2004; Krumschnabel et al., 2009). Following oligomerization, caspase-2 enzymatic
activity is amplified by autocatalytic processing, and active caspase-2 cleaves the proapoptotic BH3-only protein Bid to promote cytochrome c release and cell death (Baliga
et al., 2004; Krumschnabel et al., 2009).
41

Caspase-2 is known to be important for programmed oocyte death in murine
development, and this observation was extended to Xenopus laevis oocytes, in which
caspase-2 has been extensively characterized as a metabolically-regulated apoptotic
effector in egg cell-free extracts (caspase-2 regulation is depicted in Figure 1.6) (Bergeron
et al., 1998; Nutt et al., 2005). Xenopus egg extracts will spontaneously undergo
apoptosis marked by caspase activation and cytochrome c release when incubated at
room temperature over time (Newmeyer et al., 1994). Indeed, egg extract apoptosis is
initiated by the depletion of a critical pentose phosphate pathway byproduct, NADPH
(Nutt et al., 2005). NADPH is an important reducing agent in the cell as well as in the
reductive biosynthesis of fatty acids and nucleotides, and is primarily produced by flux
through the pentose phosphate pathway. An endogenous drop in NADPH levels over
time promotes caspase-2 activation and downstream apoptosis, and caspase-2 activation
is inhibited by supplementing the extract with either G6P to ectopically increase
NADPH levels through the pentose phosphate pathway, or malate, which produces
NADPH through a non-pentose phosphate pathway mechanism (via the malic enzyme)
(Nutt et al., 2005). High pentose phosphate pathway flux and abundant NADPH
production communicates to the effector caspase-2 through Ca2+/calmodulin-dependent
protein kinase II, which phosphorylates caspase-2 at serine 135 to prevent binding of the
adaptor, RAIDD. Thus, NADPH levels and flux through the pentose phosphate pathway
dictate the fitness of Xenopus egg extracts by maintaining caspase-2 in an inhibitory state
when nutrient levels are high (Nutt et al., 2005).
An exciting extension of the work on NADPH and caspase-2 recently
demonstrated that caspase-2 activity in a cell context, as visualized by real-time
oligomerization, might also be regulated by metabolism (Bouchier-Hayes et al., 2009).
This study employed the technique of bimolecular fluorescence complementation (BiFC)
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Figure 1.6: Caspase-2 regulation by metabolism
Figure 1.6: The initiator caspase, caspase-2, is intricately involved in the
crosstalk between cellular metabolism and apoptosis. In response to flux
through the pentose phosphate pathway and abundant NADPH, caspase-2 is
inhibited by phosphorylation at S135, preventing cell death. As nutrient levels
wane, this inhibition is lifted and caspase-2 is poised for activation by induced
proximity oligomerization. In addition to NADPH, caspase-2 is also sensitive
to the lipid metabolite C16:0 PAF and to the glycolytic enzyme HXK II.
Caspase-2 activation is further dictated by the mitotically-active kinase Cdk1,
in that caspase-2 activation is prevented in the setting of normal cellular
mitosis. Thus, caspase-2 has emerged as a central regulator of cellular
metabolism and apoptosis.
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to examine the activation of caspase-2 by induced proximity oligomerization of
recombinant caspase-2 constructs fused to nonfluorescent halves of the Venus
fluorescent protein (VFP) (Bouchier-Hayes et al., 2009). Treatment of cells with DHEA,
which inhibits the rate-limiting enzyme of the pentose phosphate pathway and leads to
a decrease in cellular NADPH, induced caspase-2 oligomerization as observed by VFP
fluorescence visualization, further extending the role of the pentose phosphate pathway
and NADPH in caspase-2 activation (Bouchier-Hayes et al., 2009).
Caspase-2 is also involved in the crosstalk between Xenopus egg extract cell cycle
and apoptotic machinery (Andersen et al., 2009). Caspase-2 is directly suppressed
during mitosis by the M phase-promoting kinase Cdk1. Cdk1-cyclin B1 phosphorylates
caspase-2 at serine 308 in Xenopus, thus inhibiting caspase-2 activation and ensuring that
caspase-2-mediated apoptosis will not be aberrantly activated during normal mitosis
(Andersen et al., 2009). In investigating pentose phosphate pathway- and mitosismediated caspase-2 suppression, it emerged that the presence of abundant NADPH was
sufficient to prevent caspase-2 activation in mitotic extract. Furthermore, high Cdk1cyclin B1 activity was also sufficient to prevent metabolically-catalyzed caspase-2
activation (Andersen et al., 2009). This detailed crosstalk between metabolism, mitosis,
and apoptosis in Xenopus egg extract suggests that caspase-2 is a central metabolic
effector in the decision of whether to proliferate or die.
In addition to its role as an integrator of pentose phosphate pathway and mitotic
signals, caspase-2 also potentiates apoptosis in the setting of glucose and lipid signaling
(Ryan et al., 2009; Shulga et al., 2009). Caspase-2 modulates mitochondrial activity and
the apoptotic threshold through cooperation with HXK II at the mitochondrial surface
(Shulga et al., 2009). HXK II catalyzes the conversion of glucose to G6P, which feeds into
both glycolysis and the pentose phosphate pathway, and the physical interaction
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between HXK II and the mitochondrial VDAC is important for mitochondrial function
and cellular survival (Majewski et al., 2004a). Specifically, detachment of HXK II from
the mitochondria enhances caspase-2-dependent apoptosis induced by the platinumbased chemotherapeutic, cisplatin, suggesting interplay between caspase-2, Bcl-2 family
members, and metabolic machinery at the mitochondria (Shulga et al., 2009).
In another interesting paradigm, alterations in lipid signaling, and specifically
perturbations in the choline-containing lipid alkylacylglycerophosphocholine, was
shown to promote caspase-2-mediated apoptosis in a β-amyloid (Aβ) oligomer model of
Alzheimer’s disease (Klein, 2000; Ryan et al., 2009). Using an unbiased lipidomics
approach, it was determined that metabolic alterations in the
alkylacylglycerophosphocholine second messenger 1-O-hexadecyl-2-acetyl-sn-glycero-3phosphocholine (C16:0 PAF) signal for cell death in response to toxic Aβ oligomers
(Ryan et al., 2009). C16:0 PAF-mediated neurotoxicity downstream of Aβ was also
shown to be dependent on caspase-2 and executioner caspase activation, wherein
caspase-2 inhibition protected neurons from Aβ- and C16:0 PAF-induced apoptosis
(Ryan et al., 2009; Troy et al., 2000). Given this novel link between lipid metabolism and
caspase-2-mediated Aβ neurotoxicity, it is interesting to consider the possibility of
metabolically-targeted treatments in modulating the course of Alzheimer’s disease as
well as other caspase-2-dependent neurodegenerative disorders.

1.4 14-3-3 proteins
14-3-3 proteins are major factors in the regulation of critical cellular processes
such as cell cycle progression, apoptosis, and mitogenic signaling. This section provides
an overview of 14-3-3 structure and target proteins, discusses coordination of 14-3-3-
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ligand interactions, and details the established contributions of 14-3-3 signaling to
tumorigenesis. This section appears in a modified form in:
Marisa R. Buchakjian and Sally Kornbluth. “14-3-3 and cancer” in Adaptor
Proteins and Cancer, Georgescu, M-M., ed., Research Signpost, Kerala (2008).

1.4.1 Background
Named for their migration pattern following two-dimensional diethylaminoethyl
(DEAE) cellulose chromatography, 14-3-3 proteins are a family of highly conserved
acidic phosphoserine/threonine binding proteins. First discovered by Moore and Perez
in 1967 based on high levels of expression in brain tissue, 14-3-3 proteins were originally
thought to be brain-specific constituents of monoamine neurotransmitter biosynthetic
pathways (Boston and Jackson, 1980; Moore, 1967; Yamauchi et al., 1981). However,
over the years 14-3-3 expression has been demonstrated in all tissues, and genes
encoding these proteins have been identified across all eukaryotic organisms, from
plants to humans (Aitken et al., 1992).
After their initial discovery, the precise function of 14-3-3 proteins remained
elusive for quite some time until details of the interaction between 14-3-3 and c-Raf
emerged, implicating 14-3-3 as a phosphoserine binding protein (Muslin et al., 1996).
Multiple functions of 14-3-3 proteins are still being described, and it is now known that
14-3-3 binds phosphorylated substrates as a dimer (Aitken, 2006). This interaction is
typically mediated by phosphorylation of serine or threonine residues on the ligand (in
unusual circumstances, 14-3-3 may bind nonphosphorylated residues) (Aitken, 2006;
Henriksson et al., 2002; Nomura et al., 2003). Based on data from 14-3-3 affinity
chromatography, 14-3-3 proteins appear to interact with over 200 ligands involved in
diverse cellular processes such as cell cycle, apoptosis, and metabolism (Pozuelo Rubio
et al., 2004). For the majority of the binding partners, the role of 14-3-3 as a regulatory
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molecule remains to be elucidated and will undoubtedly be the subject of further
investigation.
There are seven distinct 14-3-3-encoding genes in mammals with direct
expression of seven related 14-3-3 isoforms (β, γ, ε, ζ, η, τ, σ) (Ichimura et al., 1988; Toker
et al., 1992). Although two additional isoforms were originally identified, 14-3-3α and δ
were later determined to be phosphorylated forms of β and ζ (Aitken et al., 1995). The
14-3-3 genes exhibit a high degree of similarity, however, the isoforms are thought to
vary in their ligand specificity. Despite some evidence of isoform specificity in the
literature, it is believed that some 14-3-3 proteins may be functionally redundant since
mice bearing isoform-specific knockouts exhibit phenotypic similarities (an exception to
this is the knock-out of 14-3-3σ, which will be described later) (Aitken, 2006; Chan et al.,
1999).
Although 14-3-3 proteins are ubiquitously expressed, specific binding motifs on
their interactors are required for 14-3-3-ligand association. In the original publication
defining 14-3-3 as a phosphoserine binding protein, Muslin and colleagues identified
RSXpSXP as the 14-3-3 binding motif on c-Raf (Muslin et al., 1996). By scanning libraries
containing oriented phosphoserine-containing peptides for their ability to bind 14-3-3,
the original consensus sequence was somewhat broadened (Yaffe et al., 1997; Yang et al.,
2006). All 14-3-3 isoforms, regardless of their ligand specificity, tend to prefer binding
their target proteins either through interactions with RSXpSXP (mode I) or
RXY/FXpSXP (mode II) motifs (Ichimura et al., 1997; Rittinger et al., 1999; Yaffe et al.,
1997; Yang et al., 2006). Although a number of 14-3-3 ligands with non-canonical
binding motifs have been identified, the mode I and II binding motifs are thought to
confer optimal high-affinity interactions, raising the possibility that the atypical binding
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sites may confer either lower affinity interactions or interactions subject to novel means
of regulation (Yaffe et al., 1997).
Insight into the means by which 14-3-3 proteins interact with their ligands first
emerged from crystal structure studies of 14-3-3τ and ζ (Liu et al., 1995; Xiao et al., 1996).
These studies determined that ligand binding by each 14-3-3 monomer is mediated by
an amphipathic groove composed of nine antiparallel α-helices. Not surprisingly, areas
of greatest sequence conservation between the 14-3-3 isoforms lie within the cleft
responsible for ligand binding or within the interface involved in dimerization (Liu et
al., 1995; Xiao et al., 1996). Conversely, less well-conserved amino acids on the surface
may dictate the specificity of isoform-ligand binding. Interestingly, 14-3-3σ, an
epithelial-specific isoform implicated in oncogenesis, contains a ligand binding domain
distinct from the amphipathic groove, which might account for its isoform-specific
ligand binding capabilities (Benzinger et al., 2005; Wilker et al., 2005).

1.4.2 Ligand interactions
14-3-3 family members interact with and modulate a large variety of binding
partners implicated in a host of cellular functions (see Table 1.4 for examples). Although
the impact of 14-3-3 binding can differ from ligand to ligand, these proteins typically act
by either dictating the subcellular localization of the bound ligand, impeding or
facilitating interactions of the ligand with other proteins, or inducing conformational
changes in the target protein (Figure 1.7) (Hermeking, 2003; Mackintosh, 2004; Wilker et
al., 2005; Yaffe, 2002; Zha et al., 1996). Recent publications have also implicated 14-3-3
proteins in inhibition of protein dephosphorylation and prevention of protein
degradation (Cotelle et al., 2000; Hutchins et al., 2002). Via these mechanisms, 14-3-3
proteins can have significant effects on diverse signaling pathways.
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Table 1.4: Effects of 14-3-3 binding on target proteins
LIGAND
c-Raf

OUTCOME
OF 14-3-3
BINDING
Stimulatory

Bad

CONSEQUENCE

Inhibitory

Mitogenic
signaling
Anti-apoptotic

MECHANISM OF
14-3-3
INTERACTION
Conformational
change, adaptor
Sequestration

Bax

Inhibitory

Anti-apoptotic

Sequestration

c-Abl

Inhibitory

Anti-apoptotic

Sequestration

Cdc25C

Inhibitory

Cell cycle arrest

Sequestration

p53

Stimulatory

Cell cycle arrest

AANAT

Stimulatory

Melatonin
synthesis

Promoting proteinDNA association
Conformational
change

IRS-1

Inhibitory

Insulin
desensitization

Inhibiting proteinprotein interaction

REFERENCE
(Braselmann et
al., 1995)
(Zha et al.,
1996)
(Tsuruta et al.,
2004)
(Grozinger et
al., 2000)
(Yang et al.,
1999)
(Pendergast et
al., 2005)
(Van Der
Hoeven et al.,
2000)
(Peng et al.,
1997)

14-3-3 binding most commonly results in sequestration of target proteins,
restricting them to subcellular locations removed from their sites of action (Figure 1.7).
For example, 14-3-3 binding can promote cytoplasmic retention of proteins destined for
interaction with intracellular membranes or for import into particular organelles (e.g.
mitochondria, nuclei) (Muslin and Xing, 2000). This model of 14-3-3 action was first
proposed by Zha and colleagues who found that 14-3-3 binding to BAD prevented its
translocation to the outer mitochondrial membrane where it could promote cell death, at
least in part, through interactions with and neutralization of anti-apoptotic Bcl-2 family
members (Brunet et al., 2002; Muslin and Xing, 2000; Yang et al., 1995; Zha et al., 1997;
Zha et al., 1996). For ligands whose nuclear trafficking is perturbed by 14-3-3 binding,
14-3-3 may either mask nuclear localization sequences or promote conformational
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Figure 1.7: Mechanisms of ligand regulation by 14-3-3
Figure 1.7: 14-3-3 proteins regulate ligand activity by a variety of mechanisms,
with three of the most common mechanisms pictured here. A) 14-3-3 binding can
dictate target protein activity by sequestration. One example is Cdc25C, in which
14-3-3 binding masks a NLS required for Cdc25C nuclear localization and
activity. B) 14-3-3 binding can also regulate protein-protein and protein-DNA
interactions. Illustrated here is 14-3-3 steric inhibition of the IRS-1/PI3K
interaction. C) The 14-3-3-ligand association may also promote a conformational
change in the target protein, altering ligand activity. One example is 14-3-3
binding to AANAT, in which the 14-3-3-AANAT interaction results in an increase
in enzymatic activity.
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changes that result in exposure of nuclear export sequences (Brunet et al., 2002; Muslin
and Xing, 2000). In another example, phosphorylation of Cdc25C at Ser216 confers 14-33 binding, masking a nuclear localization sequence and sequestering Cdc25 in the
cytosol where it is unable to promote mitosis (Kumagai and Dunphy, 1999; Kumagai et
al., 1998; Lew and Kornbluth, 1996; Yang et al., 1999). Indeed, a number of key cell cycle
regulators and signaling factors are known to be negatively regulated through 14-3-3mediated cytosolic sequestration (Brunet et al., 2002; Grozinger and Schreiber, 2000;
Pendergast, 2005; Peng et al., 1997; Yoshida et al., 2005).
As mentioned above, a second mechanism by which 14-3-3 binding regulates
signaling pathways is by influencing the interaction of its ligands with other cellular
factors. Such regulation may be either positive (promoting interactions by acting as an
“adaptor”) or negative, blocking interactions between proteins that would otherwise
bind (Mackintosh, 2004; Yaffe, 2002). For example, binding of insulin receptor substrate1 (IRS-1) by 14-3-3 prevents its binding to phosphoinositide 3-kinase, which would
otherwise bind active IRS-1 (Xiang et al., 2002). It has also been reported that 14-3-3
binding can induce protein conformational changes that will enhance, rather than
hinder, ligand binding. DNA damage, for example, triggers binding of 14-3-3 to p53,
enabling p53 association with and transcriptional induction of critical cell cycle arrest
genes (Stavridi et al., 2001; Vogelstein et al., 2000; Waterman et al., 1998). Because 14-3-3
exists as a dimer, it is attractive to speculate that 14-3-3 dimerization per se could confer
interaction between different 14-3-3 binding partners. This mechanism has not been
extensively studied. However, interactions between c-Raf, which participates in
signaling from plasma membrane receptors to the cytosolic mitogen-activated protein
kinase (MAPK), and other 14-3-3 binding proteins such as PKCζ and Bcr may be
mediated by bridge formation between monomeric 14-3-3 molecules bound to each
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partner (Avruch et al., 2001; Braselmann and McCormick, 1995; Mackintosh, 2004; Van
Der Hoeven et al., 2000; Vincenz and Dixit, 1996).
14-3-3-induced conformational change may also directly stimulate a change in
the biological or enzymatic activity of the ligand. This mechanism has been clearly
established in the regulation of c-Raf as well as serotonin-N-acetyltransferase (AANAT)
(Obsil et al., 2001; Tzivion et al., 1998). Indeed, the 14-3-3-AANAT complex is at least
50% more active than AANAT alone (Obsil et al., 2001). AANAT is phosphorylated by
PKA in a cAMP-regulated pathway, and is subsequently bound by 14-3-3ζ and ε.
Binding of 14-3-3 to AANAT promotes a conformational change in AANAT which
enhances melatonin synthesis and helps establish appropriate circadian rhythms (Obsil
et al., 2001).

1.4.3 Regulation of ligand interactions
Like their targets, 14-3-3 proteins themselves are subject to regulation by a
variety of cellular inputs. Both post-translational modification and binding of
regulatory factors to 14-3-3 can influence target selection and the biological
consequences of target binding. In a number of different physiological settings, 14-3-3 is
regulated through phosphorylation. Phosphorylation at the dimer interface can
interfere with dimer formation and thus indirectly affect ligand binding (Woodcock et
al., 2003). More direct effects of 14-3-3 phosphorylation on ligand binding have also
been observed. In a number of instances, phosphorylation of 14-3-3 directly promotes
release of target proteins (e.g. Bad, Bax, c-Raf, FOXO3a) (Dubois et al., 1997b; Sunayama
et al., 2005; Tsuruta et al., 2004). A variety of kinases, including AKT, CKIα, JNK, Bcr,
PKA, and some PKC isoforms, have been implicated as 14-3-3-directed kinases,
phosphorylating distinct sites on different 14-3-3 isoforms to promote their dissociation
from target proteins (Clokie et al., 2005; Dubois et al., 1997a; Dubois et al., 1997b; Jones et
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al., 1995; Powell et al., 2003; Sunayama et al., 2005; Tsuruta et al., 2004; Woodcock et al.,
2003). For example, following activation by cellular stress/DNA damage, the c-Jun Nterminal kinase (JNK) phosphorylates 14-3-3, thereby liberating target proteins such as
Bad, FOXOa2, Bax and c-Abl, allowing their translocation to distinct intracellular sites
where they can then function to promote apoptosis (Sunayama et al., 2005; Tsuruta et al.,
2004; Yoshida et al., 2005).
Intriguingly, it has recently been demonstrated that 14-3-3 release can be
mediated not only through phosphorylation of 14-3-3 proteins, but also through
additional modifications of the target protein. In the case of the mitotic regulator
Cdc25C, phosphorylation following induction of DNA replication or damage-responsive
checkpoints results in docking of 14-3-3 and suppression of Cdc25 function (Dougherty
and Morrison, 2004; Kumagai and Dunphy, 1999; Kumagai et al., 1998; Peng et al., 1997;
Yang et al., 1999). Release of 14-3-3 from Cdc25C is initiated through increased
phosphorylation of Cdc25C at a distinct site (Thr138) (Guadagno and Newport, 1996;
Margolis et al., 2003). Once phosphorylated at Thr138, the 14-3-3 proteins remain bound
to Cdc25C, but the affinity is markedly reduced. Full removal of 14-3-3 from Cdc25C
requires the concurrent creation of a mitotically phosphorylated pool of intermediate
filament proteins, which provides a high affinity “sink” for 14-3-3 proteins (Margolis et
al., 2006a). This large pool of potential 14-3-3 binding sites effectively competes for 14-33 binding of Thr138-phosphorylated Cdc25C protein. Once released from 14-3-3,
Cdc25C can then go on to promote mitotic entry through dephosphorylation and
activation of the key mitotic regulator, Cdc2/Cyclin B (Ku et al., 1998; Ku et al., 2002;
Margolis et al., 2006a; Toivola et al., 2001).
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1.4.4 14-3-3 in Cancer
Transformation of normal cells into their tumorigenic counterparts involves a
step-wise accumulation of genetic mutations, delineated by Hanahan and Weinberg as
“hallmarks of cancer” (Hanahan and Weinberg, 2000). These include self-sufficiency in
growth signals, insensitivity to growth-inhibitory signals, evasion of programmed cell
death, limitless replicative potential, sustained angiogenesis, and tissue invasion and
metastasis (Hanahan and Weinberg, 2000). Since 14-3-3 proteins bind such a large and
diverse group of cellular ligands important in cell cycle control, programmed cell death,
growth factor signaling, etc., it is not surprising that their function can strongly impact
malignant transformation. Out of the seven human 14-3-3 isoforms, only 14-3-3σ has
been clearly established as having a direct role in tumorigenesis, however,
circumstantial evidence exists implicating the remaining six isoforms as potential protooncogenes.
1.4.4.1 14-3-3 as a proto-oncogene
Given the large number of 14-3-3 ligands, alterations in any one signaling
pathway may have limitless repercussions. The 14-3-3 proteins are demonstrably
involved in the regulation of numerous established oncogenes and tumor suppressors,
including p53, PI3K, and insulin-like growth factor-1 receptor (Mackintosh, 2004; Spence
et al., 2003; Stavridi et al., 2001; Waterman et al., 1998; Xiang et al., 2002). For example,
aberrant activation of AKT kinase in the PI3K pathway can result in phosphorylation of
14-3-3ζ, dissociating it from other physiological binding partners and thereby amplifying
aberrant signaling which may promote hallmark cellular steps in transformation such as
evasion of programmed cell death and self-sufficiency in growth signals (Powell et al.,
2002). Similarly, oncogenic proteins such as Bcr-Abl can interact with and
phosphorylate multiple 14-3-3 isoforms, extending the effects of this oncogenic kinase
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beyond its direct tyrosine phosphorylated substrates (Clokie et al., 2005; Pendergast,
2005; Ren, 2005; Reuther et al., 1994). Phosphorylation of 14-3-3 isoforms may effect
many important pathways in cellular transformation, potentially promoting
tumorigenesis by affecting several different levels of cellular regulation.
To broaden the potential role of 14-3-3 isoforms as proto-oncogenes in cellular
transformation and the hallmarks of cancer, 14-3-3 has also been implicated in
angiogenesis as well as tissue invasion and metastasis. Knockdown of 14-3-3β in rat
hepatoma cells results in a decrease of vascular endothelial growth factor (VEGF)
expression and a less malignant phenotype in mouse xenograft tumors, and
overexpression of 14-3-3β in NIH-3T3 cells supports anchorage independence and
xenograft tumor growth (Sugiyama et al., 2003; Takihara et al., 2000). 14-3-3ζ, which is
overexpressed in various human cancers, has also been demonstrated to be involved in
cellular adhesion and invasion (Niemantsverdriet et al., 2007). Downregulation of 14-33ζ in HaCaT cells results in increased expression of cell-cell adhesion proteins such as Tand E-cadherin and γ-catenin, and increased colony formation, suggesting a potential
role for this 14-3-3 isoform in tumor invasion and metastasis (Niemantsverdriet et al.,
2007). As additional 14-3-3-ligand interactions continue to be elucidated in the
literature, it seems inevitable that the relationship between oncogenic 14-3-3 proteins
and tumorigenesis will become more clear, paving the way for further diagnostic and
therapeutic opportunities.
1.4.4.2 14-3-3 as a tumor suppressor
14-3-3σ is an epithelial cell-specific 14-3-3 isoform which has been previously
described in the literature as the epithelial markers HME1 and stratifin (SFN) (Leffers et
al., 1993; Prasad et al., 1992). In 1997, Bert Vogelstein and colleagues revealed the first
direct link between 14-3-3 proteins and cancer through a quantitative analysis of gene
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expression profiles in colorectal cancer cell lines (Hermeking et al., 1997). Using serial
analysis of gene expression (SAGE) to analyze HCT116 colon cancer cells, they found
that 14-3-3σ mRNA levels were five times higher in HCT116 cells expressing exogenous
p53 versus cells lacking exogenous p53, suggesting that 14-3-3σ might be a p53 target
gene. Indeed, they were able to demonstrate that γ-irradiation of p53-positive HCT116
cells, but not p53-null cells resulted in 14-3-3σ induction. Consistent with the idea that
14-3-3σ might be a critical target of p53 in mediating DNA damage-induced cell cycle
arrest, 14-3-3σ overexpression in the HCT116 cells was able to promote G2 arrest (Figure
1.8) (Hermeking et al., 1997). Additional work performed in 14-3-3σ-deficient HCT116
cells demonstrated that 14-3-3σ was required for a DNA damage-induced cell cycle
arrest in these cells in that cells lacking this 14-3-3 isoform would undergo a form of
apoptosis known as “mitotic catastrophe,” rather than arresting appropriately to allow
time for DNA damage repair (Chan et al., 1999; Heald et al., 1993; Pines, 1999).
Interestingly, 14-3-3σ may also reinforce the induction of other p53-responsive genes in a
positive feedback loop by inhibiting Mdm2-mediated p53 ubiquitination and nuclear
export (Yang et al., 2003).
As described above, the 14-3-3 proteins are primarily regulated at the posttranslational level by phosphorylation and protein-protein interactions. However, the
14-3-3σ isoform is unique among the family members in that it is regulated
transcriptionally as well as by proteolysis (Figure 1.9). At the transcriptional level, 14-33σ expression is determined by both transcription factor activity as well as by promoter
methylation. In many cancer cells, 14-3-3σ mRNA expression is downregulated by loss
of p53-induced transcription or by aberrant epigenetic 14-3-3σ promoter
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Figure 1.8: 14-3-3 as a tumor suppressor
Figure 1.8: In response to DNA damage, 14-3-3σ expression is induced by p53,
and p53 activity is further augmented by BRCA1. 14-3-3σ in turn sequesters
Cdc25C and Cdc2/Cyclin B in the cytosol, promoting G2/M cell cycle arrest.
Loss of 14-3-3σ results in failure of checkpoint control and uncontrolled
proliferation, promoting cellular transformation.

Figure 1.9: Loss of 14-3-3σ in cancer
Figure 1.9: 14-3-3σ downregulation has been demonstrated in a variety of
epithelial cancers and is primarily mediated by two mechanisms: promoter
hypermethylation and proteolysis. A) Hypermethylation of 14-3-3σ DNA is an
early event in breast and skin cancer transformation, preventing 14-3-3 expression
by blocking transcription factor access. B) Upregulation of the E3 ubiquitin ligase
Efp in estrogen-responsive breast cancers promotes 14-3-3σ polyubiquitination
and proteasomal degradation. TF = transcription factor, DNMTs = DNA
methyltransferases.
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hypermethylation, leading to gene silencing (Cheng et al., 2004; Ferguson et al., 2000;
Jones and Baylin, 2002; Kaneuchi et al., 2004; Lodygin and Hermeking, 2006; Umbricht et
al., 2001). At the post-translational level, 14-3-3σ is lost in cancer by polyubiquitination
and proteasome-mediated degradation secondary to inappropriate activation of the E3
ligase, Efp (Freemont, 2000; Ikeda et al., 2000; Orimo et al., 1999; Urano et al., 2002).
These novels modes of 14-3-3 regulation in cancer cells promote tumorigenesis by
resulting in the loss of 14-3-3 as a tumor suppressor.
1.4.4.3 Diagnostic and therapeutic potential of 14-3-3 proteins
Certain features of 14-3-3 regulation and activity may enable its use as a
diagnostic marker for certain human tumors. For example, the 14-3-3σ promoter has
been shown to be hypermethylated early in the progression of both breast cancer and
basal cell carcinoma (Lodygin et al., 2003; Umbricht et al., 2001). This promoter
modification results in down-regulation of 14-3-3σ, which may serve as biomarker in
breast and skin biopsies, providing evidence of early events in transformation. Taken in
conjunction with information gleaned from other established tumor markers as well as
from histologic inspection, such assays of 14-3-3σ levels may help to increase the
sensitivity of early cancer detection. Furthermore, analysis of tissue specimens for 14-33σ protein levels could provide pathologists with a more accurate tool for sampling
tumor margins – a tumor border which appears cytologically benign yet demonstrates a
loss of 14-3-3σ could be suggestive of cells in the early stages of transformation, and
would be considered to be a positive tumor margin requiring further surgical
intervention.
Because binding of 14-3-3 to many of its targets leads to cell cycle arrest and
apoptotic inhibition, it could be that a loss of 14-3-3 interactions might favor induction of
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cell death, thereby sensitizing cells to the action of chemotherapeutic agents
(Hermeking, 2003). As a proof of principle, investigators have designed peptide
antagonists to displace 14-3-3 proteins from their targets (e.g. The peptide R18 or the
dimeric difopein) (Masters et al., 2002; Wang et al., 1999). When expressed in tissue
culture cells, these peptides did indeed disrupt 14-3-3-target interactions, concomitantly
promoting apoptotic cell death (Masters et al., 2002). Moreover, simultaneous
expression of 14-3-3 antagonists and conventional chemotherapeutic agents, like
cisplatin, has been shown to sensitize tumor cells to the chemotherapeutics. Although
peptides such as R18 and difopein may be effective 14-3-3 antagonists, their utility may
be limited in the clinic by the fact that they exhibit no isoform specificity, but rather,
disrupt binding of all isoforms to their target proteins. However, it may be that the
wholesale disruption of cell signaling through perturbation of multiple pathways will
actually make these therapeutics highly effective, by both increasing lethality and
decreasing the probability of chemoresistance.
An alternative approach to modulating 14-3-3-target interactions would be to
develop small molecules capable of either enhancing or diminishing 14-3-3-target
interactions. Indeed, the fungal toxin fusicoccin is known to interact with 14-3-3 and
thereby stabilize the plasma membrane H(+)-ATPase within host plant cells,
significantly stabilizing the 14-3-3-H(+)-ATPase interaction and resulting in constitutive
activation of the proton pump (Wurtele et al., 2003). Fusicoccin-mimetics might
therefore prove to be useful therapeutic agents in that inappropriate stabilization of 143-3-target protein interactions might lead to aberrant proliferation, mitogenic signaling
and modulation of cell death pathways.
Forty years have passed since Moore and Perez first observed the ubiquitously
expressed 14-3-3 proteins in brain tissue samples (Moore, 1967). Since this discovery,
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thousands of papers have been published concerning the involvement of 14-3-3 proteins
as integrators of protein-protein interactions and signaling pathways. Seven different
isoforms comprise the 14-3-3 family of proteins, and these regulatory molecules bind
phosphoprotein targets containing canonical 14-3-3 binding motifs (RSXpSXP and
RXY/FXpSXP) (Ichimura et al., 1988; Ichimura et al., 1997; Rittinger et al., 1999; Toker et
al., 1992; Yaffe et al., 1997). Over 200 putative 14-3-3 ligands have been identified
encompassing a broad range of cellular processes such as cell cycle, apoptosis, mitogenic
signaling, intracellular trafficking, and metabolism (Pozuelo Rubio et al., 2004). The
precise regulatory role of 14-3-3 remains to be elucidated for the majority of ligands,
however, the mechanism of 14-3-3 signaling has been well-described for several targets,
including Cdc25C, CDC2, c-Raf, Bax, Bad, c-Abl, p53, BRCA1, FOXO3a, IRS-1, and
AANAT (Table XX). Given the involvement of 14-3-3 proteins in a number of different
cellular processes, it is likely that the primary role of these family members is to help
coordinate and integrate multiple signal transduction pathways.
Although the direct involvement of 14-3-3 proteins in cancer is currently limited
to the establishment of 14-3-3σ as an epithelial-specific tumor suppressor, it seems likely
that additional isoforms may be implicated in tumorigenesis as their regulation of
oncogenic pathways is revealed in the literature. In a scientific environment where
advances in personalized medicine and targeted chemotherapeutics are a major focus,
the prospect of exploiting 14-3-3 in cancer diagnosis and treatment is very exciting. In
epithelial-derived cancers, histologic analysis demonstrating loss of 14-3-3σ expression
may be a sensitive marker for transformed cells at the tumor margin, guiding surgical
and clinical decisions. 14-3-3σ-targeted therapies such as specific peptide antagonists,
14-3-3-directed kinase inhibitors, and novel 14-3-3-ligand toxins may provide exciting
insights into the treatment and biology of 14-3-3-mediated cancers. As researchers
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continue to dissect the involvement of 14-3-3 proteins in cellular signaling pathways, the
function of this important ligand-binding protein in pathophysiology will become more
clear, paving the way for future 14-3-3-directed applications.

1.5 Apoptosis and cancer
Cancer cells have been widely described to evade apoptosis by a variety of
molecular mechanisms, therefore making them an ideal model for studying the role of
apoptosis in pathophysiology. Indeed, evasion of apoptosis is considered to be one of
the “hallmarks” of a cancer cell, and understanding how to circumvent this block in cell
death is a major obstacle in the design and execution of cytotoxic agents (Hanahan and
Weinberg, 2000).

1.5.1 General inhibition of apoptosis
Transformed cells may inhibit the apoptotic program at many different levels
along the signaling cascade. However, despite the myriad of possibilities, evasion of
apoptosis usually occurs secondary to either a loss in expression or activity of a proapoptotic protein (tumor suppressor), or increased expression or activity of an antiapoptotic protein (oncogene). Loss of a pro-apoptotic protein blunts the cell’s ability to
respond to normal pro-death stimuli such as DNA damage and hypoxia, and the cell
will continue to survive despite less than ideal conditions. Loss of the p53 tumor
suppressor (either by chromosomal alterations or loss of function mutations) is a critical
event in the formation of many cancers (Harris, 1996). p53 functions to sense and
respond to cellular abnormalities, including DNA damage, nutrient stress, and oncogene
overexpression, and the consequences of p53 signaling may include cell cycle arrest,
cellular senescence, and apoptosis (Levine, 1997). As a transcription factor, p53 affects
many different downstream signaling pathways, inducing the expression of pro61

apoptotic Bcl-2 family member proteins like PUMA and Noxa, as well as the caspase-2
adaptor protein PIDD (Yu and Zhang, 2005). Also of interest to this dissertation work is
the potential role of caspase-2 as a tumor suppressor in cancer: the normal function of
caspase-2 is to promote apoptosis in the setting of DNA damage or a decrease in
NADPH production, however, a functional loss of caspase-2 might compromise the
cell’s ability to undergo programmed cell death in certain settings, predisposing the cell
to transformation.
In contrast to the loss of pro-apoptotic proteins, tumor cells can also circumvent
cell death via overexpressed or hyperactive anti-apoptotic proteins. Perhaps the best
characterized anti-apoptotic oncogene is the Bcl-2 protein, which was initially cloned
from the t(14;18) chromosomal translocation commonly found in follicular B-cell
lymphomas (Bakhshi et al., 1985; Cleary and Sklar, 1985; Tsujimoto et al., 1985; Vaux et
al., 1988). Bcl-2 normally functions by inhibiting mitochondrial outer membrane
permeabilization and cytochrome c release from the mitochondria, thus when
overexpressed the threshold for cellular cytochrome c release is inappropriately
increased, and mitochondria are no longer able to respond to pro-apoptotic stimuli.
Since cells overexpressing Bcl-2 are not able to respond normally to stressors, these cells
will accumulate DNA damage and mutations, propelling them even further toward
transformation.
The apoptotic pathway downstream of mitochondrial cytochrome c release also
appears to be inhibited in a variety of tumor types. For example, in chronic myleogenous
leukemia, it has been demonstrated that the oncogenic tyrosine kinase Bcr-Abl inhibits
cytochrome c-induced caspase activation (Deming et al., 2004). Specifically,
hypophosphorylation of the β isoform of heat shock protein 90 (Hsp90β) in oncogenic
tyrosine kinase-expressing cells leads to compromised Apaf-1 oligomerization and
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decreases the ability of the cell to respond to apoptotic stimuli (Kurokawa et al., 2008).
Hsp90β binds to Apaf-1 more strongly in leukemic cells, inhibiting Apaf-1
oligomerization and subsequent procaspase-9 activation. Inhibition of apoptosome
formation is one mechanism by which oncogenic tyrosine kinases (e.g. Bcr-Abl, TelPDGFR, Flt3/D835Y) confer cellular transformation (Kurokawa et al., 2008).
Downstream of apoptosome formation and caspase-9 activation, cancer cells may
also prevent programmed cell death by overexpression of the anti-apoptotic protein Xlinked inhibitor of apoptosis protein (XIAP) (Deveraux et al., 1999). XIAP binds to and
sequesters the executioner caspases -3 and -7, thus preventing cellular substrate cleavage
and the ultimate dismantling of the cell. Oncogenic overexpression of XIAP is sufficient
to prevent executioner caspase activation despite upstream apoptotic signals, thus
creating a block to cellular apoptosis. In general, cancer cells rely on blocks in apoptosis
in order to grow and divide despite the presence of pro-death signals. Pro-oncogenic
alterations in the apoptotic pathway may occur either above, at, or below the level of
mitochondrial cytochrome c release, and understanding the obstacles in apoptotic
activation is crucial in helping to design rational chemotherapeutics able to exploit these
blocks.

1.5.2 The Warburg effect
Instead of depending upon mitochondrial oxidative phosphorylation as an
energy source for ATP production, most transformed cells instead upregulate aerobic
glycolysis in a phenomenon known as the “Warburg effect” (Warburg, 1956). Aerobic
glycolysis results in the metabolism of glucose to lactate as opposed to metabolizing
glucose through glycolysis and the TCA cycle, which occurs in normal differentiated
cells in the presence of oxygen (Vander Heiden et al., 2009). The consequence of
metabolizing glucose to lactate is that only two molecules of ATP are produced per
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glucose molecule, in contrast to oxidative phosphorylation which boasts 36 molecules of
ATP per glucose metabolized. Given this discrepancy in energy production, for many
years it was unclear why cancer cells, which presumably require ample energy in order
to grow and divide in an uncontrolled manner, would selectively undergo aerobic
glycolysis and forfeit maximal ATP production.
The current prevailing explanation for preferential aerobic glycolysis in cancer
cells is that transformed cells prefer to metabolize glucose for biosynthetic precursors
rather than for ATP production (Vander Heiden et al., 2009). Dividing cells need to
replicate their entire biomass, including all lipids, amino acids, and nucleotides. This
requires an extensive supply of biosynthetic precursors, and glucose might be selectively
metabolized via the pentose phosphate pathway to produce anabolic precursors and
cofactors such as acetyl-CoA and NADPH, rather than through glycolysis to produce
ATP (Vander Heiden et al., 2009). Acetyl-CoA and NADPH support fatty acid synthesis
as well as the reductive biosynthesis of amino acids and nucleic acids, and abundant
pentose phosphate pathway activity may promote a constant supply of these molecules.
The Warburg effect is believed to be, at least in part, mediated by selective tumor cell
expression of the embryonic form of pyruvate kinase, pyruvate kinase isoform M2
(PKM2) (Christofk et al., 2008). PKM2 activity diverts glucose metabolites away from
oxidative respiration and toward anabolic processes, conferring a growth advantage to
the cell (Christofk et al., 2008). Thus, cancer cells exhibiting the Warburg effect, in
addition to directly regulating apoptotic effectors such as Bcl-2 family proteins and
caspases, might preferentially compromise ATP production in order to metabolize
glucose through the pentose phosphate pathway, producing anabolic precursors to
support cellular proliferation.
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This dissertation will focus on the role of metabolism, specifically NADPH
production and flux through the pentose phosphate pathway, in modulating the
activation status of the apical caspase, caspase-2. This will be examined both by
delineating the mechanism of caspase-2 activation in the Xenopus laevis egg extract as
nutrient levels wane, as well as by investigating the mechanism of caspase-2
suppression by NADPH in a mammalian somatic cell model. Through these studies we
will examine how metabolism acts to both suppress as well as activate the pro-death
enzyme, caspase-2.

1.6 Studying apoptosis in Xenopus laevis cell-free egg extract
Eggs from the African clawed frog Xenopus laevis are poised to undergo
immediate and synchronized cellular divisions upon fertilization. Amazingly, Xenopus
eggs can perform sequential cellular divisions in the absence of any transcriptional input
and as such are densely packed with cellular components, including many of the
proteins necessary for major signaling pathways. Xenopus eggs are arrested in
metaphase II of meiosis, and fertilization triggers a dramatic rise in cytosolic calcium; it
is this spike in intracellular calcium which promotes division. Following the collection
of eggs laid by the Xenopus laevis frog, the rise in intracellular calcium can be mimicked
by crushing the eggs via centrifugation, which releases internal calcium stores. Upon
centrifugation, this cell-free extract can re-synthesize the mitotic cyclin, cyclin B, after its
initial degradation, which allows the extract to cycle through mitosis (Murray, 1991).
These “cycling” extracts are ideal for examining biochemical modifications, changes in
binding partners, and alterations in protein levels throughout the cell cycle.
In 1994, Newmeyer and colleagues reported that upon prolonged incubation of
Xenopus cell-free extract at room temperature, extract will spontaneously recapitulate
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many of the key biochemical events of apoptosis over time, including mitochondrial
cytochrome c release, caspase cleavage and activation, and nuclear fragmentation (Kluck
et al., 1997; Newmeyer et al., 1994; von Ahsen and Newmeyer, 2000). However, it was
not until 2005 that studies from our lab would discover the initiating event in Xenopus
egg extract apoptosis (Nutt et al., 2005). These studies showed that depletion of the
pentose phosphate pathway byproduct, NADPH, over time resulted in downstream
cytochrome c release and executioner caspase activation. Caspase-2 was determined to
be the most apical caspase in this pathway, and addition of exogenous NADPH was
sufficient to prevent caspase-2 activation as well as apoptosis (Nutt et al., 2005).
Interestingly, it was demonstrated that it is not the reductive capacity of NADPH that is
necessary to protect egg extract from apoptosis, raising the exciting question of how
NADPH is communicating to apoptotic machinery to determine cellular fate.
Since the initial reports of Xenopus egg extract as a stockpile of cytosolic
molecules and proteins, this system has been a powerful research tool for studying
apoptotic pathways. Xenopus egg extract is highly enriched in cellular proteins, and
since it is not constrained by cellular membrane components or permeability, it is
readily amenable to biochemical manipulation. Recombinant proteins may be easily
added to the extract in order to perform affinity precipitation, phosphorylation, and
protein modification assays. Furthermore, exogenous pharmacological inhibitors,
activators, and metabolites may also be supplemented into the extract. To determine
loss-of-function effects, the extract may also be either immuno- or affinity-depleted of
endogenous proteins. Importantly, apoptotic events are easily monitored in the extract
by measurement of caspases via immunoblotting and colorimetric activity assays. Thus
the Xenopus egg extract is a system with almost limitless potential in the biochemical
study of apoptotic signaling. Of note, apoptotic pathways are evolutionarily well66

conserved, and our lab has further validated the utility of the Xenopus egg extract system
by confirming many of our findings using mammalian proteins and constructs in the
Xenopus extract, as well as in mammalian cells.
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2. Materials and Methods
2.1 Xenopus techniques
2.1.1 Xenopus egg extract
Mature female frogs were induced to lay eggs by injection of exogenous βhuman chorionic gonadotropin (β-HCG) hormone as described previously (Smythe and
Newport, 1991). Eggs were collected and jelly coats were removed from the eggs with
2% cysteine (pH 8.0) and eggs were washed three times with modified Ringer's solution
(MMR: 1 M NaCl, 20 mM KCl, 10 mM MgSO4, 25 mM CaCl2, 5 mM Hepes, pH 7.8, 0.8
mM EDTA) followed by three times in egg lysis buffer (ELB: 250 mM sucrose, 2.5 mM
MgCl2, 1.0 mM dithiothreitol, 50 mM KCl, 10 mM Hepes, pH 7.7). Eggs were then
centrifuged at 400 g, and cytochalasin B (5 µg/mL; Calbiochem), aprotinin/leupeptin (5
µg/mL), and cyclohexamide (50 µg/mL) were added. Lysis was performed by
centrifugation at 10,000 g for 12 minutes. Crude cytosolic egg extracts were collected
using a syringe and needle directed immediately above the yolk and pigment layer.
Crude cytosolic egg extracts were stored on ice until time of use.

2.1.2 Xenopus oocytes
Stage VI Xenopus laevis oocytes were prepared from frogs primed with pregnant
mare serum gonadotropin three to five days before excision of ovaries. Ovaries were
digested with 2.8 U liberase (Roche) in OR-2 buffer (82.5 mM NaCl, 2 mM KCl, 1 mM
MgCl2, 5 mM HEPES, pH 7.5) for 1.5 hours at room temperature. Oocytes were washed
with OR-2 buffer and stored in OR-2 + 1% fetal bovine serum and 0.2% gentamicin
overnight at 18°C. Healthy stage VI oocytes were selected under a microscope for
needle-directed microinjection.
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2.1.3 Recombinant protein cloning and expression
pGEXKG N-terminal glutathione S-transferase (GST)-Xenopus caspase-2
prodomain, mouse caspase-2 prodomain, 14-3-3ζ and ε isoforms, and Inhibitor-2 (I2)
were expressed in BL21 E. coli using the Kornbluth standard recombinant protein
protocol as described previously (Evans et al., 1997). In general, the GST-caspase-2
prodomain was produced in BL21 bacteria induced at 37oC for three hours with 1.0 mM
isopropyl β-D-1-thioalactopyranoside (IPTG). Bacteria were lysed in 2.5 mL of Buffer A
(2.3 M sucrose, 5 mM Tris, pH 7.5, 1 mM EDTA) with 1 mM PMSF. Then, 10 mL buffer
B (50 mM Tris, pH 7.5, 10 mM KCl, 1 mM EDTA, 1 mM DTT), 5 mg lysozyme, and 100
µL of 100 mM PMSF were added to the bacterial pellet. The bacteria were incubated on
ice with periodic rubber policeman mixing for one hour, after which 175 µL of 10%
sodium deoxycholate, 263 µL of 1 M MgCl2 , and 25 µL of DNase I (5 mg/mL) were
added for 15 minutes.
The bacterial lysate was the centrifuged at 12,000 rpm for 30 minutes. The
supernatant was then collected and rotated with approximately 500 µL of glutathione
sepharose beads for ~2 hours at 4°C. The glutathione sepharose beads were washed
three times with buffer C (10 mM Hepes, pH 8.0, 1 mM DTT) and 300 mM NaCl,
followed by three times of additional washing with buffer C alone. Recombinant,
glutathione-bound proteins were stored on ice in buffer C with 5 µg/mL
aprotinin/leupeptin. Prior to use in experiments, recombinant bead-bound proteins
were washed three times in the appropriate reaction buffer to remove all buffer C and
aprotonin/leupeptin.
Xenopus caspase-2 was cloned as previously described into pGEXKG and pSP64T
(Nutt et al., 2005). The Quikchange kit (Stratagene) was used to generate Xenopus
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caspase-2 mutants from the wildtype caspase-2 template using the following primer sets
and their complements:
V18A/L20A:
5’GCACTGCAGCGGCTGCGAGCATCCGCGGCTAGTGAAATGATCATC’3
V106A/H108A:
5’GAGTTTATTACGTCGAAAGCGCATGCCGGCAGCTTCCCTTTACCT’3
D137A:
5’AGGGAAGAGTCTATTGCTGATGGAGATGGTCCATGAGTCGACCTC’3
S135A: as described in Nutt et al. 2005.
Mouse caspase-2 mutants (in pGEXKG and/or pSP64T) were made from the
wildtype mouse caspase-2 template using the following primers and their complements:
S24A:
5’CTGATGGCGGCTGACAGGAGGGCCAGGATTTTGGCAGTGTGTGGA’3
S157A:
5’CCTCACAAGCAGCTCCGCCTAGCCACAGATGCTACGGAACACTC’3
T158A:
5’CACAAGCAGCTCCGCCTATCCGCAGATGCTACGGAACACTCC’3
S164A:
5’ACAGATGCTACGGAACACGCCTTAGATAATGGTGATGGT’3
D166A:
5’ACAGATGCTACGGAACACGCCTTAGCTAATGGTGATGGT’3
His-tagged PP1 and 14-3-3ε, ζ wildtype, and ζ K49E mutant were produced in
BL21 DE3 bacteria induced at 30oC for five hours with 0.5 mM IPTG. Bacteria were
lysed in 2.5 mL of Buffer A (2.3 M sucrose, 5 mM Tris, pH 7.5, 1 mM EDTA) with 1 mM
PMSF. Then, 10 mL buffer B (50 mM Tris, pH 7.5, 10 mM KCl, 1 mM EDTA, 1 mM
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DTT), 5 mg lysozyme, and 100 µL of 100 mM PMSF were added to the bacterial pellet.
The bacteria were incubated on ice with periodic rubber policeman mixing for one hour,
after which 175 µL of 10% sodium deoxycholate, 263 µL of 1 M MgCl2 , and 25 µL of
DNase I (5 mg/mL) were added for 15 minutes. The bacterial lysate was the centrifuged
at 12,000 rpm for 30 minutes. The bacterial supernatant was incubated with 1 mL of
packed nickel-agarose beads (Qiagen) for 90 minutes, followed by washing with a buffer
containing 1 M NaCl and 14.8 mM imidazole. The nickel-agarose beads were then
washed twice in buffer alone, and His-tagged recombinant proteins were stored in
buffer on ice until needed.
To produce radiolabeled in vitro translated full-length protein, pSP64T Xenopus
caspase-2 cDNA was added at 20 ng/µL to rabbit TNT reticulocyte lysate (Promega)
containing 0.4 µCi/µL 35S-Translabel, 1x (minus-Cys, minus-Met) amino acid mixture,
and additional components in accordance with the manufacturer’s protocol. The
reactions were incubated at 30°C for one hour and then stored at -80°C until needed.

2.1.4 Caspase assay
Xenopus egg extract caspase assays were performed using crude cytosolic extract.
as described previously by our lab (Deming et al., 2004). Briefly, 3 µL of crude egg
extract was incubated in 90 µL caspase DEVDase buffer (50 mM Hepes, pH 7.5, 100 mM
NaCl, 0.1% CHAPS, 10 mM DTT, 1 mM EDTA, 10% glycerol) with the colorimetric
peptide substrate Ac-DEVD-pNA (200 mM final concentration; BIOMOL Research Labs,
Inc.). Reactions were incubated at 37 °C for approximately 30 minutes or until
appearance of color. Absorbance of the colorimetric product was measured at 405 nm
using a Bio-Rad microplate reader (Bio-Rad Microplate Reader, Model 680). Absorbance
data was analyzed using data-plotting software.
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2.1.5 Caspase-2 dephosphorylation assay
30 µg Xenopus GST-caspase-2 prodomain (wildtype or mutants as indicated) was
phosphorylated at S135 as follows: glutathione sepharose-bound proteins were
incubated with recombinant calmodulin and CaMKII in CaMK buffer (1 M Hepes, pH
7.5, 1 M DTT, 1 M MgCl2, 10% Tween, 0.2 M ATP, 1 M CaCl2) in the presence of 10 µCi
[γ-32P]ATP. GST-caspase-2 was washed three times in egg lysis buffer to remove
unincorporated [γ-32P]ATP, and radiolabeled GST-caspase-2 prodomain was then
incubated in egg extract at room temperature. Samples of glutathione sepharose-bound
proteins were obtained over time (times zero through six hours) via vortexing and
collection with a wide-bore pipette tip, and sepharose-bound proteins were washed six
times with buffer containing 300 mM NaCl and 0.1% Triton-X. Bead-bound proteins
were then eluted with sodium dodecyl sulfate (SDS) sample buffer, resolved by SDSpolyacrylamide gel electrophoresis (PAGE), and analyzed by autoradiography with
either direct exposure to film or exposure to a phosphorimager.

2.1.6 Caspase-2 kinase assay in extract
For the GST-caspase-2 kinase assays in egg extract, approximately 20 µg of
glutathione sepharose-bound caspase-2 wildtype or mutant was incubated in 100 µL egg
extract with 10 µCi [γ32P]ATP. Reactions were incubated for one hour at room
temperature with periodic mixing, and bead-bound proteins were collected by
centrifugation and washed three times with egg lysis buffer plus 300 mM NaCl and 0.1%
Triton-X to remove egg extract and any unincorporated radiolabel. Sepharose-bound
proteins were then eluted with SDS sample buffer, resolved by SDS-PAGE, and
analyzed via autoradiography.
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2.1.7 Caspase-2 in vitro kinase assay
For in vitro CaMKII kinase assays, glutathione sepharose-bound Xenopus or
mouse caspase-2 (wildtype or mutants) was washed twice in CaMKII assay buffer (20
mM Hepes pH 7.5, 0.5 mM DTT, 10 mM MgCl2, 0.1% Tween-20, 50 µM ATP, 1 mM
CaCl2). GST-caspase-2 was then incubated in 50 µL CaMKII assay buffer with 1 µM
recombinant calmodulin, 0.5 µg recombinant CaMKII, and 10 µCi [γ32P]ATP. Samples
were incubated at room temperature for one hour with periodic mixing and then
washed three times by centrifugation with 1X PBS. Sepharose-bound proteins were
eluted with SDS sample buffer, resolved by SDS-PAGE, and incorporation of 32P was
evaluated by autoradiography.

2.1.8 Cytochrome c release assay
15 µL crude cytosolic egg extract was diluted in 15 µL egg lysis buffer and
filtered through a 0.1 µm ultrafree-MC filter (Millipore). The filtrate was mixed with SDS
sample buffer, resolved by 17.5% SDS-PAGE, and transferred to polyvinylidine fluoride
(PVDF) membrane (Millipore, Bedford, MA). The membrane was blocked with 5%
nonfat skim milk (NFSM) for one hour at room temperature and then probed with an
anti-cytochrome c primary antibody overnight at 4°C.

2.1.9 Inhibitor-2 affinity depletion of endogenous PP1
Xenopus egg extract was depleted of endogenous PP1 by three rounds of onehour incubations with either GST alone or GST-Inhibitor-2 bound to glutathione
sepharose. 30 µg GST or GST-I2 was incubated in 300 µL egg extract with rocking at 4°C.
Glutathione-bound proteins were collected by centrifugation following each round of
depletion, and depleted extract was then added to naïve beads for the subsequent
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round. Depletion was confirmed by PP1 immunoblotting of the mock- and I2-depleted
egg extracts. Anti-actin was used to assure equal loading of egg extract.

2.1.10 Recombinant protein affinity precipitation
Recombinant Xenopus or mouse GST-caspase-2 prodomain (20 µg) or GST-14-3-3
(ζ and ε, 20 µg each) were bound to glutathione sepharose and incubated in egg extract
for one hour at room temperature with rocking. Sepharose-bound proteins were
collected by centrifugation and washed three times with egg lysis buffer + 300 mM NaCl
and 0.1% Triton-X. Bead-bound proteins were then eluted with SDS sample buffer,
resolved by SDS-PAGE, and analyzed by immunoblotting for the putative binding
partner.

2.1.11 Xenopus caspase-2 immunoprecipitation
To immunoprecipitate endogenous caspase-2 from the Xenopus egg extract, 5 µg
of C-terminal 20 amino acid peptide-derived Xenopus caspase-2 antibody or rabbit
preimmune serum was incubated with 20 µL protein G sepharose (or protein G
Dynabeads where indicated) at 4°C for one hour with rocking. Protein G-bound
antibodies were then incubated with 200 µL Xenopus egg extract for one hour at room
temperature. For caspase-2 S135 immunoblots, the caspase-2 inhibitor VDVAD-CHO
(BioMol) was also added to the extract at a concentration of 100 µM. Protein G-bound
proteins were collected by centrifugation (or magnet), washed three times in egg lysis
buffer with 300 mM NaCl and 0.1% Triton-X, eluted with SDS sample buffer, and
resolved by SDS-PAGE. Immunoblots were incubated at 4°C overnight with primaries
directed against either anti-PP1 or anti-phospho-S135 caspase-2 (as described in the
antibodies section).
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2.1.12 14-3-3 release assay
20 µg Xenopus GST-caspase-2 prodomain bound to glutathione sepharose was
incubated in egg extract in the presence of G6P to promote binding of endogenous 14-33ζ. Sepharose-bound proteins were retrieved and washed three times with low-salt egg
lysis buffer. GST-caspase-2 prodomain with endogenous 14-3-3ζ was then added to
fresh egg extract and sepharose-bound proteins were incubated with rocking at room
temperature over time. Sepharose-bound proteins were retrieved by centrifugation,
washed three times with egg lysis buffer plus 300 mM NaCl and 0.1% Triton-X, eluted
with SDS sample buffer, resolved by SDS-PAGE, and analyzed by immunoblotting with
a pan-14-3-3 antibody.

2.1.13 Xenopus and mouse oocyte injections
pSP64T Xenopus full-length flag-tagged caspase-2 cDNA (wildtype and mutant)
templates were linearized with XbaI, and mRNA was generated using the Stratagene
mRNA capping kit per company protocol. Protein translation levels were tested by TNT
reticulocyte lysate in vitro translation as described previously or by affinity precipitation
and immunoblotting for anti-flag epitope from translationally-competent egg extract
(extract made in the absence of cycloheximide), where specified.
Mouse full-length caspase-2 wildtype and mutant constructs were cloned into
pSP64T, and mRNA was produced as previously described (Kurokawa 2007). In brief,
the mouse caspase-2 cDNAs were linearized with XbaI and transcribed in vitro using the
mMessage/mMachine capping kit (Ambion, Austin, TX). Mouse oocytes were collected,
microinjected with caspase-2 mRNA, and scored for oocyte death as previously
described (Fissore et al., 2002; Kurokawa et al., 2007).

75

2.1.14 RAIDD antibody blocking
For Xenopus RAIDD (XRAIDD) antibody blocking experiments, 5, 10, or 20 µg of
RAIDD antibody (made and purified as described in the Xenopus assay antibodies
section) or normal rabbit immunoglobulin was added to 50 µL of egg extract. Reactions
were first incubated at 4°C for one hour with periodic tap-mixing and were then placed
back at room temperature to allow the extracts to undergo endogenous apoptosis. 5 µL
samples of egg extract were removed every hour for caspase assay analysis, as described
above.

2.1.15 RAIDD-Caspase-2 processing assay
GST-XRAIDD bound to glutathione sepharose was incubated in egg extract for
one hour at room temperature either in the absence or presence of exogenous G6P.
Sepharose-bound proteins were collected by centrifugation and washed three times with
low-salt egg lysis buffer. GST-XRAIDD was then incubated in 100 µL egg lysis buffer in
the presence of radiolabeled, in vitro translated Xenopus full-length caspase-2. Samples
of radiolabeled caspase-2 were removed over time, denatured by SDS sample buffer,
resolved on SDS-PAGE, and exposed to autoradiography.

2.1.16 Xenopus assay antibodies
Anti-PP1 (polyclonal, 1:1000) and anti-PP2A (monoclonal, 1:2000) were
purchased from Upstate; anti-cytochrome c (polyclonal, 1:500) from Pharmingen; anti14-3-3 pan-isoform (polyclonal, 1:1000) from AbCam, anti-actin (monoclonal, 1:4000)
from Sigma-Aldrich, anti-flag (polyclonal, 1:1000) from Cell Signaling, anti-CaMKII
pT286 (polyclonal, 1:1000) from AbCam, and anti-CaMKII (monoclonal, 1:1000) from BD
Transduction Laboratories.
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Xenopus polyclonal antibodies were generated against a synthetic caspase-2 Cterminal 20 amino acid peptide and a synthetic caspase-2 phospho-S135 peptide. The
antigen sequence of the Xenopus caspase-2 C-terminal synthetic peptide was as follows:
N-STLCRDLYLFPGSPSPNGLPK-C (Tufts University). Serum was collected from Duke
University Division of Laboratory Animal Resources and purified using biotinylated
antigen immobilized on streptavidin resin. Antigen-bound fractions were eluted with
100 mM glycine, pH 2.5, and analyzed for immunoglobulin concentration by coomassie
staining. Antibody-containing fractions were pooled, dialyzed into 1X phosphate
buffered saline, pH 7.4, and concentrated as necessary using Aquacide.
The antigen sequence of the Xenopus caspase-2 phospho-S135 synthetic peptide
was as follows: N-Biotin-CREYREEpSIDDGDGP-C (Tufts University). Serum was
collected from Pocono Rabbit Farm & Laboratory, Inc., purified by first incubating the
serum with the corresponding non-phosphorylated peptide immobilized on streptavidin
resin (N-Biotin-CREYREESIDDGDGP-C, Tufts University) and collecting the flowthrough. The next step in purification was to incubated the collected flow-through with
the phosphorylated peptide immobilized on streptavidin. Bead-bound antibodies were
eluted, dialyzed, and concentrated as described above. The phospho-antibody was
validated for both epitope-site and phosphorylation specificity by immunoblotting
against a Xenopus caspase-2 S135A mutant as well as wildtype caspase-2 that had been
treated with the pan-phosphatase, λ-phosphatase, in order to remove the phosphate
modification.
The Xenopus RAIDD antibody was made against a recombinant maltose binding
protein (MBP)-tagged XRAIDD fusion protein, with boosts of 200 µg antigen in 50 µL 1X
PBS. Serum was collected from Duke University Division of Laboratory Animal
Resources and purified using antigen immobilized by crosslinking on amylose resin.
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Antigen-bound fractions were eluted with 100 mM glycine, pH 2.5, and analyzed for
immunoglobulin concentration by coomassie staining. Antibody-containing fractions
were pooled, dialyzed into 1X phosphate buffered saline, pH 7.4, and concentrated as
necessary using Aquacide.

2.1.17 Additional reagents
D-Glucose 6-phosphate sodium salt (Sigma-Aldrich) was resuspended in double
distilled H2O at a concentration of 1.0 M, and was used at 10 mM in all egg extract
experiments. Okadaic acid (Sigma-Aldrich) was used at 10 µM to inhibit PP1 unless
otherwise indicated. Glutathione Sepharose was purchased from Amersham
Biosciences, Dynabeads Protein A from Invitrogen, Calmodulin and CaMKII from
CalBiochem, acetyl- and malonyl-CoA salts from Sigma-Aldrich, and VDVAD-CHO
from BioMol.

2.2 Mammalian tissue culture techniques
2.2.1 Cell culture
The ovarian cancer cell lines OVCA420, DOV13, OVCAR8, and OVCA432 were a
kind gift from Susan Murphy and Andrew Berchuck (Duke University). 293T and HeLa
cell lines were obtained from the American Type Culture Collection (ATCC). 293T and
HeLa cells were maintained according to the specifications of the ATCC in high-glucose
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. Deviation from this culture protocol
occurred during periods of glucose deprivation, in which 293T cells were washed twice
with 1X PBS and then incubated for either 24 or 48 hours in glucose-free DMEM
containing 10% dialyzed serum (Gemini) and 1% penicillin/streptomycin. OVCA420,
DOV13, OVCAR8, and OVCA432 cells were maintained in RPMI-1640 media
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supplemented with 10% FBS and 1% penicillin/streptomycin. All cells were passaged
via incubation in 0.05% Trypsin-EDTA, and all cultures were maintained at 37°C with
5% CO2.
PC12 cells were cultured on rat tail collagen-coated dishes in RPMI-1640 medium
containing 5% FBS, 10% heat-inactivated horse serum, and 1% penicillin/streptomycin.
Neuronally-differentiated PC12 cells were cultured in the presence of 100 ng/mL nerve
growth factor (NGF, Gibco) plus 1% horse serum for at least seven days (and up to 14
days) prior to treatments. Primary mouse cortical neurons were prepared from
postnatal day one pups with the assistance and resources of the Robert Weschler-Reya
lab (Duke University). Briefly, tissue culture plates were coated with poly-d-lysine
(Sigma-Aldrich). Dissected cortical tissue was triturated (x5) in papain inhibitor
solution (15 units/mL 0.2 µM sterile filtered Papain enzyme, Worthington Biochemicals,
in HBSS), cell suspension was passed through a 40 µM nylon cell strainer and
centrifuged at 200 x g for 3 minutes. The remainint cell pellet was resuspended in
neurobasal medium with supplements (Neurobasal medium, B27 supplement,
penicillin/streptomycin, 20 mM glutamine). Half of the culture media was replaced
every three days, and primary neurons were maintained for up to 14 days.
Beta-Amyloid (1-42, and 42-1) was purchased from American Peptide.
Lyophilized, HPLC-purified peptides were reconstituted in sterile water at a
concentration of 400 µM. Aliquots of stocks were incubated at 37°C for three days to
form aggregated amyloid. Experiments were performed with 100 µg/mL peptide.

2.2.2 DNA transfection
For transfection of exogenous DNA constructs, Fugene-6 (Roche) was used in a
ratio of 3:1 with DNA. Transfections were performed in serum-free media, with serum
added exogenously to the reactions six hours post-transfection. The transfection media
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was changed to fresh media with 10% FBS the following morning. Constructs were
transfected for 24 to 48 hours and cells were then collected either by gentle scraping
(293T) or using 0.05% trypsin (HeLa, OVCA420, DOV13, OVCAR8, OVCA432, PC12).
Collected cells were washed once in ice-cold PBS, pelleted by centrifugation, and then
snap-frozen in liquid nitrogen for storage at -80°C.

2.2.3 Cellular metabolic treatments
To modulate cellular NADPH production, cultured cells were treated with either
DHEA, D-methylmalate, or a combination of the two. DHEA (Sigma-Aldrich) was made
at a stock concentration of 100 mM in dimethyl sulfoxide (DMSO) and used in tissue
culture media at a concentration of 100 µM unless otherwise indicated. D-methylmalate
(Sigma-Aldrich) was purchased as a 7.5 M solution and used in tissue culture at a
concentration of 5 mM unless otherwise indicated. For 293T cells, cells were incubated
in glucose-free DMEM for 24 to 48 hours prior to treatment, and then metabolic
treatments were added for six hours prior to collection. For other cell types, treatments
were added in regular media for 24 hours prior to collection.

2.2.4 Caspase-2 in vivo labeling
Flag-tagged wildtype caspase-2 prodomain was transfected into 293T cells in
glucose-free DMEM. After 48 hours of transfection, cells were switched to glucose-free
media with metabolic treatments (DHEA, MM) for four hours, and then switched into
phosphate-free DMEM with metabolic treatments and 32P-labelled orthophosphate.

32

P-

labelled orthophosphate was added at 1-2 mCi/sample. After incubation with the
radiolabel, cells were collected by pipetting, washed once with ice-cold 1X PBS, and
lysed on ice for 30 minutes in radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris pH 7.4, 1% NP-40, 0.25% NaDeoxycholate, 150 mM NaCl, 1 mM EDTA, 100 mM
PMSF, 5 mg/mL aprotonin/leupeptin, 1 mg/mL pepstatin A, 100 mM NaVanadate, 1
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mM NaF, 1mM 6-beta glycerophosphate). Samples were centrifuged at 14g for 20
minutes to clear lysates of cellular membranes. The cellular supernatant was collected
and divided 25% for immunoblotting and 75% for autoradiography. Samples were
denatured in SDS sample buffer, resolved on 15% SDS-PAGE, and either immunoblotted
for anti-flag to determine transfectant expression and loading, or exposed to
autoradiography to determine orthophosphate incorporation.

2.2.5 Bimolecular fluorescence complementation
Bimolecular fluorescence complementation human caspase-2 constructs (caspase2 CARD, caspase-2 prodomain, and catalytically-inactive full-length caspase-2) were a
kind gift from Doug Green (St. Jude Children’s Research Hospital). HeLa cells were
plated on 35 mm dishes containing cover slips the day prior to transfection. HeLa cells
were maintained in regular DMEM with 10% FBS and 1% penicillin/streptomycin and
were then switched to serum-free DMEM for transfection using the reagent
Lipofectamine 2000 (Invitrogen). The Venus fluorescent protein N- or C-terminal DNA
constructs fused to full-length caspase-2 were transfected at 35 ng per 35 mm dish, and
the rhodamine based dye MitoRed was also added to label transfected cells. Serum was
added six hours later, and the next day the cellular media was replaced with regular
DMEM. 24 hours prior to visualization, the cells were treated with either DMSO,
DHEA, MM, Paclitaxel, or a combination thereof. Experiments were performed in the
presence of 50 µM VDVAD-fmk (BioVision) to prevent endogenous caspase-2 activation
as well as 20 µM of the pan-caspase inhibitor qVD-OPH (MP Biomedicals). Fluorescence
was visualized using a spinning disk confocal microscope (Zeiss) equipped with an
incubator and CO2 chamber.
Caspase-2 mutant BiFC constructs were generated using the Quikchange kit
(Stratagene) with the following primer sets and their complements:
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S164A:
5’ GACAGATACTGTGGAACACGCCCTAGACAATAAAGATGG 3’
S164D:
5’ CGACAGATACTGTGGAACACGACCTAGACAATAAAGATGGTC 3’
S164E:
5’GTCGACAGATACTGTGGAACACGAACTAGACAATAAAGATGGTCCTG3’

2.2.6 Paclitaxel treatments
HeLa, OVCA420, DOV13, OVCAR8, and OVCA432 cells were treated with the
microtubule-disrupting agent, paclitaxel. Paclitaxel (LC Laboraties) was made as a stock
solution of 50 mM in DMSO, and stock treatments were aliquoted and stored at -20°C
until needed. Paclitaxel treatments were performed at a final concentration of 50 uM in
regular media (DMEM or RPMI-1640) unless otherwise specified. Paclitaxel treatment
was for 24 hours unless noted otherwise, and DMSO was used as a solvent negative
control.

2.2.7 Flow cytometry analysis
OVCA420, DOV13, OVCAR8, and OVCA432 cells were analyzed for propidium
iodide (PI) uptake and Annexin V staining to assay for cellular apoptosis. Cells were
treated with DMSO, Paclitaxel, DHEA, and/or MM and then collected using 0.05%
Trypsin. Samples were washed once with 1X PBS and then resuspended in 50 µL
Annexin-V buffer (10 mM Hepes, pH 7.4, 140 nM NaCl, 5 mM CaCl2) containing 2.5 µL
Alexa Fluor 647 Annexin V and 0.1 µL PI. Cells were incubated in the Annexin V/PI
mixture for 15 minutes in the dark. Samples were then transferred to round-bottom 5
mL Falcon tubes, and 400 µL additional Annexin V buffer was added to each sample.
Samples were protected from light and analyzed immediately by the Duke University
flow cytometry core facility.
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2.2.8 Mammalian caspase-2 phospho-antibodies
Phospho-antibodies directed against mouse caspase-2 S157, mouse caspase-2
S164, and human caspase-2 S164 were generated using biotinylated synthetic peptides.
The antigen sequences used for rabbit injection were as follows (all peptides were
obtained from Tufts University, and all rabbit serum was collected from Pocono Rabbit
Farm & Laboratory, Inc.):
Mouse caspase-2 phospho-S157: N-Biotin-PHKQLRLpSTDATEHSC-C
Mouse caspase-2 phospho-S164: N-Biotin-STDATEHpSLDNGDGPC-C
Human caspase-2 phospho-S164: N-Biotin-STDTVEHpSLDNKDGPC-C
Serum was collected and purified by first incubating the serum with the
corresponding non-phosphorylated peptide immobilized on streptavidin resin (NBiotin-PHKQLRLSTDATEHSLDNGDGP-C for the mouse antibodies, and N-BiotinSTDTVEHSLDNKDGPC-C for the human antibody). The serum flow-through was
collected from the non-phospho column, and the column was regenerated for later use.
The next step in purification was to incubate the collected flow-through with the
phosphorylated peptide immobilized on streptavidin. Serum was incubated with beadbound antigen for one hour at room temperature with rocking. Bead-bound antibodies
were eluted with 100 mM glycine, pH 2.5, and analyzed for immunoglobulin
concentration by coomassie staining. Antibody-containing fractions were pooled,
dialyzed into 1X phosphate buffered saline, pH 7.4, and concentrated as necessary using
Aquacide or Microcon column concentration (Millipore).
All phospho-antibodies were validated for both epitope-site and
phosphorylation specificity by immunoblotting against a caspase-2 phospho-mutants as
well as wildtype caspase-2 that had been treated with the pan-phosphatase, λ-
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phosphatase, in order to remove the phosphate modification. Antibodies were
aliquoted and stored at -20°C, with a working aliquot maintained at 4°C for daily use.

2.2.9 Immunoblotting phospho-caspase-2
Mouse caspase-2 phospho-S157 and phospho-S164 antibodies were used at a
concentration of 1:1000 in 5% NFSM in PBS. Briefly, whole cell lysates from 293T cells
transfected with flag-mouse caspase-2 prodomain were normalized to total protein
levels, denatured using SDS sample buffer, and resolved on 15% SDS-PAGE. Gels were
transferred to PVDF membrane, which was then blocked for one hour at room
temperature in 5% NFSM in PBS. Membranes were incubated in primary antibody at
4°C overnight. Membranes were washed three times in 1X PBS with Tween, and then
incubated in 1:5000 horseradish peroxidase (HRP)-conjugated rabbit secondary antibody
(Promega). Immunoblots were analyzed using enhanced chemiluminescence substrate
(Western Lightning ECL, Perkin Elmer) and exposure to film.
The human caspase-2 phospho-S164 antibody was used at a concentration of
1:1000 in 3% bovine serum albumin (BSA) in PBS. Briefly, whole cell lysates from 293T
cells transfected with flag-human caspase-2 prodomain, or lysates from OVCA420,
DOV13, OVCAR8, and OVCA432 cells were normalized to total protein levels,
denatured using SDS sample buffer, and resolved on SDS-PAGE (15% for transfected
prodomain constructs, 12% for endogenous caspase-2). Gels were transferred to PVDF
membrane, which was then blocked for one hour at room temperature in 3% BSA in
PBS. Membranes were incubated in primary antibody at 4°C overnight. Membranes
were washed three times in 1X PBS with Tween, and then incubated in 1:5000 HRPconjugated rabbit secondary antibody (Promega). Immunoblots were analyzed using
enhanced chemiluminescence substrate (Western Lightning ECL, Perkin Elmer) and
exposure to film.
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3. Metabolic control of oocyte apoptosis mediated by
14-3-3ζ-regulated dephosphorylation of caspase-2
This chapter appears in modified form in: Developmental Cell. 2009 June 16; 16(6): 856866.

3.1 Introduction
As discussed in Chapter 1, apoptosis is a form of programmed cell death
characterized by activation of cysteine proteases known as caspases, which dismantle
the cell in an orderly, energy-dependent manner. Caspases are divided into two classes,
initiator or executioner, based on their position in the apoptotic hierarchy. Initiator
caspases (e.g. caspases-2, -8, and -9) occupy the apical position in cell death pathways
and are activated by oligomerization, which involves the recruitment of adaptor
proteins to the caspase prodomain via homotypic interactions between their respective
CARDs (Danial and Korsmeyer, 2004). Once active, initiator caspases cleave and
activate executioner caspases, which process a multitude of cellular proteins to promote
apoptosis.
In response to certain apoptotic cues, caspase-2 activation occurs on a platform
consisting of the adaptor protein RAIDD, which binds directly to the caspase-2
prodomain, and the death-domain-containing protein PIDD, which oligomerizes RAIDD
(Baliga et al., 2004; Duan and Dixit, 1997; Read et al., 2002; Tinel and Tschopp, 2004).
PIDD expression is p53-inducible and has been linked to genotoxic stress as part of the
p53-mediated apoptotic response (Hanoux et al., 2007; Panaretakis et al., 2005; Robertson
et al., 2002). Whether or how RAIDD or PIDD might be regulated post-translationally to
control apoptosis is currently not known.
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The nutrient status of a cell may be important in the cellular decision to live or
initiate apoptosis. As detailed in Chapter 1, decreased glucose uptake and glycolytic
rate occur upon growth factor withdrawal in lymphocytes, and this precedes
commitment to caspase activation (Rathmell et al., 2003). Furthermore, artificial
maintenance of glycolysis confers apoptotic resistance under conditions of growth factor
withdrawal (Zhao et al., 2007). The AKT kinase also exerts an anti-apoptotic effect in
many cell types and requires glucose uptake in order to do so (Majewski et al., 2004b;
Pastorino et al., 2002; Rathmell et al., 2003; Zhao et al., 2007). Lastly, when hexokinase is
bound to mitochondria it can suppress the pro-apoptotic release of mitochondrial
cytochrome c. It has also been demonstrated that the pro-apoptotic Bcl-2 family
member, Bad, forms a complex with and regulates the activity of glucokinase at the
mitochondrial surface, wherein mice deficient in Bad exhibit defects in glucose tolerance
(Danial et al., 2003).
Our lab reported previously that nutrient depletion in Xenopus oocytes promotes
apoptosis through activation of caspase-2 (Nutt et al., 2005). This is particularly
interesting when considering the work by Yuan and colleagues demonstrating that the
primary phenotype of caspase-2 knockout mice is excess oocytes in females, suggesting
that oocytes might be particularly susceptible to caspase-2-mediated apoptosis
(Bergeron et al., 1998). In exploring links between metabolism and caspase-2, our lab
discovered that maintenance of NADPH levels by flux through the pentose phosphate
pathway induces a suppressive phosphorylation of Xenopus caspase-2 on S135. A nonphosphorylatable mutant of caspase-2 (S135A) induced apoptosis even in the presence
of high levels of NADPH, and inhibition of NADPH production using the steroid
hormone DHEA was sufficient to accelerate caspase-2-induced egg extract apoptosis.
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In analyzing the regulation of caspase-2, our lab found that NADPH promotes
activation of CaMKII, which catalyzes S135 phosphorylation in a calcium-dependent
manner. Thus, for oocytes to undergo apoptosis upon nutrient depletion (in the form of
decreased pentose phosphate pathway flux or a loss of NADPH), a phosphatase must be
required in order to dephosphorylate caspase-2. Although a large number of kinases
have been implicated in the regulation of apoptosis, potential links between
phosphatases and cell death machinery are poorly understood. For protein
phosphatases-1 and -2A, specificity is typically conferred by a targeting subunit which
either directs the phosphatase catalytic subunit to its substrates or alters its subcellular
localization in order to confer substrate access (Cohen, 2002; Shenolikar, 1994). In the
past several years, however, it has been demonstrated that the PP1 catalytic subunit may
also bind directly to some substrates via substrate binding motifs similar to those motifs
found on targeting subunits (Margolis et al., 2003; Vietri et al., 2006). In these cases, a
phosphatase targeting subunit may be dispensable for substrate dephosphorylation.
The regulation of PP1 activity and specificity may furthermore occur through the
interaction of PP1 with inhibitory proteins (endogenous Inhibitor-1 and Inhibitor-2), and
phosphatase substrate dephosphorylation may also be modulated by additional posttranslational modifications and/or binding partners. Our lab recently reported the
mechanism of substrate regulation by alternative binding partners for the cell cycle
phosphatase Cdc25 (Margolis et al., 2006b). In this example, the phosphoserine binding
protein 14-3-3 interacts with Cdc25, masking PP1 access to phospho-S287 and
preventing Cdc25 dephosphorylation. Cdc25 remains phosphorylated and suppressed
until 14-3-3 dissociates, thus leaving S287 vulnerable to PP1 catalytic activity (Margolis
et al., 2006b; Margolis et al., 2003).

87

Although NADPH was established to be required for apoptotic suppression in
the oocyte, it was not known if the converse reaction, caspase-2 activation, might also be
a locus of metabolic control. This thesis work demonstrates that PP1-mediated caspase2 dephosphorylation is required for caspase-2 activation, and that dephosphorylation is
indirectly regulated by pentose phosphate pathway flux and NADPH levels. In
searching for novel caspase-2 prodomain interactors, we discovered that the acidic
phosphoserine binding protein 14-3-3ζ interacts the caspase-2 prodomain. Moreover,
caspase-2 S135 dephosphorylation, which is required for caspase-2 activation, depends
upon removal of 14-3-3ζ. Importantly, 14-3-3ζ removal is under tight metabolic control,
wherein stimulation of the pentose phosphate pathway results in 14-3-3ζ binding, and
nutrient depletion promotes 14-3-3ζ release, caspase-2 activation, and subsequent egg
extract apoptosis. Finally, we have also uncovered evidence of a parallel regulatory
caspase-2 activation pathway in mammalian ovarian germ cells, in that perturbation of
murine caspase-2 phosphorylation at a homologous site, or abrogation of 14-3-3 binding,
appears to control the viability of mouse eggs. These data provide evidence that the
metabolic regulation of caspase-2 activation depends upon an evolutionarily-conserved
association with the 14-3-3 proteins, and this association mediates the phosphorylation
status and activity of caspase-2 during apoptosis in the oocyte.
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3.2 Results
3.2.1 Caspase-2 dephosphorylation is suppressed by metabolism
Previous studies from our lab indicated that nutrient abundance in the form of
pentose phosphate pathway activity and NADPH production inhibited caspase-2
through CaMKII-mediated phosphorylation at S135. These findings, coupled with
observations from our group as well as many others placing caspase-2 upstream of
mitochondrial cytochrome c release, implied that caspase-2 should be dephosphorylated
and activated prior to caspase-3 activation. To evaluate hypothesis this we monitored
the phosphorylation status of endogenous caspase-2 in egg extracts using an antibody
directed against caspase-2 phospho-S135. Endogenous caspase-2 was
immunoprecipitated over time using either a Xenopus caspase-2 antibody directed
against the C-terminal 20 amino acids of the protein or the corresponding rabbit
preimmune serum, and immunoprecipitates were analyzed for capase-2 phospho-S135
status. This experiment was performed in the presence of the caspase inhibitor AcVDVAD-CHO, a reversible aldehyde inhibitor consisting of the preferred cleavage
sequence of caspase-2, to ensure that loss of caspase-2 pS135 levels was not due to
caspase-2 processing during its activation. As shown in Figure 3.1A and B, endogenous
caspase-2 was dephosphorylated at S135 over time, and caspase-2 dephosphorylation
appeared to immediately precede downstream caspase-3 activation.
The observation that caspase-2 dephosphorylation might occur as NADPH levels
drop in the Xenopus egg extract raised the interesting possibility that an S135-directed
phosphatase might, in fact, be regulated by metabolism, thus activating caspase-2 via
dephosphorylation upon nutrient depletion. To examine caspase-2 dephosphorylation
in isolation we prepared radiolabeled, S135-phosphorylated caspase-2 prodomain fused
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Figure 3.1: Caspase-2 S135 dephosphorylation is sensitive to metabolism
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Figure 3.1: Caspase-2 S135 dephosphorylation is sensitive to metabolism.
(A) Glutathione sepharose-bound GST-caspase-2 prodomain wildtype or S135A
was phosphorylated in vitro ± recombinant CaMKII. Samples were resolved by
SDS-PAGE and immunoblotted using an antibody specific to Xenopus caspase-2
pS135.
(B) Anti-caspase-2 and its corresponding preimmune serum were titrated to
determine equal IgG loading (upper panel). Extracts treated with 100 µM
VDVAD-CHO were immunoprecipitated at the indicated time points for one
hour using preimmune- or C2-IgG bound to Dynabeads Protein A. Samples were
resolved by SDS-PAGE and immunoblotted for caspase-2 pS135 (second panel).
In parallel, extracts were analyzed for processing of radiolabeled in vitrotranslated full-length caspase-2 or caspase-3 activity (lower panels). White arrow
= full-length caspase-2; PI = preimmune; IP = immunoprecipitate. n = 3
(C) Left panel: Extracts were analyzed for caspase-3 activity over time using the
caspase substrate Ac-DEVD-pNA. Right panel: In parallel, GST-caspase-2
prodomain was prephosphorylated with CaMKII and [γ-32P]ATP; sepharosebound proteins were incubated in extract over time and samples were resolved by
SDS-PAGE and detected by autoradiography. Data are demonstrated
quantitatively in the left panel. n=5
(D)
Glutathione
sepharose-bound
GST-caspase-2
prodomain
was
prephosphorylated with [γ-32P]ATP as described in (A) and sepharose-bound
proteins were incubated in extract ± G6P. Samples were taken over time and
detected by autoradiography. In parallel, extracts ± G6P were analyzed for
caspase-3 activity using Ac-DEVD-pNA (Supplemental Data). n = 3
(E) Top panel: GST-caspase-2 prodomain pS135 was analyzed over time as
described in (A). Middle panel: In parallel, processing of full-length caspase-2 was
examined by autoradiography. Quantitation is provided (bottom panel). White
arrow = full-length caspase-2. n = 3
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to a glutathione S-transferase tag; GST-caspase-2 prodomain was subsequently used as a
dephosphorylation substrate indicative of endogenous caspase-2 dephosphorylation.
Incubation of this construct in egg extract resulted in dephosphorylation of caspase-2
S135 immediately preceding caspase-3 activation, as would be expected if caspase-2
dephosphorylation was required for its own activation and downstream caspase activity
(Fig. 3.1C; note the time course of caspase-3 activation differs between extracts, but
caspase-2 dephosphorylation prior to caspase-3 activation was consistent across multiple
extracts). These results are consistent with the temporal pattern of caspase-2
dephosphorylation observed with endogenous caspase-2 immunoprecipitation.
Importantly, when this GST-caspase-2 prodomain dephosphorylation assay is
repeated in the presence of G6P to increase pentose phosphate pathway activity and
boost NADPH production, caspase-2 dephosphorylation and subsequent caspase-3
activation were completely inhibited (Fig. 3.1D and data not shown). Despite the fact
that CaMKII caspase-2-directed activity also increases in the presence of G6P, by
radiolabeling caspase-2 at S135 prior to incubation in egg extract, we are able to evaluate
the caspase-2 dephosphorylation in isolation. These data suggested that caspase-2
dephosphorylation and activation were under metabolic control and were inhibitable by
G6P addition.
We also show that dephosphorylation of GST-caspase-2 prodomain preceded
caspase-2 activation as demonstrated by processing of in vitro translated full-length
caspase-2 (Fig. 3.1E). Hence, the temporal activation of egg extract apoptosis appears to
preceded as follows: caspase-2 S135 dephosphorylation, followed by caspsae-2
activation indicated by proenzyme processing, and finally downstream executioner
caspase engagement. These data suggested that both endogenous full-length and
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isolated recombinant caspase-2 prodomain were dephosphorylated at S135 over time,
and this preceded caspase-2 processing and caspase-3 activation.

3.2.2 PP1 interacts with caspase-2 prodomain
To identify the phosphatase responsible for caspase-2 dephosphorylation, we
titrated the phosphatase inhibitor okadaic acid into extracts and monitored caspase-3
activation, mitochondrial cytochrome c release, GST-caspase-2 prodomain
dephosphorylation, and full-length in vitro translated caspase-2 processing (Figure 3.2A,
B, and C). Okadaic acid follows a biphasic dose response curve in Xenopus egg extract,
with nM/low µM doses inhibiting PP2A and higher (~10 µM) concentrations inhibiting
PP1 (Margolis et al., 2003). Okadaic acid doses known to inhibit PP1 but not those
inhibiting only PP2A effectively abrogated caspase-3 activation, cytochrome c release, as
well as caspase-2 dephosphorylation. 10 µM okadaic acid also prevented processing of
full-length in vitro translated caspase-2. These data (and the fact that >95% of okadaic
acid-inhibitable phosphatases in the extract is PP1 or PP2A) strongly suggested that PP1
might dephosphorylate caspase-2 S135.
To confirm that PP1 was necessary for caspase-2 S135 dephosphorylation we
depleted the egg extract of endogenous PP1 using GST-Inhibitor-2 as an affinity resin.
Mock- or Inhibitor-2 depleted egg extract samples were monitored for GST-caspase-2
prodomain dephosphorylation over time. As shown in Figure 3.2D, PP1 depletion
markedly inhibited caspase-2 S135 dephosphorylation. Also consistent with a role for
PP1, GST-caspase-2 prodomain was able to bind the PP1 catalytic domain in egg
extracts, however no interaction was seen between caspase-2 and PP2A (Figures 3.2E
and F) or caspase-2 and the okadaic acid-inhibitable phosphatase PP5 (data not shown).
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Figure 3.2: Caspase-2 dephosphorylation is mediated by PP1
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Figure 3.2: Caspase-2 dephosphorylation is mediated by PP1
(A) Left panel: Control- or OA-treated extracts were analyzed for caspase-3
activity with the substrate Ac-DEVD-pNA. Right panel: Cytochrome c release was
measured in control- or OA-treated samples. Cytosol was analyzed by SDS-PAGE
and immunoblotted with an anti-cytochrome c antibody and anti-actin. n = 3
(B) GST-caspase-2 prodomain bound to glutathione sepharose was
prephosphorylated with [γ-32P]ATP. Sepharose-bound proteins were incubated in
extracts ± OA, and samples were resolved by SDS-PAGE and detected by
autoradiography. n = 3
(C) Extracts were treated with OA and processing of radiolabeled full-length
caspase-2 was examined by autoradiography. White arrow = full-length caspase2. n = 3
(D)
Glutathione
sepharose-bound
GST-caspase-2
prodomain
was
prephosphorylated with [γ-32P]ATP. In parallel, extracts were depleted of
endogenous PP1 with GST- or GST-I2 (left panel). Prephosphorylated GSTcaspase-2 prodomain was incubated in depleted extracts and samples were
retrieved over time and detected by autoradiography (right panel). n = 4
(E) Glutathione sepharose-bound GST or GST-caspase-2 prodomain was
incubated in extract and affinity-purified proteins were resolved by SDS-PAGE
and immunoblotted for PP1. The membrane was co-probed for PP2A. In = input;
NS = non-specific.
(F) (First four lanes): Glutathione sepharose-bound GST or GST-caspase-2
prodomain was incubated in extract ± G6P and affinity-purified proteins were
resolved by SDS-PAGE and immunoblotted for PP1. (Right two lanes):
Glutathione sepharose-bound GST or GST-caspase-2 prodomain was incubated in
buffer with recombinant PP1 catalytic domain. Sepharose-bound proteins were
resolved by SDS-PAGE and immunoblotted for PP1.
(G) Anti-caspase-2 and its corresponding preimmune serum were titrated to
determine equal IgG loading (left panel). Extracts were immunoprecipitated
using preimmune- or caspase-2-IgG bound to Dynabeads Protein A.
Immunoprecipitates were resolved by SDS-PAGE and immunoblotted for PP1;
rabbit IgG heavy chain is also shown. In = input; PI = preimmune; IP =
immunoprecipitate.
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Additionally, endogenous caspase-2 was demonstrated to co-immunoprecipitate with
endogenous PP1 (Figure 3.2G).
PP1 is commonly directed to its substrates by a targeting subunit, which can
confer activity and specificity to the phosphatase (Cohen, 2002). We reasoned that a
targeting subunit involved in caspase-2 dephosphorylation would be a component of
the PP1-caspase-2 interaction complex. Thus, GST-caspase-2 prodomain was incubated
in egg extract and bound proteins were analyzed via far western assay with
digoxigenin-labeled PP1 catalytic subunit. Interestingly, we did not see binding of the
PP1 catalytic subunit to any protein in the affinity precipitate other than to the caspase-2
prodomain itself (data not shown). These data were reminiscent of previous work from
our lab demonstrating that PP1 directly binds Cdc25 in the absence of any targeting
subunit (Margolis et al., 2003). Similar results of direct PP1 binding have also been
reported for the retinoblastoma protein (Vietri et al., 2006). Therefore, we hypothesized
that PP1 might mediate caspase-2 S135 dephosphorylation through direct binding to the
substrate, caspase-2. To test this idea we examined the interaction between GSTcaspase-2 prodomain and recombinant His-tagged PP1 catalytic domain. As shown in
Figure 3.2F (right two lanes), GST-caspase-2 prodomain bound directly to recombinant
PP1 in vitro, consistent with the idea that PP1 and caspase-2 are able to interact in the
absence of a phosphatase targeting subunit.

3.2.3 PP1 binding is required for caspase-2 activation
Only a handful of PP1 substrates have been shown to bind the PP1 catalytic
domain directly (Margolis et al., 2003; Vietri et al., 2006). Analyses of PP1 binding motifs
on direct substrates and targeting subunits have identified VxF as a putative PP1
docking site (Egloff et al., 1997; Wakula et al., 2003). We scanned the caspaes-2
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prodomain sequence for potential VxF motifs and failed to identify a candidate,
however, we mutated several valines and downstream residues in the hope that these
residues might cooperate to confer PP1 docking. As shown in Figures 3.3A and B,
mutation of caspase-2 V18/L20 failed to abrogate PP1 affinity precipitation, whereas
mutation of V106/H108 to V106A/H108A disrupted PP1 binding both in egg extract as
well as in buffer. Importantly, this double mutant was able to be phosphorylated by
CaMKII to the same extent as the wildtype protein, ensuring that PP1 docking on the
mutant was not affected by aberrant changes in phosphorylation status (Figure 3.3C).
To determine if PP1 binding was essential for caspase-2 dephosphorylation, we assayed
dephosphorylation of the caspase-2/PP1 binding mutants over time. We found that
caspase-2 V106A/H108A was markedly refractory to dephosphorylation, whereas
V18A/L20A was dephosphorylated at a rate comparable to wildtype caspase-2 (Figure
3.3D). Moreover, caspase-2 V18A/L20A demonstrated metabolic regulation of
phosphorylation status similar to wildtype caspase-2 prodomain. Consistent with these
observations, microinjection of flag-tagged, full-length caspase-2 V106A/H108A mRNA
into intact Xenopus oocytes did not effectively induce death, whereas an equivalent
amount of expressed wildtype protein readily killed the oocytes (Figures 3.3E and F).
Although caspase-2 dephosphorylation was clearly under metabolic control and
mediated by PP1, this did not necessarily indicate that the caspase-2/PP1 interaction
was controlled by pentose phosphate pathways flux. Therefore, we wished to determine
whether PP1 bound caspase-2 constitutively or whether binding was induced just prior
to caspase activation. As shown in Figure 3.3G, GST-caspase-2 prodomain bound PP1
constitutively, and binding was not reduced by the presence of G6P (also see Fig. 3.2F
first 4 lanes). More importantly, when His-tagged PP1 was incubated in control- or G6P-
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Figure 3.3: PP1 is required for caspase-2 dephosphorylation
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Figure 3.3: PP1 binding is required for caspase-2 activation
(A) Glutathione sepharose-bound GST-caspase-2 prodomain wildtype,
V18A/L20A, or V106A/H108A was incubated in extract, resolved by SDS-PAGE,
and immunoblotted for PP1. NS = non-specific.
(B) Glutathione sepharose-bound GST-caspase-2 prodomain wildtype,
V18A/L20A, or V106A/H108A was incubated in buffer with recombinant PP1
catalytic domain. Sepharose-bound proteins were resolved by SDS-PAGE and
immunoblotted for PP1. NS = non-specific.
(C) Glutathione sepharose-bound GST, GST-caspase-2 prodomain wildtype, or
V106A/H108A was prephosphorylated with [γ-32P]ATP. Samples were resolved
by SDS-PAGE and examined by autoradiography. Black arrow = GST-caspase-2
prodomain; white arrow = GST.
(D) Glutathione sepharose-bound GST-caspase-2 prodomain V106A/H108A or
V18A/L20A was prephosphorylated with [γ-32P]ATP and incubated in extract ±
G6P. Samples were resolved by SDS-PAGE and detected by autoradiography. n =
3
(E) Flag-tagged full-length caspase-2 wildtype or V106A/H108A mRNA was
incubated in translationally-competent extract + 100 µM VDVAD-CHO.
Translated flag-tagged caspase-2 was retrieved with anti-flag agarose and
samples were analyzed by immunoblotting with anti-flag.
(F) Percent survival of Xenopus oocytes microinjected with β-globin, full-length
caspase-2 wildtype, or V106A/H108A mRNA. Equivalent levels of caspase-2
mRNA expression were determined as described in (E). n = 3
(G) Glutathione sepharose-bound GST-caspase-2 prodomain was incubated in
extract ± G6P and samples were retrieved over time and immunoblotted for PP1
and GST. n = 3
(H)
Glutathione
sepharose-bound
GST-caspase-2
prodomain
was
prephosphorylated with [γ-32P]ATP and incubated in buffer with His-PP1 preincubated in extract ± G6P or excess His-14-3-3ζ (27 µM). Samples were analyzed
by SDS-PAGE and autoradiography. Black arrow = GST-caspase-2 prodomain;
white arrow = His-PP1. n = 4
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treated egg extracts, retrieved, and then incubated with CaMKII-phosphorylated GSTcaspase-2 prodomain in vitro, we observed that caspase-2 was dephosphorylated to a
similar degree regardless of whether or not His-PP1 was exposed to G6P (Fig. 3.3H, first
four lanes). Thus, although caspase-2 dephosphorylation was metabolically regulated,
this regulation was not at the level of either phosphatase activity or binding.

3.2.4 14-3-3ζ binds caspase-2
Since caspase-2 dephosphorylation was regulated by metabolism but the
caspase-2/PP1 interaction and PP1 activity were not, we hypothesized that an
additional factor(s) must be involved in modulating caspase-2 responsiveness to
metabolic flux. To identify potential caspase-2 interactors we used caspase-2 prodomain
as bait in a yeast two-hybrid screen and recovered the acidic phosphoserine binding
protein 14-3-3ζ as a binding partner. In agreement with this finding, we determined that
GST-caspase-2 prodomain bound endogenous 14-3-3 in G6P-treated egg extract (Figure
3.4A). In a converse experiment, it was determined that binding of endogenous caspase2 to GST-14-3-3ζ, but not GST-14-3-3ε, was enhanced in the presence of G6P (Figure
3.4B), however, there did appear to be some constitutive background binding to the 143-3ε isoform. Given this observation, we confirmed that 14-3-3ζ preferentially bound
CaMKII-phosphorylated caspase-2 by phosphorylating GST-caspase-2 prodomain at
S135 in vitro and incubating it with the different 14-3-3 isoforms. We show in Figure
3.4C that GST-caspase-2 prodomain phosphorylated at S135 strongly bound 14-3-3ζ, but
not a 14-3-3ζ mutant unable to interact with its target proteins (14-3-3ζ K49E), or 14-3-3ε
(Zhang et al., 1997). These results suggested that caspase-2 selectively binds only 14-3-3ζ
when nutrients are abundant in the Xenopus egg extract.
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Figure 3.4: Caspase-2 binds 14-3-3ζ
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Figure 3.4: Caspase-2 binds 14-3-3ζ
(A) Glutathione sepharose-bound GST or GST-caspase-2 prodomain was
incubated in extract + G6P. Affinity-purified proteins were resolved by SDSPAGE and immunoblotted with a pan-14-3-3 antibody. Black arrow = GSTcaspase-2 prodomain; white arrow = GST.
(B) Glutathione sepharose-bound GST, GST-14-3-3ζ, or GST-14-3-3ε was
incubated in extract ± G6P, and sepharose-bound proteins were resolved by SDSPAGE and immunoblotted for Xenopus C2.
(C) Glutathione sepharose-bound GST-caspase-2 prodomain was phosphorylated
at S135 and incubated with either control conditions, His-14-3-3ζ wildtype, His14-3-3ζ K49E, or His-14-3-3ε in buffer. Sepharose-bound proteins were analyzed
by SDS-PAGE and immunoblotted with a pan-14-3-3 antibody. In = input.
(D) Upper panel: Extracts were analyzed for caspase-3 activity using the caspase
substrate Ac-DEVD-pNA. Lower panel: In parallel, glutathione sepharose-bound
GST-caspase-2 prodomain was incubated in extract + G6P to promote binding of
endogenous 14-3-3ζ, and this construct was then incubated in fresh extract.
Samples were retrieved and analyzed for 14-3-3 binding. n = 4
(E) Extract was incubated with radiolabeled full-length in vitro-translated caspase2 in the presence of either control conditions, His-14-3-3ζ wildtype, His-14-3-3ζ
K49E, or His-14-3-3ε. Samples were analyzed for caspase-2 processing by
autoradiography. White arrow = full-length caspase-2. n = 3
(F) Extracts ± His-14-3-3ζ wildtype were analyzed for caspase-3 activity using the
caspase substrate Ac-DEVD-pNA. n = 3
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These observations raised the possibility that binding of 14-3-3ζ might control
caspase-2 metabolic activation. In this regard, it was interesting to observe that release
of pre-bound endogenous 14-3-3ζ from GST-caspase-2 prodomain in extract
appeared to occur prior to caspase-3 activation (Fig. 3.4D). Furthermore, addition of
excess recombinant His-14-3-3ζ was sufficient to block the metabolically-induced
processing of in vitro translated full-length caspase-2, whereas equivalent amounts of 143-3ζ K49E or 14-3-3ε were unable to affect caspase-2 activation (Fig. 3.4E). Finally,
addition of excess His-14-3-3ζ to extract was also able to prevent downstream
executioner caspase activation (Fig. 3.4F). These data suggested that 14-3-3ζ binding
might, indeed, control caspase-2 activation.

3.2.5 14-3-3ζ binding regulates caspase-2 dephosphorylation
As described above, our lab reported that cell cycle-regulated activation of Cdc25
depends upon the release of 14-3-3 (Margolis et al., 2006a; Margolis et al., 2003). Given
this precedent, we speculated that caspase-2 dephosphorylation might also be regulated
at the level of 14-3-3 release, particularly because PP1 binding and activity did not
appear to be under metabolic control. To address the role of 14-3-3 in modulating
caspase-2 activity, we first examined the timing of 14-3-3 release from GST-caspase-2
prodomain compared to caspase-2 dephosphorylation. As shown in Figure 3.5A, 14-33ζ released from caspase-2 prodomain prior to maximal caspase-2 S135
dephosphorylation. Next, we examined GST-caspase-2 prodomain dephosphorylation
in the presence of excess His-14-3-3ζ wildtype or K49E. Noteably, we observed that
prephosphorylated GST-caspase-2 prodomain was dephosphorylated in control extract
or extract with 14-3-3ζ K49E, but dephosphorylation was significantly decreased in the
presence of excess wildtype 14-3-3ζ (Figure 3.5B). This experiment suggested that the
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inhibitory effect of 14-3-3ζ on caspase-2 is directly related to the interaction between the
two proteins.
Mutation of GST-caspase-2 prodomain S135 to alanine abrogated 14-3-3ζ binding
through loss of the substrate phosphoserine docking site, and 14-3-3ζ binding was also
lost when the GST-caspase-2 prodomain D137 residue was mutated to alanine, thus
disrupting the downstream sequence required for efficient interaction (Figure 3.5C). It is
important to note that the C2/14-3-3ζ binding motif is non-canonical in nature: classical
14-3-3 binding sequences are typically defined as either RSXpSXP (mode I) or
RXY/FXpSXP (mode II), although the literature suggests that considerable binding site
degeneracy for 14-3-3 substrates may exist (Rittinger et al., 1999; Yaffe et al., 1997; Yang
et al., 2006). Although canonical motifs are thought to confer high-affinity binding
between 14-3-3 proteins and their substrates, 14-3-3 interactions with atypical motifs
may instead result in substrate binding subject to novel forms of regulation, which
appears to perhaps be the case for the metabolic regulation of caspase-2 (Rittinger et al.,
1999).	
  	
  
If 14-3-3ζ binding controlled caspase-2 dephosphorylation, we would expect
caspase-2 D137A, which is able to be phosphorylated but unable to bind 14-3-3, to be
dephosphorylated more rapidly than wildtype caspase-2. We first confirmed that
CaMKII was able to phosphorylate GST-caspase-2 prodomain wildtype and D137A to
the same extent in vitro (Figure 3.5D). Next, GST-caspase-2 prodomain wildtype or
D137A was prephosphorylated with CaMKII and incubated in egg extract, and GSTcaspase-2 prodomain phosphorylation status was assessed. As shown in Figure 3.5E,
caspase-2 D137A was dephosphorylated more rapidly than wildtype caspase-2,
consistent with a role for 14-3-3ζ in the inhibition of caspase-2 dephosphorylation. We
also affinity depleted the egg extract of PP1 using GST-Inhibitor-2 and demonstrated
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Figure 3.5: 14-3-3ζ binding prevents caspase-2 dephosphorylation
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Figure 3.5: 14-3-3ζ binding prevents caspase-2 dephosphorylation
(A) Upper panel: Glutathione sepharose-bound GST-caspase-2 prodomain was
pre-bound to endogenous 14-3-3ζ and then incubated in fresh extract; samples
were analyzed for 14-3-3 binding. The membrane was co-probed with a GST
antibody. In parallel, glutathione sepharose-bound GST-caspase-2 prodomain
was prephosphorylated with [γ-32P]ATP and incubated in extract. Samples were
analyzed by autoradiography (data not shown). The results of these experiments
are depicted quantitatively (lower panel). n = 3
(B) Upper panel: Glutathione sepharose-bound GST-caspase-2 prodomain was
prephosphorylated with [γ-32P]ATP and incubated in extracts with control
conditions, His-14-3-3ζ wildtype, or His-14-3-3ζ Κ49Ε. Samples were analyzed by
autoradiography. Quantitation of GST-caspase-2 prodomain phosphorylation is
provided relative to total protein (lower panel). n = 4
(C) Glutathione sepharose-bound GST, GST-caspase-2 prodomain wildtype,
S135A, or D137A was incubated in extract + G6P and affinity-purified proteins
were resolved by SDS-PAGE and immunoblotted for 14-3-3.
(D) Glutathione sepharose-bound GST, GST-caspase-2 prodomain wildtype, or
D137A was phosphorylated with CaMKII and [γ-32P]ATP in buffer. Sepharosebound proteins were analyzed by autoradiography. Black arrow = GST-caspase-2
prodomain; white arrow = GST.
(E) Glutathione sepharose-bound GST-caspase-2 prodomain wildtype or D137A
was prephosphorylated with [γ-32P]ATP and incubated in extracts. Samples were
retrieved over time and analyzed by autoradiography. n = 3
(F) Glutathione sepharose-bound GST-caspase-2 prodomain D137A was
prephosphorylated with [γ-32P]ATP. In parallel, extracts were depleted of
endogenous PP1 with GST- or GST-I2 (experiment 3.2D was performed in
parallel; extent of PP1 depletion is demonstrated in Figure 3.2D).
Prephosphorylated GST-caspase-2 prodomain D137A was incubated in depleted
extracts and samples were resolved by SDS-PAGE and detected by
autoradiography. n = 2
(G) Glutathione sepharose-bound GST-caspase-2 prodomain was incubated in
extract + G6P to promote binding of endogenous 14-3-3ζ. Sepharose-bound GSTcaspase-2 pre-bound to endogenous 14-3-3ζ was incubated in fresh extract in the
presence of either OA or G6P. Sepharose-bound proteins were analyzed for 14-3-3
binding by immunoblotting. n = 3
(H) Upper panel: Glutathione sepharose-bound GST-caspase-2 prodomain was
pre-bound to endogenous 14-3-3ζ and incubated in extract ± G6P and EGTA (5
mM). Samples were analyzed for 14-3-3 binding by immunoblotting. Lower left
panel: In parallel, GST-caspase-2 prodomain was incubated in extracts with [γ32
P]ATP ± G6P and EGTA; samples were analyzed by autoradiography. Lower
right panel: Samples of G6P and EGTA-treated extracts were analyzed for
CaMKII activation by immunoblotting for CaMKII pT286. n = 3
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that PP1 is required for caspase-2 D137A dephosphorylation (Figure 3.5F). We were
furthermore able to reinforce these conclusions in vitro using recombinant protein
components; addition of excess His-14-3-3ζ was sufficient to block dephosphorylation of
GST-caspase-2 prodomain by His-PP1 in buffer (Figure 3.3H, last two lanes). In
agreement with the idea that 14-3-3ζ binding controls caspase-2 dephosphorylation
(rather than vice versa), addition of sufficient okadaic acid to inhibit PP1 did not
interfere with expected 14-3-3ζ release, suggesting that caspase-2-directed PP1 activity
and 14-3-3ζ release are separable events (Figure 3.5G, upper panel).

3.2.6 14-3-3ζ release is metabolically regulated
As described above, G6P blocks caspase-2 dephosphorylation and activation, yet
PP1 binding and activity were not metabolically regulated. Since S135
dephosphorylation was more rapid in the absence of 14-3-3ζ binding (GST-caspase-2
prodomain D137A mutant), this suggested that the metabolic suppression of caspase-2
might result from a block in 14-3-3ζ removal. As shown in Figure 3.5H, 14-3-3ζ release
from GST-caspase-2 prodomain was suppressed in the presence of G6P, even with
CaMKII inhibition, demonstrating that CaMKII activity and 14-3-3ζ release are
completely distinct processes. Finally, if 14-3-3ζ removal is the point of metabolic
control, then GST-caspase-2 D137A should not be susceptible to metabolic suppression
at the S135 phosphorylation site. This was, in fact, the case as dephosphorylation of
GST-caspase-2 prodomain D137A rapidly proceeded regardless of G6P treatment and
the nutrient status of the egg extract (Figure 3.6A). Moreover, caspsae-2 prodomain
D137 dephosphorylation occurred despite inhibition of mitochondrial cytochrome c
release by Bcl-xL to prevent downstream apoptotic events (Figure 3.6A; note that G6P
and Bcl-xL were used at sufficient concentrations to suppress endogenous apoptosis).
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Figure 3.6: The caspase-2/14-3-3ζ interaction is metabolically regulated
Figure 3.6: (A) Upper panel: Glutathione sepharose-bound GST-caspase-2
prodomain D137A was prephosphorylated with [γ-32P]ATP and incubated in
extracts ± G6P or Bcl-xL. Samples of sepharose-bound proteins were analyzed by
autoradiography. Lower panel: In parallel, extracts treated with the same
conditions were analyzed for caspase-3 activity using the caspase substrate AcDEVD-pNA. n = 3
(B) Radiolabeled in vitro translated full-length caspase-2 wildtype or D137 was
incubated in extracts ± G6P. Samples were retrieved over time and analyzed by
SDS-PAGE and autoradiography.
(C) Glutathione sepharose-bound GST-caspase-2 prodomain D137A was
prephosphorylated with [γ-32P]ATP and incubated in buffer with His-PP1 that
had been pre-incubated in extract. Samples of sepharose-bound proteins were
analyzed by autoradiography. n = 2
(D) Percent survival of Xenopus oocytes microinjected with full-length caspase-2
wildtype or D137A mRNA. n = 3
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We also show in Figure 3.6B that in vitro translated full-length caspase-2 D137A was
readily processed in the presence of G6P, whereas wildtype caspase-2 was not,
demonstrating that 14-3-3ζ binding was critical for suppressing caspase-2 processing
and activation in response to metabolism.
Furthermore, GST-caspase-2 prodomain D137A prephosphorylated at S135 was
readily susceptible to dephosphorylation by recombinant PP1 in vitro, demonstrating
that this mutation does not interfere with PP1 binding or activity (Figure 3.6C).
Consistent with these observations, microinjection of full-length caspase-2 D137A
mRNA into intact Xenopus oocytes induced cell death more robustly than injection of
wildtype caspase-2 (Figure 3.6D). Therefore, activation of caspase-2 upon nutrient
depletion relies upon removal of 14-3-3ζ; when this point of control cannot be exerted
(for example, in the case of the D137A mutant), caspase-2 activation becomes uncoupled
from the nutrient status of the cell and apoptosis ensues.

3.2.7 Metabolic regulation of caspase-2 is conserved in the
mammalian oocyte
Although our data indicated that caspase-2 phosphorylation and 14-3-3 binding
were crucial for inhibition of Xenopus oocyte death, we wished to determine whether
this paradigm might also be important for mouse oocyte survival, particularly given the
presence of excess oocytes in the phenotype of the caspase-2 knockout mice (Bergeron et
al., 1998). We first identified a metabolically-regulated phosphorylation site on mouse
caspase-2 in a situation analogous to the S135 site on Xenopus caspase-2. Since it is
impossible to obtain sufficient mouse oocytes for biochemical manipulation, we used
Xenopus egg extract as a tool for identifying mouse caspase-2 phosphorylation sites.
Incubation of wildtype GST-mouse caspase-2 prodomain or candidate phospho-mutants
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in extract in the presence of G6P identified mouse caspase-2 S164 as a potential
metabolically-regulated site (Figure 3.7A). Moreover, an in vitro CaMKII assay using
recombinant proteins also suggested that mouse caspase-2 S164 might be a CaMKIIdirected substrate (Figure 3.7B). Furthermore, GST-mouse caspase-2 prodomain S164A
was shown to be deficient in 14-3-3 binding, and a 14-3-3 binding mutant analogous to
Xenopus caspase-2 D137A (mouse caspase-2 D166A) was generated and validated
(Figure 3.7C; it is important to note that like Xenopus caspase-2, the mouse caspase-2 143-3-binding sequence is also non-canonical in nature). We tested the ability of fulllength mouse caspase-2 constructs to promote apoptosis by microinjecting mRNA into
Xenopus oocytes; we observed that mouse caspase-2 S164A behaved much like Xenopus
caspase-2 S135A in inducing robust oocyte death compared to wildtype constructs
(Figures 3.7D and E).
In Xenopus oocytes, NADPH generation by the pentose phosphate pathway
promotes CaMKII activity and phosphorylation of caspase-2 on S135 (Nutt et al., 2005).
Accordingly, we previously reported that full-length Xenopus caspase-2 wildtype mRNA
injected into intact oocytes was rapidly suppressed via pentose phosphate pathway flux,
resulting in little to no oocyte death (Nutt et al., 2005). In contrast, concomitant
microinjection of oocytes with a CaMKII inhibitor, thus negating the contribution of
NADPH to caspase-2 suppression, enhanced the potency of caspase-2 mRNA. To
determine if similar regulation was conserved in mammals, we examined mouse
caspase-2 in the context of mouse egg apoptosis. In fresh postovulatory mouse eggs,
where we would expect abundant metabolic flux and NADPH and CaMKII activity,
overexpression of full-length wildtype mouse caspase-2 induced death less readily than
mouse caspase-2 S164A (caspase-2 phospho-mutant homologous to Xenopus S135, Figure
3.7F). Also similar to Xenopus caspase-2, the mouse caspase-2 14-3-3 binding mutant
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Figure 3.7: Conservation of caspase-2 metabolic regulation in the mouse oocyte
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Figure 3.7: Conservation of caspase-2 metabolic regulation in the mouse oocyte
(A) Glutathione sepharose-bound GST-mouse caspase-2 prodomain wildtype,
S24A, S157A, T158A, or S164A was incubated in Xenopus extracts ± G6P and [γ32
P]ATP. Sepharose-bound proteins were analyzed by autoradiography.
(B) Glutathione sepharose-bound GST-mouse caspase-2 prodomain wildtype,
S157A, T158A, or S164A was phosphorylated in vitro with CaMKII and [γ32
P]ATP. Sepharose-bound proteins were analyzed by autoradiography.
(C) Glutathione sepharose-bound GST-mouse caspase-2 prodomain wildtype,
S164A, or D166A was incubated in Xenopus extract + G6P. Sepharose-bound
proteins were analyzed by SDS-PAGE and immunoblotted for 14-3-3.
(D) Percent survival of Xenopus oocytes microinjected with mouse caspase-2
wildtype, S164A, or β-globin mRNA. n = 3
(E) Xenopus oocytes microinjected with mouse caspase-2 wildtype or S164A
mRNA as described in (D) shown as representative micrographs. n = 3
(F) Percent death of fresh mouse eggs microinjected with mouse caspase-2
wildtype or S164A mRNA, 19 hrs post-injection. n = 3
(G) Percent death of fresh mouse eggs microinjected with mouse caspase-2
wildtype or D166A mRNA (24 hrs post-injection; this is a separate experiment
from (E) and the time course of death varied somewhat between batches of eggs).
n=3
(H) Percent death of aged mouse eggs microinjected with mouse caspase-2
wildtype or S164A mRNA, 8 hrs post-injection. n = 3
(I) Percent death of aged mouse eggs microinjected with mouse capase-2 wildtype
or D166A mRNA, 6 hrs post-injection (note that death of the aged eggs in G and
H was consistently accelerated relative to the fresh postovulatory eggs). n = 3
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(D166A) was considerably more potent in inducing apoptosis than wildtype caspase-2
(Figure 3.7G).
An age-dependent decrease in G6P dehydrogenase activity has been
demonstrated in aged mouse oocytes (de Schepper et al., 1987). Therefore, we
speculated that age-related decreases in pentose phosphate pathway flux and NADPH
production might sensitize mouse eggs to caspase-2-dependent death. As predicted,
postovulatory aged mouse eggs were markedly more susceptible than fresh eggs to
apoptosis induced by wildtype caspase-2, most likely because in the aged eggs, caspase2 is unable to be phosphorylated and suppressed as it is translated (Figures 3.7H and I;
note that mouse caspase-2 S164A and D166A were also more potent in aged oocytes
compared to fresh oocytes, suggesting that additional cell death-inhibitory factors may
be inactivated, or stimulatory factors activated during aging and nutrient loss). These
data demonstrated that our observations in Xenopus oocytes were conserved in the
murine egg, suggesting that decreases in metabolism may contribute to oocyte death
and perhaps even infertility during the aging process.

3.2.8 Caspase-2 signaling metabolites downstream of NADPH
Throughout our studies involving caspase-2 and Xenopus oocyte programmed
cell death, the metabolites G6P and NADPH are repeatedly used to inhibit caspase-2
activity. G6P is highly stable in the egg extract and readily produces NADPH through
the pentose phosphate pathway, and the addition of NADPH itself is also able to
completely inhibit Xenopus egg extract apoptosis (Nutt et al., 2005). As discussed in
Chapter 1, NADPH is a crucial byproduct of the pentose phosphate pathway, and is an
important cofactor and reducing agent in many cellular processes: NADPH is used to
maintain reduced glutathione in dictating cellular redox status, and is also a crucial
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cofactor for the biosynthesis of nucleic acids, and fatty acids (Vignais, 2002). In the
original publication detailing the inhibitory effects of NADPH in the egg extract, the
putative antiapoptotic function of NADPH as a reducing agent was excluded, implying
that some biosynthetic property of NADPH must contribute to its suppressive abilities
(Nutt et al., 2005). Furthermore, a direct allosteric effect of NADPH on caspase-2 is
unlikely since a non-hydrolyzable NADPH analog, 6-aminonicotinamide (6-AN), is
unable to promote caspase-2 phosphorylation (MRB, unpublished observations).
An important consideration arising from this work is how exactly NADPH is
communicating to caspase-2 in order to promote its inhibition; and more directly, is
NADPH the most distal signaling molecule in the CaMKII-mediated suppressive
pathway for capase-2 phosphorylation? Since it is known that NADPH helps drive fatty
acid chain elongation via its reductive biosynthesis capacity, we wanted to test whether
other regulators of fatty acid synthesis might mimic the effects of NADPH on caspase-2.
To do this we supplemented the Xenopus egg extract with either acetyl-CoA or malonylCoA, which are precursor molecules for fatty acid synthase, thus working downstream
of NADPH production in the pentose phosphate pathway (Wakil et al., 1983). To our
surprise, when either acetyl-CoA or malonyl-CoA were added to egg extract in the
presence of GST-caspase-2 prodomain and radiolabeled ATP, caspase-2 was
phosphorylated to a similar extent as that seen by G6P (Figure 3.8). This suggests that
perhaps a balance between molecules in the fatty acid synthesis pathway might be able
to affect caspase-2 activation status, thus working one step closer to identifying the
factor responsible for promoting caspase-2 phosphorylation.
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Figure 3.8: Caspase-2 signaling metabolites downstream of NADPH
Figure 3.8: Left panel: Glutathione sepharose-bound GST-caspase-2 prodomain
was incubated in egg extract in the presence of [γ-32P]ATP as well as either G6P,
acetyl-CoA, or malonyl-CoA. Sepharose-bound proteins were resolved by SDSPAGE and exposed by autoradiography. Right panel: in one experiment,
glutathione sepharose-bound GST-caspase-2 prodomain was incubated with G6P,
acetyl-CoA, or malonyl-CoA as described above, and caspase-2 phosphorylation
status was assessed by autoradiography.

3.2.9 Metabolic regulation of the caspase-2 adaptor RAIDD
As discussed in Chapter 1, caspase-2 activation is catalyzed by oligomerization
with its adaptor proteins, RAIDD and PIDD (Duan and Dixit, 1997; Tinel and Tschopp,
2004). While it has been suggested that PIDD might be dispensable for caspase-2
activation, in the setting of tissue culture knockdown or knockout studies, RAIDD
appears to be necessary to promote caspase-2 induced proximity activation and
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processing (Duan and Dixit, 1997; Manzl et al., 2009). Although RAIDD is thought to be
a necessary caspase-2 interactor in mammalian somatic cells, studies of RAIDD in the
context of Xenopus oocytes have never been conducted. Furthermore, while the putative
caspase-2 adaptor, PIDD, has been described to be regulated by p53-induced
transcription, no form of regulation, either transcriptional, post-transcriptional, or posttranslational, has been reported in the literature for RAIDD. Thus, we wanted to
determine whether RAIDD is the necessary adaptor protein for caspase-2 in Xenopus egg
extract, and whether and how RAIDD might be regulated, specifically in response to
metabolism and NADPH production.
To first determine whether RAIDD was necessary for caspase-2 activation in the
Xenopus egg extract, we immunodepleted the extract with either rabbit IgG or IgG
directed against an MBP-XRAIDD fusion protein. Depletion was demonstrated by
immunoblotting, and depleted extracts were used in a caspase assay to assess
downstream caspase activity. Surprisingly, RAIDD depletion did not abrogate
executioner caspase activation in the Xenopus egg extract, although it was difficult to
decipher if a complete depletion of RAIDD was obtained secondary to high background
on immunoblotting (data not shown). As a complementary approach, we also
performed an antibody blocking experiment, where we pre-incubated the egg extract
with either 5, 10, or 20 µg of XRAIDD (or rabbit IgG) antibody, and then performed a
caspase assay per routine. Interestingly, increasing concentrations of XRAIDD
antibodies were able to effectively block endogenous caspase activation, with 20 µg
completely inhibiting caspase activity (Figure 3.9, top). This suggested to us that
inhibition of endogenous Xenopus RAIDD activity was sufficient to prevent apoptosis in
the egg extract. Since Xenopus egg extract apoptosis is mediated by caspase-2, it will be
important to examine the effects of XRAIDD antibody blocking more specifically on
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Figure 3.9: XRAIDD activates caspase-2 in Xenopus and is metabolically regulated
Figure 3.9: Top panel: antibodies directed against XRAIDD or preimmune serum
were added to the egg extract at varying concentrations. Caspase-3 activity was
assessed using a colorimetric synthetic caspase substrate cleavage assay. Bottom
panel: GST-XRAIDD was incubated in egg extract either in the absence or
presence of G6P. Pre-incubated GST-XRAIDD was then placed in buffer with in
vitro translated full-length caspase-2. Caspase-2 processing was analyzed by
autoradiography.

caspase-2 oligomerization and processing.
Given that caspase-2 activity is modulated by metabolism in the extract, we were
also interested in determining whether the ability of RAIDD to activate caspase-2 might
be regulated in a similar manner. This would provide the caspase-2 activation platform
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with additional safety checks to avoid aberrant apoptotsis when nutrient conditions are
favorable. To test whether RAIDD is regulated by metabolism, we incubated GSTXRAIDD in egg extract either in the absence or presence of G6P, and then added the preincubated GST-XRAIDD to in vitro translated full-length caspase-2 in buffer. To our
surprise, only the GST-XRAIDD that was incubated in the control extract was able to
promote caspase-2 processing, and GST-XRAIDD that had seen G6P-stimulated extract
was unable to do so (Figure 3.9, bottom). We also demonstrated that processing of
caspase-2 by RAIDD did not depend on caspase-2 phosphorylation status, wherein GSTXRAIDD incubated in egg extract with G6P is unable to process in vitro translated
caspase-2 S135A, which, from the caspase standpoint, should have no intrinsic
impediments to activation (data not shown).
These data implicate Xenopus RAIDD as a potential metabolically-regulated
factor in caspase-2 activation. It remains to be determined if this regulation is conferred
at the level of a post-translational modification on RAIDD (of note, phosphorylation of
GST-XRAIDD and MBP-XRAIDD was not apparent), or whether binding of an
additional interactor might help dictate the ability of RAIDD to recruit caspase-2.
Importantly, it also remains to be determined whether GST-XRAIDD incubated in
control-treated egg extract is simply acquiring increased endogenous capase-2, which,
when put in buffer with in vitro translated full-length caspase-2, could conceivably
promote caspase-2 processing by induced proximity activation secondary to
oligomerization via the glutathione sepharose matrix.

3.3 Discussion
The role of caspase-2 in oocyte death was established by experiments
demonstrating that caspase-2 knockout mice are characterized by excess oocytes which
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are resistant to doxorubicin-induced apoptosis (Bergeron et al., 1998). Subsequently, we
have reported that caspase-2 is inhibited when oocyte nutrients are sufficient to
stimulate pentose phosphate pathway-mediated NADPH production, which promotes
CaMKII-dependent phosphorylation and inhibition of caspase-2. In this chapter, we
demonstrate that caspase-2 activation is also under tight metabolic control. Removal of
the suppressive caspase-2 S135 phosphorylation is catalyzed by PP1, but PP1 binding
and activity appear not to be metabolically regulated. Rather, the point of metabolic
control is at the level of the caspase-2 interactor, 14-3-3ζ, whose removal from caspase-2
is required for S135 dephosphorylation and apoptosis. These observations suggest that
caspase-2 lies dormant as a phosphorylated proenzyme in nutrient-replete oocytes until
nutrient stockpiles are exhausted, thus engaging a metabolically-driven 14-3-3-release
pathway to prime caspase-2 activation and trigger oocyte death.

3.3.1 Potential mechanisms of 14-3-3 regulation
We demonstrate in this Chapter that 14-3-3ζ binding to caspase-2 is under
metabolic control, and in the presence of increased NADPH production through the
G6P-stimulated pentose phosphate pathway, 14-3-3ζ remains bound to caspase-2,
protecting phosphorylated S135 from the constitutively bound and active phosphatase,
PP1. As such, a caspase-2 mutant unable to bind 14-3-3ζ (caspase-2 D137A) is readily
dephosphorylated regardless of the nutrient status of the extract. Therefore, factors
controlling 14-3-3ζ removal from caspase-2 are critical for metabolic control of oocyte
apoptosis.
The mechanism underlying 14-3-3ζ release from caspase-2 is not yet clear. 14-3-3
binding regulates the activity of many pro-apoptotic proteins, and in these cases the
release of 14-3-3 depends upon post-translational modification of the phospho-binding
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protein itself (detailed further in Chapter 1; e.g. JNK phosphorylates 14-3-3 promoting
its release from Bad and Bax) (Datta et al., 2000; Nomura et al., 2003; Sunayama et al.,
2005; Tsuruta et al., 2004; Zha et al., 1996). Given that phosphorylation of 14-3-3
promotes its release from pro-apoptotic Bad and Bax, thus freeing them to drive
apoptosis, a similar mechanism of regulation for 14-3-3 bound to caspase-2 might help
coordinate a swift and efficient pro-apoptotic response. However, we currently have not
observed phosphorylation of 14-3-3ζ in extract prior to its release from caspase-2 (using
GST-14-3-3ζ in egg extract with radiolabled ATP; it is important to note that due to the
large size of the GST tag, it is possible that the relevant 14-3-3 phosphorylation site
might be obstructed or unable to be recognized by a potential kinase; a preferred
approach would be to immunoprecipitate endogenous 14-3-3ζ or to cleave the GST tag
from recombinant 14-3-3ζ prior to performing the kinase assay).
We have furthermore observed that GST-caspase-2 prodomain phosphorylated
at S135 and incubated in nutrient-deplete extract (treated with DHEA to inhibit the
pentose phosphate pathway) is deficient in in vitro binding of recombinant 14-3-3ζ (data
not shown). This is to be expected since DHEA should promote caspase-2
dephosphorylation, and 14-3-3ζ depends on substrate phosphate modifications in order
to correctly recognize binding motifs. However, GST-14-3-3ζ protein incubated in
DHEA-treated egg extract retains its ability to bind in vitro translated, phosphorylated
caspase-2 (data not shown). This suggests that perhaps any post-translational
modification conferred by the egg extract and necessary for 14-3-3ζ release might be
targeted to caspase-2 itself. In this regard, we also do not observe GST-caspase-2
prodomain phosphorylation outside of the S135 site (mutation of S135 to alanine
completely abrogates GST-caspase-2 prodomain phosphorylation induced by G6P),
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suggesting that perhaps distinct post-translational caspase-2 modifications or
prodomain binding factors may play a role in 14-3-3ζ release.
Of note, it will be important to repeat the GST-caspase-2 S135A kinase assay
described above using full-length recombinant protein rather than prodomain; given the
complex three-dimensional structure of most proteins, it could be that a distinct
metabolically-driven phosphorylation on a more distal region of the protein might
promote sufficient conformational change to force 14-3-3ζ release from the prodomain.
It might also be prudent to repeat the GST-caspase-2 prodomain S135A kinase assay
with a construct containing a C-terminal tag rather than an N-terminal tag, which could
be potentially masking a docking site for a putative kinase that might phosphorylate the
substrate at a distinct site from 14-3-3 binding.

3.3.2 Dual regulation of caspase-2 phosphorylation
We have now demonstrated that PP1 is the caspase-2 S135-directed phosphatase,
and that PP1 binding is necessary for caspase-2 dephosphorylation and apoptosis. The
interaction between caspase-2 and PP1 is both direct and constitutive, and we have
mapped the PP1 binding site as caspase-2 V106/H108. Mutation of this site prevents
PP1 binding and caspase-2 dephosphorylation. Thus, caspase-2 joins a small list of
proteins regulated by PP1 in the absence of a targeting subunit. In examining the
phosphorylation status of caspase-2 S135, it is important to consider the dynamics of the
caspase-2-directed kinase, CaMKII, in addition to the activity of the phosphatase. As
demonstrated in previous work from our lab as well as from subsequent work
examining CaMKII activity more directly via phosphorylation of its autoactivation site
(T286), CaMKII activity toward caspase-2 is increased in response to G6P (Nutt et al.,
2005). Thus, caspase-2 phosphorylation status must be generally determined by a
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balance between CaMKII and PP1 activity, the outcome of which dictates oocyte
apoptosis.
We have shown that CaMKII activity, as well as caspase-2 phosphorylation
status, is metabolically regulated. In a situation where CaMKII activity is maintained (as
per high NADPH production) but release of 14-3-3ζ from S135 is allowed to occur (as
per a drop in NADPH), would the activity of the kinase or the phosphatase dominate?
In effect, this idea has already been tested: GST-caspase-2 prodomain D137A (which is
unable to bind 14-3-3), when incubated in egg extract in the presence of G6P, is still
readily dephosphorylated almost immediately by PP1. This implicates the phosphatase,
PP1, as the more dominant of the S135 phosphorylation regulators, perhaps suggesting
that CaMKII activity, although an initiating event to promote S135 phosphorylation and
14-3-3 binding, does not ultimately dictate the outcome of caspase-2 activation and
oocyte death.

3.3.3 Caspase-2 and metabolism in oocyte viability
In the intact Xenopus oocyte, overexpression of full-length caspase-2 S135A via
injection of mRNA was a potent inducer of apoptosis when compared to wildtype
caspase-2. Young, healthy oocytes contain substantial internal nutrients and glycogen
stockpiles, and as such we hypothesized that caspase-2 was suppressed at S135 by
CaMKII-mediated phosphorylation as it was translated (Nutt et al., 2005). Extending
these studies to the mouse egg, we have now identified a homologous site on mouse
caspase-2 (S164) that also appears to be important in the metabolic regulation of mouse
egg apoptosis. This is an exciting finding because it suggests that the interplay between
caspase-2 signaling machinery might help dictate oocyte survival and fertility in a
setting of mammalian ovarian germ cells.
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In fresh mouse eggs expected to have robust pentose phosphate pathway and
CaMKII activity, overexpression of wildtype full-length mouse caspase-2 via mRNA
microinjection induced death more weakly than either the phospho- or 14-3-3-binding
mutants (mouse caspase-2 S164A and D166A, respectively). It has been suggested that
activity of the rate-limiting enzyme in the pentose phosphate pathway (G6P
dehydrogenase) markedly decreases with chronological age in mouse oocytes (de
Schepper et al., 1987). Along these lines, we demonstrated that postovulatory aged
mouse eggs were substantially more sensitive to injection of wildtype mouse caspase-2
than fresh eggs, most likely due to a natural decrease in NADPH-dependent CaMKII
activity.
Given these data, it is attractive to speculate that a loss of pentose phosphate
pathway operation in vivo may underlie oocyte depletion in females as they age: over
time, oocytes lose G6P dehydrogenase activity, thus promoting a drop in NADPH and a
concomitant loss in CaMKII activity and increase in 14-3-3-release. This would, in
essence, remove the metabolic impediment to caspase-2 dephosphorylation because
S135 would be effectively exposed to the phosphatase. This coordinated drop in
metabolism primes caspsae-2 for CARD/CARD-mediated adaptor protein binding, thus
promoting induced proximity oligomerization and proenzyme activation. Priming of
caspase-2 via loss of S135 phosphorylation leaves the oocyte readily susceptible to
apoptosis induced by a variety of stressors (e.g. oxidative damage, waning hormonal
stimulation, DNA damage secondary to systemic chemotherapeutic exposure). Taken
together, our observations also raise the interesting possibility that pathologic alterations
in caspase-2-directed PP1 activity or changes in 14-3-3ζ levels themselves could
contribute to changes in female fertility.
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4. Metabolically-regulated caspase-2 phosphorylation in
mammalian somatic cells
4.1 Introduction
In Chapter 3 we described the metabolic regulation of Xenopus caspase-2
signaling as well as evolutionary conservation of the caspase-2 activation paradigm in a
mouse oocyte model. Briefly, we determined that caspase-2 activation depends upon its
dephosphorylation at S135. Dephosphorylation of caspase-2 occurs following the
removal of the phosphoserine binding protein, 14-3-3ζ. 14-3-3ζ release itself is the
primary locus of metabolic control; as pentose phosphate pathway flux drops and
NADPH levels wane in the Xenopus egg extract, 14-3-3ζ is signaled to release from
caspase-2. Loss of 14-3-3ζ binding consequently leaves caspase-2 vulnerable to rapid
dephosphorylation by the constitutively bound phosphatase, PP1. Caspase-2 that is
either unable to be phosphorylated (S135A) or unable to bind 14-3-3 (D137A) is no
longer responsive to the metabolic status of the cell. This caspase-2 regulation
mechanism represents a model by which the metabolic fitness of the cell may
communicate to cellular pro-death machinery.
In this Chapter, we would like to extend the paradigm of caspase-2 metabolic
regulation to the mammalian somatic cell setting. Specifically, we want to determine
whether caspase-2 is a metabolically-regulated phosphoprotein in somatic cells, and if
so, what the site of phosphorylation is and how this modification affects caspase-2
activity. Furthermore, we would also like to understand how caspase-2
phosphorylation might influence its apoptotic role in pathophysiology, specifically
looking at the effects of metabolism and caspase-2 phosphorylation in a tissue culture
model of ovarian cancer.
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As discussed in Chapter 1, caspase-2 has been identified as the apical caspase
responsible for programmed cell death in a variety of somatic cell death settings
(doxorubicin-induced death of breast cancer cells, cytoskeletal disruption in MEF’s, heat
shock-induced death in Jurkat cells, and apoptosis secondary to β-Amyloid in
neuronally-differentiated PC12 cells; Table 1.1) (Ho et al., 2008; Panaretakis et al., 2005;
Troy et al., 2000; Tu et al., 2006). Evidence for caspase-2-dependent cell death raises the
question of whether caspase-2-mediated apoptosis in somatic cells might also be
amenable to metabolic manipulation. In other words, is the metabolic regulation of
caspase-2 an oocyte-specific phenomenon or may it be applied to other caspase-2dependent apoptotic settings?
Our interest in studying the metabolic regulation of caspase-2 in mammalian
somatic cells is driven in part by the putative role of caspase-2 as a tumor suppressor
contributing to cancer formation. As a pro-apoptotic protein apical in the hierarchy of
the programmed cell death cascade, caspase-2 is a prime candidate for promoting
tumorigenesis in the event of message or protein loss. Furthermore, a publication from
2009 established caspase-2 as a putative tumor suppressor gene, wherein loss of even a
single caspase-2 allele accelerated tumorigenesis in a mouse model of lymphoma;
importantly this effect was compounded by loss of both alleles (Ho et al., 2009). This
publication, similar to many other caspase-2-directed studies in the literature, also
demonstrated that cells lacking caspase-2 have a diminished capacity to undergo
apoptosis in response to DNA damage (for example, DNA damage induced by
chemotherapeutics or irradiation). The dependence on caspase-2 for cytotoxic cell death,
in addition to the putative role of caspase-2 in preventing tumorigenesis, point toward
the potential importance of caspase-2 in dictating cancer cell apoptosis in the setting of
chemotherapeutic treatments.
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Although loss of the gene encoding caspase-2 (chromosome 7q34-35) has been
reported in several hematologic malignancies such as mantle cell lymphoma and
leukemias, evidence of loss of caspase-2 at the mRNA and protein levels has been
limited in other types of tumors (Oncomine data searches and personal literature
analyses) (Kumar et al., 1995). Reports of caspase-2 loss in the literature include a study
of patients with gastric carcinoma as well as an examination of brain tumor metastases
from primary lung adenocarcinoma malignancies (Yoo et al., 2004; Zohrabian et al.,
2007). In an analysis of 120 patients with gastric cancer using capase-2
immunohistochemistry, it was determined that approximately 53% of cancers
demonstrated loss of caspase-2 protein expression as compared to the neighboring
normal mucosa (Yoo et al., 2004). Looking at caspase-2 gene expression, another study
observed that caspase-2 expression was decreased in brain tumor secondary metastases
as compared to the gene profile of the primary lung cancer adenocarcinoma (Zohrabian
et al., 2007). These studies suggests that loss of caspase-2, either at the gene or protein
level, might contribute to primary tumor formation as well as tumor metastases to
distant sites.
Despite the paucity of reports detailing caspase-2 loss at the message and protein
level, the potential importance of caspase-2 as a tumor suppressor should not be
underestimated. It seems possible that, rather than loss of caspase-2 expression itself,
wildtype caspase-2 might instead remain constitutively inhibited within cancer cells.
This concept would be consistent with a caspase-2 loss of function model for
tumorigenesis. For example, if caspase-2 is necessary for cell death in response to
cytotoxic chemotherapeutics and it is unable to be activated, a cell may be able to evade
apoptotic stimuli and proliferate in an uncontrolled manner. Based on our model of
caspase-2 activation, loss of caspase-2 function could indirectly result from many
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aberrations, including loss/inactivation of the adaptor RAIDD, overexpression of 14-3-3
proteins, loss/inactivation of PP1, or perhaps even overexpression and increased
activity of CaMKII.
In speculating the potential role of caspase-2 in the setting of cancer, it is
important to also discuss the interplay between caspase-2 and metabolism in the context
of transformed cells. Tumor cells have been widely described to exhibit aberrant
metabolic activity characterized by high glucose uptake as well as aerobic glycolysis
(Warburg, 1956). Increased glucose uptake might feed directly into increased levels of
G6P, which may drive flux through the pentose phosphate pathway to promote
NADPH production. Based on our paradigm of caspase-2 signaling, excess NADPH
would maintain caspase-2 in a phosphorylated state, thus unable to respond to cytotoxic
stimuli and promote appropriate cell death. Additional supporting evidence for this
hypothesis is that G6P dehydrogenase, the enzyme responsible for the rate-limiting step
in the pentose phosphate pathway, has been shown to act as an oncogene and is able to
promote tumorigenesis (Kuo et al., 2000). Furthermore, as detailed in Chapter 1, the
phenomenon of aerobic glycolysis is currently believed to confer a growth advantage to
tumor cells by providing abundant NADPH for biomass synthesis secondary to the
diversion of glucose metabolites to anabolic processes (Christofk et al., 2008; Vander
Heiden et al., 2009).
The goal of this Chapter is to extend the findings of metabolic regulation of
caspase-2 to a pathophysiologic setting, with a specific focus on the effects of caspase-2
phosphorylation in ovarian cancer sensitivity to the chemotherapeutic, paclitaxel.
Caspase-2 signaling is of particular interest to the study of ovarian cancer because
reports have shown that platinum-induced death in these cells is dependent upon
caspase-2 activation. In ovarian cancer, cytotoxic chemotherapeutics such as taxols and
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platinum-based compounds remain at the forefront of patient treatment, and resistance
to these agents is a major obstacle in achieving disease remission and cure.
Furthermore, taxol-induced death has been shown to signal through caspase-2 in other
cell lines (Ho et al., 2008). The purpose of this portion of the thesis is to begin to
understand the role of caspase-2 phosphorylation and chemosensitivity in ovarian
cancer. We hypothesize that caspase-2 is acting as a tumor suppressor in cancer cells at
least in part though metabolically-stimulated caspase-2 phosphorylation and inhibition,
therefore leading to caspase-2-dependent chemotherapeutic resistance.

4.2 Results
4.2.1 Mammalian caspase-2 phosphorylation is metabolicallyregulated
To determine whether caspase-2 is a metabolically-regulated phosphoprotein in
mammalian somatic cells, we performed both in vivo labeling as well as recombinant
caspase-2 kinase assay experiments. For in vivo labeling we transfected human 293T
cells with flag-tagged caspase-2 prodomain, incubated them in glucose-free media with
various metabolic treatments (DHEA to inhibit pentose phosphate pathway flux and
decreased NADPH, and D-methylmalate to promote NADPH production through a
non-pentose phosphate pathway mechanism, via the malic enzyme), and added
orthophosphate to the media to label phosphate incorporation. Flag-tagged caspase-2
prodomain was then immunoprecipitated and examined by autoradiography. As
shown in Figure 4.1A, caspase-2 prodomain is phosphorylated basally in mammalian
somatic cells, and this phosphorylation is decreased with NADPH treatment and
increased with methylmalate. These results were confirmed in vitro using whole cell
lysates from cells grown in regular culture media and treated with either DHEA,
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Figure 4.1: Mammalian caspase-2 phosphorylation is metabolically regulated
Figure 4.1: A) Flag-tagged caspase-2 prodomain was overexpressed in cells in the
presence of glucose-free media and DHEA, methylmalate. Cells were then
incubated in phosphate-free media and orthophosphoric acid was added.
Overexpressed protein was immunoprecipitated on anti-flag agarose, and bound
proteins were resolved by SDS-PAGE and exposed to autoradiography. n=3 B)
Cells were incubated in normal media and DHEA, methylmalate, or a
combination of the two. Whole cell lysates were normalized to total protein levels
and lysate was added to GST-caspase-2 prodomain in the presence of [γ-32P]ATP.
Glutathione sepharose-bound proteins were resolved by SDS-PAGE and exposed
by autoradiography. n=3 C) Flag-caspase-2 prodomain was overexpressed and
incubated in glucose-free media with DHEA and methylmalate. Whole cell
lysates were treated with control- or lambda phosphatase, and samples of each
lysate were resolved by SDS-PAGE, transferred to PVDF membrane, and
immunoblotted for the flag epitope. n=2
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methylmalate, or a combination of the two, in which methylmalate should override the
effects of DHEA and promote NADPH-mediated caspase-2 phosphorylation. Whole cell
lysates were incubated with GST-caspase-2 prodomain and radiolabeled ATP, and
recombinant caspase-2 phosphorylation was analyzed. Figure 4.1B demonstrates that
DHEA abrogates caspase-2 phosphorylation, while methylmalate is able to effectively
restore this loss. These data demonstrate that caspase-2 is basally phosphorylated in
tissue culture cells, and that the overall phosphorylation status of caspase-2 changes
with alterations in NADPH production.
To further confirm mammalian caspase-2 phosphorylation in somatic cells, we
transfected cells with flag-tagged caspase-2 prodomain and visualized prodomain
modifications by band shift on gel electrophoresis (Figure 4.1C). The caspase-2
prodomain, when expressed at sufficient levels, was observed to exhibit migration on
immunoblotting indicative of post-translational modifications. Treatment of transfected
caspase-2 prodomain with a pan-phosphatase confirmed that the band shifts were
secondary to phosphorylation (Figure 4.1C, left three lanes). Interestingly, when equal
amounts of whole cell lysate are resolved by SDS-PAGE and immunoblotted for the
epitope tag, flag-caspase-2 prodomain band shifts are observed to collapse in response
to DHEA. Band mobility is furthermore restored with concomitant DHEA and
methylmalate treatment, demonstrating caspase-2 phosphorylation in response to
methylmalate treatment and NADPH production. This further confirms the observation
that caspase-2 phosphorylation in mammalian somatic cells may be a metabolicallyregulated event.

4.2.2 Mammalian caspase-2 is phosphorylated at S164
To identify the metabolically-regulated caspase-2 phosphorylation site, we
synthesized phospho-specific antibodies against both mouse and human caspase-2
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Figure 4.2: Mammalian caspase-2 is phosphorylated at S164
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Figure 4.2: Mammalian caspase-2 is phosphorylated at S164
A) Amino acid sequence alignment of the caspase-2 protein across species.
Shown in red is the serine residue corresponding to S135 in Xenopus (S164 in
mammals). Shown in green is the S157 site in mammals, which has been
described to be phosphorylated in a different context.
B) Flag-caspase-2 prodomain wildtype, S157A, or S164A were overexpressed in
tissue culture cells. Whole cell lysates were made, and lysates were treated with
either control- or lambda phosphatase. Lysates were resolved by SDS-PAGE and
immunoblotted with either anti-phospho-caspase-2 S157 or S164.
C) Same experiment as in B), but overexpression and immunoblotting were
performed with human caspase-2 protein (and human caspase-2 phospho-S164
antibody).
D) Flag-caspase-2 prodomain was overexpressed in cells which were incubated in
glucose-free media for 48 hours and then treated with either DHEA,
methylmalate, or a combination of the two. Whole cell lysates were resolved by
SDS-PAGE and immunoblotted using either anti-flag, anti-phospho-S157, or antiphospho-S164. n=3

(mouse phospho-S157 and phospho-S164, and human phospho-S164). Although S164 on
both mouse and human caspase-2 are homologous to the metabolically-regulated
phosphorylation site in Xenopus (S135) (Figure 4.2A), another nearby putative
phosphorylation site, S157, was previously determined to be phosphorylated in somatic
cells by PKCK2 in the setting of caspase-8 priming and TRAIL-mediated apoptosis (Shin
et al., 2005). Given the proximity of these potential phosphorylation sites, and to more
specifically determine the metabolically-relevant site on caspase-2 in somatic cells, we
first affinity-purified the abovementioned antibodies. Antibody serum was first
negatively selected for on non-phospho peptide columns, and then the flow-through
was incubated on phospho-peptide columns corresponding to the appropriate antigen.
Immunoglobulin bound to the phosphocolumns was eluted, concentrated, and tested for
caspase-2 phosphorylation specificity. As shown in Figures 4.2B and C, the mouse and
human caspase-2 phospho-antibodies are pure and specific both to the site of interest
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(S157 or S164) as well as to phosphorylation at that site (treatment of caspase-2 with
lambda phosphatase causes a loss in caspase-2 phospho-signal).
To determine the metabolically-regulated phosphorylation site on caspase-2 in
mammalian somatic cells, we utilized the caspase-2 phospho-antibodies in the setting of
NADPH-directed metabolic treatments. Flag-tagged caspase-2 prodomain was
overexpressed in cells which were subsequently glucose-starved for 48 hours followed
by treatment with either DHEA, methylmalate, or a combination of DHEA and
methylmalate. Whole cell lysates were then immunoblotted using anti-flag, anti-pS157,
or anti-pS164 antibodies (Figure 4.2D). Using phospho-specific immunoblotting, we
were able to determine that S164 phosphorylation status is regulated by NADPH in
somatic cells. Conversely, S157 phosphorylation remained unchanged in response to
alterations in metabolism, and is not a metabolically-regulated phosphorylation site
(although it does appear to be basally phosphorylated in cells). These data have been
further validated with endogenous caspase-2 phosphorylation status in lysates from
human tissue culture cells. In a manner similar to Xenopus caspase-2 phosphorylation,
these studies implicate caspase-2 S164 as the metabolically-regulated site in somatic
cells.

4.2.3 Caspase-2 S164 phosphorylation machinery is evolutionarily
conserved
After determining the metabolically-regulated phosphorylation site on
mammalian caspase-2 as S164, we wanted to investigate whether the caspase-2 directed
phosphorylation machinery might also be evolutionarily-conserved. As described
previously by our lab as well as in Chapter 3, Xenopus caspase-2 is phosphorylated by
CaMKII, and dephosphorylation is mediated by 14-3-3 release followed by PP1catalyzed removal of the phosphate group (Nutt et al., 2005).
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To begin investigating the mammalian caspase-2 kinase/phosphatase regulators,
we examined the ability of recombinant CaMKII and calmodulin to phosphorylate GSTmouse caspase-2 prodomain in vitro. Shown in Figure 4.3A, recombinant CaMKII is able
to readily phosphorylate mammalian caspase-2. Furthermore, we demonstrated that
CaMKII is, in fact, able to phosphorylate caspase-2 at the metabolically-regulated S164
site; GST-human caspase-2 prodomain wildtype, S157A, or S164A were phosphorylated
in vitro with recombinant CaMKII and then immunoblotted with anti-pS164 (Figure
4.3B). Both wildtype and caspase-2 S157A are effectively phosphorylated at S164 by
CaMKII, and when S164 is mutated to alanine the signal is lost. These in vitro data
implicate CaMKII as the putative mammalian caspase-2-directed kinase.
Although in vitro kinase data suggests that CaMKII is able to phosphorylate
mammalian caspase-2 on S164, it was also necessary to identify the kinase that
phosphorylates mouse/human caspase-2 in vivo. To examine this, we looked at loss of
caspase-2 S164 phosphorylation in the presence of a CaMKII inhibitor, KN93. We
performed a timecourse experiment with KN93 treatment and observed that with
increased length of incubation with the inhibitor, the phosphorylation of caspase-2 at
S164 appreciably decreased (Figure 4.3C). To confirm that CaMKII is necessary for
caspase-2 phosphorylation at S164, it will next be of importance to knock down CaMKII
using RNAi technology and demonstrate that caspase-2 phospho-S164 is abrogated in
the absence of its kinase.
Finally, we have established that PP1 is responsible for dephosphorylating
caspase-2 in the Xenopus egg extract model. To investigate the activities of PP1 and
PP2A against mammalian caspase-2, we used titrations of the inhibitor okadaic acid in
tissue culture cells. As described previously, at nanomolar concentrations okadaic acid
inhibits PP2A, however at micromolar concentrations OA inhibits PP1 in addition to
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Figure 4.3: Caspase-2 S164 phosphorylation machinery is evolutionarily conserved
Figure 4.3: A) GST-caspase-2 prodomain was phosphorylated in vitro with
recombinant CaMKII and CaM in the presence of [γ-32P]ATP. Phosphate
incorporation was examined by autoradiography. B) GST-caspase-2 prodomain
was phosphorylated in vitro as in (A). Glutathione sepharose-bound proteins
were immunoblotted using anti-phosphoS164 antibody. C) Flag-caspase-2
prodomain was overexpressed in 293T cells. KN93 (50 µM) was added to the cells
at the same time as transfection (24 hour treatment), or 20 hours later (4 hour
treatment). Whole cell lysates were immunoblotted using anti-phosphoS164. D)
Flag-caspase-2 prodomain was overexpressed in HeLa cells. OA was added at
various concentrations for 10 hours, then whole cell lysates were immunoblotted
with anti-flag, anti-phosphoS157, or anti-phosphoS164.
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PP2A. In examining flag-caspase-2 prodomain phosphorylation with increasing
amounts of okadaic acid, it was observed that treatment of cells with micromolar
concentrations of okadaic acid strongly restored phosphorylation at S164. From these
data we may conclude that, similar to Xenopus, PP1 might be responsible for
dephosphorylating mammalian caspase-2, however additional studies will need to be
performed to examine phosphatase binding and to truly establish PP1 as necessary for
caspase-2 S164 dephosphorylation.

4.2.4 Caspase-2 phosphorylation prevents induced proximity
oligomerization
We have now determined that mouse and human caspase-2 are phosphorylated
at S164 in response to alterations in NADPH production, and that at least some of the
core phosphorylation machinery appears to be conserved from Xenopus. We would next
like to characterize the effects of caspase-2 phosphorylation on its activation. As an
initiator caspase, caspase-2 activation begins by induced proximity oligomerization, and
optimal activity is then achieved by autocatalytic processing of the procaspase to form
cleaved active fragments which associate as a heterodimer (Baliga et al., 2004).
To examine the effects of caspase-2 S164 phosphorylation on procaspase
activation and apoptosis, we began by analyzing overexpression of full-length caspase-2
constructs. Unlike prodomain constructs, when full-length caspase-2 is expressed at
sufficient levels it will autodimerize and undergo catalytic processing much like
activated endogenous caspase-2 to promote cell death. Analogous to the Xenopus C2
phospho-mutant, the appropriate human caspase-2 phospho-mutant (S164A), when
overexpressed in cells, should be constitutively active and unresponsive to metabolic
manipulations. In fact, when flag-tagged full-length wildtype caspase-2 is
overexpressed for 24 hours, this timecourse and construct concentration are insufficient
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to promote cell death and caspase processing (Figure 4.4A if wildtype caspase-2 is
expressed for 48 hours it can begin to cause apoptosis independently). In contrast, flagtagged full-length caspase-2 S164A, which should be unresponsive to metabolism,
readily processes and promotes cell death despite incubating the cells in high-glucose
media sufficient to suppress expression of an equivalent amount of wildtype protein.
Additional parallel experiments could be performed with caspase-2 phosphomimetic
constructs (S164D or E), which should constitutively suppress caspase-2 processing
regardless of the metabolic fitness of the cell. It will also be important to demonstrate
that full-length caspase-2 S164A promotes cell death even in the presence of excess
methylmalate to increase NADPH production.
Since we observed that caspase-2 S164 phosphorylation appears to abrogate
caspase-2 processing, we wanted to look one step upstream of the caspase-2 activation
mechanism to examine induced proximity recruitment of the proenzyme. To do this, we
utilized a novel and exciting technique recently described in the literature that employs
bimolecular fluorescence complementation (BiFC) to visualize caspase-2 oligomerization
(Bouchier-Hayes et al., 2009). A publication from Dr. Douglas Green’s lab at St. Jude
Children’s Research Hospital (Memphis, TN) demonstrated real-time, single-cell
visualization of caspase-2 induced proximity activation using caspase-2 variants fused to
split fragments of the fluorescent protein Venus (VFP) (depicted graphically in Figure
4.5). When the BiFC caspase-2 pairs are transiently transfected into HeLa cells, the cells
become Venus positive as observed by fluorescence when a caspase-2-activating
stimulus is applied (e.g., PIDD/RAIDD overexpression, heat shock, etoposide
treatment).
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Using the technique of caspase-2 BiFC, we were able to compare the induced
proximity activation of wildtype caspase-2 and caspase-2 S164A using full-length,
catalytically-inactive, caspase-2 BiFC constructs. We transfected the N- and C-terminal

Figure 4.4: Caspase-2 phosphorylation prevents induced proximity oligomerization
Figure 4.4: A) Flag-caspase-2 full-length wildtype or S164A were overexpressed
in 293T cells for 24 hours and loss of cell number was observed (left panel).
Whole cell lysates were resolved by SDS-PAGE and immuoblotted for the flag
epitope (right panel). B) Caspase-2 S164A C- and N-terminal BiFC constructs
were generated and transfected into HeLa cells with wildtype transfection as a
comparison. 24 hours post-transfection, fluorescence was visualized with a
scanning disc confocal microscope. Red = mitoRed, green = caspase-2 induced
proximity oligomerization. Representative fields of n=3 fields captured.
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Figure 4.5: Schematic of caspase-2 BiFC
Figure 4.5: Non-fluorescent halves of the VFP protein are fused to catalyticallyinactive full-length caspase-2 constructs. In the setting of caspase-2 induced
proximity activation (e.g. from PIDDosome oligomerization or ectopic caspase-2
overexpression), proenzyme oligomerization is sufficient to dimerize VFP halves,
resulting in fluorescence. Thus caspase-2 induced proximity oligomerization may
be visualized real-time by examining VFP fluorescence. From Andersen, JL et al.,
(2009); with permission from Elseiver.
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VFP pairs of wildtype and S164A caspase-2 along with a mitochondrial dye to indicate
cellular uptake of DNA. When visualized under fluorescence 24 hours after expression,
we were able to observe that, under the given conditions, the wildtype caspase-2
constructs demonstrated no induced proximity oligomerization, whereas transfection of
the C- and N-terminal S164A mutants lead to positive caspase-2 oligomerization in
nearly every cell expressing the constructs (Figure 4.4B). We have also recently
generated caspase-2 BiFC phospho-mimetic constructs and are eager to evaluate their
ability to oligomerize in the context of metabolic manipulations and cell death stimuli.
The technique of caspase-2 BiFC is appealing in that it provides an accurate and
sensitive assay for measuring the most apical step in caspase-2 activation,
oligomerization. Hence, we may conclude that phosphorylation of caspase-2 at S164 is
sufficient to prevent caspase-2 induced proximity oligomerization, and thus, activation.
However, binding of mammalian caspase-2 to its adaptor proteins, and especially
RAIDD, remains to be examined.

4.2.5 Paclitaxel-induced apoptosis is caspase-2-dependent in ovarian
cancer cells
It has been previously reported that the microtubule-inhibiting
chemotherapeutic, paclitaxel, is able to promote apoptosis via a caspase-2-dependent
mechanism (Ho et al., 2008). Paclitaxel is one of the frontline treatments for ovarian
cancer in clinical practice, so we wanted to determine whether caspase-2 is necessary for
taxol-induced apoptosis in a panel of ovarian cancer cell lines. These cell lines had
already been scored for paclitaxel sensitivity by our collaborators, with the most
sensitive line being OVCA432, and the least sensitive line being OVCA420 (sensitivity:
OVCA432 > OVCAR8 > DOV13 > OVCA420) (Dr. Susan Murphy, personal
communication). Shown in Figure 4.6A, this panel of ovarian cancer cell lines shows
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differing sensitivities to paclitaxel treatment as expected, with an increase in propidium
iodide uptake apparent in the most sensitive cell lines (OVCA432, OVCAR8) following a
24 hour treatment with paclitaxel. Furthermore, when caspase-2 is knocked down using
RNAi (note a knockdown efficiency of approximately 70% by immunoblotting),
paclitaxel sensitivity in all cell lines is at least partially restored. These data demonstrate
that caspase-2 mediates apoptosis secondary to paclitaxel treatment in our panel of
ovarian cancer cell lines, providing us with a model system to study caspase-2 signaling
in the context of tumorigenesis and chemoresponsiveness.

4.2.6 Paclitaxel-induced apoptosis may be regulated by metabolism
Since we determined that caspase-2 is necessary for paclitaxel-induced cell death
in ovarian cancer cells, we were interested in understanding whether paclitaxel
responsiveness might be able to be modulated by changes in metabolism. We have
demonstrated that caspase-2 activity is suppressed by high levels of NADPH (e.g. in the
setting of methylmalate treatment) and activated when NADPH production is
suppressed (e.g. in the setting of DHEA treatment). Thus, we wanted to understand
whether paclitaxel- and metabolism-mediated caspase-2 activation might be able to act
together in an additive or synergistic manner to promote apoptosis. To test this idea, we
treated the ovarian cancer cell lines OVCA432 and DOV 13 with either control or
metabolic treatments for 24 hours, and then added paclitaxel to the culture medium for
an additional 24 hours. Noteably, concurrent treatment of cancer cells with paclitaxel
and DHEA conferred a greater cell death phenotype than paclitaxel alone, and DHEA
alone promoted no cell death over control. Depicted in Figure 4.6B are brightfield
microscopy images of OVCA432 cells treated with paclitaxel and DHEA; no loss of cell
number is apparent in the DHEA-only sample, and cell loss is greatest in the sample
treated with both paclitaxel and DHEA. Furthermore, Figure 4.6C demonstrates a dose141

dependent increase in Annexin V staining and PARP cleavage with increasing DHEA
concentrations in DOV13 cells treated with paclitaxel.
To examine caspase-2 activation by the cooperation between paclitaxel and
metabolism more directly, we decided to utilize the caspase-2 BiFC technique to look
specifically at caspase-2 induced proximity oligomerization. Caspase-2 BiFC constructs
in addition to a mitochondrial dye were transfected into HeLa cells. BiFC constructs
were expressed for 24 hours and then cells were treated with paclitaxel, DHEA, and
methylmalate. As shown in Figure 4.6D, caspase-2 induced proximity activation is
absent in control treated cells and sporadically visualized in cells treated with paclitaxel
alone, consistent with the limited sensitivity of cells to paclitaxel as a monotherapy.
Remarkably, cells treated with both paclitaxel and DHEA display caspase-2
oligomerization in every transfected cell. Importantly, supplementing the culture media
with methylmalate to stimulate NADPH production is able to completely block
paclitaxel-induced oligomerization, suggesting a conservation of paradigm where
caspase-2 activity is dictated, at least in part, through the availability of NADPH in the
cell. Although these preliminary studies are very promising, it will be crucial to repeat
the experiments with both DHEA- and methylmalate-alone controls to confirm that no
caspase-2 oligomerization occurs in the absence of paclitaxel. It will also be necessary to
treat cells with paclitaxel, DHEA, and methylmalate concurrently to confirm that
NADPH production, rather than a nonspecific effect of DHEA, is responsible for
modulating caspase-2 activation (even more effective would be knockdown of G6P
dehydrogenase in a similar experiment). However, for now we can preliminarily
conclude that the ability of paclitaxel to promote caspase-2 induced proximity
oligomerization is enhanced by a loss of NADPH and stimulated by increased NADPH.
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Figure 4.6: Paclitaxel-induced apoptosis is regulatable by metabolism
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Figure 4.6: Paclitaxel-induced apoptosis is regulatable by metabolism
A) Ovarian cancer cells were treated with scramble- or caspase-2 smartpool
(Dharmacon) siRNA and knockdown was confirmed by immunoblotting (lower
panel). Cell lines were then treated with paclitaxel for 24 hours and analyzed for
PI uptake by FACS analysis. Representative of n=2 B) Brightfield images of
ovarian cancer cells treated with control, paclitaxel, paclitaxel + DHEA, or DHEA
only. n=4 C) Ovarian cancer cells were treated with paclitaxel and increasing
concentrations of DHEA. Cells were analyzed for Annexin V staining by FACS
analysis (right panel), and whole cell lysates were made and immunoblotted for
PARP (left panel). Representative of n=2 D) BiFC of HeLa cells transfected with
mitoRed and full-length caspase-2 BiFC constructs. Cells were treated with
paclitaxel, paclitaxel + DHEA, and paclitaxel + methylmalate and analyzed 24
hours later for fluorescence. Red = mitoRed; green = oligomerized caspase-2;
representative field of n=3 captured fields

4.2.7 Caspase-2 is phosphorylated at S164 in ovarian cancer cells
If paclitaxel-induced apoptosis in ovarian cancer cells is regulated by
metabolism, and metabolism regulates the phosphorylation status of S164 in
mammalian caspase-2, it would be prudent to examine phosphorylation of caspase-2 in
ovarian cancer cell lines in the context of apoptosis. First, we wondered if perhaps the
variance in paclitaxel chemosensitivity between the different cell lines might be due to
differences in levels of total caspase-2 expression. However, upon immunoblotting of
whole cell lysate with an antibody for endogenous caspase-2, it was apparent that the
cell lines did not contain appreciably different amounts of procaspase-2 enzyme.
Next, we speculated that perhaps the difference in chemosensitivity could be
secondary to differences in caspase-2 phosphorylation levels. Or in other words, could
differences in paclitaxel response be explained by variations in the ratio of
phosphorylated to total caspase-2. If this were true, we might expect to see an increase
in the phospho- to total-caspase-2 ratio in the more resistant cell lines, thus conferring
increased resistance to caspase-2 activation and apoptosis. In fact, preliminary data
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from our lab looking at differences in endogenous caspase-2 pS164 suggest that this
trend might be correct (Figure 4.7A).
Since we know that capase-2 is phosphorylated at S164 in ovarian cancer cells
and that phosphorylation levels appear to correspond with paclitaxel sensitivity, we
were interested in examining whether synergistic apoptosis in the setting of
paclitaxel/DHEA treatment might correlate with changes in caspase-2 S164
phosphorylation. To test this we incubated ovarian cancer cells in metabolic treatments
for 24 hours followed by 24 hours with paclitaxel. Consistent with our results shown
above, paclitaxel induced a small amount of Annexin V staining in OVCA432 cells, and
apoptosis was increased with parallel DHEA treatment, and, notably, decreased with
methylmalate treatment, suggesting an anti-apoptotic role for NADPH in paclitaxelinduced cell death (Figure 4.7B). Importantly, dephosphorylation of endogenous
caspase-2 S164 was observed most markedly with concurrent paclitaxel/DHEA
treatment in DOV13 cells, where maximal cell death is also seen to occur (Figure 4.7C).
In this same experiment, methylmalate was also seen to rescue caspase-2 S164
phosphorylation levels, which perhaps helps to explain its protective effects on the cell.
However, in future experiments it would be important to demonstrate that constitutive
expression of caspase-2 S164A in ovarian cancer cell lines (so as to remove the effects of
pS164 phosphorylation and metabolism from the equation) is able to confer equal
paclitaxel chemosensitivity, regardless of the metabolic status of the cell. This would
suggest that caspase-2 phosphorylation at S164 is a true impediment to apoptosis in the
setting of cytoskeletal disruption.
Finally, we applied the paclitaxel, DHEA, and methylmalate treatments to the
caspase-2 BiFC system in order to examine whether caspase-2 S164A maintains any
responsiveness to metabolism, or whether metabolic regulation is dependent on
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Figure 4.7: Caspase-2 is phosphorylated at S164 in ovarian cancer cells
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Figure 4.7: Caspase-2 is phosphorylated at S164 in ovarian cancer cells
A) Different ovarian cancer cell lines were cultured and lysed, and whole cell
lysates were immunoblotted for anti-phospho-S164 caspase-2, total caspase-2, and
actin. Preliminary data, n=1 B) OVCA432 cells were treated with metabolic
treatments for 24 hours followed by paclitaxel (in the presence of metabolic
treatments) for 24 hours. Cells were analyzed for Annexin V staining by FACS
analysis. Representative data of n=2 C) DOV13 cells were treated for 24 hours
with metabolic treatments and then for 24 hours with paclitaxel. Whole cell
lysates were made and immunoblotted with anti-phospho-S164, total caspase-2,
and actin. n=2 D) BiFC with full-length caspase-2 wildtype or S164A mutant was
performed with paclitaxel, DHEA, and methylmalate. Green = oligomerized
caspase-2; representative fields of n=3 captured fields.

phosphorylation at this site. Caspase-2 wildtype or S164A BiFC constructs were
transfected into HeLa cells, and after 24 hours cells were treated with paclitaxel either in
the absence of presence of DHEA and methylmalate to modulate NADPH levels. As
shown in Figure 4.7D, caspase-2 that is unable to be phosphorylated at S164 loses its
ability to inhibit induced proximity oligomerization and respond to metabolism.
Wildtype caspase-2 BiFC constructs are mildly activated by paclitaxel alone, and
oligomerization is markedly increased with DHEA treatment and completely inhibited
when NADPH levels are increased by methylmalate. In contrast, caspase-2 S164A
displays induced proximity activation across all samples, suggesting that caspase-2
phosphorylation at this site is required to protect the proenzyme from oligomerization
and is important in modulating caspase-2 metabolic responsiveness.
Germane to this project, it would be of great interest to extend our findings of
caspase-2 in ovarian cancer to a clinical setting. In order to do this, we would be most
interested in analyzing primary human tumor samples or sections for phospho- versus
total-caspase-2 protein analysis. For example, if we were to obtain patient samples from
primary ovarian tumors that either did or did not show clinical response to paclitaxel
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treatment, it would be informative to perform immunohistochemistry or
immunoblotting for phospho-caspase-2 to determine if caspase-2 phosphorylation status
corresponds to observed clinical response. We might expect that patients who are able
to respond to paclitaxel have a low ratio of phospho:total caspase-2, while patients who
did not respond to treatment might instead have increased phopho-S164 caspase-2
protein levels. If true, these observations could provide an exciting future tool for
predicting paclitaxel chemotherapeutic responses in ovarian cancer patients. We are
fortunate that our collaborators at Duke are in possession of an ovarian tumor bank with
thousands of clinically-annotated patient samples, and we have recently obtained some
tumor samples to commence caspase-2 phosphorylation studies as soon as the relevant
background experiments have been completed. We are extremely excited about
performing these experiments, and are hopeful that they will provide us with some
insight into the role of caspase-2 phosphorylation in chemoresponsiveness and ovarian
cancer.

4.2.8 Caspase-2 and metabolism in a β-Amyloid model of Alzheimer’s
disease
Although the majority of this chapter has focused on a putative role for caspase-2
phosphorylation and metabolic regulation in a cancer cell context, we have also obtained
some interesting data regarding metabolism in a β-amyloid model of Alzheimer’s
disease. Briefly, caspase-2 has been implicated as the apical protease responsible for
neuronal loss and apoptosis in an oligomer tissue culture model of Alzheimer’s disease
(Troy et al., 2000). This study suggested that caspase-2 is necessary for disease
progression in Alzheimer’s in that knockdown of caspase-2 is sufficient to protect
neuronally-differentiated PC12 cells from Aβ-induced apoptosis. To evaluate the effects
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of NADPH levels on this cell death process, we used PC12 cells that had been grown in
the presence of NGF for two weeks and treated with either a nonspecific apoptotic

Figure 4.8: Caspase-2 and metabolism in a β-amyloid model of Alzheimer's disease
Figure 4.8: Top panel: Neuronally-differentiated PC12 cells were treated with
staurosporine (STS) or beta-amyloid either in the absence or presence of
methylmalate (MM). Representative micrographs of n=3 experiments. Bottom
panel: rat primary cortical neurons were cultured and treated with STS, a reverse
beta amyloid peptide, or cytotoxic beta amyloid (1-42). Neurons were cultured
either in the absence or presence of methylmalate. Representative of n=2.
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induced (staurosporine) or caspase-2-dependent cytotoxic Aβ, either in the absence or
presence of methylmalate. As shown in Figure 4.8 (top panel), concurrent treatment
with methylmalate is able to effectively block Aβ-induced PC12 death, whereas
methylmalate has no effect on staurosporine-mediated death. Furthermore, we were
able to culture primary rat cortical neurons, and tested the Aβ model in this system as
well. Staurosporine promotes primary cortical neuronal loss equally regardless of
methylmalate treatment (Figure 4.8, bottom panel). A negative control Aβ peptide (421), as expected, is unable to kill neurons, however, cytotoxic Aβ 1-42 robustly promotes
neuronal death in regular culture conditions. However, when the culture media is
supplemented with methylmalate, this is sufficient to inhibit neuronal apoptosis. This
data suggests that NADPH levels might play a critical role in modulating the sensitivity
of neurons to β-amyloid-induced apoptosis, however, many additional experiments will
be needed to follow up on this preliminary data (e.g. caspase-2 knockdown to confirm
that this is a caspase-2-dependent process, DHEA treatments to demonstrate that loss of
NADPH potentiates cell death, etc.).

4.3 Discussion
The metabolic regulation of caspase-2 was first established in the Xenopus egg
extract system, where our lab determined that a decline in pentose phosphate pathway
activity and NADPH levels promotes activation of the apical apoptotic enzyme, caspase2 (Nutt et al., 2005). Caspase-2 is suppressed by CaMKII-mediated phosphorylation at
S135, and this phosphorylation is critical to maintain caspase-2 in an inhibitory state
(Nutt et al., 2005). In Chapter 3, we expand upon this mechanism to detail the metabolic
activation of caspase-2 as nutrients wane in the egg extract. A natural decline in
NADPH levels during endogenous extract apoptosis promotes release of the
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phosphoserine binding protein 14-3-3ζ from the caspase-2 prodomain. Release of 14-3-3
exposes phospho-S135 to dephosphorylation by the constitutively bound and active
phosphatase, PP1, thus exposing the caspase-2 CARD domain and priming the
procaspase for adaptor binding. In this chapter we begin to extend the paradigm of
caspase-2 metabolic regulation to the setting of mammalian caspase-2 in somatic cells,
demonstrating that caspase-2 is phosphorylated at S164 in response to NADPH levels in
a somatic cell context. We furthermore begin to define the phosphorylation machinery
and characterize the effects of phospho-S164 on caspase-2 activation status. We
conclude by examining the implications of caspase-2 phosphorylation in the context of
paclitaxel chemosensitivity in ovarian cancer.

4.3.1 Mechanism of metabolic caspase-2 regulation in mammalian
somatic cells
In this Chapter we describe preliminary work to confirm the molecular
regulators of mammalian caspase-2 phosphorylation. To date, the mechanism observed
in Xenopus caspase-2 regulation appears to be evolutionarily conserved: CaMKII is the
putative S164-directed kinase in mammalian caspase-2, and PP1 is the potential caspase2 directed phosphatase in somatic cells. However, additional experiments are necessary
in order to completely examine caspase-2 regulation at the molecular level in the
mammalian system. For example, although caspase-2 S164 phosphorylation is
suppressed with pharmacologic inhibition of CaMKII, it will be necessary to either
knock down CaMKII or examine caspase-2 S164 phosphorylation in the background of
cells derived from a CaMKII knockout mouse. These studies would help truly confirm
the importance of CaMKII in phosphorylating caspase-2. Furthermore, it would be of
interest to determine whether the interaction between caspase-2 and its kinase appears
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to change with metabolism, or whether the caspase-2-directed phosphorylation is due
only to an increase in kinase activity, not binding.
In studying the S164-directed phosphatase, it would also be of interest to
perform more rigorous studies to understand the regulation of PP1. First off, PP1
depletion (or alternatively PP1 inhibition) from cell lysate is required in order to confirm
that PP1 is necessary for caspase-2 dephosphorylation. Secondly, it is critical to study
the interaction between caspase-2 and its phosphatase. Although the interaction
between PP1 and caspase-2 was not metabolically-regulated in Xenopus, this does not
exclude this from being the case in mammalian somatic cells. It would be worthwhile to
determine whether PP1 binds mammalian caspase-2 constitutively or if binding is
regulatable by NADPH levels. Furthermore, although binding does not require a
targeting subunit in Xenopus, this still remains to be determined in mammals. Finally,
PP1 is constitutively active in egg extract and is not regulated by metabolism; this
paradigm will need to be examined in mammalian somatic cells as well.
The most crucial metabolic regulator of caspase-2 activation is 14-3-3ζ.
Preliminary studies from our lab suggest that endogenous 14-3-3 interacts with flagtagged caspase-2 prodomain overexpressed in cells, and that this interaction is
dampened with DHEA treatment (data not shown). Given that 14-3-3 binding lies at the
apex of caspase-2 activation, it is necessary to further examine the regulation between
caspase-2 and 14-3-3 binding in cells to determine which 14-3-3 isoform might be
responsible for caspase-2 regulation, and what the mechanism of 14-3-3 release might be
in a somatic cell setting.

4.3.2 Caspase-2 phosphorylation status in cancer
Our initial experiments suggest that ovarian cancer cells resistant to paclitaxel
might contain a greater relative population of phospho-S164 caspase-2 as compared to
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total caspase-2. We furthermore demonstrated caspase-2 S164 phosphorylation to be an
inhibitory modification, preventing the induced proximity oligomerization of the
proenzyme, thus inhibiting apoptosis. Taken together, these data suggest that increased
relative phospho-S164 caspase-2 in resistant cancer cells might prevent the cells from
responding appropriately to caspase-2-dependent apoptotic mediators (e.g. paclitaxel,
etoposide, irradiation). Presumably, although we are studying caspase-2 as the apical
caspase in paclitaxel treatment, metabolic manipulation of the caspase-2 activation
threshold may be able to be applied to any caspase-2-mediated apoptotic process. This
could expand the potential studies of caspase-2/metabolically-regulated cell death to
include processes such as β-amyloid-induced neurotoxicity, doxorubicin
chemotherapeutic treatment in breast cancer, and bortezomib treatment in multiple
myeloma (Gu et al., 2008; Panaretakis et al., 2005; Troy et al., 2000).
4.3.2.1 Phospho-caspase-2 as a tumor suppressor
The observation of increased phosho-caspase-2 in resistant cancer cells lines is
especially interesting given the putative role of caspase-2 as a tumor suppressor (Ho et
al., 2009). In this model, loss of caspase-2 potentiates tumorigenesis and results in larger,
more aggressive tumors that are easily able to evade cell death stimuli. As discussed
above, loss of caspase-2 at the message and protein level is not widely reported for solid
tumors in the literature, and investigation of Oncomine databases reveals little to no loss
of caspase-2 gene expression in available ovarian cancer datasets. Given this, it might be
argued that caspase-2 acts as a tumor suppressor in ovarian cancer cells not by loss of
message or protein expression, but by a functional inactivation of catalytic activity.
Caspase-2 that is unable to be activated secondary to aberrantly maintained S164
phosphorylation would not be available to help promote apoptosis in response to
chemotherapeutics.
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4.3.2.2 Phospho-caspase-2 and the Warburg effect
Also interesting to consider is the potential indirect role of the Warburg effect on
maintaining caspase-2 suppression in a cancer cell context. As mentioned, the
prevailing view of the Warburg effect in tumor cell fitness is that the cell forfeits ATP
production in favor of shuttling glucose metabolites through pathways such as the
pentose phosphate pathway, which instead help drive the biosynthesis of cellular
components such as fatty acids and nucleotides (Vander Heiden et al., 2009). Without
ample NADPH production, reductive biosynthesis and, consequently, cellular growth
and division would be compromised. Potentially as an indirect consequence to aerobic
glycolysis, NADPH might also mediate aberrant caspase-2 suppression by promoting
phosphorylation as well as preventing 14-3-3 release. Inhibition of an apical caspase in
addition to promoting cellular growth would provide a cancer cell with an even greater
proliferative and survival advantage, thus implicating the Warburg effect in pro-growth
as well as anti-apoptotic pathways.

4.3.3 Potential clinical relevance of caspase-2 phospho-S164 status
Experiments detailed in this Chapter suggest that phosphorylation of caspase-2
at S164 might make a tumor cell more resistant to apoptosis, specifically in the setting of
caspase-2-dependent apoptotic processes. If true, caspase-2 phosphorylation status
could prove to be a useful intracellular marker for both prognostic and treatment
evaluation of patient tumors. For example, in determining tumor grade to design an
appropriate ovarian cancer treatment protocol, knowledge of relative caspase-2
phospho-S164 might help guide clinicians toward choosing more effective
chemotherapeutics. More specifically, if a patient tumor biopsy immunostains very
strongly for caspase-2 phospho-S164, it would be preferable to choose a
chemotherapeutic which is thought not to depend on caspase-2 activation for apoptosis.
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Additionally, in the setting of a tumor with significant phospho-caspase-2 levels, if a
caspase-2-directed chemotherapeutic is necessary, it would be ideal to complement the
treatment with another agent that might affect the metabolic status of the tumor cell so
as to decrease the Warburg effect and enhance caspase-2 activation (for example, a
targeted therapeutic against PKM2 activity).
Phospho-caspase-2 status might also hold some prognostic significance for
cancers determined to correlate chemoresistance to S164 phosphorylation status. In the
example of ovarian cancer, tumors containing greater relative phospho-caspase-2 S164
might have a more malignant and aggressive phenotype since they will not be amenable
to many traditional chemotherapeutics. When a clinician decides if and how to treat a
patient diagnosed with ovarian cancer, information about caspase-2 suppression may
help stratify patients with treatable disease from patients who might want to consider
more radical surgical treatment or, alternatively, palliative care.
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5. Conclusion and Perspectives
As details continue to emerge about the hierarchy and signaling of the apoptotic
cascade, additional levels of regulation at all points along the pathway are now
appreciated. As discussed in Chapter 1, the apoptotic factor p53 as well as the Bcl-2
family members are extensively modulated by metabolism as well as by pro-survival
and pro-death kinase signaling pathways. Further downstream, cytochrome c release
and apoptosome nucleation/caspase-9 activation are also regulatable points of apoptotic
control (Schafer and Kornbluth, 2006; Schafer et al., 2006; Vaughn and Deshmukh, 2008).
Additional apoptosis signaling molecules such as IAPs, Smac, and Diablo also help to
coordinate the threshold of executioner caspase activation and cellular destruction
(Danial and Korsmeyer, 2004). Given the serious consequences of inappropriate
apoptotic activation (for example, as seen in Alzheimer’s disease, Huntington’s disease,
and immunodeficiency disorders), it is perhaps not surprising that multiple contiguous
points of regulation impinge upon the ultimate apoptotic outcome of the cell.
Caspase-2 lies at the apex of the apoptotic cascade, and as such it is important
that caspase-2 is tightly regulated in order to avoid aberrant downstream activation and
cellular death. Studies of caspase-2 proenzyme regulation are only recently beginning to
emerge in the literature, and currently caspase-2 is thought to be regulated not only by
adaptor protein binding and induced proximity oligomerization (e.g. by RAIDD and
PIDD), but also by phosphorylation at various serine epitopes (Andersen et al., 2009;
Nutt et al., 2005; Shi et al., 2009; Shin et al., 2005). As research of caspase-2 continues, it
seems likely that additional forms of enzyme modification might be identified, such as
regulation at the transcriptional/message levels as well as protein acetylation,
localization and degradation. It will be interesting to follow the caspase-2 literature over
the next several years to see how it develops.
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5.1 Caspase-2 regulation in Xenopus laevis
The African clawed frog Xenopus laevis has been used for over 15 years to study
apoptotic signaling processes. Eggs laid by the frog may be lysed and centrifuged to
provide abundant material for biochemical manipulation, making the egg extract
extremely amenable to apoptotic protein signaling studies. It has been known for some
time that egg extract, when incubated at room temperature for four to five hours, will
undergo an endogenous program of apoptosis as demonstrated by Bcl-2 family protein
engagement, cytochrome c release, and executioner caspase activation (Newmeyer et al.,
1994). However, for many years it was not understood why the extract reproducibly
required a lag time of several hours to undergo apoptosis. Interestingly, work from our
lab established that during this lag time, a critical egg extract nutrient, NADPH, is
depleted following waning pentose phosphate pathway operation, and it is this decline
in NADPH that ultimately promotes caspase-2-mediated programmed cell death. If
NADPH levels are maintained in the extract, apoptosis will not ensue (Nutt et al., 2005).

5.1.1 Modulation of caspase-2 suppression by metabolism
Caspase-2 is suppressed in the Xenopus egg extract by CaMKII-catalyzed
phosphorylation at serine 135 (Nutt et al., 2005). CaMKII itself is stimulated by pentose
phosphate pathway activity in the extract, wherein addition of exogenous G6P to drive
the pathway and produce NADPH is sufficient not only to maintain caspase-2
phosphorylation and block apoptosis, but also to increase the activity of CaMKII toward
its substrate. Caspase-2 S135 phosphorylation by CaMKII is critical in preventing
binding of the prodomain to the CARD-containing adaptor protein, RAIDD, and
mutation of caspase-2 S135 to alanine readily promotes programmed cell death when
the mutant is overexpressed in intact Xenopus oocytes (Nutt et al., 2005).
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One of the most exciting questions to emerge from these studies is how, exactly,
NADPH communicates to the kinase in order to promote its activity. Studies to address
this question have been initiated by myself as well as others in the lab, and it will be
important to define the mechanism by which NADPH regulates CaMKII activation in
the extract, thus linking metabolism to caspase-2 inhibition. Delineating the mechanism
of CaMKII activation by NADPH is critical in order to better understand how prosurvival kinases, such as CaMKII, communicate to apoptotic effectors in order to dictate
the outcome of programmed cell death. Briefly, CaMKII is a serine/threonine kinase
which is activated in response to Ca2+/calmodulin binding. Once bound to
Ca2+/calmodulin, a change occurs in CaMKII conformation that exposes the CaMKII
autophosphorylation site, threonine 286 (T286) (Hudmon and Schulman, 2002).
Phosphorylation at this site maintains CaMKII activity once Ca2+/calmodulin
dissociates, allowing the kinase to phosphorylate substrates even after Ca2+ levels
decrease in the cell (Hudmon and Schulman, 2002). CaMKII is inactivated by
dephosphorylation of T286 via phosphatase activity in order to terminate the signal.
We have established that CaMKII activity is required to hold caspase-2 in a
suppressed state in response to nutrients, and we also know that activation of CaMKII
occurs in the absence of Ca2+ release from internal stores (activation of CaMKII can be
recapitulated in membrane-free cytosol with only the addition of NADPH). We have
also observed that NADPH is unable to directly activate CaMKII allosterically in buffer
alone, suggesting that additional metabolites or byproducts must be present for CaMKII
activation. CaMKII could potentially be regulated by novel interactors which respond to
the NADPH status of the cell (e.g. a CaMKII activator that binds in the presence of
NADPH, or a CaMKII inhibitor that binds in the absence). To study these we have
begun calmodulin-sepharose affinity precipitation assays with mass spetrometric
158

analysis to determine differential CaMKII binding partners either in the absence or
presence of nutrient stimulation. Alternatively, we could also employ the use of an
NADPH affinity column to work down the pathway and isolate potential NADPH
interactors which may activate CaMKII. Evidence for this type of mechanism has been
described in the literature, as a number of signaling proteins have been shown to be
regulated through binding of NADPH/NADP or NADH/NAD (Kumar et al., 2002;
Rutter et al., 2001; Vie et al., 1997).
Another mechanism by which CaMKII activity could be regulated is by changes
in its phosphorylation status. As described earlier, it is known that phosphorylation of
CaMKII at established autophosphorylation sites such as T286 (activating
phosphorylation) and T305/306 (inhibitory phosphorylations) correlates with its kinase
activity, and it will be important to determine if G6P or NADPH stimulate CaMKII
autophosphorylation at these sites or at other novel sites. If a novel CaMKII
phosphorylation site is present, we will follow up on this finding by mapping the
relevant phosphorylation site(s), engineering non-phosphorylatable CaMKII mutants,
and verifying the effect of such mutations on G6P- or NADPH-dependent CaMKII
activity. This approach will help us understand if nutrient-regulated CaMKII activity is
mediated by CaMKII phosphorylation, thus further establishing the link between
NADPH and the kinase.
Finally, because we have a strong, reproducible assay with which we can detect
caspase-2 phosphorylation following NADPH addition to extracts (GST-caspase-2
prodomain phosphorylation by radiolabeling), we will, if necessary, undertake a
biochemical fractionation approach to isolate factors required for CaMKII activation in
response to NADPH addition through conventional chromatographic fractionations (ion
exchange, gel filtration, etc) of the oocyte extract. Because the stockpiles of Xenopus
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oocytes are abundant, this offers an ideal starting material for such a biochemical
approach. The question of how NADPH activates CaMKII to phosphorylate and
suppress caspase-2 is a major follow-up point to our current studies, and evaluation of
these mechanisms is a current priority for our lab.

5.1.2 Modulation of caspase-2 activation by metabolism
As described in detail in Chapter 3, caspase-2 activation in Xenopus egg extract is
also under metabolic control. As pentose phosphate pathway flux and NADPH levels
drop in the extract over time, the suppressive phosphorylation on caspase-2 is reversed,
permitting caspase-2 activation, processing, and downstream executioner caspase
engagement. We determined that caspase-2 S135 dephosphorylation occurs prior to the
downstream events, implicating dephosphorylation as a necessary step in promoting
apoptosis. Furthermore, we identify the caspase-2-directed phosphatase as PP1.
Interestingly, although caspase-2 dephosphorylation is influenced by metabolism, PP1
itself does not appear to be under metabolic control. Neither PP1 binding or PP1 activity
toward caspase-2 are metabolically regulated. In fact, PP1 binds to the caspase-2
prodomain both directly and constitutively, and the ability of PP1 to dephosphorylate
GST-caspase-2 prodomain at S135 is not altered by its exposure to nutrient-replete or
nutrient-deplete egg extract. Although perhaps an expected locus of metabolic control,
PP1 activity does not appear to contribute to caspase-2 regulation by NADPH.
Interestingly, we identified the caspase-2 prodomain interactor, 14-3-3ζ, as the
metabolic point of control for caspase-2 activation. 14-3-3ζ binds caspase-2 more
strongly in the presence of increased NADPH, and 14-3-3 binding is dependent on
caspase-2 S135 phosphorylation. Interaction of the 14-3-3 dimer with phosphorylated
caspase-2 acts to effectively inhibit phospho-S135 from the phosphatase, thus protecting
caspase-2 from dephosphorylation and activation. 14-3-3ζ release from phospho160

caspase-2 is the major deciding factor in metabolically-regulated caspase-2 activation.
14-3-3ζ release occurs just prior to caspase-2 dephosphorylation and activation in
endogenous Xenopus egg extract apoptosis, and a caspase-2 mutant unable to bind 14-3-3
(caspase-2 D137A) is unable to maintain S135 phosphorylation even in the presence of
exogenous G6P. Thus, understanding the mechanism of 14-3-3 removal from caspase-2
is of major relevance in completing the mechanism of caspase-2 activation.
As discussed in Chapters 1 and 3, 14-3-3 proteins are central regulators of many
cellular processes such as cell cycle progression, cellular survival, and apoptosis. In fact,
14-3-3 has been demonstrated to bind and inhibit other pro-apoptotic proteins, such as
the Bcl-2 family members Bad and Bax (Datta et al., 2000; Nomura et al., 2003).
Therefore we may conclude that 14-3-3 proteins negatively regulate Bad, Bax, and
caspase-2, perhaps suggesting a coordinated mechanism by which apoptosis is globally
suppressed when 14-3-3 proteins are abundant. Although Bad has not yet been
implicated in the caspase-2 signaling pathway (currently caspase-2 is thought to cleave
and activate Bid, but no other Bcl-2 family members have been identified as direct
caspase-2 interactors), it will be important to establish caspase-2 substrates and
downstream signaling partners in the egg extract. Studies in mammalian cells suggest
that Bid is required for caspase-2-induced cell death, however, this mechanism has not
yet been examined in Xenopus and it could be that additional caspase-2 substrates exist
to help promote nutrient-stimulated apoptosis (Bonzon et al., 2006). Furthermore, some
studies in the literature implicate Bid as a putative 14-3-3 binding protein, although this
interaction remains to be delineated (Shinoda et al., 2003). If this is true, it might be that
14-3-3 could regulate Bid in a similar manner to caspase-2 itself, providing multiple
checkpoints for the coordinated activation of pro-apoptotic factors when nutrient signals
wane.
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Exciting studies are currently underway in our lab to investigate the mechanism
of 14-3-3 release from caspase-2. As mentioned previously, 14-3-3 proteins are typically
prompted for substrate removal either by phosphorylation of 14-3-3 itself,
phosphorylation of the substrate at an alternative site that promotes substrate
conformational change, or general conformational change of the substrate. We do not
currently believe that phosphorylation is involved in the mechanism of 14-3-3 release,
and instead, a postdoctoral fellow in our lab has identified a novel modification on 14-33ζ that is regulated by NADPH levels and promotes 14-3-3 release and caspase-2
activation. We are extremely excited about this work and its implications for the field of
14-3-3 and metabolite signaling.

5.2 Implications of caspase-2 regulation in oocytes
Of direct significance to the mechanism of caspase-2 regulation in the Xenopus
egg extract system are implications for oocyte fertility and survival in response to
nutrient cues. Xenopus oocytes preferentially downregulate glycolysis to instead divert
metabolites for the formation of glycogen, which is an important energy source
stockpiled in the germ cell until oocyte gastrulation (Dworkin and Dworkin-Rastl, 1989).
To support the oocyte and early embryo, energy from yolk protein amino acids are
converted to phosphoenolpyruvate and then to G6P, which, with downregulated
glycolysis, feeds preferentially into the pentose phosphate pathway. Thus, yolk proteins
are critical to support the oocyte nutrient demands, and yolk protein metabolism drives
flux through the pentose phosphate pathway. From nutrient metabolism in the oocyte
we may conclude that NADPH production is a valid marker for overall oocyte nutrient
health: as yolk proteins deplete, pentose phosphate pathway activity drops, and
NADPH levels decrease. Hence it seems fortuitous, if not logical, that NADPH would
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communicate to the apical caspase responsible for the decision between oocyte survival
and programmed cell death.
Although natural oocyte loss occurs with age as nutrient stores and hormonal
stimulation wane, there are many examples of inappropriate oocyte apoptosis that could
perhaps be circumvented by inhibiting the caspase-2-driven apoptotic cascade. For
example, idiopathic infertility secondary to germ cell loss, if identified early, could
potentially be treated by agents that either inhibit caspase-2 or stimulate NADPH
production in the oocyte. Infertility induced by cytotoxic chemotherapeutic treatment is
also a major consideration when treating reproductive-aged women for malignancies.
In these patients, it would be ideal to target caspase-2- or NADPH-modulating therapies
directly to the oocyte (but not systemically to the tumor!) in an effort to preserve germ
cells. Perhaps more realistically, ovaries could be surgically removed and incubated in a
solution designed to maximize NADPH production (e.g. methylmalate) prior to
cryopreservation. This might provide the oocytes with an opportunity to be as
metabolically fit as possible prior to preservation.
An age-dependent decrease in G6P dehydrogenase activity, and therefore
NADPH levels, has been demonstrated in aged mouse oocytes (de Schepper et al., 1987).
In Chapter 3 we present interesting data suggesting that postovulatory aged mouse
oocytes have a compromised ability to inhibit caspase-2. Presumably, this difference is
secondary to alterations in NADPH levels and CaMKII activity in aged versus healthy
oocytes; in aged eggs, caspase-2 is unable to be phosphorylated and suppressed as it is
translated, whereas in healthy eggs with robust metabolic signaling, caspsae-2 is
phosphorylated at S164 as it is translated. Moreover, caspase-2 phospho- and 14-3-3binding mutants promote oocyte death more potently in aged eggs, suggesting that
additional cell death-inhibitory factors may be inactivated, or stimulatory factors
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activated during aging and nutrient loss. These findings provide an unexpected
evolutionary link between nutrient-mediated Xenopus and murine oocyte apoptosis, and
leave room for further inquiry about oocyte metabolism and fitness.

5.3 Caspase-2 phosphorylation in mammalian somatic cells
In the second part of this dissertation we examine the paradigm of caspase-2
metabolic regulation in a mammalian somatic cell context. We observed that
mammalian caspase-2 is a metabolically-regulated phosphoprotein in somatic cells, and
that the site of regulation is caspase-2 S164. Phosphorylation at S164 appears to inhibit
mammalian caspase-2 by preventing its induced proximity oligomerization, thus also
preventing procaspase-2 autocatalytic processing. We further identify some of the
molecular machinery involved in S164 phosphorylation and demonstrate conservation
with the validated Xenopus regulators. Interestingly, we extend the findings of caspase-2
phosphorylation to a study of ovarian cancer, and demonstrate that caspase-2 S164
phosphorylation might be involved in determining cancer cell chemosensitivity to
paclitaxel. We further provide evidence that chemosensitivity can potentially be
modulated by cellular metabolic status in a caspase-2-dependent manner. Thus, we
have identified a novel phosphorylation site on mammalian caspase-2 in somatic cells,
and are working further to understand the implications of caspase-2 signaling in the
context of cancer cell responsiveness to chemotherapeutic treatments.
The putative role of caspase-2 in promoting tumorigenesis has been suggested
for some time. Indeed, loss of the chromosomal arm containing the caspase-2 gene was
reported almost 15 years ago, and since that time loss of caspase-2 has been suggested as
a tumor-driving event primarily in hematologic malignancies (Kumar et al., 1995). We
are hoping that our current work might extend the idea of caspase-2 as a tumor
suppressor to include not just loss of caspase-2 message and protein levels, but also
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functional loss of caspase-2 activation via maintained inhibitory phosphorylation.
Caspase-2 that is unable to be dephosphorylated at S164 does not have the opportunity
to respond to its intended intracellular pro-death signals, thus promoting one of the
hallmarks of cancer cells; evasion of apoptosis (Hanahan and Weinberg, 2000). Perhaps
of most immediate interest would be to evaluate the hypothesis of increased caspase-2
phosphorylation in a panel of different tissue and tumor types. Ideally, cancer cell lines
would be compared to normal tissue counterparts, and the exact ratio of phospho- to
total-caspase-2 could be systematically evaluated. By identifying cancers that might
propagate in part through inhibition of caspase-2, we could begin to understand how to
take advantage of the elucidated caspase-2 mechanism to relieve apoptotic inhibition
and improve chemotherapeutic response and disease outcome.

5.4 Usurping caspase-2 in cancer treatment
From the perspective of phosphorylated caspase-2 as a putative tumor
suppressor, it is interesting to consider the possible treatment targets to potentially
activate this pro-death caspase. From a theoretical standpoint, any agent that could
promote caspase-2 dephosphorylation should increase the sensitivity of cancer cells to
cytotoxic treatments such as taxols, etoposide, and irradiation. Given what we know
about the caspase-2 phosphorylation machinery, several putative regulatory targets
come to mind.
To promote caspase-2 dephosphorylation directly, an agent that could somehow
drive 14-3-3 release from caspase-2 would most likely provide the highest efficacy. This
could include therapeutics that alter 14-3-3 binding or recognition of the caspase-2
substrate, or it could also include agents that globally sequester and inhibit 14-3-3ζ
proteins. If 14-3-3 proteins are generally involved in inhibiting the apoptotic pathway,
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unbiased inhibition of the protein family might increase apoptotic cell death to a greater
extent then targeting the caspase-2/14-3-3 interaction alone.
Another approach could be to inhibit caspase-2 phosphorylation from occurring
in the first place. While prevention of 14-3-3 binding could also work to this end,
inhibition of CaMKII-directed caspase-2 activity is also an option. If CaMKII is inhibited
in the cell, as new caspase-2 proenzymes are synthesized they will be unable to be
phosphorylated, thus priming them to induce cell death and circumventing the problem
of caspase-2 phospho-S164 accumulation. Any CaMKII-activating factors (e.g. NADPH
or modulators upstream of NADPH) could also be targeted to provide the same effect.
In trying to activate caspase-2 in the context of cancer cell signaling and
metabolism, a superior choice might be to target cellular metabolic pathways
themselves. For example, inhibition of NADPH production by small molecule inhibitors
directed against G6P dehydrogenase and the malic enzyme might potentiate cell death
by attacking two potential points of cellular transformation. First, a drop in NADPH
production should signal for 14-3-3 release from caspase-2, thus driving caspase-2
dephosphorylation and facilitating caspase activation. Second, if NADPH is not
available, cellular reductive biosynthesis will be compromised and the cancer cell will be
unable to synthesize the lipids and nucleic acids necessary for unconstrained
proliferation. It is exciting to speculate the additive effects that an NADPH-directed
therapeutic might have in eliminating cancer cells, and small molecule inhibitors of
NADPH-producing enzymes might provide us with some insight into the potential
efficacy of this approach.

5.5 Concluding remarks
The data presented in this dissertation have advanced our understanding of
metabolically-regulated caspase-2 signaling. Through studies in the Xenopus egg extract,
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we have uncovered a detailed mechanism of caspase-2 regulation in response to declines
in NADPH levels. These studies have revealed a novel caspase-2 binding partner, 14-33ζ, as a critical factor in the decision to undergo programmed cell death in the egg
extract. In a nutrient-rich environment, 14-3-3ζ associates with caspase-2 and protects
the suppressive caspase-2 phosphate modification from removal by constitutively active
PP1. Waning pentose phosphate activity and NADPH levels signals for 14-3-3ζ release
by a mechanism which is still under active investigation. In the absence of 14-3-3ζ,
caspase-2 is readily dephosphorylated by PP1 and oocyte death ensues. We have
furthermore demonstrated that caspase-2 dephosphorylation at S135 is an activating
step upstream of caspase-2 processing and executioner caspase activation. Importantly,
the significance of caspase-2 and metabolism in oocytes has been extended to murine
eggs in a mammalian model of oocyte death. Caspase-2 regulation in oocytes appears to
be evolutionarily-conserved, and continued investigation of caspase-2- and metabolicmodulating processes may benefit studies of mammalian infertility and oocyte fitness.
We have also extended the paradigm of caspase-2 metabolic regulation to the
mammalian somatic cell system. We have identified a novel, metabolically-sensitive,
phosphorylation site on both mouse and human caspase-2 (S164), and provide evidence
for phospho-S164 changes in response to NADPH levels. Studies of caspase-2
phosphorylation have been furthermore extended to a tissue culture model of ovarian
cancer, suggesting that caspase-2 phosphorylation may play a role in determining cancer
cell responsiveness to caspase-2-mediated apoptotic stimuli. We also observe that
cancer cell chemosensitivity might be increased by manipulating NADPH levels to
promote caspase-2 activation. These data open the door for further inquiry into the role
of phospho-S164 caspase-2 as a tumor suppressor in promoting carcinogenesis. We look
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forward to following up on these studies to gain a better understanding of metabolism
and apoptotic regulators in diseases of cell death invasion such as cancer.
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