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ABSTRACT 

Caspase-2 is the best conserved member of the caspase family. Although being known to 

mediate cell death following DNA damage, many studies have implicated that this protease 

regulates a variety of cellular processes. Despite this, few well-defined and mechanistically 

explained functions of caspase-2 has been described. In an attempt to shed light on this 

enigma, we performed a yeast two-hybrid screen, searching for interaction partners of 

caspase-2 which could explain many of the reported observations. From the screen two hits 

stood out, relating to the proteins RFXANK and FAN. In the first study we investigated the 

relationship between caspase-2 and RFXANK, a protein known for regulating expression of 

MHC class II genes. The interaction between the two proteins was confirmed to take place 

primarily in the cytoplasm of cells. Caspase-2 was able to bind to a construct resembling the 

four ankyrin repeats of RFXANK, indicating that this is the region important for the 

interaction. Cells lacking caspase-2 contained higher total levels of MHC II, thereby 

suggesting that caspase-2 suppresses normal expression of the complex. Surprisingly, 

antigen-presenting cells from caspase-2
-/- mice did not display any differences in surface 

distribution of the MHC II, indicating that the transport of MHC II from the cell interior to 

the exterior was somehow impaired. In the second study, we were interested in the 

understanding of the relationship between caspase-2 and FAN. Like in the first study, the 

interaction between the two proteins was confirmed by methodologies separated from yeast 

two-hybrid. FAN is a protein which has been reported to regulate a wide range of processes. 

We, therefore, systematically evaluated how a lack of caspase-2 would affect cells, while 

comparing to what is known about FAN-deficiency. Interestingly, we found that loss of 

caspase-2 caused the same outcomes as has been described for cells which have lost FAN. 

Notably, the ability to secrete IL-6 was greatly impaired in caspase-2-deficient cells, when 

comparing with relevant controls. Furthermore, enzyme-deficient cells took longer time to 

repopulate cell-free areas, indicating hampered cell motility. Although FAN is known to also 

regulate ceramide production, we did not observe any differences in sphingolipid contents 

when removing caspase-2. We did, however, observe that caspase-2-deficient cells contained 

abnormally enlarged vesicular/lysosomal structures, similar to what has been described 

following loss of FAN. In the third study we investigated the potential involvement of 

caspase-2 in the cell death process induced by Gemtuzumab ozogamicin (GO; Mylotarg®). 

This was based on the fact that GO causes DNA damage, a cause known to activate the 

proapoptotic function of caspase-2. We found that inhibition or removal of caspase-2 

protected AML cells from GO-induced apoptosis. Strikingly, caspase-2 appeared to be 

involved in the processing of BID, but not the activation of BAX following treatment with 

GO. This may imply that the protease acts in parallel with GO, mainly by increasing the 

effect of the drug rather than being vital for the drug toxicity.  

Taken together we describe novel interaction partners to caspase-2 and highlight how the 

protease may regulate processes which are not necessarily tied with apoptosis.  
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1 INTRODUCTION 

The reciprocal relationship between life and death 

Since the dawn of medical research, the goal has been to understand the physiology and 

pathophysiology of humans, in order to prevent, treat and abolish ailments, diseases and 

disorders. This seemingly never-ending quest has resulted in improved life conditions, which 

in turn has extended the average human life span. Despite this, it remains difficult to define 

what life is in a precise, unquestionable and undeniable term, whether from a theological or 

scientific viewpoint. What most people agree on is that there are certain attributes which 

living beings fulfill. Based on this, one could define life as being a state in which an entity 

independently is able to interact with its own environment and/or other entities, in order to 

maintain its own existence and/or that of another. Consequently, the understanding of death, 

i.e. the cessation of life, becomes fundamental in order to achieve new medical 

breakthroughs. This became notably apparent upon the realization that cells may die in a non-

accidental, programmed fashion as a result of both normal and abnormal causes. Cell death 

has been reported as far back as in 1842 by Carl Vogt, who observed dying cells in the 

notochord and cartilage of metamorphic toads. Vogt sadly failed to realize the importance of 

this naturally occurring cell elimination observed in his model. Likewise, throughout the 

following decades, cell death during insect metamorphosis was either overlooked or 

misinterpreted (Clarke and Clarke, 1996). However, in present times, the phenomenon of 

controlled cell death has become recognized as being vital for an organism’s health and 

development. Conversely, dysregulation of controlled cell death can give rise to many 

diseases and disorders. Philosophically, this signifies the intricacy between life and death, as 

well as health and disease. It is, therefore, not without irony that mankind, in an attempt to 

extend life, inevitably has to study death. 

 

Cell death 

Cells in our bodies have a finite life span. Similarly to how old or broken parts of a machine 

eventually need to be replaced, so do the cells. A cell which has sustained damage typically 

attempts to repair itself. The cellular response towards the injury depends on the cause and 

severity. For example, DNA-damage following radiation normally activates various DNA 

repair systems (Norbury and Hickson, 2001), while damaged or unneeded proteins are 

degraded to avoid a buildup which could potentially become harmful for the cell. Should the 

extent of an injury exceed the cell’s capability of self-repair, it triggers a “self-destructing” 

signal, leading to its breakdown and removal. Likewise, senescent cells have reached a point 

to where telomere shortening triggers the DNA damage response, causing the same outcome. 

This sacrificial programming is important for multi-cellular organisms in order to prevent 

abnormal and malfunctioning cells from replicating, which could otherwise give rise to 

severe pathological conditions. Besides from maintaining the cellular homeostasis, cell death 

also plays a vital role during the developmental stages of multicellular organisms (Elmore, 
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2007, Fuchs and Steller, 2011). For instance, cell death is the underlying mechanism that 

removes interdigital webs in higher vertebrates, thereby forming the organism’s digits 

(Lindsten et al, 2000). Similarly, it is essential for formation of the neural tube during 

development of the central nervous system (Glücksmann, 1951). 

Defective cells often suffer from faulty cell death machineries. This may allow cells to either 

escape elimination or, at least, require higher degrees of stimulus in order to accomplish cell 

death. This is most notably the case for tumorigenic cells. In contrast, too much cell death 

may cause a loss of vital cell types, as well as abrogated tissue functions (King and 

Cidlowski, 1998), which is the case of many neurodegenerative disorders (Lang-Rollin et al, 

2003). The term “cell death” encompasses several different modalities by which cells are 

eliminated. Based on the various biochemical and morphological features displayed by dying 

cells, the Nomenclature Committee on Cell Death (NCCD) proposed recommendations for 

accurate classification of the many modes of cell death (Kroemer et al, 2005). Arguably the 

most studied and best described modes include apoptosis, autophagy and necrosis.  

 

Apoptosis 

The term “programmed cell death” (PCD), introduced by Lockshin and Williams in 1965, is 

commonly used while referring to the process known as apoptosis (Lockshin and Williams, 

1965, Kerr et al, 1972, Elmore, 2007). This is one of the most studied subjects within the 

field of cell biology (Wong, 2011). Hallmarks of apoptosis include protein cleavage, DNA 

fragmentation and morphological changes such as cell shrinkage and the formation of 

apoptotic bodies with an undamaged membrane. These changes culminate in the removal of 

the dying cell(s) by phagocytic cells (Elmore 2007, Hengartner, 2000), recruited and 

activated by “eat me” signals in the final stages of the apoptotic process. The key mediators 

of apoptosis are members from a family of cysteine proteases called caspases. However, not 

all caspases are pro-apoptotic. For instance, caspase-1, -4, -5 and -11 all play various roles in 

inflammatory responses (Jiménez Fernández and Lamkanfi, 2015), while caspase-14 is 

important for keratinocyte differentiation (Rendl et al, 2002). Apoptotic caspases are 

classified into two groups, initiator and effector caspases. The initiator caspases (caspase-2, -

8 and -9) generally become recruited to larger complexes as zymogens, leading to their 

proximity-induced activation. Subsequently, the initiators may bring about the cleavage and 

activation effector caspases (caspase-3, -6 or -7) in turn. The pro-apoptotic caspases cleave 

specific substrates at aspartate residues, causing the breakdown of cellular structures, 

ultimately resulting in the shrinkage of the dying cell. Recent experimental evidence suggests 

that caspase substrates may include up to 1300 different human proteins (Crawford et al, 

2013). Some of these caspase-targets are proteins which are protecting cells from apoptosis. 

An example of this is Inhibitor of caspase-activated DNase/DNA fragmentation factor 

subunit alpha (ICAD/DFF45), which becomes cleaved by caspase-3, thereby allowing DNA 

fragmentation to commence (Thornberry and Lazebnik, 1998). Similarly, caspase-mediated 

cleavage of the anti-apoptotic protein B-cell lymphoma 2 (BCL-2) releases the repression of 

apoptosis, thereby causing cell death (Cheng et al, 1997). Other targets cleaved by caspases 
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include lamins and cytoskeletal-regulatory proteins (Takahashi et al, 1996, Kothakota et al, 

1997).  

Apart from caspases, other important regulators of apoptosis include members of the BCL-2 

family. These proteins are divided into three groups, depending of their individual 

composition of up to four different BCL-2 homology (BH) domains (Adams and Cory, 

1998). Pro-survival members, such as BCL-2, BCL-XL and MCL-1, contain all four variants 

of the BH domains. Pro-apoptotic members contain either BH1-3, such as BAX and BAK, or 

only the BH3 domain. BH3-only proteins include BIM, BID, NOXA and PUMA (Adams and 

Cory, 1998, Czabotar et al, 2014). BAX and BAK form pores in the mitochondrial outer 

membrane upon activation, while BH3-only proteins (with the exception of BID) generally 

inhibit anti-apoptotic proteins in order to promote BAX and BAK (Westphal et al, 2011, 

Shamas-Din et al, 2011). 

 
Figure 1. An overview of apoptotic processes.  

Image reused with permission from BioMed Central Ltd (Schleich and Lavrik, 2013). 
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Several different apoptotic molecular routes are known, namely the extrinsic, intrinsic and 

perforin/granzyme B pathways. In addition, a separate, caspase-2-mediated pathway exists, 

which is initiated following DNA damage. Although initially being triggered by different 

causes, the pathways converge upon the activation of caspase-3 (Elmore, 2007). The extrinsic 

pathway starts at the cell surface and involves death receptor-mediated signaling following 

stimulation with cognate ligands such as FasL, Tumor necrosis factor alpha (TNF-α) or TNF-

related apoptosis-inducing ligand (TRAIL). Conversely, the intrinsic pathway triggers upon 

internal stimulation, resulting in the opening of the mitochondrial permeability transition pore 

and loss of the mitochondrial transmembrane potential. As an outcome, several pro-apoptotic 

proteins such as cytochrome c are released into the cytoplasm, eventually leading to caspase 

activation. The perforin/granzyme B pathway is triggered by cytotoxic T-cells (CTLs) in 

virus-infected cells or tumor cells. Initially, the pore-forming protein perforin is secreted by 

CTLs and forms a transmembrane pore in the affected cell. This is followed by the release of 

cytoplasmic granules from CTLs, which enter the target cell through the pore. The granules 

contain the protease granzyme B which cleaves various target molecules, such as BID, ICAD 

and caspase-3. It should be noted that the granules contain other granzymes in addition to 

granzyme B, although only the latter induces apoptotic cell death (Elmore, 2007, Trapani and 

Smyth, 2002, Lieberman and Fan, 2003). 

Autophagy 

Another form of controlled cell death is the “self-eating” process called autophagy. Several 

forms of autophagy exist, albeit the form most often referred to is macroautophagy. This 

modality can either promote survival or death of a cell by degrading the bulk, organelles 

and/or proteins. During periods of moderate stress, such as starvation, it may be sufficient to 

reduce some of the cellular content in order to generate the nutrients required for extended 

survival. However, following severe stress, extensive removal of organelles and proteins may 

lead to cell death (Yonekawa and Thorburn, 2013, Yin et al, 2016). Central for the autophagic 

machinery is a group of proteins denoted ATG (autophagy-related). These proteins are 

involved in the formation of a double layered membranous structure called the 

autophagosome, which engulfs the cytoplasmic contents designated for destruction. 

Following a series of events, during which it maturates, the autophagosome eventually fuses 

with a lysosome and, by doing so, exposes the contents to lysosomal proteases for 

degradation (Mizushima et al, 2002, 2011). 

Necrosis 

Necrosis is a type of cell death which does not display the features of apoptosis or autophagy. 

In contrast to apoptotic cells, necrotic cells swell and suffer early ruptures in the plasma 

membrane. This leads to a release of cellular contents, which in turn trigger the innate 

immune response, thereby causing localized inflammation (Golstein and Kroemer, 2006, 

Vanden Berghe et al, 2014). Cells subjected to extremely harsh conditions, e.g. during 

exposure to detergents, typically die in a non-regulated necrotic fashion (Golstein and 

Kroemer, 2006). As a result, necrosis has long been regarded as an uncontrolled cell death 

process, occurring when cells take non-physiological damage. This view has partially 
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changed due to the fact that necrotic death can be induced upon inhibition of caspases (thus 

steering away from apoptosis). Similar to PCD, necrosis has also been observed during 

development as well as in the tissue homeostasis of adults (Roach and Clarke, 2000, Barkla 

and Gibson, 1999). Furthermore, TNF-α-mediated signaling can also bring about necrosis in 

addition to apoptosis, thus regulating two seemingly different cell death modalities. Taken 

together it becomes apparent that programmed necrosis (necroptosis) too is a controlled 

process, and not only a random, unchecked outcome caused by overwhelming cellular 

damage (Festjens et al, 2006). 

 

p53 

Multicellular organisms require healthy cells in order to avoid succumbing to pathologies. 

Cells have therefore developed various processes to ensure that only healthy and viable cells 

are allowed to propagate. While cell death is a means to eliminate cells that are beyond 

“saving”, other mechanisms exist which recognize potentially harmful damage and attempts 

to fix it. Central in many of these processes is the tumor suppressor p53. Due to the role in 

maintaining genomically healthy cells, p53 has thus been dubbed the “guardian of the 

genome” (Lane, 1992). Following DNA damage, p53 is responsible for the activation of 

several DNA-repair factors, as wells as halting the cell cycle to allow time for repair (Brady 

and Attardi, 2010). Furthermore, p53 is a master regulator of both the intrinsic and extrinsic 

apoptotic pathways, where it can drive the expression of pro-apoptotic members of the BCL-

2 family, e.g. BAX and NOXA, in addition to regulating the surface expression of death 

receptors (Vogelstein et al, 2000). It should also be noted that p53 can regulate other cell 

death modalities, such as necroptosis and ferroptosis. Being essential for proper surveillance 

and maintenance of the genome, it is not surprising that loss of p53 function may lead to 

tumor formation. In fact, mutations in the p53 gene (TP53) or p53-regulated pathways are 

found in the majority of all human cancers (Zilfou and Lowe, 2009, Joerger and Fersht, 

2016).   

 

Non-apoptotic functions of caspases 

As mentioned previously, not all caspases function in a pro-apoptotic manner. Some caspases 

mediate other cell death mechanisms in addition to apoptosis, such as autophagy, necroptosis 

and pyroptosis (Shalini et al, 2015a). Other caspases perform functions that are not directly 

linked with cell death, at least not during the initial steps. An example is caspase-1, which is 

important both for the inflammatory and innate immune responses, where it processes 

interleukins (IL) -18 and -33, and promotes IL-1β secretion (Kuranaga and Miura, 2007, 

Nadiri et al, 2006). Moreover, even well-established apoptotic caspases have been shown to 

perform functions which are not necessarily tied with cell death execution. These functions 

include roles in regulation of cell migration, proliferation and differentiation. Caspase-8 is 

seemingly involved in calpain-activation and cell migration of mouse embryonic fibroblasts 

(MEFs) (Helfer et al, 2006). Furthermore, caspase-8 appears to regulate the proliferation of 
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lymphocytes. Patients carrying mutations in caspase-8 often display defects in the activation 

of T-cells, B-cells and natural killer (NK) cells (Chun et al, 2002). Caspase-3, on the other 

hand, can cleave the cell cycle regulators p27 and p21, thereby promoting or inhibiting 

proliferation, respectively (Frost et al, 2001, Woo et al, 2003). Both caspase-3 and -8 appear 

to be required for differentiation of certain cells. While loss of caspase-8 prevents the 

differentiation of monocytes into macrophages (Kang et al, 2004), caspase-3-deficiency 

results in decreased osteogenic differentiation of bone marrow stromal cells (Miura et al, 

2004). Caspase-3 furthermore appears to be important for erythropoiesis and maturation of 

erythroid cells (Carlile et al, 2004), although caspase-3-mediated cleavage of GATA-1 has 

been shown to negatively regulate erythroblast differentiation (Zermati et al, 2001, Solier et 

al, 2017). In addition, as was previously mentioned, caspase-14 is important for keratinocyte 

differentiation and skin barrier formation (Rendl et al, 2002).  

Caspases are also known to be important during tissue regeneration, neural development, as 

well as in the pathophysiology of many neurodegenerative diseases (Shalini et al, 2015a, 

Mukherjee and Williams, 2017, Miura, 2012). Liver regeneration in mice seems to be 

dependent on the cleavage of iPLA2 by caspase-3 and -7, bringing about the secretion of 

PGE2 and subsequent tissue restoration (Li et al, 2010). Similarly, the two Drosophila 

melanogaster caspases, DrICE and Dcp-1, induces compensatory proliferation in eye tissues, 

following cell loss due to injuries (Fan and Bergmann, 2008). The D. melanogaster caspase 

Dronc, on the other hand, is pivotal for dendrite pruning and the development of the adult 

nervous system (Kuo et al, 2006). Human caspases have also been reported to cleave 

huntingtin and β-amyloid precursor protein (APP), which is believed to contribute towards 

developing Huntington’s disease and Alzheimer’s disease, respectively (Wellington and 

Hayden, 2000). Together, these findings show that caspases are highly versatile in nature, and 

may be important for many regulatory processes. 
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2 INTRODUCTION TO THE STUDY 

Caspase-2 

In 1992, Kumar and co-workers first described a set of genes which were expressed during 

early embryonic mouse brain development, yet downregulated in adult mice. The team 

denoted these as nedd genes, based on the neural precursor cells from which they originated, 

as well as their expressional status. Amongst these, the nedd-2, -9, and -10 mRNA transcripts 

were undetectable in the adult mouse brain (Kumar et al, 1992). A year later, Horvitz and 

colleagues reported that the Caenorhabditis elegans gene, ced-3, encodes a protein bearing 

strong resemblance to ICE (later denoted as caspase-1) and the product of nedd-2. Based on 

the importance of ced-3 for programmed cell death in C. elegans, the group predicted that 

potential protein members belonging to the CED-3/ICE family might function as apoptotic 

regulators (Yuan et al, 1993). Later, it was shown that nedd-2 overexpression in fibroblasts 

and neuroblastoma cells resulted in an induction of apoptosis, which could be prevented 

when co-expressing human bcl-2 (Kumar et al, 1994). Furthermore, both nedd-2 and its 

human homologue ich-1, encoded proteins with sequences similar to ICE and CED-3 (Wang 

et al, 1994). Eventually, following the introduction of the term “caspase”, NEDD-2/ICH-1 

was renamed caspase-2 (Alnemri et al, 1996). 

Amongst the caspase protein family, caspase-2 is the most conserved member throughout 

evolution (Yuan et al, 1993, Kumar et al, 1994). This suggests that the role of the protein 

provide organisms with an advantage, thereby making the gene beneficial to harbor. Despite 

this, the main function of caspase-2 is still a subject of debate, as many different roles have 

been proposed. On top of it all, knock-out mice are viable and do not display any clearly 

overt phenotype, further questioning the degree of importance of caspase-2. It might, 

therefore, be possible that the protein functions as a fine-tuning factor in given modalities, 

potentially by increasing and augmenting the effectiveness of the cellular processes. 

 

Structure and activation 

The full structure of caspase-2 consists of a large subunit (p19) containing the active site, and 

a small subunit (p12). In addition, caspase-2 contains a caspase activation and recruitment 

domain (CARD) located towards the N-terminus. The identification of a classical nuclear 

localizing signal (NLS) at the C-terminus of the caspase-2 pro-domain explained why this 

particular caspase is able to localize to cell nuclei (Baliga et al, 2003). When comparing the 

structure with its other protein family members, caspase-2 is most similar to caspase-9 (Fava 

et al, 2012). These features classify the protease as belonging to the group of initiator 

caspases. However, unlike “typical” initiators, caspase-2 does not appear to cleave effector 

caspases, which is the case for caspase-8 and -9 (Fava et al, 2012, Guo et al, 2002). 

As with other initiator caspases, caspase-2 molecules can undergo autocatalytic cleavage 

when brought into close proximity of each other, therefore, making ectopic expression of the 

protein difficult as it might trigger the apoptotic machinery (Butt et al, 1998). Under natural 



 

8 

conditions, caspase-2 has been reported to undergo activation through a complex called the 

PIDDosome, which is typically formed as a result of DNA damage (Tinel and Tschopp, 

2004). This activation platform contains p53-induced death domain protein (PIDD) and RIP-

associated ICH-1/CED-3-homologous protein with death domain (RAIDD) in addition to 

pro-caspase-2. While PIDD and RAIDD interact through their death domains (DDs), RAIDD 

furthermore possesses a CARD, to which procaspase-2 binds using its own prodomain 

CARD. It has been shown that a layer of five PIDD death domains can interact strongly with 

five RAIDD molecules and up to two additional weakly bound RAIDD monomers 

(Nematollahi et al, 2015). Aside from the involvement in caspase-2 activation, PIDD also 

plays a role in the NF-κB pathway, where it interacts with receptor interacting protein 1 

(RIP1) and NF-κB essential modulator (NEMO) (Janssens et al, 2005). PIDD can thus be 

regarded as a bifurcated regulator of either pro-death or pro-survival signaling. What 

determines which of the two possible outcomes that will be “selected”, is the level of PIDD 

processing. Initially the leucine-rich repeats are removed through auto-cleavage, generating a 

DD-containing fragment denoted PIDD-C. This fragment can then either become further 

processed to generate PIDD-CC, thereby leading to caspase-2 activation, or form a complex 

with RIP1 and NEMO, resulting in the recruitment of NF-κB (Tinel et al, 2007).  

 

 

Figure 2. PIDDosome-mediated activation of caspase-2. Image reused with permission from Portland Press 

(Ribe et al, 2008). 

 

Although PIDD and RAIDD are involved in the activation of caspase-2, in vivo studies using 

pidd
-/- and raidd

-/- mice have shown that caspase-2 can nevertheless become activated (Manzl 

et al, 2009, Kim et al, 2009). Based on these findings it became evident that although the 

PIDDosome have the ability to promote caspase-2 activation, it is not indispensable for this 
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task. As it turns out, caspase-2 can also utilize the death-inducing signaling complex (DISC) 

as an activation platform (Olsson et al, 2009, Lavrik et al, 2006). The DISC is comprised of 

proteins belonging to the death receptor family, as well as caspase-8 and the protein Fas-

associated protein with death domain (FADD), where the latter functions as an adapter 

between the death effector domain (DED) and the death domain (DD) in the two former 

factors (Guicciardi and Gores, 2009). In order for caspase-2 to become activated through 

DISC, it appears that functional caspase-8 needs to be present, as inhibition of the latter 

abolishes the activation of the former (Olsson et al, 2009). Surprisingly this type of receptor-

stimulated processing of caspase-2 does not necessarily couple with apoptosis (Lavrik et al, 

2006). 

Two known isoforms of caspase-2 exists due to messenger RNA (mRNA) splicing. The first 

isoform encodes a 435 amino acid protein denoted caspase-2L, which induces cell death upon 

overexpression. Conversely, the second isoform encodes the anti-apoptotic 312 amino acid 

protein, caspase-2S. Although many tissues express both variants, there seem to be some 

degree of tissue-specificity as well. For instance, only caspase-2L was expressed in the 

murine thymus, whereas caspase-2S was the highest in the embryonic brain (Wang et al, 

1994). Interestingly, leukemic cells treated with the anti-cancer agent etoposide seemingly 

suppress caspase-2L levels, while increasing caspase-2S (Wotawa et al, 2002). Similarly, the 

anti-apoptotic form was expressed in human macrophages following etoposide and 

camptothecin treatment, and was observed to be highly expressed in macrophage-derived 

foam cells found around the core of atherosclerotic plaques (Martinet et al, 2003). These 

findings may suggest that caspase-2S is initially expressed after cells are exposed to agents 

causing DNA strand breaks, in order to delay apoptosis and allow DNA repair to commence. 

 

Substrates 

Despite being a highly conserved protein, there are few known substrates that are specific for 

caspase-2. Golgin-160, however, has been demonstrated to become cleaved by caspase-2 at a 

site unique for the protease, following apoptotic induction. Other caspases, recognizing 

similar peptide sequences as caspase-2, did not cleave golgin-160 at the same location albeit 

at other sites (Mancini et al, 2000). Another reported substrate of caspase-2 is the pro-

apoptotic protein BID. Although BID is also processed by caspase-8 at higher efficiencies, 

caspase-2 can nevertheless cleave the protein at Asp59, leading to cytochrome c release and 

apoptosis (Guo et al, 2002). In addition, following DNA damage caused by treatment with 

doxorubicin, caspase-2 has been reported to cleave mouse double minute 2 (MDM2) at 

Asp367, thereby protecting p53 from being targeted for proteasomal degradation. The 

truncated MDM2 can additionally bind to p53 to stabilize the tumor suppressor. Activation of 

caspase-2 in this context is PIDDosome-mediated, thus creating a positive loop where p53 

can promote its own activity. It is worth noting that caspase-3 was also able to process 

MDM2, although less efficient (Oliver et al, 2011). Taken together, these findings have 

revealed several settings in which caspase-2 can promote an apoptotic response. Since the 

substrates described are rarely unique for caspase-2, but can become equally processed by 
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other caspases, it may imply that caspase-2 mainly supports an already ongoing process and 

that the primary function of the protein is something else. 

 

Functions of caspase-2 

As previously mentioned, many different functions of caspase-2 have been proposed. Due to 

these cellular events often being closely related, while sharing many of the proteins involved, 

it is difficult to determine what the primary function of caspase-2 might be (Olsson et al, 

2015). The following section reviews some cellular processes to which caspase-2 has been 

associated.  

 

Cell death 

The hallmark function of initiator caspases is to trigger a cellular process, which culminates 

in the death of the cell. Caspase-2 has indeed been demonstrated to partake in several cases of 

induced cell death, which strongly supports the notion of it being a pro-cell death protein. For 

instance, caspase-2 is essential for triggering cell death in macrophages, which have been 

infected with strains of the intracellular parasite Brucella abortus (Chen and He, 2009, 

Bronner et al, 2013). Similarly, Salmonella-induced apoptosis in murine macrophages also 

appears to be dependent on the protein (Jesenberger et al, 2000). In a separate study, where 

epithelial cells were subjected to the pore-forming α-toxin (PFT) from Staphylococcus 

aureus, it was concluded that caspase-2 indeed functions as an initiator caspase. Cells with 

attenuated levels of caspase-2 display a significantly impaired PFT-mediated apoptotic 

response in this system (Imre et al, 2012). 

Infection with the Maraba rhabdovirus is known to elicit a strong endoplasmic reticulum 

(ER) stress response (Mahoney et al, 2011). ER stress is a condition in which unfolded 

proteins accumulate in the ER, to which cells respond by activating the unfolded protein 

response (UPR) in order to restore the protein folding homeostasis (Chen and Brandizzi, 

2013, Xu et al, 2005). Failure to do so will cause the UPR to trigger apoptosis as a means to 

eradicate and prevent the spread of the virus. During Maraba viral infections, caspase-2 

activation and subsequent cell death can be stimulated by downregulating inositol-requiring 

enzyme 1 alpha (IRE1α), an ER stress sensor responsible for activation of the UPR (Mahoney 

et al, 2011), which potentially reduce the time span that otherwise would be required to 

initiate apoptosis. The apoptotic modality following ER stress appears to involve BID 

cleavage by caspase-2. When this cleavage is blocked, by either downregulation or inhibition 

of caspase-2, it is sufficient to protect cells from apoptosis by the ER stress-inducing agents 

thapsigargin and brefeldin A (Upton et al, 2008). Interestingly, one group of researchers 

reported that IRE1α was responsible for cleaving certain microRNA (miRNA) to allow the 

translation of caspase-2 during ER stress (Upton et al, 2012). However, these findings 

partially contradict results by Mahoney and colleagues (2011). Moreover, in a separate study 

using several cell lines, no significant impact was observed on ER stress-induced apoptosis, 

following loss of caspase-2 (Sandow et al, 2014). 
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Aside from regulating cell death induced by microbial infections, caspase-2 also seems to 

control DNA-damage-induced apoptosis. Experiments made in p53 mutant zebrafish 

embryos, subjected to γ-irradiation, revealed a different apoptotic machinery which does not 

include activation of caspase-3 prior to DNA-fragmentation, nor is it affected by loss of p53 

or overexpression of the anti-apoptotic bcl-2/xl. Instead the process relies on ataxia 

telangiectasia mutated (atm), ATM and Rad3-related (atr) and caspase-2, following removal 

or inhibition of checkpoint kinase 1 (CHK1) (Sidi et al, 2008). The PIDDosome plays a role 

in this modality; ATM phosphorylates PIDD at Thr788, thereby allowing RAIDD to bind to 

PIDD. This is followed by the activation of caspase-2 (Ando et al, 2012). Nucleophosmin 

(NPM1) has similarly been shown to be important for DNA damage-induced PIDDosome 

assembly (Sidi and Bouchier-Hayes, 2017), further supporting the view of caspase-2 

mediating apoptosis during such conditions. Furthermore, PIDDosome-mediated caspase-2 

activation is also a prerequisite for cell death caused by treatment with cytoskeletal disrupting 

drugs. In MEFs lacking caspase-2, BID and BAX activation, as well as cytochrome c release, 

are delayed following treatment with vincristine, cytochalasin D, and paclitaxel (Ho et al, 

2008). These findings might suggest that caspase-2 is vital to prevent genomically abnormal 

cells from replicating. 

 

 
 

Figure 3. The relationship between caspase-2 and cell death. Image reused with permission from Springer 

Nature (Puccini et al, 2013b). 

 

Lipoapoptosis is a form of cell death emerging as a consequence of metabolic imbalance. 

When levels of unoxidized long-chain fatty acids (LCFAs) exceed the storage capabilities of 
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adipose tissues, the lipids start to accumulate in non-adipose tissues. This build-up can 

become toxic, causing an apoptotic cell death referred to as lipoapoptosis (Unger and Orci, 

2002, Johnson et al, 2013). When mammalian cells were treated with the LCFA palmitate, 

caspase-2 became activated, while down-regulation of the protease significantly diminished 

the apoptotic induction (Johnson et al, 2013). These findings strongly suggest that LCFAs are 

yet another trigger that can cause caspase-2 to initiate cell death. 

 

Oxidative stress and aging 

When a shift arises in the balance between oxidants and antioxidants, cells enter a state of so-

called oxidative stress. The resulting build-up of reactive oxygen species (ROS) can have 

harmful effects on cellular structures and processes, as well as on proteins, lipids and DNA 

(Birben et al, 2012, Betteridge, 2000). It is believed that aging is linked with cumulative 

damage to DNA and mitochondrial DNA, inflicted by ROS (Cui et al, 2012). Interestingly, 

caspase-2 has been associated with combating oxidative stress, as well as delaying the aging 

process in mice. These functions are thus separated from the well-established role in cell 

death, although one process cannot completely exclude the other. Caspase-2
-/- mice suffer 

from hair loss and early hair graying, increased bone loss, reduced body weight and higher 

levels of oxidized proteins, compared to their wt controls (Zhang et al, 2007, Shalini et al, 

2012). Furthermore, hepatocytes from young or middle-aged caspase-2
-/- mice appear to 

neutralize mitochondrial ROS at rates similar to those of old wt mice (Lopez-Cruzan and 

Herman, 2013). Comparably, caspase-2
-/- MEFs have higher basal levels of peroxide and 

superoxide, as well as carbonylated proteins, compared with wt cells (Tiwari et al, 2014). 

Upon treatment with the oxidizing agent paraquat, caspase-2-deficient mice have been shown 

to display higher serum levels of the inflammatory cytokines IL-6 and IL-1β compared with 

controls (Shalini et al, 2015b). Taken together these findings suggest that caspase-2 regulates 

processes in order to mount a response towards increasing oxidative stress. Upon oxidative 

stress, caspase-2 appears to promote age-related muscle apoptosis in mice, with higher levels 

of processed caspase-2 found in older animals (Braga et al, 2008). In addition, old caspase-2-

deficient mice have been shown to exhibit increased damage caused by free-radicals and 

decreased activities of glutathione peroxidase (GSH-Px) and superoxide dismutase (SOD), 

compared with young mice of the same genotype. These findings are believed to be a 

consequence of reduced expression of the FoxO1 and FoxO3a genes, which are otherwise 

active during conditions of stress (Shalini et al, 2012). It may, therefore, be possible that 

caspase-2 functions as a transcriptional regulator in this context, perhaps in an age-depending 

manner. FoxO3a is known to regulate transcription of SOD during oxidative stress. Yet, the 

protein is also a known to inhibit proliferation and promote apoptosis, which contradicts its 

involvement in combating oxidative stress (Nho and Hergert, 2014). Moreover, it makes the 

role caspase-2 plays in this system much more questionable in the context of protecting the 

cell rather than promoting cell death during oxidative stress. This does, however, not rule out 

the possibility that caspase-2 responds differently towards oxidative damage, depending on 

the underlying cause. For instance, the protease has also been suggested to inhibit autophagy 
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following oxidative stress. Caspase-2-deficient neurons treated with rotenone, a complex I 

inhibitor of the mitochondrial respiratory chain, had enhanced levels of autophagy, eventually 

leading to necrosis due to overwhelming stress (Tiwari et al, 2011). On the other hand, wt 

neurons underwent apoptosis, indicating that the pro-apoptotic function may yet be the 

mechanism by which caspase-2 resolves the stressful conditions. Nevertheless, the protein 

does appear to harbor autophagy-suppressing properties, as caspase-2
-/- cells displayed 

elevated levels of autophagic markers even under normal growth conditions, without any 

external stressors (Tiwari et al, 2014). Similar to this function, findings implicate caspase-2 as 

a suppressor of ROS-driven differentiation of macrophages into osteoclasts, upon treatment 

with the cytokine receptor activator of NF-κB ligand (RANKL) (Callaway et al, 2015).  

 

Metabolism 

Complementary to regulating the energy-providing mechanisms essential for life, metabolic 

processes are also able to control cell death (Green et al, 2014). If conditions favor growth, 

the cell death machinery is generally suppressed. Conversely, upon nutrient starvation several 

processes activate in response, such as a halt in proliferation and, as a last resort, apoptosis 

(Vakifahmetoglu-Norberg et al, 2017). Caspase-2 has been reported to be regulated by this 

fashion in Xenopus laevis oocytes (Nutt et al, 2005). When nutrient abundance was simulated 

by the addition of glucose-6-phosphate (G6P), a concomitant inhibition of apoptosis was 

observed. Further studies revealed that this was due to an inhibitory phosphorylation of 

caspase-2 at Ser135 (figure 4). As it turns out, addition of G6P increases levels of free 

coenzyme A (CoA), which in turn can directly bind to calcium/calmodulin-dependent kinase 

II (CaMKII). This interaction facilitates the binding of calmodulin (CAM) to CaMKII, 

leading to the activation of the latter. Subsequently, CaMKII catalyzes the inhibitory 

phosphorylation of caspase-2, thereby promoting oocyte survival (McCoy et al, 2013a, b). As 

a means to maintain the inhibition, the regulatory protein 14-3-3ζ binds to the phosphorylated 

caspase-2 and, by doing so, prevents dephosphorylation by protein phosphatase-1 (PP1) (Nutt 

et al, 2009). Interestingly, neither the binding of PP1 to caspase-2 nor the activity of the 

phosphatase appears to be metabolically regulated. In contrast, the metabolic processes 

control the interaction between 14-3-3ζ and caspase-2, causing either a lock-down or release 

of the protease. 

Other findings have emerged, hinting towards sex-specific metabolic functions of caspase-2. 

Reportedly, aged caspase-2-deficient male mice displayed decreased liver mass upon fasting 

compared to wt controls, although the total body weight remained unchanged. Contrary to 

this, female caspase-2
-/- mice had reduced total body weight, but not liver mass (Wilson et al, 

2016). It thus becomes difficult to predict whether or not the presence of caspase-2 becomes 

an asset or liability when taken into a metabolic context. For instance, the protease has also 

been implied to promote obesity and non-alcoholic steatohepatitis (Machado et al, 2015, 

2016). When mice lacking caspase-2 were fed a Western diet (rich in fat), they did not 

notably develop any diabetes mellitus or non-alcoholic fatty liver disease, nor did they suffer 

from dyslipidemia, hepatic steatosis or abdominal fat deposition, strongly contrasting that of 
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wt mice (Machado et al, 2016). These reports would indicate that an overload in the lipid 

metabolism might become severe due to caspase-2. Perplexingly however, the protease might 

also be important during impaired fatty acid biosynthesis. Treatment of ovarian cancer cells 

with Orlistat, a fatty acid synthase inhibitor, was highly depending on caspase-2 for cell death 

induction (Yang et al, 2015). Taken together these findings show that metabolic processes 

can indeed regulate caspase-2, although it is still not determined if the function of the 

protease is solely related to cell death in this context. It is possible that caspase-2 exerts 

different activities, altogether dependent on the metabolic state of the cells. 

 

Figure 4. Overview of how nutrient abundance can cause an inhibition of apoptosis by modulating caspase-2. 

Image reused with permission from Springer Nature (Forsberg et al, 2017). 

 

Cancer and tumor suppression 

The caspase-2 locus is found in the long arm of human chromosome 7 (Kumar et al, 1995). 

This region is frequently deleted in tumors, especially in acute myeloid leukemias (Johansson 

et al, 1993, Holleman et al, 2005, Mrózek et al 2008). Although these findings would suggest 

that loss of caspase-2 would favor tumorigenesis, very few mutations in the coding region of 

the protease have been documented in tumors (Kim et al, 2011a, b). Still, reduced levels of 

caspase-2 mRNA (and protein) have been observed in cancer and tumor material, compared 

to normal tissues (Ren et al, 2012, Yoo et al, 2004). It might, therefore, be possible that the 

underlying cause leading to loss of the protein is not determined at the gene level. In the case 

of leukemia, loss of active caspase-2 correlates negatively in the context of therapeutic 

response, as well as survival outcome (Holleman et al, 2005, Estrov et al, 1998, Faderl et al, 

1999). Despite these findings, indicating a tumor suppressor function of caspase-2, the 
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opposite has been seen in neuroblastoma (Dorstyn et al, 2014). Based on data from an 

expression array on human neuroblastoma samples, it became evident that low levels of 

caspase-2 correlated with increased patient survival. This was however only true for MYCN-

non-amplified neuroblastomas, strongly suggesting that a potential tumor suppressing 

function may be context specific. 

Many experiments have been carried out in order to investigate how loss of caspase-2 might 

facilitate tumorigenesis. Somewhat surprisingly, caspase-2
-/- mice do not display any increase 

in tumor incidence when compared to wt counterparts (Shalini et al, 2012, Zhang et al, 2007). 

In addition, loss of caspase-2 does not sensitize mice to develop cancers more readily than wt 

mice, following γ-irradiation or treatment with the DNA-damaging compound 3-

methylcholanthrene (Manzl et al, 2013, Manzl et al, 2012). What appears to be vital, 

however, is the p53 status, as loss of this protein accelerates tumorigenesis. For instance, 

although p53 levels was shown to be largely the same in caspase-2
-/- and wt MEFs, caspase-2 

deficient cells had lower amounts of p21 transcripts (Ho et al, 2009). Since p53 is a known 

regulator of p21, these findings indicate that the function of p53 is impaired in caspase-2
-/- 

cells. So far, only one study has shown that loss of caspase-2 can promote tumorigenesis 

following treatment with a DNA-damaging reagent (Shalini et al, 2016). When caspase-2
-/- 

mice were injected with diethylnitrosamine (DEN), they consequently developed 

hepatocellular carcinoma at an increased rate compared to controls. DEN is a known inducer 

of ROS production, aside from being an agent that can alkylate DNA. This may imply that 

caspase-2 only limits tumor formation caused by a specific type of external agents. 

Interestingly, caspase-2 seems to act as a tumor suppressor in established tumor cells, driven 

by oncogenes (Ho et al, 2009, Manzl et al, 2012, Parsons et al, 2013, Puccini et al, 2013a). 

Caspase-2
-/- MEFs, transformed with E1A/Ras, proliferated faster in vitro than transformed 

wt controls. Furthermore, the caspase-2-deficient MEFs quickly formed large colonies when 

grown in soft agar, compared to the slow growth of the transformed caspase-2
+/+ cells. 

Similar results were observed when the MEFs were injected into nude mice, where caspase-

2
-/-cells rapidly formed large and aggressive tumors, in stark contrast to the controls, which 

formed small or undetectable tumors (Ho et al, 2009). Eµ-Myc mice, a transgenic model, 

which readily develops lymphomas and leukemia, combined with knockout of caspase-2, 

resulted in accelerated tumorigenesis compared to Eµ-Myc mice alone (Ho et al, 2009). 

Although the underlying mechanism behind the potential tumor suppressive function of the 

protease still remains to be described, it has been concluded that it is PIDDosome-

independent (Manzl et al, 2012). Caspase-2 deficiency has also been reported to boost the 

formation of lymphomas caused by a loss of ATM (Puccini et al, 2013a). While atm
-/- mice 

spontaneously acquire thymic lymphomas, atm
-/-

caspase-2
-/- mice were shown to have a 

strong increase in tumor incidence. Moreover, offspring of the double-knockout animals died 

shortly after birth. The few that survived, displayed growth retardation compared to controls. 

There was no significant difference in the amount of apoptotic cells in the lymphomas, 

regardless of genotype. Yet atm
-/-

caspase-2
-/- tumor cells proliferated faster than those from 
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atm
-/--mice, indicating that the tumor suppressive function mediated by caspase-2 is not due 

to the apoptotic role of the protease (Puccini et al, 2013a). 

Aside from oncogene-driven lymphomagenesis, caspase-2 reportedly plays a role in the 

prevention and limitation of other types of cancer, such as murine breast cancer (Parsons et 

al, 2013) and lung cancer (Terry et al, 2015). Mice expressing the oncogene c-neu, under the 

transcriptional control of the mouse mammary tumor virus (MMTV) promoter, readily 

develop tumors in the mammary epithelium of multiparous mice. Consistent with 

observations made in the lymphoma models, caspase-2
-/-

MMTV animals displayed an 

acceleration in the tumor formation rate, when compared to caspase-2
+/+

MMTV mice 

(Parsons et al, 2013). Enhanced Kras-driven lung tumorigenesis has also been demonstrated 

following loss of caspase-2. The knockout-mice developed larger numbers of tumors, which 

were greater in size, than mice harboring one or both of the caspase-2 alleles. Although 

caspase-2-null tumors were more sensitive towards cisplatin compared to controls, they 

swiftly rebounded following a break in drug administration (Terry et al, 2015). These results 

are partly contrasting observations made in Eµ-Myc mice, where caspase-2-deficiency made 

cells resistant to chemotherapy-induced apoptosis (Ho et al, 2009). 

Taken together these findings indicate that loss of caspase-2 does not by itself increase the 

susceptibility of organisms to develop cancer, but rather makes it harder to halt the rapid 

growth of the established tumor(s). So far, the proposed tumor suppressive function appears 

to become a necessity for cells following oncogenic pressure, due to loss of other important 

proteins, or exposure to certain DNA-damaging agents. Cells that just lack caspase-2, without 

being subjected to additional genetic alterations, do not automatically turn tumorigenic. 

 

Preventing genomic instability 

Genomic instability is a term, which refers to changes in nucleic acid sequences (e.g. 

mutations) as well as alterations to the karyotype (e.g. aneuploidy). The former case is 

primarily caused by defects or inefficiencies in DNA-repair mechanisms, while the latter case 

can involve nearly all parts of chromosomal regulation (Heng et al, 2013). Both types of 

genomic alterations are hallmarks of cancer (Hanahan and Weinberg, 2011). If cells are 

unable to correct the damage, they typically undergo cell death in order to prevent the 

accumulation of defective cells (Roos and Kaina, 2006, Vitale et al, 2017). Whether genomic 

instability becomes a means for tumorigenic cells to shape their genomes in order to survive, 

or a “fail-safe” mechanism to bring about the destruction of cancer cells, still remains to be 

discussed (Forsberg et al, 2017). 

Several studies have shown that caspase-2 ostensibly promotes genomic stability. Whether or 

not this is directly linked to the proposed tumor suppressor function of the protease is still 

unclear, although the two modalities are intricately connected. Blood cells lacking caspase-2 

seemingly have deficient systems for maintaining a correct genome. Alas, T-cells from 

premalignant atm
-/-

caspase-2
-/-mice displayed higher levels of aneuploidy (Puccini et al, 

2013a). Similar to this, bone marrow cells from old knockout mice suffered from increased 
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rates of aneuploidy and DNA-damage, while hematopoietic stem cell differentiation was 

impaired (Dawar et al, 2016). Other characteristics of genomic instability, observed upon loss 

of caspase-2, include micronuclei formation, abnormal mitoses, karyomegaly and 

multinucleation (Dorstyn et al, 2012, Parsons et al, 2013). Caspase-2-deficient MEFs treated 

with the compounds vincristine and paclitaxel, which target microtubule functions, were 

resistant to the apoptotic induction normally elicited by the two drugs (Ho et al, 2008). In the 

same line, splenocytes appear to require catalytically active caspase-2 to be able to get rid of 

aneuploid cells following treatment with mitotic poisons (Dawar et al, 2017). The ability for 

caspase-2 to process specific proteins does thus appear to be a requirement for maintaining 

genomic stability in certain biological contexts. For instance, colorectal cancers, caused by B-

cell lymphoma 9-like protein (bcl9l) dysfunction, display reduced basal levels of caspase-2 

mRNA and protein, which contributes to aneuploidy. Reportedly, upon faulty chromosomal 

segregation, functional BCL9L permits transcription of caspase-2, which can then either 

cleave MDM2 (thereby stabilizing p53) or BID (López-García et al, 2017). Both cases 

ultimately lead to apoptosis. 

A common trait pertaining to a role of caspase-2 in maintaining genomic integrity is the 

intricate connection the protease has with the cell cycle. For example, cyclin D3 expression 

has been shown to bring upon the activation of caspase-2, possibly by stabilizing the latter 

(Mendelsohn et al, 2002). Conversely, cyclin-dependent kinase 1 (CDK1) – cyclin B1 could 

suppress mitotic apoptosis by the inhibitory phosphorylation of caspase-2 at Ser340 (Andersen 

et al, 2009). Above all, caspase-2 is implied to partake in processes, which are active during 

malfunctioning mitosis. It was reported that an abnormal increase in centrosomes led to 

PIDDosome-mediated activation of caspase-2, resulting in cell cycle arrest (Fava et al, 2017). 

Similar to previous studies, this involved the cleavage of MDM2, stabilization of p53, and a 

p21-mediated halt in proliferation. Deficiencies in the checkpoints governing the DNA 

structure and spindle assembly can trigger a cell death response in mitosis, known as “mitotic 

catastrophe” (Castedo et al, 2004a). Although this was initially believed to be dependent on 

caspase-2 acting upstream of mitochondria, triggering activation of effector caspases and 

apoptotic cell death (Castedo et al, 2004b), it has also been shown to occur independently of 

caspase-2 in a necrotic manner (Vakifahmetoglu et al, 2008, Vitale et al, 2011). 

 

Neuronal maintenance 

Caspase-2 was originally identified as being a down-regulated protein during murine brain 

development (Kumar, 1992). Since then, a number of reports have implicated a possible 

function of caspase-2 in regulating neuronal cell death or survival. These findings are 

however elusive and seem to be highly context dependent. During the development of 

caspase-2-deficient mice, cell death of motor neurons was accelerated. Furthermore, 

sympathetic neurons deficient in caspase-2, isolated from the superior cervical ganglia, were 

more sensitive to cell death caused by nerve growth factor (NGF) deprivation than their wt 

counterparts (Bergeron et al, 1998). While these observations would indicate that the protease 
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acts in an anti-apoptotic manner, conflicting results have been obtained from other neurons. 

For instance, cells from the dorsal root ganglion of 2-day-old caspase-2-deficient mice were 

equally sensitive towards NGF withdrawal as controls (O'Reilly et al, 2002). Moreover, 

inhibition of caspase-2 protected adult glia and dorsal root ganglion neurons from cell death 

following serum deprivation (Vigneswara et al, 2013). Similarly, targeting caspase-2 with 

siRNA largely decreased the loss of retinal ganglion cells following axon clamping (Ahmed 

et al, 2011). 

Caspase-2 is believed to be involved in various neuropathological conditions, in addition to 

roles related with normal brain development. Loss of caspase-2 has been observed to reduce 

excitotoxicity-induced brain damage in neonatal mice (Carlsson et al, 2011). Furthermore, 

sympathetic and hippocampal neurons were greatly protected from cell death induced by β-

amyloid (which are peptides believed to cause Alzheimer’s disease) when caspase-2 was 

downregulated with antisense oligonucleotides (Troy et al, 2000). Likewise, caspase-2-

deficient mice were protected from the neurodegeneration caused by β-amyloid (Jean et al, 

2013). Aside from Alzheimer’s disease, unregulated caspase-2 does also seem to be part of 

the mechanisms leading towards developing Huntington’s disease. This may be dependent on 

the catalytic activity of the protease, as expression of an inactive mutant partly protected 

against Huntingtin-mediated cell death (Hermel et al, 2004). Moreover, caspase-2-deficient 

mice maintained higher degrees of motor functions, as well as cognitive functions, when 

compared with wt mice (Carroll et al, 2011). 

Collectively, research has shown an involvement of caspase-2 in the fate of neuronal cells. 

Due to contrasting findings, it becomes difficult to determine whether or not the protease 

promotes or inhibits cell death during brain development. The possibility exist that caspase-2 

performs various functions throughout the different developmental stages and may, therefore, 

adopt multiple characteristics depending on the timing. Furthermore, findings indicate that 

caspase-2 may be a contributing factor towards developing neurodegenerative diseases, 

although the precise mechanisms remain to be determined. 
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3 AIM OF THE STUDY 

The main aim of the PhD study was to characterize new processes involving caspase-2, as the 

protein is believed to be highly versatile. Although several, diverse functions have been 

proposed for caspase-2, few interaction partners of the protease have been described. 

Therefore, a yeast two-hybrid (Y2H) screen was carried out in order to identify potential 

interacting proteins, while using the full-length caspase-2 as bait. Based on the results from 

the screen and the established view/knowledge of caspase-2 acting as an initiator of apoptosis 

following DNA damage, three individual projects were formed, with the specific aims as 

follows: 

 

Paper I – To investigate an interaction between caspase-2 and RFXANK, and the extent of 

which this interaction would affect MHC II expression. 

 

Paper II – To study the involvement of caspase-2 in FAN-mediated processes, as well as 

confirming the interaction between the two proteins. 

 

Manuscript I – To evaluate the potential role caspase-2 would play in Gemtuzumab 

ozogamicin-induced cell death.  
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4 MATERIALS AND METHODS 
 
Cell lines 

 

Cells were grown in either RPMI-1640 or DMEM (supplemented with 10% heat-inactivated 

fetal bovine serum and 100 U/mL penicillin, 100 µg/mL streptomycin), with the exception of 

OCI-AML2 cells which were grown in alpha-modified MEM (20% heat-inactivated fetal 

bovine serum and 1% L-glutamine). 

The cell lines used in the papers and manuscript, included in this thesis, are listed in Table I. 

 
Table I. Cell lines employed in the studies. 

Cell line Origin (disease) Cell type Culture medium 

Daudi wt Burkitt's lymphoma B lymphoblast RPMI-1640 
HCT116 wt Colorectal carcinoma Epithelial DMEM 
HEK293T wt   Epithelial DMEM 
HEK293T shCtrl   Epithelial DMEM 

HEK293T shCasp2   Epithelial DMEM 
HeLa wt Cervical carcinoma Epithelial DMEM 
HeLa shCtrl   Epithelial DMEM 
HeLa shCasp2   Epithelial DMEM 

HL60 wt Acute promyelocytic leukemia Myeloid RPMI-1640 
OCI-AML2 wt Acute myeloid leukemia Myeloid MEM 
OCI-AML2 shCtrl   Myeloid MEM 
OCI-AML2 shCasp2   Myeloid MEM 

THP1 wt Acute monocytic leukemia Monocyte RPMI-1640 
THP1 shCtrl   Monocyte RPMI-1640 
THP1 shCasp2   Monocyte RPMI-1640 
 

 

Protein extraction and quantification 

 

Adherent cells were detached from culture vessels by adding trypsin directly to the cells. All 

cells were centrifuged at 1000 rpm (≈200 rcf) for 5 minutes, and subsequently washed in 

phosphate-buffered saline (PBS). This was followed by another centrifugation before 

removing the supernatant. Cells were then lysed for 10 minutes at room temperature in 

cOmplete™ Lysis-M, supplemented with protease inhibitors (Roche Diagnostics). 

Subsequently each sample was centrifuged for 5 minutes at 13 000 rcf, before collecting the 

supernatants. Protein concentrations were measured using the BCA Protein Assay (Thermo 

Fisher Scientific). The samples were then mixed with 5x Laemmli buffer and stored at -20oC.  

 

Western blot 
 

Western blot is semi-quantitative technique which can be used for comparing protein levels 

between different samples. For this reason, the technique was used in all projects of this 

thesis. Briefly, quantified protein samples were denatured at 95-97oC for 10 minutes, before 
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being separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE). The separated proteins were then electroblotted to 0.45 µm nitrocellulose 

membranes, which were subsequently blocked with 5% (w/v) non-fat dry milk in PBS for 60 

minutes at room temperature. Incubation with primary antibodies was carried out overnight at 

4oC. Membranes were then washed repeatedly with PBS and PBS-Tween20 (0.1%). 

Horseradish peroxidase (HRP)-conjugated, or fluorophore-labeled secondary antibodies were 

subsequently added, and the membranes were left to incubate at room temperature for 60 

minutes. This was again followed by repeated washing steps. Finally, proteins were detected 

by using enhanced chemiluminescence (ECL) (in cases when HRP-conjugated antibodies 

were utilized), or measuring fluorescence using the 700 nm and 800 nm channels. 

Densitometric analysis was carried out using the Image J software. 

 

Immunoprecipitation 

 

One method that can be used for studying protein-protein interactions is 

immunoprecipitation. Typically, the protein of interest can be captured while using 

immobilized antibodies. If the protein of interest is interacting with other proteins, these 

could potentially become co-captured. This method was, therefore, selected for studying the 

interactions between caspase-2 and RFXANK or FAN. In some settings, tagged versions of 

the three proteins were overexpressed prior to the protein extraction, in order to facilitate 

capture. The capture antibodies (targeting either the proteins directly, or the tags) were 

immobilized on magnetic beads. Cells were lysed in NP40-buffer (with added protease and 

phosphatase inhibitors) and centrifuged at 16000 rcf for 20 minutes. The supernatants, 

containing proteins, were then collected. Each protein sample was then added to the bead-

antibody mixtures, and placed under rotation overnight at 4oC. The following day, the 

samples were washed repeatedly using the lysis buffer, before being resuspended in Laemmli 

buffer. 

 

ELISA 
 

IL-6 secretion was measured using the IL-6 Quantikine® ELISA kit (R&D Systems), 

according to the manufacturer’s protocol. 

 

Fluorescent imaging 

 

Fluorescent microscopy was applied in order to study co-localization of proteins, as well as 

cellular effects. For this purpose, mCherry-, GFP-, or RFP-tagged versions of the proteins 

were overexpressed in cells. Nuclei were stained using Hoechst 33342. Lysosomes were 

stained using LysoSensor™ Green DND 189 (Invitrogen), according to the manufacturer’s 

protocol. Images were acquired with a Zeiss LSM 510 META confocal laser scanner 

microscope (Carl Zeiss MicroImaging).  

 

Cell proliferation assay 

 

An assay using Cell Proliferation Reagent WST-1 (Roche) was performed in order to confirm 

that shRNA-mediated knockdown of caspase-2 would not affect proliferation rates of the 
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cells. This was carried out according to the manufacturer’s recommendations. Absorbance 

was measured at 450 nm, with a reference wavelength at 650 nm. 

 

Cellular fractionation 

 

In addition to fluorescent microscopy, the localization of proteins can be determined by first 

fractionating the cellular compartments, followed by detection with e.g. western blot. This 

method was, therefore, used in combination with immunoprecipitation, in order to further 

evaluate where the interaction between caspase-2 and RFXANK takes place. Harvested cells 

were resuspended in a fractionation buffer (150 mM KCl, 1 mM MgCl2, 0.2 mM EGTA, 5 

mM Tris, and 0.01% digitonin) and left to incubate for 10 minutes at room temperature. 

Subsequently, samples where centrifuged and the supernatants (cytoplasmic fractions) were 

separated from the pellets (nuclear fractions). Immunoprecipitation was then carried out on 

the different fractions. 

 

Wound-healing assay 

 

The wound-healing assay, also known as a scratch assay, is a technique which can be used for 

studying cell migration. This method was, therefore, selected when investigating the effect of 

caspase-2-deficiency, as well as FAN-deficiency on cell motility. Cells with attenuated levels 

of the two proteins were grown in 6-well plates. When the cells had formed a monolayer, 

upon complete confluency, a scratch was made in the cell layer and initial (t0) images were 

obtained, using a Nikon microscope. This was repeated each day until cells had successfully 

repopulated the scratched areas. Cell-free areas in each image were measured using the 

wound-healing plugin in the Image J software. 

 

Yeast two-hybrid screen 

 

Yeast two-hybrid screening is a commonly used approach for discovering interacting 

proteins. For this reason, the technique was applied in order to identify proteins with the 

potential to interact with caspase-2. The screen was performed by Hybrigenics Services, 

Paris, France.  

 

Sphingolipid analysis 

 

Quantitative measurements of sphingolipids in caspase-2-deficient and control cells were 

carried out by the Medical University of South Carolina, Department of Biochemistry and 

Molecular Biology. This was done using HPLC-MS/MS, as has been described previously by 

Bielawski and coworkers (2009).  

 

Transfection of cell lines 

 

In some cases, prior to performing immunoprecipitation or fluorescent imaging, constructs 

encoding tagged RFXANK or NSMAF (FAN) were overexpressed in cells. These constructs 

were purchased from OriGene. Transfection was carried out using Lipofectamine® LTX 

(Invitrogen), according to the manufacturer’s recommendations. The same procedure was 



 

24 

applied when expressing catalytically inactive (and tagged) caspase-2, control plasmids, and a 

tagged construct corresponding to the four ankyrin repeats of RXANK.  

 

For the transfection of THP1 cells with siRNA constructs, HiPerFect® Transfection Reagent 

(Qiagen) was used, according to the manufacturer’s protocol. 

 

Transfection of yeast cells 

 

To confirm that the bait fragment (used in the Y2H screen) indeed encoded caspase-2, the 

construct was expressed in Saccharomyces cerevisiae W303a. The cells were vortexed and 

transfected by heat-shock for 45 minutes at 42°C, before being centrifuged and recovered in 

YPD (1% yeast extract, 2% peptone, 2% dextrose w/v). Cells were then plated on a selective 

plate (synthetic defined medium without tryptophan). During the following days, individual 

colonies were selected, from which overnight cultures were made. Proteins then were 

obtained from the cells by performing a Rödel extraction. Briefly, harvested cells were 

resuspended in H2O, before adding 50 µL Rödel mixture (741 µL H2O, 185 µL 10 M NaOH, 

74 µL 14.3 M β-mercaptoethanol). Subsequently, each sample was left on ice for 10 minutes, 

before adding 60 µL 72% trichloroacetic acid. This was followed by 20 minutes incubation at 

-20oC, and thereafter 30 minutes of centrifugation at 28,000 rcf. Finally, pellets were washed 

with acetone, before being resuspended in Laemmli buffer.  

 

Flow cytometric analysis 

 

Flow cytometry is a technique employed for counting and sorting cells, based on different 

parameters. This method was, therefore, used in order to estimate the surface distribution of 

MHC class II proteins on a wide range of murine antigen presenting cells. Murine B-cells 

were obtained through fluorescent-activated cell sorting (FACS), using a BD Aria III FACS 

sorter. 

 

Analysis of caspase-3 activation and conformational changes of BAX were carried out on 

0.5% PFA-fixed cells, using anti-caspase-3 and anti-BAX antibodies. 

 

Pulsed field gel electrophoresis 

 

In order to quantify DNA double strand breaks caused by GO-treatment, pulsed field gel 

electrophoresis (PFGE) was carried out according to a protocol presented by Stenerlöw et al, 

2003. Prior to the treatment, cells were cultured for 48 hours in 1000 Bq/mL 14C-thymidine-

containing medium. 

 

Statistical analysis 

 

Results are presented as means ± standard deviations.   



 

 25 

5 RESULTS 

 

Paper I 

Forsberg J, Li X, Akpinar B, Salvatori R, Ott M, Zhivotovsky B, Olsson M (2018). 

A caspase-2-RFXANK interaction and its implication for MHC class II expression. 

Cell Death and Disease, 9: 80 

In this project, we aimed at investigating the potential interaction between caspase-2 and 

RFXANK. To date, RFXANK is only known for being involved in transcriptional regulation 

of Major histocompatibility complex II (MHC II) genes. RFXANK forms a complex with 

RFX5 and RFXAP, which then binds to the X-box motif of MHC II gene promoters. 

Subsequently, the Class II transactivator (CIITA) interacts with the bound factors, thereby 

initiating transcription. Based on this, we hypothesized that a caspase-2-RFXANK interaction 

could either promote or inhibit expression of MHC II. Since MHC II is primarily expressed 

by antigen-presenting cells (APCs), the majority of the experimental work was performed on 

cells belonging to this category.  

The study started with the confirmation of the construct used in the screen as bait. Indeed, the 

construct encoded a full-length caspase-2 protein, as was seen when expressed in S. 

Cerevisiae. Next, the interaction between caspase-2 and RFXANK was confirmed by co-

expressing tagged versions of the two proteins followed by immunoprecipitation. The 

caspase-2 construct encoded a catalytically inactive form of the protein, tagged to mCherry. 

This not only allowed us to overexpress caspase-2 without causing an induction of apoptosis, 

but also facilitated IP. The RFXANK construct was purchased from OriGene, and contained 

myc-DDK tags. IP results, both while overexpressing the constructs, as well as on 

endogenous material from B-cells, showed that the two proteins indeed can interact. This was 

also suggested when visualizing overlapping localization through fluorescent microscopy. 

Moreover, when expressing a construct consisting only of the four ankyrin repeats of 

RFXANK, the interaction with caspase-2 could still be observed, indicating that this region is 

important for forming a complex. Next, we decided to look at how loss of caspase-2 would 

affect MHC II expression. Surprisingly, we could not detect any differences in the surface 

expression of MHC II in APCs originating from thymus, the bone marrow or spleen of 

caspase-2
-/- mice. However, when analyzing total lysates of B-cell lines, or B-cells from 

caspase-2-deficient mice, there was a clear induction of MHC II following loss of caspase-2. 

These findings suggest that caspase-2 exhibits a negative effect on MHC II gene expression, 

while other mechanisms control the installment of the protein at the cell surface. 

In conclusion, the data from this study show that caspase-2 can interact with RFXANK, and 

might, therefore, influence the regulatory processes of the immune system. 
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Paper II 

Forsberg J, Li X, Zamaraev AV, Panaretakis T, Zhivotovsky B, Olsson M (2018). 

Caspase-2 associates with FAN through direct interaction and overlapping 

functionality. Biochemical and Biophysical Research Communications, 499: 822-828 

FAN is a protein which has been reported to bind to a specific region on TNF receptor 1 

(TNFR1), where it is involved in TNF-α-mediated activation of neutral sphingomyelinase 

(nSMase), cell migration, IL-6 secretion and vesicular/lysosomal dynamics (Montfort et al, 

2010). 

Since caspase-2 was suggested to interact with FAN in the yeast-2-hybrid screen, we set out 

to investigate the impact this interaction would have on the known FAN-mediated processes. 

Similar to as in Paper 1, the interaction was confirmed by immunoprecipitation while 

overexpressing tagged versions of the two proteins. Based on the fact that FAN is an 

important factor in nSMase activation and ceramide production, we decided to evaluate how 

loss of caspase-2 would affect these processes. Caspase-2 levels were reduced in HEK293T 

and HeLa cells through shRNA-mediated knockdown, which was followed by measurements 

of the sphingolipid contents using HPLC-MS. No significant differences were observed in the 

quantity of the measured ceramide species when comparing control cells with caspase-2-

deficient cells. This indicates that caspase-2 is not involved in ceramide production, at least 

not in unstimulated cells. Next, we looked into how caspase-2 would influence IL-6 

secretion, keeping in mind that FAN-deficiency has been reported to attenuate IL-6 levels. 

Using ELISA, it was concluded that loss of caspase-2 impaired the secretion of IL-6 into the 

culture media, regardless of whether or not cells had been treated with TNF-α. In addition, 

confocal microscopy revealed that caspase-2 and FAN-deficient cells contained enlarged 

endosomal/lysosomal structures, possibly reflecting abnormal vesicular traffic. Wound-

healing assays further demonstrated that loss of caspase-2 decreases cells ability to migrate. 

Thus, although caspase-2-deficient cells were still able repopulate cell-free areas, they did so 

at a reduced rate compared with controls. 

Together these findings show that caspase-2 is able to influence a wide range of cellular 

processes, and acts in a similar fashion as FAN. Since the two proteins are able to interact, it 

is highly possible that caspase-2 acts together with FAN to regulate these modalities.  
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Manuscript I 

Hååg P, Lagergren Lindberg M, Forsberg J, Olsson M, Zielinska Chomej K, Zong D, 

Kanter L, Stenerlöw B, Lewensohn R, Viktorsson K, Zhivotovsky B, Stenke L. 

Caspase-2 is a mediator of apoptotic signaling in response to gemtuzumab ozogamicin 

in AML (manuscript, in revision). 

Acute myeloid leukemia (AML) is the most prevalent acute leukemia in adults. The disease 

has a poor outcome, where only 25% of patients survive a 5-year period. Treatment of AML 

typically involves high-dose chemotherapy. Although complete remission is often achieved, 

most patients eventually relapse with a chemo-resistant form of leukemia. Due to this, 

different ways for treating AML patients are currently being investigated. One such approach 

involves targeted delivery of cytotoxic agents to the leukemic cells, where surface proteins on 

the cells act as beacons. CD33 is transmembrane glycoprotein, which is found in normal 

myeloid cells, albeit the expression levels are elevated in AML blasts. Utilizing this is the 

antibody-drug conjugate Gemtuzumab ozogamicin (GO; Mylotarg®). GO consists of a 

humanized antibody that is directed against the CD33 antigen, and to which a derivative of 

calicheamicin γ1 is bound.  

In this study we showed that GO-mediated cytotoxicity involves the processing of caspase-2. 

Inhibition of the proteolytic activity of caspase-2 reduced the GO-induced activation of 

caspase-3. Similarly, removal of caspase-2 using siRNA caused the same outcome. 

Contrastingly, caspase-2 inhibition did not block BAX activation following GO-treatment, 

though it partially prevented BID processing. Expression levels of caspase-2 or caspase-3 did, 

however, not appear to be linked with the duration of complete remission for AML patients. 

Taken together, the findings show that GO-induced cell death in AML cells is to a great 

extent mediated by caspase-2, although the exact mechanism still remains to be determined. 

Despite this, GO also appears to be able to act in a caspase-2-independent manner to some 

degree.  
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6 DISCUSSION 

Cell death is a term encompassing tightly controlled cellular events, with several different 

modalities, leading to cell elimination. Although many of the proteins involved have defined 

properties in regulating the mechanisms of cell death, they also perform additional functions. 

Caspase-2 is a protease which originally was regarded as an initiator of apoptosis following 

DNA damage. Though this perception of the protease still holds true, it has become apparent 

that caspase-2 also partakes in processes which are not necessarily tied to cell death. As it 

appears, caspase-2 may very well function as a multi-regulatory protein to either enhance or 

suppress cellular processes. However, due to the lack of well-defined caspase-2-specific 

substrates or interacting partners (aside from during apoptosis), the protein still remains one 

of the least understood members of the caspase family. 

In the present study we aimed at discovering proteins which can interact with caspase-2, 

potentially in a non-cell death context. To identify these unknown proteins, we performed a 

yeast-2-hybrid screen, from which the two proteins RFXANK and FAN were suggested.  

MHC class II proteins are found on the cell-surface of antigen-presenting cells (Reith et al, 

2005), where they present extracellular proteins from pathogens to components of the 

immune system. Similar to MHC class I, class II proteins are heterodimers consisting of an α- 

and a β-chain. The expression of MHC II is mainly regulated at a transcriptional level (Reith 

et al, 2005). Central for this process are the trans-acting proteins RFX5, RFXAP, RFXANK 

and CIITA. While the three RFX-proteins are ubiquitously expressed in cells, CIITA 

expression is a highly regulated event. Together, RFX5, RFXAP and RFXANK form the so-

called RFX complex, which binds the X-box promoter motif of MHC II genes. CIITA can 

then interact with the bound complex in order to promote gene expression. Mutations in the 

four transactivators (in particular RFXANK) are known to cause MHC class II deficiency, 

resulting in a condition known as Bare lymphocyte syndrome (BLS) (Lisowska-Grospierre et 

al, 1994, Wiszniewski et al, 2003, Reith et al, 2005). In paper I we confirmed that caspase-2 

was able to interact with RFXANK in the cytoplasm of cells. This interaction appears to take 

place at the ankyrin repeat region of RFXANK. Ankyrin repeat motifs are known to mediate 

protein-protein interactions (Li et al, 2006). Moreover, in a report aiming at designing a 

caspase-2-specific inhibitor, the protease was demonstrated to possess binding properties 

towards ankyrin repeats (Schweizer et al, 2007). It is, therefore, not surprising that our results 

point towards an interaction taking place at this region. Furthermore, the ankyrin repeat 

motifs of RFXANK are responsible for the interaction with CIITA and RFXAP (Wiszniewski 

et al, 2003). Interestingly, dendritic cells can produce a CARD-containing splice-isoform of 

CIITA, which has the ability to inhibit caspase-mediated degradation of nitric oxide synthase-

2 or, conversely, promote the production of nitric oxide (NO). This, in turn, regulates the 

capability of dendritic cells to trigger T-cell activation/proliferation (Huang et al, 2010). In 

our study, while analyzing total protein levels from APCs, we observed a concomitant 

increase in MHC II following a loss of caspase-2. These findings indicate that caspase-2 can 

act as a suppressor of MHC II expression. While the mechanism is still unknown, it is 
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possible that caspase-2 binds to the ankyrin repeats of RFXANK, as well as the CARD on 

CIITA, thereby disrupting the interaction between the two trans-acting proteins. Moreover, 

cells with CARD-deficient CIITA are able to express functional MHC class II genes, 

suggesting that CIITA may be less “hampered” when losing the ability to bind caspases 

(Zinzow-Kramer et al, 2012). Surprisingly, we did not observe any clear differences in 

surface expression of MHC II on APCs from caspase-2
-/- mice. While this seemingly 

contrasts the findings made on total protein levels, it may indicate that caspase-2 also affects 

mechanisms responsible for delivering MHC II to the plasma membrane. It is also important 

to note that no pathogenic pressure was applied during the experiments in paper I, which 

potentially could affect the surface distribution of MHC II.  

TNFR1 is a surface-bound receptor which is central in many signaling processes, such as cell 

survival, cell death induction and regulation of immune responses (Naudé et al, 2011). Upon 

ligand stimulation, the adaptor protein TRADD becomes recruited to the death domain of 

TNFR1 (Hsu et al, 1995). At this point the cell is presented with two possible pathways to 

follow, leading either to cell death or survival. If TRADD interacts with RIP1 and TRAF2, it 

will bring about the activation of NF-κB, which in turn leads to the expression of proteins 

involved in survival and/or inflammation (Hsu et al, 1996a, b). Conversely, if TRADD 

interacts with FADD and procaspase-8, thereby forming the DISC, it causes the activation of 

the caspase cascade and subsequent cell death (Muzio et al, 1996). TNFR1 can also induce 

caspase-3 activation and cell death via neutral sphingomyelinase (nSMase), in addition to 

acting through the DISC (Neumeyer et al, 2006). This alternative pathway results in the 

production of ceramides through the hydrolysis of sphingomyelin, a reaction catalyzed by 

nSMase. The adaptor protein FAN is essential for this TNF-α-induced activation of nSMase 

(Montfort et al, 2010). FAN binds to a specific domain of TNFR1, known as the NSD 

domain. This interaction is mediated through the PH and BEACH domains of FAN (Adam et 

al, 1996). While bound to TNFR1, the WD repeats of FAN allows nSMase to dock (Adam-

Klages et al, 1996). Aside from the critical role during nSMase activation, FAN is seemingly 

involved in other cellular processes as well. For instance, FAN is essential for full expression 

of the pro-inflammatory genes encoding IL-6 and CXCL2 (Montfort et al, 2009). 

Furthermore, FAN-deficient fibroblasts have been demonstrated to contain larger lysosomes 

compared with wild-type counterparts, possibly indicating a role in regulation of vesicular 

traffic (Möhlig et al, 2007, Montfort et al, 2010). In addition, FAN appears to be required for 

normal filopodia formation following TNF-α-stimulation (Haubert et al, 2007), and may, 

therefore, affect cell motility. While caspase-2 has been linked to death receptor biology 

(Espín et al, 2013, Olsson et al, 2009), no report had previously connected it to FAN. In 

paper II we showed that caspase-2 and FAN can interact when exogenously expressed. 

Moreover, when we systematically investigated the effect that caspase-2-depletion would 

have on cells, we noticed that the results greatly resembled those reported for FAN-

deficiency. IL-6 secretion greatly diminished when caspase-2 levels were reduced using 

shRNA-mediated knock-down. Cells deficient in caspase-2 also showed signs of reduced 

motility, as was demonstrated using wound-healing assays. Furthermore, caspase-2 deficient 
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cells contained large, spherical structures, indicating impaired vesicular/lysosomal 

homeostasis. Remarkably we did not observe any differences in the production of ceramide 

species, when comparing caspase-2-deficient cells with controls. This may indicate that a 

caspase-2-FAN interaction does not act to promote ceramide synthesis. However, it should be 

taken into account that we did not stimulate cells with TNF-α prior to the analysis, which 

may be required for triggering this specific pathway. Nevertheless, we showed that loss of 

caspase-2 causes the same outcomes as FAN-deficiency does, thus, supporting the hypothesis 

that the two proteins function together to regulate various processes. 

 

At a first glance, it would appear like the interactions we reported in papers I & II are 

connected to two different and unrelated functions. Interestingly, however, TNF-α has been 

demonstrated to influence MHC class II expression. Under normal conditions, MHC II 

expression is regulated to a great extent by the cytokine interferon gamma (IFN-γ). TNF-α 

has been shown to act synergistically with IFN-γ to induce expression of MHC II (Chang and 

Lee, 1986, Pfizenmaier et al, 1987, Arenzana-Seisdedos et al, 1988, Kim et al, 2002, Keller et 

al, 2011). On the other hand, in several other cases, TNF-α was found to antagonize the effect 

of IFN-γ on MHC II, thus, the link between TNF receptor-functions and MHC II appears to 

be very context specific (Makhoul et al, 2012, Melhus et al, 1991, Han et al, 1999). Factors 

determining the fate of MHC II expression seem to involve differentiation and maturation. 

For instance, TNF-α augments IFN-γ-mediated MHC II expression in the immature B-cell 

lines THP-1 and HL-60. However, when the cells were made to differentiate, the synergistic 

effect of TNF-α was lost (Watanabe and Jacob, 1991). Collectively, these findings highlight 

tightly regulated pathways, which to date are not fully understood. The precise role of 

caspase-2 in these processes, therefore, becomes a subject of speculation. Although a well-

described mechanism remains to be explained, it is highly possible that the protease partakes 

in the interconnection between TNFR1-functions and MHC class II regulation. The 

interaction with FAN could serve as a way to anchor caspase-2 to TNFR1. Upon stimulation, 

caspase-2 (and possibly also FAN) may dissociate from the receptor to allow interaction with 

RFXANK or other factors. This in turn prevents CIITA from interacting with the RFX 

complex, thereby reducing the expression of MHC class II genes. In this scenario, caspase-2 

acts as a second messenger, conveying the signal from the exterior of the cell to the nucleus. 

Since we were able to detect the caspase-2-RFXANK interaction in the cytosolic 

compartment, it is possible that caspase-2 shuttles RFXANK out from the nucleus, thus 

further preventing MHC II expression (figure 5). 
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Figure 5. A proposed explanation to how caspase-2 may suppress MHC class II gene expression by inhibiting 

the function of RFXANK. The image was made using templates from Laboratoires Servier.  

We have seen that, like FAN-deficiency, loss of caspase-2 seemingly disrupts normal 

vesicular traffic. This could potentially explain why we detected an increase in the total levels 

of MHC II when analyzing cell lysates, yet no clear difference in the surface expression of 

MHC II. Could it be that caspase-2-deficiency promotes the expression of MHC class II 

genes, yet prevents the encoded protein complex from being transported to the surface of the 

cell (figure 6)? Several reports have demonstrated how B-cells can secrete MHC II-

containing exosomes with the ability to elicit T-cell responses (Raposo et al, 1996, Buschow 

et al, 2010). Moreover, neutral sphingomyelinases are known to regulate the release of 

exosomes from the plasma membrane (Trajkovic et al, 2008, Menck et al, 2017). Although 

we did not observe any effects of caspase-2-deficiency on ceramide production, it is possible 

that a FAN-caspase-2 interaction mediates exosomal transport of proteins via nSMase. Loss 

of either caspase-2 or FAN could, by this mechanism, prevent the transport of MHC II to the 

surface of the cell (or release into the extracellular space). This could in turn connect to the 

observed impairment in cell migration (paper II), following ablation of FAN or caspase-2. 

As it turns out, MHC II is an important regulator of cell motility in both B- and T-cells 

(Partida-Sánchez et al, 2000, Fischer et al, 2007). It is, therefore, possible that loss of caspase-

2 or FAN subsequently traps MHC II in the cell interior, thereby preventing MHC II from 

promoting cell migration. Since FAN- and/or caspase-2-deficiencies are sufficient to impair 
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cell migration, a complimentary reduction in the surface expression of MHC II would 

possibly render APCs immobile. Another way in which caspase-2 could potentially regulate 

MHC II expression is by modulating IL-6. The cytokine IL-6 is known to inhibit expression 

of MHC II in a range of cells by various mechanisms (Kitamura et al, 2005, Abós et al, 

2016). In our study we observed that caspase-2-deficiency led to decreased secretion of IL-6. 

Although, the levels of MHC II were not investigated in the study (paper II), it is tempting to 

speculate that the observed increase in MHC II (presented in paper I) may be caused by 

attenuated secretion of IL-6, following a loss of caspase-2.  

 

 

Figure 6. A proposed explanation to how caspase-2 may be important for MHC II surface expression, by 

modulating vesicular traffic. Both caspase-2 and FAN-deficiency causes an accumulation of large 

vesicular/lysosomal structures. The image was made using templates from Laboratoires Servier. 

Caspase-2 is known to become activated when a cell sustains DNA damage. Depending on 

the situation, the protease is believed to regulate the cell cycle and maintenance of the 

genome. However, severe damage can lead to the activation of the pro-apoptotic function of 

caspase-2, as is often the case following chemotherapeutic treatment (Schmitt et al, 1999, 

Robertson et al, 2002, Olsson et al, 2009, Heikaus et al, 2010). One of the challenges with 

conventional chemotherapy is that the drugs generally affect both normal and tumorigenic 

cells. In addition, patients often relapse with chemo-resistant tumors that are increasingly 

aggressive. Due to this, there is a growing need for treatment strategies that specifically target 

tumor cells or, at least, completely eradicates them, thus ensuring complete remission. 
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Gemtuzumab ozogamicin is an antibody-drug conjugate (ADC) designed to specifically 

target AML cells. The drug binds to the CD33 antigen, leading to the internalization of the 

complex. Upon joining with lysosomes, the intercalating agent calicheamicin is released from 

the antibody conjugate, thereby causing DNA double strand breaks (Godwin et al, 2017). In 

manuscript I we showed that caspase-2 is involved in the cytotoxic response towards GO. 

HL60 cells treated with GO displayed clear apoptotic features. Furthermore, there was an 

increase in the cleavage of caspase-2, indicating the activation of the protease. Similar 

findings were seen in patient-derived cells, where full-length caspase-2 levels decreased after 

GO-treatment. Inhibition of the proteolytic activity of caspase-2, using z-VDVAD-fmk prior 

to GO-treatment, resulted in decreased caspase-3 activity. Likewise, siRNA-mediated 

knockdown of caspase-2 prevented GO-mediated activation of caspase-3. Together these 

findings indicate that caspase-2 acts upstream of caspase-3 during GO-induced cell death. 

Surprisingly, however, inhibition of caspase-2 did not appear to block GO-mediated BAX 

activation, although it slightly prevented BID processing. This may indicate that the 

involvement of caspase-2 in GO-mediated apoptosis is not necessarily tied to the main 

mechanism of action induced by the ADC. It is thus possible that the protease functions in a 

parallel pathway, following the sustained DNA damage caused by GO, where it acts like an 

augmenting factor in the cell death execution. Removal of caspase-2, or inhibition of the 

proteolytic activity, would therefore reduce the velocity of the apoptotic machinery but not 

completely block it. Another potential manner in which inhibition or removal of caspase-2 

could suppress the apoptotic response is if the protease is important for the uptake and 

processing of the drug itself. GO enters the cell through endosomes, which are eventually 

required to fuse with lysosomes in order to release the active compound calicheamicin. As 

described in paper II, loss of caspase-2 appears to disrupt the normal vesicular/lysosomal 

traffic. This raises the question whether or not caspase-2 mainly is important for the drug 

delivery process, rather than the actual cytotoxic mechanism. Partially supporting this 

hypothesis, are the findings that caspase-2 and caspase-3 expression levels, prior to treatment 

with GO, do not influence the duration of complete remission in AML patients (manuscript 

I). It is, therefore, possible that caspase-2 is of less importance for the drug effect, but rather 

pivotal for the uptake of the ADC. A third fashion, in which loss of caspase-2 could reduce 

the effectiveness of GO, would be if caspase-2 is an important regulator of cellular 

mechanisms by which GO exerts its function. For instance, DNA damage generally leads to a 

halt in the cell cycle in order to allow time for repair to commence. However, when the 

damage turns out to be irreparable, cell death is triggered as a final outcome. The purpose of 

this is to prevent faulty cells from replicating. Caspase-2 has repeatedly been implied to 

partake in the cell cycle, and is important for maintaining genetic stability (Oliver et al, 2011, 

Dorstyn et al, 2012, Fava et al, 2017). Impaired cell cycle arrest due to a loss of caspase-2, 

could thus result in that the GO-induced damage becomes “overlooked”, thereby reducing the 

potency of the drug. 

Taken together it is gradually becoming more apparent that caspase-2 possesses a variety of 

functions. What determines if and when the protease engages in a given modality, still 
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remains to be described in detail. So far caspase-2 has been reported to regulate cell death, 

maintaining genomic stability, suppressing tumorigenesis, combating oxidative stress and 

ageing, etc. Here we additionally report the ability of caspase-2 to regulate MHC class II 

expression, as well as being involved in TNF-receptor biology. The possibility exists that 

many of these functions are connected to each other, where the factors determining the 

outcome are highly context specific. Future studies should thus aim to cross-link the reported 

pathways in which caspase-2 partakes. 
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7 CONCLUSIONS AND OUTLOOK 

Caspase-2 is a protein which appears to be able to influence or regulate a wide range of 

cellular processes. In the presented studies, we show that caspase-2 is able to interact with the 

two proteins RFXANK and FAN. Loss of caspase-2 results in increased total levels of MHC 

class II proteins. Moreover, caspase-2 and RFXANK co-localize in the cytoplasm, but not in 

the nucleus. Collectively these findings indicate that caspase-2 acts as a suppressor of MHC 

II in antigen presenting cells. As this study did not involve any pathogenic pressure on the 

cells or animals, future studies should address this matter.  

While a lack of FAN has been reported to affect a multitude of processes, such as IL-6 

secretion, vesicular/lysosomal dynamics, cell migration and ceramide production, we show 

that loss of caspase-2 largely resembles that of FAN-deficiency. Attenuated caspase-2 levels 

impaired the ability of cells to repopulate cell-free areas. Likewise, IL-6 secretion was 

hampered upon loss of the protease. Presence or absence of caspase-2 does not appear to 

affect ceramide production under the experimental settings used here. However, large, 

abnormal vesicular structures were observed in caspase-2-deficient cells, indicating disrupted 

vesicular/lysosomal traffic.  

Since many FAN-mediated processes are important for a fully functioning immune system, it 

would be interesting to determine if caspase-2 plays a role in regulating the immune response 

as well. Stimulating the TNF-α pathways and subsequently evaluating the effect it would 

have on MHC II expression, could provide insights regarding whether or not caspase-2 

connects these two modalities. Strong hints would be if the co-localization between caspase-2 

and RFXANK or FAN would change following stimulation. Hypothetically, caspase-2 may 

be anchored to TNFR1 (through FAN), and upon stimulation with TNF-α, dissociates and 

forms a complex with RFXANK. This should be possible to confirm with 

immunoprecipitation following TNF-α-stimulation. 

The antibody-drug conjugate Gemtuzumab ozogamicin (Mylotarg®) induces apoptosis in 

AML cells. This seems to, at least in part, be acting through caspase-2, as inhibition or 

removal of the protease reduces caspase-3 activation. Although caspase-2 promoted BID 

processing, it did not affect BAX activation following treatment with GO. Whether or not 

caspase-2 is directly involved in the mechanism of action of GO, or rather acts in parallel, 

remains to be determined. Since the possibility exists that caspase-2-deficiency prevents 

proper delivery of GO, it would be interesting to evaluate if removal of the protease would 

also reduce GO-induced DNA damage. This could, in theory, be tested using comet assays on 

GO-treated caspase-2-deficient cells and controls. If the degree of DNA damage decreases 

following the removal of caspase-2, it could indicate a failure in calicheamicin (the active 

compound of GO) reaching the DNA.  

To date, several roles in different processes have been proposed for caspase-2, although 

direct, mechanistic explanations still remain largely unknown. One of the challenges in 

pinpointing a precise function of the protease arises due to the fact that the suggested 
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processes often are tightly related (figure 7). The work presented in this thesis demonstrates, 

for the first time, yet another involvement of caspase-2 in two additional areas of cell biology, 

namely immunologic regulation and TNF-mediated biology. These findings could potentially 

provide the research field with clues to what the true function of this enigmatic protein may 

be.  

 

Figure 7. The complexity of caspase-2 and the many processes in which it has been suggested to partake. 
Adapted from a figure by Olsson et al, 2015.  



 

 37 

8 ACKNOWLEDGEMENTS 

 

Many people around me have been supportive throughout my PhD studies. I here wish to 

extend my sincerest thanks to:   

Boris – My main supervisor, mentor and role model. I do not even know how to start 

thanking you for accepting me as your PhD student. Despite many challenges, you never 

gave up on my abilities to finish what I started. You have always treated me kindly, and given 

me full freedom to decide the directions of the projects. Truly your door has always been 

open, ensuring me that I could always seek you out if something was troubling me (whether 

work-related or not). I have with keen interest listened to your many stories regarding your 

life experience, while learning a great deal from it. It has been a privilege to work under you! 

I would also like to thank your wife Tatiana for her kindness towards me. Never will I forget 

how you and Tatiana invited me to many exclusive Nobel-related events, as well as the 

famous nightcap. 

Magnus – My co-supervisor and friend. Without any doubts, you are the calmest person I 

have met. Being able to put up with my, many times, stupid and excessive questions must 

have been a test of your patience. Yet I have always felt that I could talk to you openly about 

things, no matter what topic it may have been relating to. I could not have asked for a better 

co-supervisor which I would have felt as relaxed to work with as you. 

Robert – Att i text försöka beskriva hur pass stort stöd du har varit för mig är näst intill 

omöjligt. Du är en av få personer jag känner att jag kan anförtro allt jag går igenom och 

upplever. Att kunna prata med dig om sådant som tyngt mina axlar, samt alla filosofiska och 

existentiella funderingar vi haft, har varit en stor energikälla som hjälpt mig att orka med 

vardagen.  

Birce – Truly you are the closest I will ever have to a sister. Your unending support, whether 

at work or outside, have so many times helped me through hardships. You are a true friend 

who always helps people around you. It is my firm belief that you are the top representative 

of what a true scientist is – a person who, regardless of self-interest, tries to advance scientific 

understandings. 

Belén – You are a good friend who always has the ability to bring light to an otherwise dull 

day. When you are around, one can rest assured to have a fun-filled atmosphere surrounding 

oneself, whether it is on the warm beaches of Charleston, or when hearing you sing in the lab. 

Vladimir – The true embodiment of what it means to be a gentleman. Thank you for 

providing me with movies and literature throughout my PhD. It has certainly helped me to 

relax my mind and to mentally recover.  

I want to specially thank Xinge, who has been invaluable to the work presented in this thesis. 

Not only were you a good and hardworking student, but you are also a very good friend. 



 

38 

Thank you Björn, Katarína, Anna, Giulia, Lian, Kadri, Vitaliy, Georg, Alexander, 

Caroline, Tadeja, Francesca and Emilia for all fun times both inside and outside of the lab! 

Since all of you have constituted the group throughout my PhD, and have supported me in 

different ways, it is hard to find the space to thank you all individually. Nevertheless, my PhD 

studies would not have been the same without you all. 

I would also like to direct my warmest thanks to the members of Bertrand Joseph’s group. 

All of you have been very supportive in many ways. I have enjoyed all our conversations and 

group activities. Although you arrived to IMM quite late in my PhD studies, I have cherished 

the time together. 

Elina – Både du och jag har stundvis haft det kämpigt på olika sätt. Trots det har du alltid 

värnat om mig, vilket jag varmt vill tacka dig för! 

Thank you Alejandro for the many discussions we have had together regarding anything and 

everything. I got to know you at a time when I was in real need of a close friend to talk to.  

Mizan – Thank you for your warm and supportive friendship. Countless of times have we 

openly talked about what troubles our hearts and minds. So many times have you invited me 

to your place and treated me dinners that would satisfy kings. I am grateful to have such a 

good friend as you.  

Sandeep – You too are a very nice and supportive friend. Although we have different 

backgrounds, we also share many similarities. It has been very nice to talk to you about all of 

them. Likewise it has been great times when you, me and Mizan have been hanging out after 

work. 

Katharina – To just say that you are a good organizer of parties, dinners and other 

celebrations would be an understatement! You have always been very kind to me and invited 

me to numerous events, despite me being the outsider from the 5th floor. Always cheerful, 

always positive, you definitely provide IMM with a pleasant spirit! 

Tessa – You are such a warm and loving person! When I see your bright and sincere smile, it 

truly brings warm feelings to my heart. Thank you for, in this way, taking my mind off from 

all stress. 

I also want to thank all my other friends at IMM (who I have not individually addressed here) 

for creating a nice work environment.  

Lisa – Even though we have not had so much contact since you started working in the US, 

you still remain a close friend of mine. You have supported me a lot with your positive 

thinking and strong belief system.  

Dandan – You were there when I started this journey, and will always remain as one of my 

closest friends and supporters in life. It makes me happy to know that you always follow your 



 

 39 

dreams and aspirations, and are able to achieve all the goals you set out for yourself. You are 

a living proof that hard work pays off. 

Gustaf – Min barndomsvän som alltid har varit med mig under alla dessa år. Tack för allt ditt 

stöd! 

Jarone – Utan din vägledning och hjälp hade jag aldrig befunnit mig där jag är idag. Jag 

tackar dig för att ha öppnat upp alla möjligheter som jag har fått sedan jag arbetade med 

proteorhodopsin i marina bakterier! 

My family – Needless to say, you have always been there for me and supported me in every 

way possible. 

  

Last but definitely not the least (rather the complete opposite), for every single piece of result 

obtained, for the many bright moments I’ve been blessed with, for the strength to continue 

through moments of hardship, for the very essence of my endurance – I thank The Lord. 





 

 41 

9 REFERENCES 

Abós B, Wang T, Castro R, Granja AG, Leal E, Havixbeck J, Luque A, Barreda DR, 
Secombes CJ, Tafalla C (2016). Distinct differentiation programs triggered by IL-6 and LPS 
in teleost IgM+ B cells in the absence of germinal centers. Scientific Reports, 6: 30004  

Adam D, Wiegmann K, Adam-Klages S, Ruff A, Krönke M (1996). A novel cytoplasmic 
domain of the p55 tumor necrosis factor receptor initiates the neutral sphingomyelinase 
pathway. The Journal of Biological Chemistry, 271: 14617-14622 

Adam-Klages S, Adam D, Wiegmann K, Struve S, Kolanus W, Schneider-Mergener J, 
Krönke M (1996). FAN, a novel WD-repeat protein, couples the p55 TNF-receptor to neutral 
sphingomyelinase. Cell, 86: 937-947 

Adams JM, Cory S (1998). The bcl-2 protein family: arbiters of cell survival. Science, 281: 
1322-1326 

Ahmed Z, Kalinski H, Berry M, Almasieh M, Ashush H, Slager N,  Brafman A, Spivak I, 
Prasad N, Mett I, Shalom E, Alpert E, Di Polo A, Feinstein E, Logan A (2011). Ocular 
neuroprotection by siRNA targeting caspase-2. Cell Death and Disease, 2: e173 

Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G, Thornberry NA, Wong WW, Yuan 
J (1996). Human ICE/CED-3 protease nomenclature. Cell, 87: 171 

Andersen JL, Johnson CE, Freel CD, Parrish AB, Day JL, Buchakjian MR, Nutt LK, 
Thompson JW, Moseley MA, Kornbluth S (2009). Restraint of apoptosis during mitosis 
through interdomain phosphorylation of caspase-2. The EMBO Journal, 28: 3216-3227 

Ando K, Kernan JL, Liu PH, Sanda T, Logette E, Tschopp J, Look AT, Wang J, Bouchier-
Hayes L, Sidi S (2012). PIDD death-domain phosphorylation by ATM controls prodeath 
versus prosurvival PIDDosome signaling. Molecular Cell, 47: 681-693 

Arenzana-Seisdedos F, Mogensen SC, Vuillier F, Fiers W, Virelizier J-L (1988). Autocrine 
secretion of tumor necrosis factor under the influence of interferon-γ amplifies HLA-DR gene 
induction in human monocytes. PNAS, 85: 6087-6091 

Baliga BC, Colussi PA, Read SH, Dias MM, Jans DA, Kumar S (2003). Role of prodomain 
in importin-mediated nuclear localization and activation of caspase-2. The Journal of 
Biological Chemistry, 278: 4899-4905 

Barkla DH, Gibson PR (1999). The fate of epithelial cells in the human large intestine. 
Pathology, 31: 230-238  

Bergeron L, Perez GI, Macdonald G, Shi L, Sun Y, Jurisicova A, Varmuza S, Latham KE, 
Flaws JA, Salter JCM, Hara H, Moskowitz MA, Li E, Greenberg A, Tilly JL, Yuan J (1998). 
Defects in regulation of apoptosis in caspase-2-deficient mice. Genes & Development, 12: 
1304-1314 

Betteridge DJ (2000). What Is Oxidative Stress? Metabolism, 49: 3-8  

Bielawski J, Pierce JS, Snider J, Rembiesa B, Szulc ZM, Bielawska A (2009). 
Comprehensive quantitative analysis of bioactive sphingolipids by high-performance liquid 
chromatography–tandem mass spectrometry. Methods in Molecular Biology, 579: 443-467 

Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O (2012). Oxidative stress and 
antioxidant defense. WAO Journal, 5: 9-19 



 

42 

Brady CA, Attardi LD (2010). p53 at a glance. Journal of Cell Science, 123: 2527-2532 

Braga M, Sinha-Hikim AP, Datta S, Ferrini MG, Brown D, Kovacheva EL, Gonzalez-
Cadavid NF, Sinha-Hikim I (2008). Involvement of oxidative stress and caspase 2-mediated 
intrinsic pathway signaling in age-related increase in muscle cell apoptosis in mice. 
Apoptosis, 13: 822-832 

Bronner DN, O’Riordan MXD, He Y (2013). Caspase-2 mediates a Brucella abortus RB51-
induced hybrid cell death having features of apoptosis and pyroptosis. Frontiers in Cellular 
and Infection Microbiology, 3: 1-11 

Buschow SI, van Balkom BWM, Aalberts M, Heck AJR, Wauben M, Stoorvogel W (2010). 
MHC class II-associated proteins in B-cell exosomes and potential functional implications for 
exosome biogenesis. Immunology and Cell Biology, 88: 851-856 

Butt AJ, Harvey NL, Parasivam G, Kumar S (1998). Dimerization and autoprocessing of the 
Nedd2 (Caspase-2) precursor requires both the prodomain and the carboxyl-terminal regions. 
The Journal of Biological Chemistry, 273: 6763-6768 

Callaway DA, Riquelme MA, Sharma R, Lopez-Cruzan M, Herman BA, Jiang JX (2015). 
Caspase-2 modulates osteoclastogenesis through down-regulating oxidative stress. Bone, 76: 
40-48 

Carlile GW, Smith DH, Wiedmann M (2004). Caspase-3 has a nonapoptotic function in 
erythroid maturation. Blood, 103: 4310-4316 

Carlsson Y, Schwendimann L, Vontell R, Rousset CI, Wang X, Lebon S, Charriaut-
Marlangue C, Supramaniam V, Hagberg H, Gressens P, Jacotot E (2011). Genetic inhibition 
of caspase-2 reduces hypoxic-ischemic and excitotoxic neonatal brain injury. Annals 
Neurology, 70: 781-789 

Carroll JB, Southwell AL, Graham RK, Lerch JP, Ehrnhoefer DE, Cao L-P, Zhang W-N, 
Deng Y, Bissada N, Henkelman RM, Hayden MR (2011). Mice lacking caspase-2 are 
protected from behavioral changes, but not pathology, in the YAC128 model of Huntington 
disease. Molecular Neurodegeneration, 6: 59 

Castedo M, Perfettini JL, Roumier T, Andreau K, Medema R, Kroemer G (2004a). Cell death 
by mitotic catastrophe: a molecular definition. Oncogene, 23: 2825-2837 

Castedo M, Perfettini JL, Roumier T, Valent A, Raslova H, Yakushijin K, Horne D, Feunteun 
J, Lenoir G, Medema R, Vainchenker W, Kroemer G (2004b). Mitotic catastrophe constitutes 
a special case of apoptosis whose suppression entails aneuploidy. Oncogene, 23: 4362-4370 

Chang RJ, Lee SH (1986). Effects of interferon-γ and tumor necrosis factor-α on the 
expression of Ia antigen on a murine macrophage cell line. The Journal of Immunology, 137: 
2853-2856 

Chen Y, Brandizzi F (2013). IRE1: ER stress sensor and cell fate executor. Trends in cell 
Biology, 23: 547-555 

Chen F, He Y (2009). Caspase-2 mediated apoptotic and necrotic murine macrophage cell 
death induced by rough Brucella abortus. PLoS ONE, 4: e6830 

Cheng EH-Y, Kirsch DG, Clem RJ, Ravi R, Kastan MB, Bedi A, Ueno K, Hardwick JM 
(1997). Conversion of bcl-2 to a bax-like death effector by caspases. Science, 278: 1966-1968 



 

 43 

Chun HJ, Zheng L, Ahmad M, Wang J, Speirs CK, Siegel RM, Dale JK, Puck J, Davis J, 
Hall CG, Skoda-Smith S, Atkinson TP, Straus SE, Lenardo MJ (2002). Pleiotropic defects in 
lymphocyte activation caused by caspase-8 mutations lead to human immunodeficiency. 
Nature, 419: 395-399 

Clarke PGH, Clarke S (1996). Nineteenth century research on naturally occurring cell death 
and related phenomena. Anatomy and Embryology, 193: 81-99 

Crawford ED, Seamant JE, Agard N, Hsu GW, Julien O, Mahrus S, Nguyen H, Shimbo K, 
Yoshihara HAI, Zhuang M, Chalkley RJ, Wells JA (2013). The DegraBase: a database of 
proteolysis in healthy and apoptotic human cells. Molecular & Cellular Proteomics, 12: 813-
824 

Cui H, Kong Y, Zhang H (2012). Oxidative stress, mitochondrial dysfunction, and aging. 
Journal of Signal Transduction, 2012: ID646354 

Czabotar PE, Lessene G, Strasser A, Adams JM (2014). Control of apoptosis by the bcl-2 
protein family: implications for physiology and therapy. Nature reviews. Molecular Cell 
Biology, 15: 49-63 

Dawar S, Shahrin NH, Sladojevic N, D’Andrea RJ, Dorstyn L, Hiwase DK, Kumar S (2016). 
Impaired haematopoietic stem cell differentiation and enhanced skewing towards myeloid 
progenitors in aged caspase-2-deficient mice. Cell Death and Disease, 7: e2509 

Dawar S, Lim Y, Puccini J, White M, Thomas P, Bouchier-Hayes L, Green DR, Dorstyn L, 
Kumar S (2017). Caspase-2-mediated cell death is required for deleting aneuploid cells. 
Oncogene, 36: 2704-2714 

Dorstyn L, Puccini J, Wilson CH, Shalini S, Nicola M, Moore S, Kumar S (2012). Caspase-2 
deficiency promotes aberrant DNA-damage response and genetic instability. Cell Death and 
Differentiation, 19: 1288-1298 

Dorstyn L, Puccini J, Nikolic A, Shalini S, Wilson CH, Norris MD, Haber M, Kumar S 
(2014). An unexpected role for caspase-2 in neuroblastoma. Cell Death and Disease, 5: e1383 

Elmore S (2007). Apoptosis: a review of programmed cell death. Toxicologic pathology, 35: 
495-516 

Espín R, Roca FJ, Candel S, Sepulcre MP, González-Rosa JM, Alcaraz-Pérez F, Meseguer J, 
Cayuela ML, Mercader N, Mulero V (2013). TNF receptors regulate vascular homeostasis in 
zebrafish through a caspase-8, caspase-2 and p53 apoptotic program that bypasses caspase-3. 
Disease Models & Mechanisms, 6: 383-396 

Estrov Z, Thall PF, Talpaz M, Estey EH, Kantarjian HM, Andreeff M, Harris D, Van Q, 
Walterscheid M, Kornblau SM (1998). Caspase 2 and caspase 3 protein levels as predictors 
of survival in acute myelogenous leukemia. Blood, 92: 3090-3097 

Faderl S, Thall PF, Kantarjian HM, Talpaz M, Harris D, Van Q, Beran M, Kornblau SM, 
Pierce S, Estrov Z (1999). Caspase 2 and caspase 3 as predictors of complete remission and 
survival in adults with acute lymphoblastic leukemia. Clinical Cancer Research, 5: 4041-
4047 

Fan Y, Bergmann A (2008). Distinct mechanisms of apoptosis-induced compensatory 
proliferation in proliferating and differentiating tissues in the Drosophila eye. Developmental 
Cell, 14: 399-410 



 

44 

Fava LL, Bock FJ, Geley S, Villunger A (2012). Caspase-2 at a glance. Journal of Cell 
Science, 125: 5911-5915 

Fava LL, Schuler F, Sladky V, Haschka MD, Soratroi C, Eiterer L, Demetz E, Weiss G, 
Geley S, Nigg EA, Villunger A (2017). The PIDDosome activates p53 in response to 
supernumerary centrosomes. Genes & Development, 31: 34-45 

Festjens N, Vanden Berghe T, Vandenabeele P (2006). Necrosis, a well-orchestrated form of 
cell demise: signalling cascades, important mediators and concomitant immune response. 
Biochimica et Biophysica Acta, 1757: 1371-1387 

Fischer UB, Jacovetty EL, Medeiros RB, Goudy BD, Zell T, Swanson J-B, Lorenz E, 
Shimizu Y, Miller MJ, Khoruts A, Ingulli E (2007). MHC class II deprivation impairs CD4 T 
cell motility and responsiveness to antigen-bearing dendritic cells in vivo. PNAS, 104: 7181-
7186  

Forsberg J, Zhivotovsky B, Olsson M (2017). Caspase-2: an orphan enzyme out of the 
shadows. Oncogene, 36: 5441-5444 

Frost V, Al-Mehairi S, Sinclair AJ (2001). Exploitation of a non-apoptotic caspase to regulate 
the abundance of the cdkI p27KIP1 in transformed lymphoid cells. Oncogene, 20: 2737-2748 

Fuchs Y, Steller H (2011). Programmed cell death in animal development and disease. Cell, 
147: 742-758 
 
Glücksmann A (1951). Cell deaths in normal vertebrate ontogeny. Biological Reviews 
Cambridge Philosophical Society, 26: 59-86 

Godwin CD, Gale RP, Walter RB (2017). Gemtuzumab ozogamicin in acute myeloid 
leukemia. Leukemia, 31: 1855-1868 

Golstein P, Kroemer G (2006). Cell death by necrosis: towards a molecular definition. 
TRENDS in Biochemical Sciences, 32: 37-43 

Green DR, Galluzzi L, Kroemer G (2014). Metabolic control of cell death. Science, 345: 
1466 

Guicciardi ME, Gores GJ (2009). Life and death by death receptors. The FASEB Journal, 23: 
1625-1637 

Guo Y, Srinivasula SM, Druilhe A, Fernandes-Alnemri T, Alnemri ES (2002). Caspase-2 
induces apoptosis by releasing proapoptotic proteins from mitochondria. The Journal of 
Biological Chemistry, 277: 13430-13437 

Han Y, Zhou Z-HL, Ransohoff RM (1999). TNF-α suppresses IFN-γ-induced MHC class II 
expression in HT1080 cells by destabilizing class II trans-activator mRNA. The Journal of 
Immunology, 163: 1435-1440  

Hanahan D, Weinberg RA (2011). Hallmarks of cancer: the next generation. Cell, 144: 646-
674 

Haubert D, Gharib N, Rivero F, Wiegmann K, Hösel M, Krönke M, Kashkar H (2007). 
PtdIns(4,5)P-restricted plasma membrane localization of FAN is involved in TNF-induced 
actin reorganization. The EMBO Journal, 26: 3308-3321 



 

 45 

Heikaus S, Pejin I, Gabbert HE, Ramp U, Mahotka C (2010). PIDDosome expression and the 
role of caspase-2 activation for chemotherapy-induced apoptosis in RCCs. Cellular 
Oncology, 32: 29-42 

Helfer B, Boswell BC, Finlay D, Cipres A, Vuori K, Kang TB, Wallach D, Dorfleutner A, 
Lahti JM, Flynn DC, Frisch SM (2006). Caspase-8 promotes cell motility and calpain activity 
under nonapoptotic conditions. Cancer Research, 66: 4273-4278 

Heng HH, Bremer SW, Stevens JB, Horne SD, Liu G, Abdallah BY, Ye KJ, Ye CJ (2013). 
Chromosomal instability (CIN): what it is and why it is crucial to cancer evolution. Cancer 
Metastasis Reviews, 32: 325-340 

Hengartner MO (2000). The biochemistry of apoptosis. Nature, 407: 770-776 

Hermel E, Gafni J, Propp SS, Leavitt BR, Wellington CL, Young JE, Hackam AS, 
Logvinova AV, Peel AL, Chen SF, Hook V, Singaraja R, Krajewski S, Goldsmith PC, 
Ellerby HM, Hayden MR, Bredesen DE, Ellerby LM (2004). Specific caspase interactions 
and amplification are involved in selective neuronal vulnerability in Huntington’s disease. 
Cell Death and Differentiation, 11: 424-438 

Ho LH, Read SH, Dorstyn L, Lambrusco L, Kumar S (2008). Caspase-2 is required for cell 
death induced by cytoskeletal disruption. Oncogene, 27: 3393-3404 

Ho LH, Taylor R, Dorstyn L, Cakouros D, Bouillet P, Kumar S (2009). A tumor suppressor 
function for caspase-2. PNAS, 106: 5336-5341 

Holleman A, den Boer ML, Kazemier KM, Beverloo HB, von Bergh ARM, Janka-Schaub 
GE, Pieters R (2005). Decreased PARP and procaspase-2 protein levels are associated with 
cellular drug resistance in childhood acute lymphoblastic leukemia. Blood, 106: 1817-1823 

Hsu H, Huang J, Shu H-B, Baichwal V, Goeddel DV (1996a). TNF-dependent recruitment of 
the protein kinase RIP to the TNF receptor-1 signaling complex. Immunity, 4: 387-396 

Hsu H, Shu H-B, Pan M-G, Goeddel DV (1996b). TRADD–TRAF2 and TRADD–FADD 
interactions define two distinct TNF receptor 1 signal transduction pathways. Cell, 84: 299-
308  

Hsu H, Xiong J, Goeddel DV (1995). The TNF receptor 1-associated protein TRADD signals 
cell death and NF-κB activation. Cell, 81: 495-504 

Huang D, Lim S, Chua RYR, Shi H, Ng ML, Wong SH (2010). A novel CARD containing 
splice-isoform of CIITA regulates nitric oxide synthesis in dendritic cells. Protein & Cell, 1: 
291-306 

Imre G, Heering J, Takeda A-N, Husmann M, Thiede B, Meyer zu Heringdorf D, Green DR, 
van der Goot FG, Sinha B, Dötsch V, Rajalingam K (2012). Caspase-2 is an initiator caspase 
responsible for pore-forming toxin-mediated apoptosis. The EMBO Journal, 31: 2615-2628  

Janssens S, Tinel A, Lippens S, Tschopp J (2005). PIDD mediates NF-κB activation in 
response to DNA damage. Cell, 123: 1079-1092 

Jean YY, Ribe EM, Pero ME, Moskalenko M, Iqbal Z, Marks LJ, Greene LA, Troy CM 
(2013). Caspase-2 is essential for c-Jun transcriptional activation and Bim induction in 
neuron death. Biochemical Journal, 455: 15-25 



 

46 

Jesenberger V, Procyk KJ, Yuan J, Reipert S, Baccarini M (2000). Salmonella-induced 
caspase-2 activation in macrophages: A novel mechanism in pathogen-mediated apoptosis. 
Journal of Experimental Medicine, 192: 1035-1045 

Jiménez Fernández D, Lamkanfi M (2015). Inflammatory caspases: key regulators 
of inflammation and cell death. Biological chemistry, 396: 193-203 

Joerger AC, Fersht AR (2016). The p53 pathway: origins, inactivation in cancer, and 
emerging therapeutic approaches. Annual Review of Biochemistry, 85: 375-404 

Johansson B, Mertens F, Mitelman F (1993). Cytogenetic deletion maps of hematologic 
neoplasms: circumstantial evidence for tumor suppressor loci. Genes, Chromosomes & 
Cancer, 8: 205-218 

Johnson ES, Lindblom KR, Robeson A, Stevens RD, Ilkayeva OR, Newgard CB, Kornbluth 
S, Andersen JL (2013). Metabolomic profiling reveals a role for caspase-2 in lipoapoptosis. 
The Journal of Biological Chemistry, 288: 14463-14475  

Kang T-B, Ben-Moshe T, Varfolomeev EE, Pewzner-Jung Y, Yogev N, Jurewicz A, 
Waisman A, Brenner O, Haffner R, Gustafsson E, Ramakrishnan P, Lapidot T, Wallach D 
(2004). Caspase-8 serves both apoptotic and nonapoptotic roles. The Journal of Immunology, 
173: 2976-2984 

Keller CW, Fokken C, Turville SG, Lünemann A, Schmidt J, Münz C, Lünemann JD (2011). 
TNF-α induces macroautophagy and regulates MHC class II expression in human skeletal 
muscle cells. The Journal of Biological Chemistry, 286: 3970-3980 

Kerr JFR, Wyllie AH, Currie AR (1972). Apoptosis: a basic biological phenomenon with 
wide-ranging implications in tissue kinetics. British journal of cancer, 26: 239-257 

Kim K-A, Kim S, Chang I, Kim GS, Min Y-K, Lee M-K, Kim K-W, Lee M-S (2002). 
IFNγ/TNFα synergism in MHC class II induction: effect of nicotinamide on MHC class II 
expression but not on islet-cell apoptosis. Diabetologia, 45: 385-393 

Kim IR, Murakami K, Chen N-J, Saibil SD, Matysiak-Zablocki E, Elford AR, Bonnard M, 
Benchimol S, Jurisicova A, Yeh W-C, Ohashi PS (2009). DNA damage- and stress-induced 
apoptosis occurs independently of PIDD. Apoptosis, 14: 1039-1049  

Kim MS, Kim HS, Jeong EG, Soung YH, Yoo NJ, Lee SH (2011a). Somatic mutations of 
caspase-2 gene in gastric and colorectal cancers. Pathology – Research and Practice, 207: 
640-644 

Kim MS, Chung NG, Yoo NJ, Lee SH (2011b). Somatic mutation of proapoptotic caspase-2 
gene is rare in acute leukemias and common solid cancers. European Journal of 
Haematology, 86: 449-450 

King KL, Cidlowski JA (1998). Cell cycle regulation and apoptosis. Annual review of 
physiology, 60: 601-617 

Kitamura H, Kamon H, Sawa S-I, Park S-J, Katunuma N, Ishihara K, Murakami M, Hirano T 
(2005). IL-6-STAT3 controls intracellular MHC class II αβ dimer level through cathepsin s 
activity in dendritic cells. Immunity, 23: 491-502 

Kothakota S, Azuma T, Reinhard C, Klippel A, Tang J, Chu K, McGarry TJ, Kirschner MW, 
Koths K, Kwiatkowski DJ, Williams LT (1997). Caspase-3–generated fragment of gelsolin: 
effector of morphological change in apoptosis. Science, 278: 294-298 



 

 47 

Kroemer G, El-Deiry WS, Golstein P, Peter ME, Vaux D, Vandenabeele P, Zhivotovsky B, 
Blagosklonny MV, Malorni W, Knight RA, Piacentini M, Nagata S, Melino G (2005). 
Classification of cell death: recommendations of the Nomenclature Committee on Cell Death. 
Cell Death and Differentiation, 12: 1463-1467 

Kumar S, Kinoshita M, Noda M, Copeland NG, Jenkins NA (1994). Induction of apoptosis 
by the mouse Nedd2 gene, which encodes a protein similar to the product of the 
Caenorhabditis elegans cell death gene ced-3 and the mammalian IL- 1β-converting enzyme. 
Genes & Development, 8: 1613-1626 

Kumar S, Tomooka Y, Noda, M (1992). Identification of a set of genes with developmentally 
down-regulated expression in the mouse brain. Biochemical and Biophysical Research 
Communications, 185: 1155-1161 

Kumar S, White DL, Takai S, Turczynowicz S, Juttner CA, Hughes TP (1995). Apoptosis 
regulatory gene NEDD2 maps to human chromosome segment 7q34-35, a region frequently 
affected in haematological neoplasms. Human Genetics, 95: 641-644  

Kuo CT, Zhu S, Younger S, Jan LY, Jan YN (2006). Identification of E2/E3 ubiquitinating 
enzymes and caspase activity regulating Drosophila sensory neuron dendrite pruning. 
Neuron, 51: 283-290 

Kuranaga E, Miura M (2007). Nonapoptotic functions of caspases: caspases as regulatory 
molecules for immunity and cell-fate determination. Trends in Cell Biology, 17, 135-144 

Lane DP (1992). p53, guardian of the genome. Nature, 358: 15-16  

Lang-Rollin ICJ, Rideout HJ, Noticewala M, Stefanis L (2003). Mechanisms of caspase-
independent neuronal death: energy depletion and free radical generation. The Journal of 
Neuroscience, 23: 11015-11025 

Lavrik IN, Golks A, Baumann S, Krammer PH (2006). Caspase-2 is activated at the CD95 
death-inducing signaling complex in the course of CD95-induced apoptosis. Blood, 108: 559-
565 

Li F, Huang Q, Chen J, Peng Y, Roop DR, Bedford JS, Li C-Y (2010). Apoptotic cells 
activate the “Phoenix Rising” pathway to promote wound healing and tissue regeneration. 
Science Signaling, 3: ra13 

Li J, Mahajan A, Tsai M-D (2006). Ankyrin repeat: a unique motif mediating protein-protein 
interactions. Biochemistry, 45: 15168-15178 

Lieberman J, Fan Z (2003). Nuclear war: the granzyme A-bomb. Current Opinion in 
Immunology, 15: 553-559 

Lindsten T, Ross AJ, King A, Zong W-X, Rathmell JC, Shiels HA, Ulrich E, Waymire KG, 
Mahar P, Frauwirth K, Chen Y, Wei M, Eng VM, Adelman DM, Simon MC, Ma A, Golden 
JA, Evan G, Korsmeyer SJ, MacGregor GR, Thompson CG (2000). The combined functions 
of proapoptotic bcl-2 family members bak and bax are essential for normal development of 
multiple tissues. Molecular Cell, 6: 1389-1399 

Lisowska-Grospierre B, Fondaneche M-C, Rols M-P, Griscelli C, Fischer A (1994). Two 
complementation groups account for most cases of inherited MHC class II deficiency. 
Human Molecular Genetics, 3: 953-958 



 

48 

Lockshin RA, Williams CM (1965). Programmed cell death–I. Cytology of degeneration in 
the intersegmental muscles of the pernyi silkmoth. Journal of Insect Physiology, 11: 123-133 

Lopez-Cruzan M, Herman B (2013). Loss of caspase-2 accelerates age-dependent alterations 
in mitochondrial production of reactive oxygen species. Biogerontology, 14: 121-130  

López-García C, Sansregret L, Domingo E, McGranahan N, Hobor S, Birkbak NJ, Horswell 
S, Grönroos E, Favero F, Rowan AJ, Matthews N, Begum S, Phillimore B, Burrell R, Oukrif 
D, Spencer-Dene B, Kovac M, Stamp G, Stewart A, Danielsen H, Novelli M, Tomlinson I, 
Swanton C (2017). BCL9L dysfunction impairs caspase-2 expression permitting aneuploidy 
tolerance in colorectal cancer. Cancer Cell, 31: 79-93 

Machado MV, Michelotti GA, de Almeida Pereira T, Boursier J, Kruger L, Swiderska-Syn 
M, Karaca G, Xie G, Guy CD, Bohinc B, Lindblom KR, Johnson E, Kornbluth S, Diehl AM 
(2015). Reduced lipoapoptosis, hedgehog pathway activation and fibrosis in caspase-2 
deficient mice with non-alcoholic steatohepatitis. Hepatology, 64: 1148-1157 

Machado MV, Michelotti GA, Jewell ML, Pereira TA, Xie G, Premont RT, Diehl AM 
(2016). Caspase-2 promotes obesity, the metabolic syndrome and nonalcoholic fatty liver 
disease. Cell Death and Disease, 7: e2096 

Mahoney DJ, Lefebvre C, Allan K, Brun J, Sanaei CA, Baird S, Pearce N, Grönberg S, 
Wilson B, Prakesh M, Aman A, Isaac M, Mamai A, Uehling D, Al-Awar R, Falls T, Alain T, 
Stojdl DF (2011). Virus-tumor interactome screen reveals ER stress response can reprogram 
resistant cancers for oncolytic virus-triggered caspase-2 cell death. Cancer Cell, 20: 443-456 

Makhoul M, Bruyns C, Edimo WE, Relvas LJ, Bazewicz M, Koch P, Caspers L, Willermain 
F (2012). TNFα suppresses IFNγ-induced MHC class II expression on retinal pigmented 
epithelial cells cultures. Acta Ophthalmologica, 90: e38-e42 

Mancini M, Machamer CE, Roy S, Nicholson DW, Thornberry NA, Casciola-Rosen LA, 
Rosen A (2000). Caspase-2 is localized at the golgi complex and cleaves golgin-160 during 
apoptosis. The Journal of Cell Biology, 149, 603-612 

Manzl C, Fava LL, Krumschnabel G, Peintner L, Tanzer MC, Soratroi C, Bock FJ, Schuler F, 
Luef B, Geley S, Villunger A (2013). Death of p53-defective cells triggered by forced mitotic 
entry in the presence of DNA damage is not uniquely dependent on Caspase-2 or the 
PIDDosome. Cell Death and Disease, 4: e942 

Manzl C, Krumschnabel G, Bock F, Sohm B, Labi V, Baumgartner F, Logette E, Tschopp J, 
Villunger A (2009). Caspase-2 activation in the absence of PIDDosome formation. The 
Journal of Cell Biology, 185: 291-303 

Manzl C, Peintner L, Krumschnabel G, Bock F, Labi V, Drach M, Newbold A, Johnstone R, 
Villunger A (2012). PIDDosome-independent tumor suppression by caspase-2. Cell Death 
and Differentiation, 19: 1722-1732 

Martinet W, Knaapen MWM, De Meyer GRY, Herman AG, Kockx MM (2003). 
Overexpression of the anti-apoptotic caspase-2 short isoform in macrophage-derived foam 
cells of human atherosclerotic plaques. American Journal of Pathology, 162: 731-736 

McCoy F, Darbandi R, Lee HC, Bharatham K, Moldoveanu T, Grace CR, Dodd K, Lin W, 
Chen S-I, Tangallapally RP, Kurokawa M, Lee RE, Shelat AA, Chen T, Green DR, Harris 
RA, Lin S-H, Fissore RA, Colbran RJ, Nutt LK (2013a). Metabolic activation of CaMKII by 
coenzyme A. Molecular Cell, 52: 325-339 



 

 49 

McCoy F, Darbandi R, Chen S-I, Eckard L, Dodd K, Jones K, Baucum II AJ, Gibbons JA, 
Lin S-H, Colbran RJ, Nutt LK (2013b). Metabolic regulation of CaMKII protein and 
caspases in Xenopus laevis egg extracts. The Journal of Biological Chemistry, 288: 8838-
8848 

Melhus O, Koerner TJ, Adams DO (1991). Effects of TNFα on the expression of class II 
MHC molecules in macrophages induced with IFNγ: evidence for suppression at the level of 
transcription. Journal of Leukocyte Biology, 49: 21-28 

Menck K, Sönmezer C, Worst TS, Schulz M, Dihazi GH, Streit F, Erdmann G, Kling S, 
Boutros M, Binder C, Gross JC (2017). Neutral sphingomyelinases control extracellular 
vesicles budding from the plasma membrane. Journal of Extracellular Vesicles, 6: 1378056 

Mendelsohn AR, Hamer JD, Wang ZB, Brent R (2002). Cyclin D3 activates caspase 2, 
connecting cell proliferation with cell death. PNAS, 99: 6871-6876 

Miura M (2012). Apoptotic and nonapoptotic caspase functions in animal development. Cold 
Spring Harbor Perspectives in Biology, 4:a008664 

Miura M, Chen X-D, Allen MR, Bi Y, Gronthos S, Seo B-M, Lakhani S, Flavell RA, Feng 
X-H, Gehron Robey P, Young M, Shi S (2004). A crucial role of caspase-3 in osteogenic 
differentiation of bone marrow stromal stem cells. The Journal of Clinical Investigation, 114: 
1704-1713 

Mizushima N, Ohsumi Y, Yoshimori T (2002). Autophagosome formation in mammalian 
cells. Cell Structure and Function, 27: 421-429  

Mizushima N, Yoshimori T, Ohsumi Y (2011). The role of atg proteins in autophagosome 
formation. Annual review of Cell and Developmental Biology, 27: 107-132 

Montfort A, de Badts B, Douin-Echinard V, Martin PGP, Iacovoni J, Nevoit C, Therville N, 
Garcia V, Bertrand M-A, Bessières M-H, Trombe M-C, Levade T, Benoist H, Ségui B 
(2009). FAN stimulates TNFα-induced gene expression, leukocyte recruitment, and humoral 
response. The Journal of Immunology, 183: 5369-5378 

Montfort A, Martin PGP, Levade T, Benoist H, Ségui B (2010). FAN (factor associated with 
neutral sphingomyelinase activation), a moonlighting protein in TNF-R1 signaling. Journal of 
Leukocyte Biology, 88: 897-903 

Mrózek K (2008). Cytogenetic, molecular genetic, and clinical characteristics of acute 
myeloid leukemia with a complex karyotype. Seminars in Oncology, 35: 365-377 

Mukherjee A, Williams DW (2017). More alive than dead: non-apoptotic roles for caspases 
in neuronal development, plasticity and disease. Cell Death and Differentiation, 24: 1411-
1421 

Muzio M, Chinnaiyan AM, Kischkel FC, O’Rourke K, Shevchenko A, Ni J, Scaffidi C, Bretz 
JD, Zhang M, Gentz R, Mann M, Krammer PH (1996). FLICE, a novel FADD-homologous 
ICE/CED-3–like protease, is recruited to the CD95 (Fas/APO-1) death-inducing signaling 
complex. Cell, 85: 817-827 

Möhlig H, Mathieu S, Thon L, Frederiksen M-C, Ward DM, Kaplan J, Schütze S, Kabelitz D, 
Adam D (2007). The WD repeat protein FAN regulates lysosome size independent from 
abnormal downregulation/membrane recruitment of protein kinase C. Experimental Cell 
Research, 313: 2703-2718  



 

50 

Nadiri A, Wolinski MK, Saleh M (2006). The inflammatory caspases: key players in the host 
response to pathogenic invasion and sepsis. The Journal of Immunology, 177: 4239-4245 

Naudé PJW, den Boer JA, Luiten PGM, Eisel ULM (2011). Tumor necrosis factor receptor 
cross-talk. FEBS Journal, 278: 888-898 

Nematollahi LA, Garza-Garcia A, Bechara C, Esposito D, Morgner N, Robinson CV, 
Driscoll PC (2015). Flexible stoichiometry and asymmetry of the PIDDosome core complex 
by heteronuclear NMR spectroscopy and mass spectrometry. Journal of Molecular Biology, 
427: 737-752 

Neumeyer J, Hallas C, Merkel O, Winoto-Morbach S, Jakob M, Thon L, Adam D, 
Schneider-Brachert W, Schütze S (2006). TNF-receptor I defective in internalization allows 
for cell death through activation of neutral sphingomyelinase. Experimental Cell Research, 
312: 2142-2153 

Nho RS, Hergert P (2014). FoxO3a and disease progression. World Journal of Biological 
Chemistry, 5: 346-354 

Norbury CJ, Hickson ID (2001). Cellular responses to DNA damage. Annual review of 
pharmacology and toxicology, 41: 367-401 

Nutt LK, Buchakjian MR, Gan E, Darbandi R, Yoon S-Y, Wu JQ, Miyamoto YJ, Gibbons 
JA, Andersen JL, Freel CD, Tang W, He C, Kurokawa M, Wang Y, Margolis SS, Fissore 
RA, Kornbluth S (2009). Metabolic control of oocyte apoptosis mediated by 14-3-3ζ-
regulated dephosphorylation of caspase-2. Developmental Cell, 16: 856-866 

Nutt LK, Margolis SS, Jensen M, Herman CE, Dunphy WG, Rathmell JC, Kornbluth S 
(2005). Metabolic regulation of oocyte cell death through the CaMKII-mediated 
phosphorylation of caspase-2. Cell, 123: 89-103 

Oliver TG, Meylan E, Chang GP, Xue W, Burke JR, Humpton TJ, Hubbard D, Bhutkar A, 
Jacks T (2011). Caspase-2-mediated cleavage of mdm2 creates a p53-induced positive 
feedback loop. Molecular Cell, 43: 57-71 

Olsson M, Forsberg J, Zhivotovsky B (2015). Caspase-2: the reinvented enzyme. Oncogene, 
34: 1877-1882 

Olsson M, Vakifahmetoglu H, Abruzzo PM, Högstrand K, Grandien A, Zhivotovsky B 
(2009). DISC-mediated activation of caspase-2 in DNA damage-induced apoptosis. 
Oncogene, 28: 1949-1959 

O'Reilly LA, Ekert P, Harvey N, Marsden V, Cullen L, Vaux DL, Hacker G, Magnusson C, 
Pakusch M, Cecconi F, Kuida K, Strasser A, Huang DCS, Kumar S (2002). Caspase-2 is not 
required for thymocyte or neuronal apoptosis even though cleavage of caspase-2 is dependent 
on both Apaf-1 and caspase-9. Cell Death and Differentiation, 9: 832-841 

Parsons MJ, McCormick L, Janke L, Howard A, Bouchier-Hayes L, Green DR (2013). 
Genetic deletion of caspase-2 accelerates MMTV/c-neu-driven mammary carcinogenesis in 
mice. Cell Death and Differentiation, 20: 1174-1182 

Partida-Sánchez S, Garibay-Escobar A, Frixione E, Parkhouse R.M.E, Santos-Argumedo L 
(2000). CD45R, CD44 and MHC class II are signaling molecules for the cytoskeleton-
dependent induction of dendrites and motility in activated B cells. European Journal of 
Immunology, 30: 2722-2728 



 

 51 

Pfizenmaier K, Scheurich P, Schlüter C, Krönke M (1987). Tumor necrosis factor enhances 
HLA-A,B,C and HLA-DR gene expression in human tumor cells. The Journal of 
Immunology, 138: 975-980  

Puccini J, Shalini S, Voss AK, Gatei M, Wilson CH, Hiwase DK, Lavin MF, Dorstyn L, 
Kumar S (2013a). Loss of caspase-2 augments lymphomagenesis and enhances genomic 
instability in Atm-deficient mice. PNAS, 110: 19920-19925 

Puccini J, Dorstyn L, Kumar S (2013b). Caspase-2 as a tumour suppressor. Cell Death and 
Differentiation, 20: 1133-1139 

Raposo G, Nijman HW, Stoorvogel W, Leijendekker R, Harding CV, Melief CJM, Geuze HJ 
(1996). B lymphocytes secrete antigen-presenting vesicles. The Journal of Experimental 
Medicine, 183: 1161-1172 

Reith W, LeibundGut-Landmann S, Waldburger J-M (2005). Regulation of MHC class II 
gene expression by the class II transactivator. Nature reviews. Immunology, 5: 793-806 

Ren K, Lu J, Porollo A, Du C (2012). Tumor-suppressing function of caspase-2 requires 
catalytic site Cys-320 and site Ser-139 in mice. The Journal of Biological Chemistry, 287: 
14792-14802  

Rendl M, Ban J, Mrass P, Mayer C, Lengauer B, Eckhart L, Declerq W, Tschachler E (2002). 
Caspase-14 expression by epidermal keratinocytes is regulated by retinoids in a 
differentiation-associated manner. Journal of Investigative Dermatology, 119: 1150-1155 

Ribe EM, Serrano-Saiz E, Akpan N, Troy CM (2008). Mechanisms of neuronal death in 
disease: defining the models and the players. Biochemical Journal, 415: 165-182 

Roach HI, Clarke NMP (2000). Physiological cell death of chondrocytes in vivo is not 
confined to apoptosis. New observations on the mammalian growth plate. The Journal of 
Bone & Joint Surgery Br, 82: 601-613 

Robertson JD, Enoksson M, Suomela M, Zhivotovsky B, Orrenius S (2002). Caspase-2 acts 
upstream of mitochondria to promote cytochrome c release during etoposide-induced 
apoptosis. The Journal of Biological Chemistry, 277: 29803-29809 

Roos WP, Kaina B (2006). DNA damage-induced cell death by apoptosis. Trends in 
Molecular Medicine, 12: 440-450 

Sandow JJ, Dorstyn L, O’Reilly LA, Tailler M, Kumar S, Strasser A, Ekert PG (2014). ER 
stress does not cause upregulation and activation of caspase-2 to initiate apoptosis. Cell Death 
and Differentiation, 21: 475-480 

Schleich K, Lavrik IN (2013). Mathematical modeling of apoptosis. Cell Communication and 
Signaling, 11: 44  

Schmitt E, Sané A-T, Bertrand R (1999). Activation and role of caspases in chemotherapy-
induced apoptosis. Drug Resistance Updates, 2: 21-29 

Schweizer A, Roschitzki-Voser H, Amstutz P, Briand C, Gulotti-Georgieva M, Prenosil E, 
Binz HK, Capitani G, Baici A, Plückthun A, Grütter MG (2007). Inhibition of caspase-2 by a 
designed ankyrin repeat protein: specificity, structure, and inhibition mechanism. Structure, 
15: 625-636 



 

52 

Shalini S, Dorstyn L, Dawar S, Kumar S (2015a). Old, new and emerging functions of 
caspases. Cell Death and Differentiation, 22: 526-539 

Shalini S, Dorstyn L, Wilson C, Puccini J, Ho L, Kumar S (2012). Impaired antioxidant 
defence and accumulation of oxidative stress in caspase-2-deficient mice. Cell Death and 
Differentiation, 19: 1370-1380 

Shalini S, Nikolic A, Wilson CH, Puccini J, Sladojevic N, Finnie J, Dorstyn L, Kumar S 
(2016). Caspase-2 deficiency accelerates chemically induced liver cancer in mice. Cell Death 
and Differentiation, 23: 1727-1736 

Shalini S, Puccini J, Wilson CH, Finnie J, Dorstyn L, Kumar S (2015b). Caspase-2 protects 
against oxidative stress in vivo. Oncogene, 34: 4995-5002  

Shamas-Din A, Brahmbhatt H, Leber B, Andrews DW (2011). BH3-only proteins: 
orchestrators of apoptosis. Biochimica et Biophysica Acta, 1813: 508-520 

Sidi S, Bouchier-Hayes L (2017). Direct pro-apoptotic role for NPM1 as a regulator of 
PIDDosome formation. Molecular & Cellular Oncology, 4: e1348325 

Sidi S, Sanda T, Kennedy RD, Hagen AT, Jette CA, Hoffmans R, Pascual J, Imamura S, 
Kishi S, Amatruda JF, Kanki JP, Green DR, D’Andrea AA, Look AT (2008). Chk1 
suppresses a caspase-2 apoptotic response to DNA damage that bypasses p53, Bcl-2, and 
caspase-3. Cell, 133: 864-877  

Solier S, Fontenay M, Vainchenker W, Droin N, Solary E (2017). Non-apoptotic functions of 
caspases in myeloid cell differentiation. Cell Death and Differentiation, 24: 1337-1347 

Stenerlöw B, Karlsson KH, Cooper B, Rydberg B (2003). Measurement of prompt DNA 
double-strand breaks in mammalian cells without including heat-labile sites: results for cells 
deficient in nonhomologous end joining. Radiation Research, 159: 502-510 

Takahashi A, Alnemri ES, Lazebnik YA, Fernandes-Alnemri T, Litwack G, Moir RD, 
Goldman RD, Poirier GG, Kaufmann SH, Earnshaw WC (1996). Cleavage of lamin a by 
mch2α but not cpp32: multiple interleukin 1β-converting enzyme-related proteases with 
distinct substrate recognition properties are active in apoptosis. PNAS, 93: 8395-8400 

Terry MR, Arya R, Mukhopadhyay A, Berrett KC, Clair PM, Witt B, Salama ME, Bhutkar 
A, Oliver TG (2015). Caspase-2 impacts lung tumorigenesis and chemotherapy response in 

vivo. Cell Death and Differentiation, 22: 719-730 

Thornberry NA, Lazebnik Y (1998). Caspases: enemies within. Science, 283: 1312-1316 

Tinel A, Janssens S, Lippens S, Cuenin S, Logette E, Jaccard B, Quadroni M, Tschopp J 
(2007). Autoproteolysis of PIDD marks the bifurcation between pro-death caspase-2 and pro-
survival NF-κB pathway. The EMBO Journal, 26: 197-208 

Tinel A, Tschopp J (2004). The PIDDosome, a protein complex implicated in activation of 
caspase-2 in response to genotoxic stress. Science, 304: 843-846 

Tiwari M, Lopez-Cruzan M, Morgan WW, Herman B (2011). Loss of Caspase-2-dependent 
apoptosis induces autophagy after mitochondrial oxidative stress in primary cultures of young 
adult cortical neurons. The Journal of Biological Chemistry, 286: 8493-8506 



 

 53 

Tiwari M, Sharma LK, Vanegas D, Callaway DA, Bai Y, Lechleiter JD, Herman B (2014). A 
nonapoptotic role for CASP2/caspase 2: Modulation of autophagy. Autophagy, 10: 1054-
1070 

Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, Wieland F, Schwille P, Brügger B, 
Simons M (2008). Ceramide triggers budding of exosome vesicles into multivesicular 
endosomes. Science, 319: 1244-1247 

Trapani JA, Smyth MJ (2002). Functional significance of the perforin/granzyme cell death 
pathway. Nature reviews. Immunology, 2: 735-747 

Troy CM, Rabacchi SA, Friedman WJ, Frappier TF, Brown K, Shelanski ML (2000). 
Caspase-2 mediates neuronal cell death induced by β-amyloid. The Journal of Neuroscience, 
20: 1386-1392 

Unger RH, Orci L (2002). Lipoapoptosis: its mechanism and its diseases. Biochimica et 
Biophysica Acta, 1585: 202-212 

Upton J-P, Austgen K, Nishino M, Coakley KM, Hagen A, Han D, Papa FR, Oakes SA 
(2008). Caspase-2 cleavage of BID is a critical apoptotic signal downstream of endoplasmic 
reticulum stress. Molecular and Cellular Biology, 28: 3943-3951 

Upton J-P, Wang L, Han D, Wang ES, Huskey NE, Lim L, Truitt M, McManus MT, 
Ruggero D, Goga A, Papa FR, Oakes SA (2012). IRE1α cleaves select microRNAs during 
ER stress to derepress translation of proapoptotic caspase-2. Science, 338: 818-822 

Vakifahmetoglu H, Olsson M, Tamm C, Heidari N, Orrenius S, Zhivotovsky B (2008). DNA 
damage induces two distinct modes of cell death in ovarian carcinomas. Cell Death and 
Differentiation, 15: 555-566 

Vakifahmetoglu-Norberg H, Ouchida AT, Norberg E (2017). The role of mitochondria in 
metabolism and cell death. Biochemical and Biophysical Research Communications, 482: 
426-431 

Vanden Berghe T, Linkermann A, Jouan-Lanhouet S, Walczak H, Vandenabeele P (2014). 
Regulated necrosis: the expanding network of non-apoptotic cell death pathways. Nature 
reviews. Molecular Cell Biology, 15: 135-147 

Vigneswara V, Berry M, Logan A, Ahmed Z (2013). Caspase-2 is upregulated after sciatic 
nerve transection and its inhibition protects dorsal root ganglion neurons from apoptosis after 
serum withdrawal. PLoS One, 8: e57861 

Vitale I, Galluzzi L, Castedo M, Kroemer G (2011). Mitotic catastrophe: a mechanism for 
avoiding genomic instability. Nature Reviews. Molecular Cell Biology, 12: 385-392 

Vitale I, Manic G, Castedo M, Kroemer G (2017). Caspase 2 in mitotic catastrophe: The 
terminator of aneuploid and tetraploid cells. Molecular and Cellular Oncology, 4: e1299274  

Vogelstein B, Lane D, Levine AJ (2000). Surfing the p53 network. Nature, 408:307-310 

Wang L, Miura M, Bergeron L, Zhu H, Yuan J (1994). Ich-1, an Ice/ced-3-related gene, 
encodes both positive and negative regulators of programmed cell death. Cell, 78, 739-750  

Watanabe Y, Jacob CO (1991). Regulation of MHC class II expression. Opposing effects of 
tumor necrosis factor-α on IFN-γ-induced HLA-DR and Ia expression depends on the 
maturation and differentiation stage of the cell. The Journal of Immunology, 146: 899-905 



 

54 

Wellington CL, Hayden MR (2000). Caspases and neurodegeneration: on the cutting edge of 
new therapeutic approaches. Clinical Genetics, 57: 1-10 

Westphal D, Dewson G, Czabotar PE, Kluck RM (2011). Molecular biology of bax and bak 
activation and action. Biochimica et Biophysica Acta, 1813: 521-531 

Wilson CH, Nikolic A, Kentish SJ, Shalini S, Hatzinikolas G, Page AJ, Dorstyn L, Kumar S 
(2016). Sex-specific alterations in glucose homeostasis and metabolic parameters during 
ageing of caspase-2-deficient mice. Cell Death Discovery, 2: 16009 

Wiszniewski W, Fondaneche M-C, Louise-Plence P, Prochnicka-Chalufour A, Selz F, Picard 
C, Deist F, Eliaou J-F, Fischer A, Lisowska-Grospierre B (2003). Novel mutations in the 
RFXANK gene: RFX complex containing in-vitro-generated RFXANK mutant binds the 
promoter without transactivating MHC II. Immunogenetics, 54: 747-755 

Wong RSY (2011). Apoptosis in cancer: from pathogenesis to treatment. Journal of 
Experimental & Clinical Cancer Research, 30: 87 

Woo M, Hakem R, Furlonger C, Hakem A, Duncan GS, Sasaki T, Bouchard D, Lu L, Wu 
GE, Paige CJ, Mak TW (2003). Caspase-3 regulates cell cycle in B cells: a consequence of 
substrate specificity. Nature Immunology, 4: 1016-1022 

Wotawa A, Solier S, Logette E, Solary E, Corcos L (2002). Differential influence of 
etoposide on two caspase-2 mRNA isoforms in leukemic cells. Cancer Letters, 185: 181-189 

Xu C, Bailly-Maitre B, Reed JC (2005). Endoplasmic reticulum stress: cell life and death 
decisions. The Journal of Clinical Investigation, 10: 2656-2664 

Yang C-S, Matsuura K, Huang N-J, Robeson AC, Huang B, Zhang L, Kornbluth S (2015). 
Fatty acid synthase inhibition engages a novel caspase-2 regulatory mechanism to induce 
ovarian cancer cell death. Oncogene, 37: 3264-3272 

Yin Z, Pascual C, Klionsky DJ (2016). Autophagy: machinery and regulation. Microbial cell, 
3: 588-596 

Yonekawa T, Thorburn A (2013). Autophagy and cell death. Essays in Biochemistry, 55: 
105-117 

Yoo NJ, Lee JW, Kim YJ, Soung YH, Kim SY, Nam SW, Park WS, Lee JY, Lee SH (2004). 
Loss of caspase-2, -6 and -7 expression in gastric cancers. APMIS, 112: 330-335 

Yuan J, Shaham S, Ledoux S, Ellis HM, Horvitz HR (1993). The C. elegans cell death gene 
ced-3 encodes a protein similar to mammalian interleukin-1β-converting enzyme. Cell, 75: 
641-652 

Zermati Y, Garrido C, Amsellem S, Fishelson S, Bouscary D, Valensi F, Varet B, Solary E, 
Hermine O (2001). Caspase activation is required for terminal erythroid differentiation. 
Journal of Experimental Medicine, 193: 247-254 

Zhang Y, Padalecki SS, Chaudhuri AR, De Waal E, Goins BA, Grubbs B, Ikeno Y, 
Richardson A, Mundy GR, Herman B (2007). Caspase-2 deficiency enhances aging-related 
traits in mice. Mechanisms of Ageing and Development, 128: 213-221 

Zilfou JT, Lowe SW (2009). Tumor suppressive functions of p53. Cold Spring Harbor 
Perspectives in Biology, a001883 



 

 55 

Zinzow-Kramer WM, Long AB, Youngblood BA, Rosenthal KM, Butler R, Mohammed A-
U-R, Skountzou I, Ahmed R, Evavold BD, Boss JM (2012). CIITA promoter I CARD-
deficient mice express functional MHC class II genes in myeloid and lymphoid 
compartments. Genes and Immunity, 13: 299-310 


