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Abstract 

Pro-caspase-8 is the apical caspase in the extrinsic apoptosis which is initiated by the 

external stimulation of certain death receptors. Pro-caspase-8 is synthesised as an 

inactive zymogen, which must be cleaved to reach its full proteolytic activity. The 

canonical mechanism for pro-caspase-8 activation during extrinsic apoptosis 

involves its recruitment to Death Inducing Signalling Complex (DISC) where it can 

oligomerize and undergo autoactivation. Active caspase-8 is subsequently freed from 

DISC into cytosol where it initiates a caspase cascade leading to cell death.  

This thesis describes a novel pro-caspase-8 containing protein complex reported to 

form in cells devoid of the mitochondrial apoptosis pathway in response to 

prolonged endoplasmic reticulum (ER) stress. Throughout this thesis I refer to this 

protein complex as the stressosome. The stressosome consists of pro-caspase-8, the 

adaptor protein FADD and ATG5. Both pro-caspase-8 and FADD are well described 

mediators of cell death, however; they are usually associated with the external death 

receptor-mediated stress signalling rather than internal cytotoxic stimulation. ATG5 

is an essential component of the autophagy machinery which is a highly pro-survival 

lysosome-dependent cellular degradation program regulating cellular homeostasis. 

The presence of ATG5 within the stressosome indicates that autophagy machinery 

may also participate in the execution of cell death through facilitation of pro-

caspase-8 activation. 

This thesis investigates the stressosome formation and its regulation under different 

cellular stresses including ER stress (tunicamycin, brefeldin A), genotoxic stress 

(etoposide and γ-irradiation), heat shock and cytoskeletal disruption (taxol) in cell 

deficient in the mitochondrial apoptosis pathway through procaspase-9 knockdown. 

It also addresses the role of the stressosome in mediating cell death in procaspase-9 

deficient cells by genetic manipulation of the stressosome components. Furthermore 

it investigates the stressosome composition by mass spectrometry analysis of the co-

immunoprecipitated sample. 
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Chapter I: Introduction  

1.1 Cell death modalities 

Cell death occurs as part of normal physiology and in response to stress stimuli. Cell 

death can occur in a regulated (programmed) manner, or in an unregulated manner 

(Kroemer et al., 2009; Green and Llambi, 2015; Galluzzi et al., 2018). Mammalian 

cells possess multiple mechanisms to induce their own death. Cells implement death 

programs when they experience stress stimuli which overwhelm their capacity to 

adapt, for example in response to prolonged, irremediable genotoxic stress, or if they 

are exposed to severe environmental challenges such as increased temperature 

(Green and Llambi, 2015; Galluzzi et al., 2018).  

In the early 1970s, three distinct cell death modes denoted type I, II and III were 

characterised by their morphological features by Schweichel and Merker 

(Schweichel and Merker, 1973). Type I cell death was associated with heterophagy 

(‘eating of another’; apoptosis); type II cell death was associated with autophagy 

(‘eating of itself’, autophagic cell death); and type III cell death that did not involve  

a catabolic process (necrosis) (Schweichel and Merker, 1973). However, due to the 

substantial progress in cell death field, it is clear that these subtypes of cell death can 

be distinguished not only by morphological features but also by their biochemical 

and genetic attributes (Degterev and Yuan, 2008; Ashkenazi and Salvesen, 2014).  

Multiple new modes of cell death have been discovered that can be distinguished by 

morphological features, physiological roles, mechanisms of execution, and by the 

molecular machinery involved. Irreversible, often accidental, cell injury results in 

unregulated cell death called necrosis (Fig. 1.1) (Galluzzi et al., 2012, 2018). The 

other modes of cell death include necroptosis (often described as regulated necrosis), 

apoptosis, and autophagic cell death (Fig. 1.1). Some distinct cell death modalities 

induce common morphological features in cells, and share some common molecular 

machinery (Ziegler and Groscurth, 2004; Kroemer et al., 2009). However, the 

ultimate unifying feature of all cell death modalities is complete cell fragmentation 

or irreversible permeabilisation of the plasma membrane (Galluzzi et al., 2018). The 

modality of cell death engaged is cell- and stress-type specific (Kroemer et al., 2009) 

. 
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1.1.1 Apoptosis 

Apoptosis is a well-characterised mode of programmed of cell death, common to all 

multicellular organisms (Samali et al., 1999; Hengartner, 2000; Elmore, 2007). 

Apoptosis is responsible for eliminating old, superfluous, infected, damaged or 

potentially dangerous cells in the developed organism. Apoptosis balances mitotic 

cell production and is essential throughout the mammalian development 

(Coucouvanis and Martin, 1995; Hengartner, 2000; Elmore, 2007). Apoptosis plays 

important physiological role in the immune system, where it regulates lymphocyte 

maturation and receptor repertoire selection (Xu and Shi, 2007). It also maintains 

homeostasis in the haemopoietic system by removing excess of cells from circulation 

(Hengartner, 2000; Elmore, 2007). Apoptosis is a highly complex and regulated 

process, involving a series of energy-dependent molecular events culminating in 

activation of cysteine proteases called caspases, which are the main executors of cell 

death (Hengartner, 2000; Elmore, 2007).  

Apoptosis was first observed on the metamorphosis of amphibians by Karl Vogt in 

the 1840s, and was further characterised by Lockshin and Williams during their 

research on insect metamorphosis (Vogt, 1842; Lockshin and Williams, 1964). 

However, the term of apoptosis was coined in the 1970s by Kerr, Wyllie, and Currie 

when they used it to differentiate modes of cell death based on morphological 

features (Kerr, Wyllie and Currie, 1972). Apoptosis (from Ancient Greek meaning 

"falling off") is characterised by cellular and nuclear shrinkage, chromatin 

condensation (pyknosis), extensive plasma membrane blebbing, and nuclear 

fragmentation (karyorrhexis) (Fig. 1.1) (Kerr, Wyllie and Currie, 1972; Hengartner, 

2000). In the final stages of apoptosis the cell breaks up into the apoptotic bodies 

that have an intact plasma membrane and contain tightly packed cellular contents 

including organelles. Externalised phosphatidylserine on apoptotic bodies is 

recognised by macrophages which phagocytose and degrade the bodies, minimising 

the risk of inflammation (Martin, Peters and Behar, 2014; Viaud et al., 2018).  

Depending on the nature of the stress signal, apoptosis can be initiated either 

extrinsically through death receptor ligation, or intrinsically, through activation of 

BCL-2 proteins and mitochondria perturbations (Fig. 1.2) (Hengartner, 2000; 

Elmore, 2007). Both of these pathways require the assembly of multiprotein 
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complexes as a platform for the activation of a specific initiator caspase. Both 

pathways culminate in the activation of the executioner caspases which are 

responsible for the dismantling of the cell and thus execution of cell death 

(Hengartner, 2000; Elmore, 2007; Dickens, Powley, et al., 2012).  
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Fig. 1.2: Overview of apoptosis pathways. (A) The extrinsic apoptosis pathway. DR 
ligation (CD95) with its cognate ligand (CD95L) initiates the assembly of DISC.  
An active DR recruits the adaptor protein FADD, which in turn recruits pro-caspase-8 
forming DISC. When at DISC, pro-caspase-8 dimerizes and undergoes autocatalytic 
activation. Active caspase-8 dissociates from the DISC and activates pro-caspase 3 in the 
cytosol. Active caspase 8 can also cleave BID inducing the translocation of the truncated 
protein (tBID) to mitochondria where it participates in MOMP. (B) The intrinsic 
(mitochondrial) apoptosis pathway. This signalling pathway involves non-receptor 
mediated intracellular signalling that converges at BCL-2 proteins and the mitochondria, 
leading to MOMP. BAX and BAK homo-oligomerize to create pores in the mitochondrial 
membrane through which pro-apoptotic mitochondrial proteins such as cytochrome c, 
SMAC/DIABLO and other proteins are released. In the cytosol, cytochrome c participates 
in apoptosome formation that activates pro-caspase 9. The active caspase-9 activates pro-
caspase-3 that transduces the cell death signal to other cellular factors. 
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1.1.1.1 Caspases 

Caspases are the central components of apoptosis responsible for dismantling the 

cell. They are named for their specific cysteine protease activity and they belong to 

an evolutionarily conserved cysteine protease family known as cysteine dependent 

aspartate-directed proteases (Steller, 1995; Slee, Adrain and Martin, 2001; Julien and 

Wells, 2017). Caspases employ a cysteine residue located in their active site as the 

catalytic nucleophile. They recognize and cleave a specific sequence of amino acids 

located on the N-terminal side of a specific aspartic acid residue on a target protein 

(Alnemri et al., 1996; Earnshaw, Martins and Kaufmann, 1999; Samali et al., 1999). 

Caspases cleave multiple cellular substrates invoking distinctive biochemical and 

morphological changes that ultimately lead to cellular demise (Thornberry, 1998; 

Hengartner, 2000; Taylor, Cullen and Martin, 2008). In some instances executioner 

caspases can activate other executioner caspases leading to an accelerated feedback 

loop of caspases activation (Thornberry and Lazebnik, 1998). Caspases are 

synthesised as inactive zymogens and are activated via autoproteolysis or cleavage 

by other, already active, caspases. Upon activation, caspases achieve catalytic 

competence so that they can cleave a plethora of cellular substrates (Steller, 1995; 

Slee, Adrain and Martin, 2001; Julien and Wells, 2017). 

At least fourteen different caspases have been identified in humans that can be 

categorised based on their main function of apoptosis, inflammation, or skin 

differentiation (Fig. 1.3) (Ho and Hawkins, 2005; Li and Yuan, 2008; Crawford and 

Wells, 2011). The apoptotic caspases can be further divided into the initiator 

caspases and the executioner caspases (Thornberry, 1998; Ho and Hawkins, 2005). 

The apoptotic initiator caspases are caspases-2, -8, -10, and -9. These are the apical 

caspases responsible for initiation of the apoptotic signalling cascade and activation 

of the executioner caspases (Ho and Hawkins, 2005; Li and Yuan, 2008). The apical 

caspases have an N-terminal pro-domain that contains either a caspase recruitment 

domain (CARD) or a death effector domains (DEDs), which are essential for their 

interaction with other proteins (Ho and Hawkins, 2005) (Fig. 1.3). The apical 

caspases are activated through an autocatalytic process following their recruitment to 

multiprotein complexes, where they dimerise. These complexes serve as platforms to 

recruit and facilitate the proximity-induced activation of apical caspases (Elmore, 

2007; Taylor, Cullen and Martin, 2008).  
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The apoptotic executioner caspases are caspases-3, -6, and -7 and they reside in the 

cytosol as inactive, homodimeric zymogens (Fig. 1.3) (Bose and Clark, 2001; 

Boatright and Salvesen, 2003). They are cleaved between their large and small 

subunits by apical caspases, which leads to removal of their pro-domain inducing 

intramolecular rearrangements that juxtapose the active sites together creating an 

active dimer (Chai et al., 2001; Riedl and Shi, 2004). Once activated, effector 

caspases degrade vital cellular components including nuclear and cytoskeletal 

proteins such as cytokeratins, an important DNA repair protein called poly-ADP 

ribose polymerase (PARP), structural proteins such as actin and nuclear lamin and 

regulatory proteins such as DNA-dependent protein kinase (Slee, Adrain and Martin, 

2001; Julien and Wells, 2017).  

The inflammatory caspases comprise of caspase-1, -4, -5, and -12 in humans and 

caspase-1, -11, and -12 in mice (Fig. 1.3) (Martinon, Burns and Tschopp, 2002; 

Martinon, Boveresses and Epalinges, 2004). The inflammatory caspases are critical 

mediators of innate immune responses. They are also produced as inactive pro-

caspases in resting cells. After cellular stimulation involving the engagement of 

pattern-recognition receptors the inflammatory caspases become activated through 

the formation of the inflammasome, a cytosolic multiprotein complex (Martinon, 

Burns and Tschopp, 2002; Martinon, Boveresses and Epalinges, 2004). Caspase-1, -

4 and -5 are involved in induction of pyroptosis, a mode of cell death associated with 

a massive production of inflammatory cytokines (Martinon, Burns and Tschopp, 

2002; Martinon, Boveresses and Epalinges, 2004). Caspase-14 and caspase-16 in 

turn do not seem to belong to any of the above groups (Fig. 1.3). Caspase-14 is 

expressed in keratinocytes where it regulates their differentiation, whereas little is 

known so far about the role of caspase-16 (Eckhart et al., 2004; Denecker et al., 

2008). 

1.1.1.2 Intrinsic apoptosis pathway 

The intrinsic apoptosis pathway, also called the mitochondrial pathway, involves 

non-receptor mediated intracellular signalling, that converges at mitochondria outer 

membrane permeabilization (MOMP), which results in the release to the cytosol 

different proteins that reside in the space between the outer and the inner 

mitochondrial membranes (Von Ahsen et al., 2000; Saelens et al., 2004; Elmore, 
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2007). Initial triggers for this apoptosis pathway include radiation, DNA damage, 

hypoxia, chemotherapeutics, hyperthermia, oxidative stress, certain hormones, or 

withdrawal of certain growth factors and cytokines (Elmore, 2007). These converge 

on the activation of pro-apoptotic BCL-2 family members which control release of 

cytochrome c and other proteins from the mitochondria (Fig. 1.2) (Saelens et al., 

2004; Garrido et al., 2006). Cytochrome c plays an important role during ATP 

generation in mitochondria, however, once in the cytosol it acquires a lethal 

function. It participates in the assembly of the Apoptosome complex which activates 

pro-caspase-9, triggering the caspase cascade (Zou et al., 1999; Green and Kroemer, 

2004). Cytochrome c binds and activates the cytosolic adaptor molecule apoptotic 

protease activating factor 1 (APAF-1), inducing extensive conformational changes in 

its structure that enable its oligomerization and recruitment of pro-caspase-9 via 

homotypic interaction between CARD domains (Baliga and Kumar, 2003). This 

results in the formation of a heptameric holoenzyme complex called Apoptosome, 

which by bringing pro-caspase-9 into close proximity facilitates its autoactivation 

(Fig. 1.2) (Saelens et al., 2004; Garrido et al., 2006).  

Pro-caspase-2 is another initiator caspase of the mitochondrial apoptotic pathway 

that becomes activated in response to DNA damage (Fig. 1.2) (Lassus, Opitz-Araya 

and Lazebnik, 2002; Janssens and Tinel, 2011). Pro-caspase-2 activation involves 

formation of a protein complex called the PIDDosome which consists of p53-

induced protein with a death domain (PIDD), receptor-interacting protein (RIP)-

associated ICH-1/CED-3 homologous protein with a death domain (RAIDD) and 

pro-caspase-2 (Read et al., 2002; Janssens and Tinel, 2011). Upon sensing DNA 

damage, ATM phosphorylates PIDD initiating PIDDosme assembly, which enables 

caspase-2 autoactivation by self-processing (Fig. 1.2) (Tinel and Tschopp, 2004; 

Bouchier-Hayes et al., 2009). The activation of pro-caspase-2, depending on the cell 

type, can result in cell death or growth suppression (Lin, Ma and Benchimol, 2000; 

Baptiste-okoh et al., 2008; Janssens and Tinel, 2011). 

1.1.1.3 Apoptosis regulation by BCL-2 proteins 

The BCL-2 proteins play a fundamental role in the regulation of the intrinsic 

apoptotic pathway by controlling the integrity of the outer mitochondrial membrane. 

MOMP usually represents a point of no return that commits a cell to cell death so it 
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requires strict regulation (Chipuk and Green, 2008; Xiong et al., 2014). The BCL-2 

family comprises a group of structurally related proteins that can be divided into 

three functionally distinct subgroups: anti-apoptotic proteins, e.g., BCL-2, BCL-XL, 

multi-domain pro-apoptotic proteins, e.g., BAK, BAX; and pro-apoptotic BH3-only 

proteins that bind and regulate the anti-apoptotic BCL-2 proteins, e.g., BAD, BID, 

Noxa and Puma (Fig. 1.4) (Cory and Adams, 2002; Letai, 2011). The balance 

between pro- and anti-apoptotic BCL-2 proteins determines cell fate. The pro-

apoptotic BH3-only proteins act as stress sentinels that convey signals to pro-

apoptotic BCL-2 proteins to initiate apoptosis. MOMP is regulated by the interplay 

between the BCL-2 family of proteins and requires either BAX or BAK activation 

that create pores in the mitochondrial membrane, through which cytochrome c and 

other mitochondrial proteins are released (Leber, Lin and Andrews, 2007; Chipuk 

and Green, 2008). Under normal conditions BAX and BAK are held inactive by anti-

apoptotic BCL-2 proteins such as BCL-2 and BCL-XL; however during apoptosis 

BH3-only proteins competitively associate with BCL-2 and BCL-XL displacing 

BAX and BAK which can then oligomerize to induce MOMP (Vervliet, Parys and 

Bultynck, 2016). Alternatively, BAX and BAK are activated following a direct 

interaction with a subset of BH3-only proteins (Czabotar et al., 2014). 
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1.1.1.4 Extrinsic apoptosis pathway 

The extrinsic apoptosis pathway is initiated upon stimulation of certain death 

receptors (DRs) by their cognate ligands (Hengartner, 2000; Aggarwal, 2003; 

Elmore, 2007). This event triggers assembly of death inducing signalling complex 

(DISC) and subsequent activation of the initiator pro-caspase-8, which activates the 

executioner caspases triggering caspase cascade and leading to the cell death (Fig. 

1.2) (Elmore, 2007; Dickens et al., 2012). DRs belong to tumour necrosis factor 

(TNF) receptor gene superfamily. They are transmembrane proteins that contain 

cysteine-rich repeats in their extracellular domain, which is used for binding their 

specific ligand; and an intracellular death domain (DD), which homotypically 

interacts with specific adaptor proteins such as FADD or TRADD that also possess 

DD. The best characterised apoptosis-inducing pairings of DR and ligand include 

tumour necrosis factor receptor 1 (TNF-R1) and tumour necrosis factor α (TNF-α), 

CD95 (also known as FAS) and CD95L, and TNF-related apoptosis-inducing ligand 

receptor 1 and 2 (TRAIL-R1 and TRAIL-R2; also called DR4 and DR5) and TRAIL 

(Ashkenazi and Dixit, 1998; Locksley, Killeen and Lenardo, 2001; Krammer, 

Pietkiewicz and Lavrik, 2016).  

There are two types of cells, classified as type I or type II, depending on the way in 

which apoptosis proceeds upon caspase-8 activation on CD95 (Li et al., 1998; Luo et 

al., 1998; Yin et al., 1999). Type I cells, for example thymocytes, have high levels of 

DISC formation and caspase-8 initiates apoptosis by activating the executioner 

caspases. Type II cells, for example hepatocytes, pancreatic β-cells and lymphocytes, 

have lower levels of DISC formation and require engagement of the intrinsic 

apoptosis pathway to amplify the death signal (Barnhart, Alappat and Peter, 2003). 

In this case, caspase-8 cleaves BH3-interacting domain death agonist (BID) to 

generate a truncated protein (tBID) that translocates to mitochondria where it 

interacts with BAX and BAK to promote MOMP and intrinsic apoptotic signalling 

(Fig. 1.2) (Desagher et al., 1999; Eskes et al., 2000; Schug et al., 2011).  

1.1.2 Necrosis and necroptosis 

Necrosis, often referred to as passive or accidental cell death is an unregulated mode 

of cell death triggered by an accidental event that causes irreparable harm to the cell 

leading to its physical disintegration and release of its contents to the surrounding 
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environment (Golstein and Kroemer, 2007; Nagata, Hanayama and Kawane, 2010). 

Accidental cell death cannot be controlled by any pharmacological or genetic 

interventions (Galluzzi et al., 2012). However, there is also a regulated type of 

necrosis called necroptosis that activates specific molecular machinery, and can be 

manipulated through pharmacological or genetic interventions (Galluzzi et al., 

2012).  

Necroptosis is initiated by TNF-α signalling in L929 cells, or under conditions of 

cellular stress when the apoptosis machinery is compromised or restricted (Galluzzi 

and Kroemer, 2008; Feoktistova and Leverkus, 2015). Necroptosis, is genetically 

controlled and proceeds without the involvement of caspases (Christofferson and 

Yuan, 2010; Vandenabeele et al., 2010). It was first observed in L929 and Jurkat 

cells in response to DR activation under conditions of caspase inhibition 

(Vercammen et al., 1998). Receptor-interacting serine/threonine-protein kinase 1 

(RIPK1) and receptor-interacting serine/threonine-protein kinase 3 RIPK3 were 

identified as the main regulators of necroptosis (Wu, Liu and Li, 2012). RIPK3 

recruits mixed lineage kinase domain-like protein (MLKL) via its kinase domain 

(Sun et al., 2012; Xie et al., 2013). RIPK3 phosphorylates MLKL at tyrosine 357 

and serine 358 residues, leading to its activation and subsequent translocation to the 

cell membrane where it forms pores leading to release of cellular content (Chen et 

al., 2014; Dondelinger et al., 2014; Wang et al., 2014). 

Both necrosis and necroptosis share similar morphological features, involving 

rounding of the cell, enhanced cell volume, swelling of organelles, cytoplasmic 

granulation, lack of inter-nucleosomal fragmentation, and plasma membrane rupture 

(Fig. 1.1) (Galluzzi et al., 2012). The loss of plasma membrane integrity leads to the 

leakage of intracellular contents, some of which – such as high mobility group box 1 

(HMGB1) – are known as potent pro-inflammatory factors, leading to the 

classification of both necrosis and necroptosis as pro-inflammatory modes of cell 

death (Vandenabeele et al., 2010; Wu, Liu and Li, 2012; Chan, Luz and Moriwaki, 

2014).  

1.1.3 Autophagic cell death 

Autophagy is a tightly regulated mechanism in which the cell degrades and recycles 

unnecessary or dysfunctional cellular components (Behrends et al., 2010; Dikic and 
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Elazar, 2018). Autophagy is characterised by the formation of specialised vacuoles 

called autophagosomes that engulf the selected cellular components and deliver them 

for degradation to lysosomes (Glick, Barth and Macleod, 2010; Kaur and Debnath, 

2015). Autophagy is generally referred to as an adaptive, cytoprotective response, 

initiated by the cell during stress conditions in an attempt to reinstate cellular 

homeostasis and protect the cell from death. In support of this, many reports show 

that autophagy inhibition accelerates cell death (Boya et al., 2005; Amir et al., 

2013). Conversely, activation of the autophagic pathway beyond a certain threshold 

may promote cell death (Scott, Juhász and Neufeld, 2007). Under certain conditions, 

excessive autophagy leads to collapse of cellular functions, and has emerged as an 

alternative cell death pathway (Ryter, Mizumura and Choi, 2014). This autophagic 

cell death (ACD) is morphologically characterised by large-scale autophagic 

vacuolization of the cytoplasm and has been reported to occur during animal 

development and in mammalian cells with a compromised apoptotic pathway and in 

cells treated with chemotherapeutic drugs (Fig. 1.1) (Levine and Yuan, 2005; 

Djavaheri-Mergny, Maiuri and Kroemer, 2010).  

An ongoing controversy in the field is caused by the difficulty in distinguishing 

between cell death that is accompanied by autophagy and instances where autophagy 

is the actual executor of cell demise. ACD by definition has to be executed solely by 

means of autophagic machinery and can be inhibited by either genetic or 

pharmacological manipulation of autophagy (Kroemer et al., 2009; Galluzzi et al., 

2012). In some cases there is incomplete cell rescue after autophagy inhibition 

indicating that another mode of cell death is still involved (Shimizu et al., 2004; 

Reef et al., 2006). 
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1.2 Pro-caspase-8 

Pro-caspase-8 (also known as MACH, FLICE or Mch5) was first identified as the 

apical caspase that mediates apoptotic signalling following ligation of DRs at the 

plasma membrane (Muzio et al., 1996; Boldin et al., 1996). Pro-caspase-8 regulation 

is at the centre of several cell death and survival pathways. Apart from apoptotic 

signalling, caspase-8 plays important roles in regulation of necroptosis, integrin-

mediated cell death (IMD) and autophagy-dependent cell death (Salvesen, Guy; 

Walsh, 2015; Tummers and Green, 2017). Caspase-8 also mediates diverse 

physiological processes such as inflammation, cell migration and motility, cell-

matrix adhesion, and endosomal trafficking and development (Salvesen, Guy; 

Walsh, 2015; Tummers and Green, 2017). Pro-caspase-8 is indispensable in 

development which is highlighted by the embryonic lethal phenotype of pro-caspase-

8 knockout in mice at approximately day 11.5 (Varfolomeev et al., 1998). 

Additionally, caspase-8 (both the zymogen and the active form) can contribute to 

signalling independently of its proteolytic activity, playing a structural role in 

facilitating the assembly and signalling of inflammatory complexes (Fig. 1.5) (Kang 

et al., 2015; Oh et al., 2015). Given the diverse roles of pro-caspase-8 in the cell it is 

not surprising that it also plays important role in multiple pathological conditions 

including degenerative diseases and cancer (McIlwain, Berger and Mak, 2013; 

Salvesen, Walsh, 2015; Tummers and Green, 2017).  

Page 15 of 205 
 



 

 

 

 

 

1.2.1 Pro-caspase-8 activation 

Pro-caspase-8 activation in general is mediated by the formation of the multiprotein 

complexes which recruit pro-caspase-8 monomers, facilitating their dimerization and 

subsequent activation (Marta Muzio et al., 1996; Medema et al., 1997). The 

canonical mode of pro-caspase-8 activation occurs on DISC at the plasma membrane 

following DR ligation. However, apart from external DR-mediated stimuli pro-

caspase-8 can also be activated by several internal stress signals such as proteostasis 

imbalance, or genotoxic stress; especially when the mitochondrial apoptosis pathway 

is hindered, for example due to the absence of key mediators such as pro-caspase-9 

or BAX and BAK (Deegan et al., 2014; Tummers and Green, 2017). Therefore, apart 

from DISC there are also alternative platforms for pro-caspase-8 activation which 

are either cell type specific or form upon different stress stimuli. For example, 

secondary cytosolic complexes IIa and IIb formed following TNF-R1 activation, 

Toll-like, Dectin-1 or T cell receptors protein complexes, cytosolic Ripoptosome 

complex or iDISC formation on the immature autophagosomal membrane 

(Schneider et al., 1997; Aliprantis, 2002; Micheau and Tschopp, 2003; Leverrier et 

Fig. 1.5: The main roles of pro-caspase-8. Pro-caspase-8 roles in general can be divided 
into proteolytic activity dependent and independent. The proteolytic activity dependent 
roles include apoptosis, integrin-mediated cell death (IMD), immune cell regulation, 
regulation of autophagy, necroptosis, NF-ĸB signalling and inflammation, whereas 
proteolytic activity independent roles include regulation of cell adhesion, migration and 
motility, endosomal trafficking, ERK 1/2 signalling and gene transcription. 

Page 16 of 205 
 



al., 2008; Leverrier, Salvesen and Walsh, 2011; Gringhuis et al., 2012; Young et al., 

2012). Some of the pro-caspase-8 activating platforms will be discussed in more 

detail in the following sections. 

Pro-caspase-8 is synthesized as a monomeric zymogen, which has a low basal 

proteolytic activity mainly towards the other pro-caspase-8 (Muzio et al., 1996; 

Boldin et al., 1996). There are ten reported isoforms of pro-caspase-8 (pro-caspase-

8a-h, -s and -L), but only pro-caspase-8a and -8b are expressed ubiquitously in most 

cell types, whereas the expression of other isoforms is restricted to specific types of 

cells (Scaffidi et al., 1997; Himeji et al., 2002; Xu et al., 2009). Both pro-caspase-8a 

and -8b are very similar in their structure differing only in number of amino acids 

which makes pro-caspase-8a slightly larger protein (55 kDa compared to 53 kDa) 

(Scaffidi et al., 1997). Both of these isoforms have redundant roles and so far, no 

differences in their function or activation have been reported. They both contain an 

N-terminal pro-domain, comprising two DEDs, followed by a large (p18) and  

a small (p12) catalytic subunit, separated by a short linker region (Scaffidi et al., 

1997).  

To undergo autoproteolysis resulting in a mature fully active protease, pro-caspase-8 

monomers must be at first brought into close proximity so that they can dimerize 

(Medema et al., 1997). This is followed by a series of sequential intra-dimeric or 

inter-dimeric cleavage steps (Fig. 1.6). According to the intra-dimeric (or induced-

proximity model), bringing monomers of pro-caspase-8 into close proximity 

increases the formation of pro-caspase-8 dimers allowing for proximity-driven intra-

dimer processing (Muzio et al., 1998; Salvesen and Dixit, 2002; Keller et al., 2009). 

Once dimerized, pro-caspase-8 catalyses self-cleavage at aspartate 374 and 384 to 

generate the cleavage intermediates p43/p41 and p10 (Fig. 1.6). This separation of 

the small subunit leads to conformational changes in the large subunit, enabling the 

subsequent cleavage at aspartate 210 and 216 between the large subunit and the pro-

domain, generating the active enzyme subunit p20 and the inactive p26 pro-domain 

(Boatright and Salvesen, 2003; Shi, 2004). As a result of this cleavage step the active 

caspase-8 heterotetramer is formed containing two p18 and to p10 subunits, which 

removes its own pro-domain and dissociates from the activating multiprotein 

complex to the cytosol. The inactive pro-domain p26/p24 remains bound to the 

DISC (Boatright and Salvesen, 2003; Shi, 2004). On the other hand the inter-dimer 
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processing model proposes that pro-caspase-8 dimers catalyse the cleavage of their 

dimer-partner. In either scenario, both dimerization and all of the above described 

cleavage events are necessary for the full activation of caspase-8 (Fig. 1.6) (Chang et 

al., 2003; Pop et al., 2007; Oberst et al., 2010).  

Active caspase-8 recognizes tetra-peptide sequences in different substrates and 

cleaves after a specific aspartate residues propagating the cell death signal (Muzio et 

al., 1996; Boldin et al., 1996; Julien and Wells, 2017). This first cleavage event is 

required for recognition of other substrates such as pro-caspase-3 and BID (Hughes 

et al., 2009). The second cleavage between the p26 and p18 domains frees the 

heterotetramer (p18-p10/p18-p10) from the DED domains (Hughes et al., 2009; 

Kallenberger et al., 2015).  

 Fig. 1.6: Pro-caspase-8 processing. Pro-caspases-8 is synthesized as an inactive zymogen 
consisting of an N-terminal pro-domain harbouring tandem DED followed by one large 
(p18) and one small (p12) catalytic subunit separated by a short linker region. For 
activation, pro-caspase-8 dimerizes and undergoes autoactivation through a series of 
autocleavage events (see the main text for details). As a result the active caspase-8 
heterotetramer is formed containing two p18 and to p10 subunits, which removes its own 
pro-domain and dissociates to the cytosol. 
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1.2.2 Caspase-8 regulation by c-FLIP 

The cellular FLICE-like inhibitory protein (c-FLIP) is an endogenous, inducible 

caspase-8 inhibitor with several isoforms that differentially regulate caspase-8 

activity (Tsuchiya, Nakabayashi and Nakano, 2015b). The three most common  

c-FLIP isoforms are c-FLIPS, c-FLIPL and c-FLIPR; each contains two N-terminal 

tandem DEDs that are structurally similar to the N-terminal DEDs of pro-caspase-8  

(Fig. 1.7) (Krueger et al., 2001; Golks et al., 2005; Safa, 2012). c-FLIPL contains an 

additional, inactive, protease-like domain in its C-terminal region, that is lacking the 

cysteine and histidine residues that are essential for enzymatic activity (Fig. 1.7) 

(Irmler et al., 1997). All c-FLIP isoforms can competitively bind to either FADD or 

caspase-8 through intermolecular homotypic DED interactions, thus blocking pro-

caspase-8 dimer formation and inhibiting its autoactivation (Safa, 2012; Hughes et 

al., 2016).  

 

Fig. 1.7: c-FLIP isoforms and cleavage products. The most common c-FLIP isoforms are 
c-FLIPL, c-FLIPS and c-FLIPR each of them contains N-terminal tandem DED. c-FLIPL 
additionally contains an inactive protease-like domain. All c-FLIP isoforms can interfere 
with caspase-8 activation. c-FLIPL association with pro-caspase-8 can also lead to partial 
activation of caspase-8. Caspase-8 mediated c-FLIPL cleavage generates the N-terminal 
fragments p43-FLIP or p22-FLIP that are involved in stimulation of NF-ĸB signalling. 
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However, a proteolytically-inactive c-FLIPL has a dichotomic role in caspase-8 

regulation. It can either inhibit caspase-8 processing by blocking its autoactivation or 

it can promote its partial processing, resulting in its activation but with spatial 

restriction (Tsuchiya, Nakabayashi and Nakano, 2015b). c-FLIPL may also be 

important for formation of the caspase-8 active-site pocket (Pop et al., 2007; Keller, 

Grutter and Zerbe, 2010). The local concentration of cFLIPL acts as a molecular 

rheostat of caspase-8 activity. Low levels of c-FLIPL (corresponding to physiological 

levels) allow for partial caspase-8 activation. In contrast, high levels of c-FLIPL, 

often corresponding to these seen in certain pathologies, inhibit caspase-8 activation 

(Chang et al., 2002; Lavrik and Krammer, 2012). Different c-FLIP isoforms are 

often upregulated in different types of cancer, for example in melanoma cells and 

Hodgkin’s lymphoma cells where it contributes to cancer cell strategy to evade cell 

death and immune surveillance by conferring resistance against DR-induced 

apoptosis (Bullani et al., 2001; Murray et al., 2004; Safa and Pollok, 2011; Shirley 

and Micheau, 2013; Humphreys, Espona-Fiedler and Longley, 2018). 

Moreover c-FLIPL can be also cleaved by active caspase-8 resulting in either of two 

cleavage products p43-FLIP or p-22-FLIP that stimulate the extracellular-signal-

regulated kinase (ERK) and NF-ĸB signalling (Fig. 1.7) (Golks et al., 2006; Koenig 

et al., 2014; Micheau et al., 2001). The NF-ĸB pathway, in turn, can 

transcriptionally upregulate c-FLIP constituting a feedback regulatory mechanism 

(Golks et al., 2006; Koenig et al., 2014; Micheau et al., 2001). 

1.2.3 Pro-caspase-8 activation by the DISC 

The best characterized platform and model of caspase-8 activation involves 

formation of the DISC following CD95 or TRAIL-R1/R2 DR ligation that initiates 

the extrinsic apoptotic pathway (Fig. 1.8) (Kischkel et al., 1995; Boldin et al., 1996; 

Muzio et al., 1996). Each receptor is activated by its specific ligand, i.e., CD95 is 

activated by CD95L and TRAIL-R1/R2 by TRAIL (Bodmer et al., 2000; Peter and 

Krammer, 2003). Before they interact, both DRs as well as their ligands seem to be 

pre-trimerized (Peter and Krammer, 2003; Fu et al., 2016). DISC formation occurs 

within seconds of DR ligation. It consists of an active DR, an adaptor protein Fas-

associated protein with death domain (FADD) and pro-caspase-8 (Fig. 1.8) (Kischkel 

et al., 1995). The conformational changes that occur in activated DR expose  
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a hydrophobic core in the cytoplasmic domain that recruits FADD. Association of 

FADD with DR is mediated by homotypic interactions between their respective DD 

domains (Chinnaiyan et al., 1995; Kischkel et al., 1995). When bound to DR, FADD 

recruits pro-caspase-8 through homotypic interactions between their respective  

N-terminal DEDs. DISC assembly drives a proximity-induced autoactivation of 

caspase-8 (Boldin et al., 1996; Muzio et al., 1996; Lavrik, Golks and Krammer, 

2005; Neumann et al., 2010). 

Despite well-characterised DISC components their stoichiometric arrangements at 

DR remains controversial. There are several molecular models for DISC complex 

assembly; however some of them have mutually exclusive stoichiometric 

arrangements. One model proposes that trimerized DR ligated with trimerized ligand 

is further joined by three FADD and three pro-caspase-8 subunits, and an additional 

active DR trimer to form a honeycomb structure (Carrington et al., 2006). 

Alternatively, five DR monomers interact with five FADD monomers to form 

higher-order arrangements (Esposito et al., 2010; Wang et al., 2010).  

A crystallography study revealed two FADD molecules interacting with two DR 

molecules, which can further associate into higher-order structures (Salvesen and 

Riedl, 2009; Scott et al., 2009). In addition, several groups reported pro-caspase-8 

filament formation through self-assembly of its DED domain, generating an 

assembly in which pro-caspase-8 greatly outnumbers DRs and FADD on the DISC 

(Dickens et al., 2012; Schleich et al., 2012; Fu et al., 2016). Variants of these 

filaments can include pro-caspase-10 and c-FLIP, both of which possess DEDs that 

can be recruited to either FADD or pro-caspase-8. Within these filaments, short 

isoforms of c-FLIP act as negative regulators of caspase-8 activation, which can 

prevent apoptosis and lead to cell survival, whereas the cFLIPL, can either enhance 

or attenuate pro-caspase-8 activation and filaments formation depending on the 

expression levels of cFLIPL, with low levels of the c-FLIPL promoting caspase-8 

activation and high levels inhibiting it (Fu et al., 2016; Hughes et al., 2016). Pro-

caspase-10 is a pro-caspase-8 homolog that is differentially expressed in different 

cells. It can negatively regulate pro-caspase-8 activity by reducing its association 

with DISC (Horn et al., 2017). Taking all into account, the specific arrangement of 

the DISC subunits at DR is probably dependent on the cell type and relies on 
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additional components such as c-FLIP and pro-caspase-10 that determine the 

ultimate DISC composition. 

DISC activation can lead to the formation of secondary cytoplasmic complexes  

(Fig. 1.8) (Lavrik et al., 2008; Geserick et al., 2009). The CD95 secondary complex 

consisting of FADD, pro-caspase-8, c-FLIP and receptor-interacting 

serine/threonine-protein kinase 1 (RIPK1), facilitates pro-caspase-8 activation and 

promotes cell death, but in situations where caspase-8 activity is compromised, it 

stimulates nuclear factor kappa light chain enhancer of activated B cells (NF-κB) 

signalling, which promotes cell survival (Lavrik et al., 2008). Alternatively, through 

additional recruitment of RIPK3, this complex can lead to activation of necroptosis 

(Varfolomeev et al., 2005; Cullen et al., 2013). 

The TRAIL-R1/R2 secondary complex consists of FADD, pro-caspase-8, RIPK1, 

tumour necrosis factor receptor type 1-associated death domain protein (TRADD), 

TNF receptor associated factor 2 (TRAF2), and NF-ĸB essential modulator (NEMO; 

also known as inhibitor of nuclear factor ĸB kinase subunit gamma; IKK-γ)  

(Fig. 1.8) (Falschlehner et al., 2007). This complex activates NF-κB signalling and 

MAP kinase signalling promoting cell survival (Falschlehner et al., 2007). 
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1.2.4 Alternative platforms that activate pro-caspase-8 

1.2.4.1 Complex I and Complex IIa/b 

Caspase-8 activation can also occur downstream from other DRs such as TNF-R1; 

however only through assembly of secondary cytosolic complexes (Fig. 1.8) 

(Schneider et al., 1997; Micheau and Tschopp, 2003). The signalling through TNF-

R1 proceeds in a different manner from CD95 or TRAIL signalling and depending 

on the ubiquitination status of RIPK1 may involve formation of several molecularly 

and spatially distinct signalling complexes that either activate NF-ĸB, pro-caspase-8 

or necroptosis pathway (Schneider et al., 1997; Micheau and Tschopp, 2003). 

Activation of TNF-R1 by its cognate ligand TNF-α, at first leads to formation of 

membrane-bound Complex I consisting of trimerized TNF-R1, the adaptor protein 

TRADD, RIPK1, TRAF2, Cellular Inhibitor of Apoptosis 1 and 2 (c-IAP1 and c-

IAP2) and linear ubiquitin chain assembly complex (LUBAC) (Fig. 1.8) (Schneider 

et al., 1997; Micheau and Tschopp, 2003). TRADD is recruited to DR through 

homotypic DD associations, which further enables recruitment of RIPK1 and 

TRAF2 to TRADD and c-IAP1/2 recruitment to TRAF2 (Hsu, Xiong and Goeddel, 

1995; Hsu et al., 1996). 

Within complex I RIPK1 undergoes K63-linked ubiquitination by c-IAP1 and  

c-IAP2 and linear ubiquitination by LUBAC. This leads to docking of additional 

components, transforming growth factor-β-activated kinase 1 (TAK1) in complex 

with TAK1-binding protein 2 (TAB2), TAK1-binding protein 3 (TAB3), and the 

inhibitor of NF-κB kinase (IKK) complex. This leads to activation of the NF-κB and 

JNK pathways that promote cell survival (Ting, Pimentel-Muinos and Seed, 1996; 

Wajant, Pfizenmaier and Scheurich, 2003; Mahoney et al., 2008). Complex I 

formation can lead to assembly of two spatially different secondary cytosolic 

complexes, complex IIa or complex IIb (Fig. 1.8) (Micheau and Tschopp, 2003). 

The TRADD-dependent complex IIa forms when Cylindromatosis (CYLD) removes 

K63-linked polyubiquitin from RIPK1, triggering its dissociation form Complex I to 

the cytosol. RIPK1 then recruits TRADD, FADD, caspase-8, and c-FLIP forming the 

complex IIa (Fig. 1.8) (Micheau and Tschopp, 2003; He et al., 2009). Lack of the 

RIPK1 ubiquitination in the first place within the membrane-bound complex I for 

example due to cIAP1/2 depletion also leads to RIPK1 dissociation. In the cytosol, 
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RIPK1 initiates formation of complex IIb (which is akin to Ripoptosome) by 

recruiting RIPK3, FADD and pro-caspase-8 (Fig. 1.8) (Wang, Du and Wang, 2008). 

Ripoptosome will be discussed separately in a section 1.2.4.4.  

Assembly of either complex IIa or IIb results in autoactivation and release of 

caspase-8 which initiates apoptosis, whereas a partial activation of caspase-8, 

through heterodimer formation with c-FLIPL, spatially restricts its enzymatic activity 

resulting in cleaving CYLD, RIPK1 and RIPK3 thus preventing the initiation of the 

necroptotic pathway and leading to cell survival (Wang, Du and Wang, 2008; 

Christofferson and Yuan, 2010). Alternatively, a complete caspase-8 inhibition 

promotes formation of cytosolic complex IIc (necrosome) which initiates necroptosis 

(Wang, Du and Wang, 2008; Christofferson and Yuan, 2010).  

1.2.4.2 Inflammatory complexes 

There are also several inflammatory pathways that lead to formation of pro-caspase-

8 activating platforms, for example Toll-like receptor 2 (TLR2) signalling complex, 

alternative inflammasomes containing absent in melanoma-2 (AIM2) or NOD-like 

receptor family, pyrin domain-containing-3 (NLRP3) and dectin-1 receptor 

signalling complex (Fig. 1.8). 

TLR2 associated protein complex forms when TLR2 is activated by bacterial 

lipoprotein. Active TLR2 recruits myeloid differentiation factor 88 (MyD88), which 

then associates with FADD through homotypic interaction between their DDs. 

FADD further recruits pro-caspase-8 and c-FLIP forming a protein complex at the 

plasma membrane (Aliprantis, 2002). The main signalling outcome of this complex 

is activation of NF‐κB signalling; however probably depending on the abundance 

and the type of c-FLIP isoforms present it may also lead to pro-caspase-8 activation 

and subsequent apoptosis initiation (Fig. 1.8) (Aliprantis, 2002). 

Pro-caspase-8 can also undergo autoactivation on some alternative inflammasomes. 

For example, AIM2 activation in response to cytosolic DNA can lead to pro-caspase-

8 activation and induce caspase-8 dependent apoptosis (Sagulenko et al., 2013). 

However, the rising concentration of cytosolic DNA can provide a switch in cell 

death signalling to caspase-1 dependent pyroptosis (Sagulenko et al., 2013). 

Likewise, NLRP3 formation in response to the bacterial pore-forming toxin nigericin 
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can also drive either pro-caspase-1 or pro-caspase-8 activation. In both types of these 

inflammasomes, pro-caspase-8 associates with inflammasome ‘specks’ through 

binding to the pyrin domain of Apoptosis-associated speck-like protein containing  

a CARD (ASC) (Sagulenko et al., 2013). An increase in the local concentration of 

pro-caspase-8 within formed inflammasome leads to its autoactivation and initiates 

apoptosis (Sagulenko et al., 2013).  

Activation of the dectin-1 receptor by fungal and mycobacterial pathogen-associated 

molecular pattern molecules (PAMPs) can activate pro-caspase-8 through assembly 

of noncanonical inflammasome in dendritic cells (Fig. 1.8) (Gringhuis et al., 2012). 

Pro-caspase-8 interacts with Mucosa-associated lymphoid tissue lymphoma 

translocation protein 1 (MALT1) forming oligomers that further recruit ASC, this 

enables its interaction with a complex consisting of Caspase recruitment domain 

family member 9 (CARD9), B-cell lymphoma 10 (BCL-10) and MALT1. The pre-

associated CARD9, BCL-10 and MALT1 form a scaffold of the inflammasome that 

activates IκB kinase complex, whereas the addition of MALT1–pro-caspase-8-ASC 

into this scaffold facilities pro-caspase-8 activation enabling its processing of pro-

interleukin-1 β (pro-IL-1β) (Gringhuis et al., 2012). 

1.2.4.3 Pro-caspase-8 activation by T-cell receptor signalling  

T-cell receptor stimulation can lead to pro-caspase-8 activation via a platform that 

involves components of the macroautophagy degradation system (Fig. 1.8) 

(Leverrier et al., 2008; Leverrier, Salvesen and Walsh, 2011). During mitogenic 

stimulation of T cells there is enhanced autophagic signalling which promotes pro-

caspase-8 association with FADD, c-FLIP, ATG5-ATG12/ATG16L and RIPK1, 

forming a non-apoptotic protein complex (Fig. 1.8) (Leverrier et al., 2008; Leverrier, 

Salvesen and Walsh, 2011). Within this complex, FADD, through its DD, interacts 

with ATG5 providing a platform that recruits c-FLIPL and pro-caspase-8 enabling its 

partial catalytic activation. Pro-caspase-8 association with c-FLIPL spatially limits 

the range of caspase-8 substrates and ensures that caspase-8 will not dissociate from 

the complex to initiate apoptosis (Leverrier et al., 2008; Lu and Walsh, 2012). 

Partially active caspase-8 restricts uncontrolled autophagy induction which otherwise 

would promote RIPK1-dependent necroptosis (Leverrier et al., 2008; Leverrier, 

Salvesen and Walsh, 2011). 
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1.2.4.4 Ripoptosome 

The Ripoptosome is a well-characterised, pro-caspase-8 activating protein complex, 

formed in response to genotoxic stress, TLR3 stimulation, Smac-mimetics or 

depletion of the E3 ubiquitin ligases c-IAPs that ubiquitynate RIPK1 (Feoktistova et 

al., 2011; Tenev et al., 2011). The Ripoptosome is akin to complex IIa, the 

secondary TNF-R1-activated cytosolic complex. However, in contrast to complex 

IIa, Ripoptosome assembly occurs independently of DRs, or autocrine TNF-α 

(Bertrand and Vandenabeele, 2011). The Ripoptosome itself consists of RIPK1 and 

RIPK3, FADD, pro-caspase-8, c-FLIP and in some cells it also recruits pro-caspase-

10 (Fig. 1.9). Within the Ripoptosome, the C-terminal domain of RIPK1 associates 

with FADD via homotypic DDs interactions, and the N-terminal DED of FADD 

recruits pro-caspase-8 (Schilling, Geserick and Leverkus, 2014). Modelling studies 

and negative-staining electron microscopy revealed that the central core of the 

Ripoptosome is formed into an oligomeric, helical assembly, by five RIPK1 DDs at 

the top of the helix and five FADD DDs at the bottom. The formed oligomeric 

structure has a limited affinity towards additional DDs, preventing their further 

association, hence limiting and defining the Ripoptosome size to ∼2 MDa (Jang et 

al., 2014).  

Recruitment of pro-caspase-8 to the Ripoptosome induces apoptosis, simultaneously 

restricting necroptosis by caspase-8 cleavage of RIPK1 and RIPK3, hence limiting 

inflammation (Feoktistova et al., 2011; Tenev et al., 2011). Furthermore, the 

Ripoptosome can control the switch between apoptosis and necroptosis signalling, 

through interaction with c-FLIP isoforms and c-IAPs. The c-FLIPS inhibits pro-

caspase-8 activation, leading to RIPK3-dependent necroptosis, whereas the c-FLIPL 

allows for limited pro-caspase-8 activation spatially restricting its substrates. In this 

way, apoptosis is blocked but active caspase-8 cleaves RIPK1, preventing its 

association with RIPK3 hence inhibiting necroptosis. Absence of c-FLIP allows for  

a full caspase-8 activation and its dissociation to initiate apoptotic signalling (Oberst 

et al., 2011; Weinlich, Dillon and Green, 2011). The c-IAPs, in turn, inhibit 

Ripoptosome formation by ubiquitinating RIPK1 and c-FLIPL (Feoktistova et al., 

2012). 
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1.2.4.5 iDISC 

The autophagosomal membranes can provide a platform for pro-caspase-8 

recruitment and its auto-activation in response to certain internal stimuli, for 

example, proteasome inhibition or a pan-sphingosine kinase inhibition (Young et al., 

2012). The autophagosomal membrane recruits FADD to pre-associated ATG5-

ATG12 conjugates, and FADD in turn recruits pro-caspase-8 forming a multiprotein 

complex called the intracellular death inducing signalling complex (iDISC) in MEF 

cells (Fig. 1.9) (Young et al., 2012). The iDISC components colocalize with LC3 

and p62 indicating that it is anchored in the autophagosomal membrane. The 

formation of iDISC enables pro-caspase-8 self-association which may depend on 

p62, while pro-caspase-8 self-processing requires the autophagosomal membrane. 

Active caspase-8 initiates apoptosis and induces the mitochondrial amplification 

loop. Depletion of the autophagy core genes, e.g., Atg5, Atg7, Atg3 or loss of FADD 

suppresses caspase-8 activation and protects cells from death (Young et al., 2012).  

In support of these findings, other group reported that in the settings of autophagy 

inhibition combined with BH3 mimetics, the upregulated autophagy receptor for 

ubiquitinated proteins p62 can promote pro-caspase-8 aggregation and 

autoactivation, initiating apoptotic signalling (Huang et al., 2013; Tomar et al., 

2013). Formation of these aggregates possibly occurs on the autophagosomal 

membrane as there is caspase-8 colocalization with p62 and LC3 (Huang et al., 

2013). As reported by Tomar et al, TRIM13, RING E3 ubiquitin ligase induces K63-

linked ubiquitination of pro-caspase-8 during ER stress. This promotes its 

translocation and aggregation on the autophagosomal membrane, leading to its 

autoactivation and apoptosis initiation (Tomar et al., 2013). 

1.2.5 Pro-caspase-8 as a scaffold protein 

Pro-caspase-8 can play a significant structural role in some protein complexes that 

are not involved in apoptosis (Oh et al., 2015; Kang et al., 2015). For example, 

together with FADD it associates with TRAF2, stabilizing it and forming  

a metastasis and invasion signalling complex (MISC) (Oh et al., 2015). This occurs 

under conditions of suppressed TRAIL-R2 (aka DR5) signalling and leads to 

activation of ERK and JNK signalling pathways promoting cancer metastasis and 

invasion (Oh et al., 2015). Pro-caspase-8 acts as a scaffold protein within MISC as 
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only pro-caspase-8 knockdown but not the inhibition of its enzymatic activity could 

abolish MISC-dependent cell invasion and metastasis of cancer cell (Oh et al., 

2015). Pro-caspase-8 plays also an important scaffold function in the NLRP3 

inflammasome assembly in response to TLR3 stimulation with poly(I:C) (Kang et 

al., 2015).  

1.3 Autophagy 

Autophagy was first observed by Ashford and Porter who described this self-eating 

phenomena in cultured mammalian cells in 1962 (Ashford and Porter, 1962; de Duve 

and Wattiaux, 1966). However, it was Christian de Deuve who coined the term 

Autophagy (from Greek: ‘self-eating) in 1966 when he observed double membraned 

structures in mammalian cells containing parts of cytoplasm and organelles in 

different states of disintegration (de Duve and Wattiaux, 1966; Deter, Baudhuin and 

De Duve, 1967). 

Autophagy is an evolutionarily conserved process in which eukaryotic cells maintain 

cellular energy homeostasis by selective degradation of cytoplasmic material, long-

lived proteins or damaged cellular components, that could otherwise lead to cellular 

toxicity and even cell death (Mizushima, 2007; Kroemer, Mariño and Levine, 2010). 

Autophagy operates at basal level under normal physiological conditions, allowing 

the cell to function optimally and to preserve its integrity. However, it is 

significantly enhanced in response to diverse cellular stresses including different 

forms of metabolic stress, ER stress, heat shock and hypoxia (He and Klionsky, 

2009; Yu, Chen and Tooze, 2018). As such, autophagy is an important part of the 

cellular proteostasis network which aims to maintain a balance between the protein 

synthesis, degradation and recycling in response to fluctuations in the cellular 

environment (Mizushima, 2007; Kroemer, Mariño and Levine, 2010).  

The optimal autophagy is important for maintaining cellular integrity. It participates 

in cell differentiation, development, and tissue remodelling of multicellular 

eukaryotes (Levine and Klionsky, 2004; Klionsky et al., 2007; Mizushima and 

Komatsu, 2011). Defective autophagy and the age-related decline of autophagic 

functions have been implicated in neurodegenerative diseases, immune diseases and 

cancer (Mizushima et al., 2008; Kroemer, Mariño and Levine, 2010; Mizushima, 

2018).  
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There are three main types of autophagy: macroautphagy (also called autophagy), 

microautophagy and chaperone mediated autophagy (Parzych and Klionsky, 2014). 

Each of these types of autophagy share the same principal, which is the proteolytic 

degradation of the enclosed cargo in lysosomes (Fig. 1.10) (Parzych and Klionsky, 

2014). Macroautophagy is characterized by the formation of autophagosomes that 

engulfs cargo of cellular origin (Fig. 1.10) (Arstila and Trump, 1973). On contrary,  

a specialised subtype of macrophagy called heterophagy internalizes only 

extracellular materials (Marzella, Ahlberg and Glaumann, 1981). In microautophagy 

the lysosome directly sequesters a portion of cytoplasm for degradation (Fig. 1.10) 

(Ahlberg, Marzella and Glaumann, 1982). Chaperone-mediated autophagy is 

specialised in selective targeting of proteins that possess a specific sequence signal 

pentapeptide domain and directly translocating them across the lysosomal membrane 

(Fig. 1.10) (Cuervo and Dice, 1996; Nakamura et al., 1997; Dice, 2007). 
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Fig. 1.10: The types of autophagy. (A) Macroautophagy (in text referred to as autophagy) 
is characterized by the sequestration of structures targeted for destruction into a double-
membrane vesicle called autophagosome. The complete autophagosome first may combine 
with the endosome before fusing with the lysosome. The acid hydrolases break down the 
inner membrane from the autophagosome and degrade the cargo. The resulting 
macromolecules are released and recycled in the cytosol. (B) Heterophagy occurs when the 
cell internalizes and degrades material that originates outside of the cell. The foreign 
material is first engulfed by an endosome that later fuses with an autophagosome forming an 
amphisome. The completed autophagosome or amphisome fuses with the lysosome forming 
the autolysosome. (C) Microautophagy is mediated by direct lysosomal engulfment of the 
cytoplasmic cargo. Cytoplasmic material is trapped in the lysosome by the random process 
of membrane invagination. (D) During chaperone-mediated autophagy, proteins carrying the 
pentapeptide KFERQ-like sequence are recognized by the Hsp70 chaperone, which then 
associates with the integral lysosome membrane protein LAMP-2A, triggering its 
oligomerization. This event leads to the translocation of the bound protein into the lysosome 
interior. 
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1.3.1 Mechanism of autophagy 

The molecular machinery of autophagy, including autophagy-related genes (Atg) 

such as Atg1, Atg5, Atg6, Atg13, was initially characterized in the budding yeast 

Saccharomyces cerevisiae by Yoshinori Ohsumi’s research team (Takeshige et al., 

1992; Tsukada and Ohsumi, 1993; Matsuura et al., 1997; Ohsumi, 2006) So far, 

more than 40 Atg genes have been identified in yeast, many of which are conserved 

in mammals and plants (Harding et al., 1996; Kanki and Klionsky, 2009; Okamoto, 

Kondo-Okamoto and Ohsumi, 2009; Klionsky et al., 2016). 

The fundamental feature of autophagy is a de novo formation of a double membrane 

vacuole that emerges from a small isolation membrane in the form of a flat 

membrane cistern (Xie and Klionsky, 2007; Fujita et al., 2008; Mehrpour et al., 

2010; Mizushima, Yoshimori and Ohsumi, 2011). In the process of its elongation, 

this flat membrane cistern expands to wrap itself around neighbouring cytoplasmic 

components or organelles, forming a larger enclosed double-membrane vacuole 

termed an autophagosome that ultimately fuses with lysosomes to degrade and 

recycle its contents (Fig. 1.11) (Baba et al., 1994; Mari, Tooze and Reggiori, 2011). 

On average autophagosomes are approximately 700-800 nm in diameter, but they 

can further extend to accommodate larger structures such as cellular organelles 

(Baba et al., 1997; Klionsky et al., 2016).  

Autophagosome formation is a step-wise mechanism orchestrated by a synchronised 

action of a highly conserved family of autophagy-related proteins (ATG). (Xie and 

Klionsky, 2007; Fujita et al., 2008; Mehrpour et al., 2010; Mizushima, Yoshimori 

and Ohsumi, 2011). It can be divided into several steps including: initiation and 

nucleation, elongation and closure, maturation and degradation (Fig. 1.11) 

(Mizushima and Komatsu, 2011; Mizushima, Yoshimori and Ohsumi, 2011). During 

the autophagosome formation, multiple proteins are temporarily recruited to 

expanding membrane of the growing autophagosome. By means of multiple 

substrate recognizing receptors, the forming autophagosome can either engulf 

specific cell constituents, such as ubiquitinated clients or damaged organelles, or it 

can encompass nonspecific cellular components from the cytosol (Levine and 

Klionsky, 2004; Yu, Chen and Tooze, 2018). The autophagy process is completed by 

lysosome reformation (Yang and Klionsky, 2009; Chen and Yu, 2013).
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1.3.1.1 The autophagosome initiation and nucleation 

The initial steps of autophagy involve the formation of the pre-autophagosomal 

structure, which serves as the nucleation point for the formation of the isolation 

membrane (also called phagophore) (Fig. 1.11) (Rubinsztein, Shpilka and Elazar, 

2012). Recent advances in microscopic techniques and biochemical approaches have 

stimulated a series of studies investigating the origin of the autophagosomal 

membrane, but the results remain contradictory. It has been suggested the isolation 

membrane is created de novo from newly synthesized lipids, or that the source of 

theisolation membraneare possibly ER-related phosphatidylinositol 3-phosphate 

(PI3P) -dependent structures called ‘omegasomes’. Alternatively it has been 

suggested that a vesicle budding from mitochondria or ER-mitochondria contact 

sites, the plasma membrane or Golgi apparatus or even Golgi-ER intermediate 

compartments can give rise to the autophagosome membrane (Axe et al., 2008; 

Hayashi-Nishino et al., 2009; Yla-Anttila et al., 2009; Geng and Klionsky, 2010; 

Hailey et al., 2010; Ravikumar et al., 2010; Ge et al., 2013).  

Formation of an isolation membrane and recruitment of ATG proteins to it, at first 

requires an activation of the ULK1/ ULK2 complex (Ganley et al., 2009; Lee and 

Tournier, 2011; Alers et al., 2012; Wong et al., 2013). This complex consists of two 

serine/ threonine kinases, unc-51-like autophagy activating kinase 1 and 2 (ULK1 

and ULK2), mATG13, FIP200 and ATG101 (Fig. 1.11) (Yang and Klionsky, 2009; 

Yu, Chen and Tooze, 2018). The way in which the ULK1/ ULK2 complex 

transduces upstream stress signals to downstream autophagy machinery is not fully 

understood and requires more investigation. The activity of the ULK1/ ULK2 

complex is regulated by the nutrient-sensing kinase mammalian target of rapamycin 

(mTOR) and AMP-activated protein kinase (AMPK) (Egan et al., 2011; Kim et al., 

2011; Dunlop and Tee, 2013). Both of these kinases under normal, non-stressed 

conditions phosphorylate ULK1 at different serine/ threonine residues, inactivating 

it. However, during autophagy induction, ULK1 undergoes dephosphorylation and 

translocates to the isolation membrane where it recruits and activates the 

phosphatidylinositol 3-linase (PI3K) complex (Fig. 1.11) (Itakura and Mizushima, 

2010; Koyama-Honda et al., 2013). 
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The formation and activation of PI3K complex is necessary for the multiple stages of 

autophagosome formation including induction of the phagophore, vesicle nucleation 

and expansion and curvatures of the double membrane (Fig. 1.11) (Funderburk, 

Wang and Yue, 2010; McKnight and Zhenyu, 2013). The core of PI3K complex 

consists of the class III PI3-kinase Vps34, vacuolar protein sorting 15 homolgue 

(Vps15) and Beclin 1 (Funderburk, Wang and Yue, 2010; McKnight and Zhenyu, 

2013). The PI3K complex assembly enables the allosteric activation of the class III 

PI3K Vps34 enabling it to generate PI3P (Funderburk, Wang and Yue, 2010; 

McKnight and Zhenyu, 2013). The PI3P in turn recruits multiple effectors such as 

the double FYVE domain-containing protein 1 (DFCP1) and WD-repeat protein 

interacting with phosphoinositides (WIPI) family proteins to the growing membrane 

(Axe et al., 2008; Polson et al., 2010).  

The autophagosome formation can be regulated by two classes of PI3K complex that 

after formation recruit distinct proteins to the growing membrane (Simonsen and 

Tooze, 2009; He and Levine, 2010; Matsunaga et al., 2010; McKnight and Zhenyu, 

2013). PI3K complex I participates in the autophagosome formation and it involves 

Beclin 1 interaction with ATG14L; whereas PI3K complex II facilitate the formation 

of curvatures in the autophagosome and it involves Beclin 1 interaction with UV 

radiation resistance-associated genes (UVRAG) and BAX-interacting factor 1  

(BIF-1) (Fig. 1.11) (Simonsen and Tooze, 2009; He and Levine, 2010; Matsunaga et 

al., 2010; McKnight and Zhenyu, 2013).  

1.3.1.2 The autophagosome elongation and closure 

During autophagosome elongation the isolation membrane progressively expands 

and surrounds the material destined for degradation, eventually forming a double-

membraned vacuole (Fig. 1.11) (Fujita et al., 2008). Beclin 1, which is a BH3-only 

protein, facilitates localization of the autophagy proteins to a growing 

autophagosomal membrane (Liang et al., 1998). Its activity is antagonized by BCL-2 

leading to inhibition of autophagy (Pattingre et al., 2005; Feng et al., 2007; 

Oberstein, Jeffrey and Shi, 2007). Beclin 1 can be released from BCL-2 inhibitory 

association by death associated protein kinase (DAPK)-mediated or JNK1-mediated 

phosphorylation (Wei et al., 2008; Zalckvar et al., 2009). When released, Beclin 1 
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oligomerizes via its BH3 domain enabling a rapid nucleation of its interacting 

proteins (Wei et al., 2008; Zalckvar et al., 2009).  

Beclin 1 regulates the autophagy process through its multiple interacting partners. 

For example, Beclin 1 interaction with Ambra 1 positively regulates autophagy 

induction, Beclin 1 association with Atg14 is essential for the autophagosome 

formation as it targets the Vp30 protein complex to the autophagosome membrane, 

whereas association with UVRAG facilitates recruitment of the fusion machinery 

(Liang et al., 2006, 2008; Sun et al., 2008; Matsunaga et al., 2009; Di Bartolomeo et 

al., 2010). 

The elongation process is mediated by two related, ubiquitin-like conjugation 

systems: the ATG12-ATG5 conjugation system and microtubule-associated proteins 

1A/1B light chain 3B - phosphatidylethanolamine (LC3-PE) conjugation system 

(Fig. 1.11) (Mizushima, 2007; Fujita et al., 2008). Both of these conjugation systems 

become recruited to the isolation membrane by PI3P (Mizushima, 2007; Fujita et al., 

2008). The ATG12-ATG5 conjugation system involves the covalent attachment of 

ATG12 to ATG5 mediated by ATG7, (a ubiquitin E-like enzyme), and ATG10,  

(a ubiquitin E2-like enzyme) (Fig. 1.11) (Weidberg, Shvets and Elazar, 2011). 

Formation of a thioester bond between C-terminal glycine residue at 186 of ATG12 

and cysteine residue at 507 of ATG7 activates ATG12 which is then transferred 

ATG10 and becomes conjugated with ATG5 by isopeptide bond formation at lysine 

149 (Mizushima et al., 1998; Tanida et al., 1999; Hurley and Schulman, 2014). The 

conjugated ATG12-ATG5 complex interacts then with ATG16L and associates with 

the pre-autophagosomal membrane (Mizushima, Noda and Ohsumi, 1999).The 

conjugation of ATG12-ATG5 facilitates LC3-PE conjugation (Kabeya et al., 2000). 

The LC3-PE conjugation system involves at least eight different Atg8 orthologues in 

mammals, all of which undergo PE conjugation (Kabeya et al., 2004; Shpilka et al., 

2011). For simplicity only LC3, which represents the best characterised model will 

be further described. LC3 is a soluble cytosolic protein of 17 kDa that becomes 

processed by ATG4 to form LC3-I (Kabeya et al., 2000). ATG4 is a cysteine 

protease that cleaves LC3 to expose its carboxy terminal glycine residue, which is 

further activated by the ATG7 (E1 like enzyme) and transferred to ATG3 (E2-like 

enzyme) (Fig. 1.11) (Mizushima, 2007; Maruyama and Noda, 2017). LC3I is further 
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conjugated to PE to form LC3-II (which corresponds to Atg8–PE in yeast), that 

becomes recruited to autophagosomal membrane (Mizushima, 2007; Maruyama and 

Noda, 2017).  

The LC3 conjugation system is important for the formation of curvature, expansion 

of the autophagosomal membrane as well as cargo selection (Fujita et al., 2008). 

LC3 conversion from a soluble LC3-I to autophagic vacuole-bound LC3-II provides 

a specific marker for autophagy activation (Yoshii and Mizushima, 2017). This LC3-

I to LC3-II conversion results in a shift from a diffuse to a punctuate 

immunofluorescence staining pattern, which corresponds to the relocalization of 

LC3-II to autophagy vacuoles, as well as an increase of electrophoretic mobility 

(Tanida et al., 2005; Satoo et al., 2009).  

These two conjugation systems are also important for the closure of the 

autophagosomal membrane and efficient degradation of the inner autophagosomal 

membrane at later stages (Geng and Klionsky, 2008; Tsuboyama et al., 2016). The 

inner and outer bilayers fuse to form two distinct membranes completing in this way 

a formation of the double-membrane vesicle, referred to as early autophagic vacuole 

(Fig. 1.11) (Eskelinen, 2005; Mari, Tooze and Reggiori, 2011).  

1.3.1.3 Autophagosome maturation and degradation 

In the maturation step, the outer membrane of the formed autophagosome fuses with 

the lysosome forming the autolysosome (also called autophagolysosomes), which 

under transmission electron microscopy appears as single-membrane vacuole with an 

electron-dense content (Fig. 1.11) (Yorimitsu and Klionsky, 2005; Maiuri et al., 

2007). In this way autophagosomes and their contents become acidified leading to 

degradation of the inner autophagosomal membrane and the containing cargo by the 

lysosomal degradative enzymes, such as hydrolases (Yorimitsu and Klionsky, 2005; 

Maiuri et al., 2007). 

The degraded components become recycled and returned to cytosol by the lysosomal 

permeases (Ogata et al., 2006; Klionsky et al., 2007; Mizushima and Komatsu, 

2011). The recycled components can feed into the ongoing biosynthetic pathways or 

under conditions of metabolic stress, they can be further catabolised to fuel ATP 

synthesis (Lum et al., 2005; Yu, Chen and Tooze, 2018). Free amino acids that re-
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enter metabolic reactions can lead to local activation of mTOR, resulting in 

inhibition of autophagy (Yu et al., 2010). The degradation process ends with 

recycling of the autophagolysosomal machinery components and regeneration of 

lysosomes (Mizushima, 2007; Glick, Barth and Macleod, 2010).  

1.3.2 The regulation of autophagy by mTOR and AMPK 

The autophagy induction at the level of the ULK1/ULK2 complex is regulated by 

activity of two kinases: mammalian target of rapamycin (mTOR) and adenosine 

monophosphate-activated protein kinase (AMPK) (Fig. 1.12) (Egan et al., 2011; 

Kim et al., 2011). The mTOR is a serine/ threonine protein kinase that promotes 

cell’s anabolic pathways such as protein synthesis and energy metabolism but it is  

a negative regulator of autophagy and apoptosis (Laplante and Sabatini, 2012).  

The mTOR can assemble into two different complexes mTOR complex 1 and 2 

(mTORC1 and mTORC2) (Feldman et al., 2009; Laplante and Sabatini, 2012). The 

mTORC1 consists of mTOR, Regulatory Associated Protein of mTOR (Raptor), 

mammalian LST8/G-protein β-subunit like protein (mLST8/GβL), PRAS40 and 

DEPTOR (Fig. 1.12) (Wullschleger, Loewith and Hall, 2006; Guertin and Sabatini, 

2007; Rabanal-Ruiz, Otten and Korolchuk, 2017). The mTORC1 main function is to 

promote anabolic processes - activate translation of proteins when nutrients are 

abundant therefore it’s activity is regulated by insulin, growth factors, amino acid 

and oxidative stress (Wullschleger, Loewith and Hall, 2006; Saxton and Sabatini, 

2017). The mTORC1 is involved in nutrient, energy and redox sensing, regulation of 

protein synthesis, cell growth and cell proliferation (Hay and Sonenberg, 2004; 

Saxton and Sabatini, 2017). This complex phosphorylates and thus inhibits ULK1 

under normal physiological or nutrient-rich conditions (Hay and Sonenberg, 2004; 

Saxton and Sabatini, 2017). During starvation, mTORC1 is repressed by the tuberous 

sclerosis proteins 1 and 2 (TSC 1/2) complex that is phosphorylated by Akt (Fig. 

1.12). This causes mTORC1 dissociation from the ULK1 complex, that further 

undergoes dephosphorylation at mTORC1-targeted sites, which enables it to initiate 

autophagy (Yip et al., 2010; Aylett et al., 2016; Saxton and Sabatini, 2017). 

ULK1/2 can be also positively regulated by interacting with AMP-activated protein 

kinase (AMPK) (Behrends et al., 2010) AMPK is key energy sensor that regulates 

metabolism to maintain energy homeostasis (Hardie, 2007). Under low energy 
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conditions AMPK promotes autophagy by directly activating ULK complex. AMPK 

phosphorylates ULK on serine 317 and serine 777 (Kim et al., 2011).When nutrients 

are abundant active mTORC1 disrupts ULK1-AMPK interaction by phosphorylating 

ULK1 on serine 757 (Kim et al., 2011). 
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Fig. 1.12: The autophagy regulatory pathways. The PI3K pathway is triggered by the 
binding of insulin to insulin receptor, thereby activating PI3K. Activated PI3K converts 
PIP2 to PIP3, which then recruits PDK1 and AKT to the cell membrane. AKT is then 
phosphorylated and activated, which in turn phosphorylates and inactivates TSC 1/2, leading 
to activation of Rheb and consequently mTORC1. AKT can also be phosphorylated and 
activated by mTORC2. AKT can also phosphorylate Beclin 1 inhibiting the formation of 
PI3K complex. AMPK, a cellular energy sensor of changes in the intracellular ATP/AMP 
ratio, directly phosphorylates TSC2, thereby providing the priming phosphorylation for 
subsequent phosphorylation of TSC2 by GSK3 to inhibit mTORC1 signalling. The mTOR 
pathway involves two functional complexes: a rapamycin-sensitive mTORC1 that regulates 
autophagy, consisting of the mTOR catalytic subunit, raptor, mLST8, and PRAS40; and 
mTORC2 comprising of mTOR, rictor, mLST8, SIN1, and PROTOR. Amino acids activate 
mTORC1 via RAG GTPases and suppress autophagy. The rate-limiting factor of amino acid 
signalling is l-glutamine, which is initially taken up by its high-affinity transporter SLC1A5, 
followed by its efflux by the SLC7A5/SLC3A2 bidirectional transporter in exchange for 
uptake of essential amino acids, which subsequently activates mTORC1. The ULK1-Atg13-
FIP200 complex acts as an integrator of the autophagy signals downstream of mTORC1. 
Under nutrient-rich conditions, mTORC1 suppresses autophagy by interacting with this 
complex and mediating phosphorylation-dependent inhibition of ATG13 and ULK1. Under 
starvation conditions or rapamycin treatment, mTOR dissociates from the complex, resulting 
in dephosphorylation-dependent activation of ULK1 and ULK1-mediated phosphorylations 
of ATG13, FIP200, and ULK1 itself, which triggers autophagy. The mTORC1 pathway 
regulates cell growth mainly through 4E-BP1 and p70S6K. Phosphorylation-dependent 
activation of p70S6K can also inhibit IRS1, thereby exerting a feedback loop mechanism. 

Page 41 of 208 
 



1.3.3 Selective autophagy  

Autophagy, which is primarily identified as a non-selective degradative pathway, can 

be also highly specific in cargo selection, for example affecting only the specific 

organelles (Kraft et al., 2008; Kristensen et al., 2008; Johansen and Lamark, 2014; 

Zaffagnini and Martens, 2016). The high specificity of autophagy is achieved by 

means of multiple cargo recognition receptors, however the exact mechanism and 

regulation of selective autophagy remains elusive. Subtypes of selective autophagy 

involve degradation of only a specific type of organelle or cargo, for example 

pexophagy which removes peroxisomes, ER-phagy for ER degradation and 

mitophagy for removal of mitochondria and xenophagy for removal of pathogens 

(Bernales, Schuck and Walter, 2007; Kim, Rodriguez-Enriquez and Lemasters, 

2007; Till et al., 2012).  

1.4 Cellular stress 

1.4.1 Endoplasmic reticulum stress and the unfolded protein response 

The ER is a dynamic multifunctional organelle and a key gatekeeper of the secretory 

pathway in eukaryotic cells (Vitale and Denecke, 1999; Berridge, 2002). In addition 

to its role in protein folding and maturation, the ER conducts other biochemical and 

metabolic operations contributing to gluconeogenesis, lipid synthesis, calcium 

homeostasis and biogenesis of peroxisomes and autophagic bodies (Berridge, 2002; 

Heiland and Erdmann, 2005). The ER is an important contributor to proteostasis 

which is a an extensive network of quality control processes that preserve  

a functional proteome and overall organismal health (Hipp, Park and Hartl, 2014).  

The ER has a complex structure of interconnected tubules and sacs known as 

cisternae that are held together by the cytoskeleton (Soltys, Falah and Gupta, 1996; 

Voeltz, Rolls and Rapoport, 2002). The ER is composed of a single phospholipid 

membrane that forms a continuous membrane network with the outer nuclear 

envelope (Rizzuto et al., 1998; Voeltz, Rolls and Rapoport, 2002; Shibata, Voeltz 

and Rapoport, 2006). The ER can be separated to rough and smooth regions which 

perform distinct functions. However, the quantity of rough and smooth regions of 

ER in a cell can slowly interchange to accommodate the current metabolic 

requirements (Shibata, Voeltz and Rapoport, 2006).  
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Smooth ER consists of tubules, and it is a site for lipid and steroid biosynthesis and  

a breakdown of drugs and toxins (Stefano, Renna and Brandizzi, 2014; van Anken 

and Sitia, 2015). Rough ER (RER) is composed of flattened peripheral sheets 

transiently coated with ribosomes and is the principal site for production and export 

of glycoproteins and hormones as well as folding, maturation, post-translation 

modifications and translocation of secreted and membrane-bound proteins (Dorner, 

Wasley and Kaufman, 1990; Braakman, Helenius and Helenius, 1992; Helenius, 

Marquardt and Braakman, 1992; Braakman and Bulleid, 2011; Naidoo, 2011). At 

least one third of all proteins in a cell undergo folding and structural maturation in 

ER lumen (Anelli and Sitia, 2008).  

Given its role in protein folding, the ER lumen has a high concentration of proteins 

estimated at about 100 mg/ml (Stevens and Argon, 1999; Anelli and Sitia, 2008). 

This high concentration promotes the formation of protein aggregates which are 

deleterious to the cell (Stevens and Argon, 1999; Anelli and Sitia, 2008). 

Hydrophobic surfaces that are usually buried inside a natively folded protein are 

exposed in unfolded proteins and folding intermediates. These hydrophobic protein 

stretches tend to associate with each other forming aggregates that can disrupt and 

impair cellular processes contributing to pathology (Ellgaard and Helenius, 2003; 

Díaz-Villanueva, Díaz-Molina and García-González, 2015). To counteract this and 

to ensure proper conformational maturation of nascent proteins, the ER has evolved 

an elaborate cellular protein quality control system that promotes proper folding of 

nascent polypeptides and selectively degrades misfolded or aggregated polypeptides 

(Ellgaard and Helenius, 2003; Díaz-Villanueva, Díaz-Molina and García-González, 

2015). 

The maintenance of ER protein homeostasis requires a dynamic network of 

regulators, chaperones, foldases and cofactors (Gething and Sambrook, 1992; 

Helenius, Marquardt and Braakman, 1992). Some important enzymes involved in ER 

homeostasis include: glycosidases, which are involved in the quality control 

mechanisms of N-linked glycoproteins, protein disulphide isomerase (PDI) that 

facilitates the formation of the correct disulphide bonds within newly synthesised 

polypeptides, foldases and Ca2+-dependent molecular chaperones such as GRP78 

(also known as BiP), and 94 kDa glucose-regulated protein (GRP94), which bind to 

polypeptides in the ER to slow their folding process and prevent their aggregation, 
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and calreticulins, which stabilize protein folding intermediates preventing them from 

being exported from ER (Braakman, Helenius and Helenius, 1992; Helenius, 

Marquardt and Braakman, 1992).  

Despite the presence of a dynamic network of regulators, chaperones, foldases and 

cofactors it is estimated that one third of nascent polypeptides fail to fold properly 

(Schubert et al., 2000; Vembar and Brodsky, 2008). Formation of protein aggregates 

is also a common consequence of severe stress conditions, for example, heat shock 

that can be further enhanced by presence of mutations that affect protein stability and 

translational errors. Furthermore aging reduces capacity of cells to cope with 

misfolded proteins. Properly folded proteins are exported from RER, whereas all 

proteins that fail to undergo a successful folding process are retained within the ER, 

where they can either refold or are exported to the cytosol for degradation by  

a process called ER-associated degradation (ERAD) (Römisch, 2005; Vembar and 

Brodsky, 2008). Additionally cell can upregulate the activity of autophagy to aid the 

removal of misfolded, aggregated proteins, that cannot be degraded by the 

proteasome, (Ogata et al., 2006; Kouroku et al., 2007; Lamark and Johansen, 2012). 

The maintenance of ER homeostasis is crucial for the cell as only the properly 

formed and matured proteins are able to accurately carry out their physiological 

functions (Stevens and Argon, 1999; Anelli and Sitia, 2008). The process of protein 

folding and post-translational modifications in ER is dependent on ER oxidizing 

environment, Ca2+ concentration, redox homeostasis and oxygen supply (Stevens 

and Argon, 1999). Additionally, the folding capacity of ER is dependent on the 

presence of ER chaperones such including GRP78, GRP94 and calreticulins (Liu et 

al., 1997). However, an increased demand for protein folding exceeding ER capacity 

or faulty folding machinery can disturb ER proteostasis leading to an accumulation 

of nascent peptides and misfolded proteins in ER and triggering a state of ER stress 

which, if unresolved, leads to proteotoxicity (Kozutsumi et al., 1988; Rutkowski and 

Kaufman, 2004; Schroder and Kaufman, 2005; Xu, Bailly-Maitre and Reed, 2005; 

Tabas and Ron, 2011). 

Throughout their lifespan cells are exposed to physiological and pathological 

stressors that challenge ER proteostasis. Environmental stressors such as hypoxia 

(lack of adequate oxygen), hypoglycaemia (lack of adequate glucose) , disruption of 
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ER Ca2+ pools, oxidative stress, ischemia, viral infections, compromised ERAD or 

autophagy as well as mutations within the nascent polypeptides that render them 

incompetent of folding provoke cellular damage by disrupting ER homeostasis or 

impairing ER folding machinery (Kozutsumi et al., 1988; Boyce and Yuan, 2006; 

Sovolyova et al., 2014). As a consequence, these leads to accumulation of aberrant 

protein species in the ER lumen creating environments conducive to ER stress 

(Kozutsumi et al., 1988; Boyce and Yuan, 2006; Sovolyova et al., 2014).  

ER stress represents a condition where the load of unfolded and misfolded proteins 

exceeds the folding capacities of the ER (Schroder and Kaufman, 2005). Glucose 

deprivation leads to ER stress, by impairing the N-linked protein glycosylation (Roth 

et al., 2010; Csala et al., 2012). Redox changes caused by hypoxia or oxidizing and 

reducing agents interfere with disulphide bonds formation by PDI (Hagiwara and 

Nagata, 2012). Calcium ion pools disruption interferes with protein folding because 

of the Ca2+-dependent nature of molecular chaperones such as GRP-78, GRP-94, and 

calreticulin (Ma and Hendershot, 2004; Krebs, Groenendyk and Michalak, 2011). 

Calcium ions also alter hydrophobic interactions of proteins by affecting the 

electrostatic interactions in nascent polypeptides. Compromised ERAD or autophagy 

leads to accumulation of misfolded proteins and a viral infection induces ER stress 

by overloading the ER with viral proteins (Travers et al., 2000; Kawaguchi et al., 

2003; He, 2006; Roy, Salcedo and Gorvel, 2006; Ding et al., 2007; von dem Bussche 

et al., 2010). 

1.4.1.1 ER stress-inducing agents 

There are several pharmacological compounds that induce ER stress. Tunicamycin 

(Tm) is a nucleotide analogue that is commonly used to study ER stress. Tm is 

produced by Streptomyces lysosuperificus and it is a powerful inhibitor of 

peptidoglycan biosynthesis and it also prevents the linking of teichoic acids and 

teichuronic acids to peptidoglycan (Takatsuki, Arima and Tamura, 1971). In 

mammalian cells Tm inhibits protein N-linked glycosylation by preventing the 

addition of oligosaccharides to nascent polypeptides and thereby inhibiting protein 

folding and their transition through the ER (Bassik and Kampmann, 2011). The 

exact mechanism involves inhibition of GlcNAc 1-phosphotransferase, the enzyme 

responsible for the transfer of GlcNAc to dolichol-1-phosphate to initiate the 
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synthesis of the substrate for oligosaccharyltransferase (Bassik and Kampmann, 

2011). 

Brefeldin A (BFA) is a lactone antiviral produced by Eupenicillium brefeldianu, that 

prevents association of COP-I coat to the Golgi membrane inhibiting protein 

transport from the ER to the Golgi apparatus (Klausner, Donaldson and Lippincott-

Schwartz, 1992). Treatment with BFA leads to a rapid accumulation of proteins in 

ER triggering ER stress (Sciaky et al., 1997). Therefore, this small hydrophobic 

compound is ER stress inducing and also a potent inhibitor of protein secretion 

(Sciaky et al., 1997).  

1.4.2 Genotoxic stress 

DNA is exposed to potentially deleterious genotoxic events during every cell 

division cycle (Coates, Lorimore and Wright, 2005; Santivasi and Xia, 2013; 

Turgeon et al., 2018). The source of the DNA damage can be either endogenous 

which results from cellular metabolism and routine errors during DNA replication; 

or exogenous, which results from external source such as exposure to UV light,  

X-rays or γ-rays and alkylating agents (Coates, Lorimore and Wright, 2005; Turgeon 

et al., 2018). There are also some commonly used chemotherapeutic drugs that target 

DNA, for example, etoposide, cisplatin and 5-fluorouracil (Woods and Turchi, 

2013). Genomic stability is crucial in maintaining the cell viability. DNA damage 

can lead to neoplastic progression; therefore the cell has evolved cell cycle 

checkpoint pathways as a defence strategy to prevent errors during DNA replication 

and to prevent cell cycle progression until the damage is resolved. In an attempt to 

fix DNA cells activate the molecular DNA repair program called DNA damage 

response (DDR) (Coates, Lorimore and Wright, 2005; Santivasi and Xia, 2013; 

Turgeon et al., 2018).  

Base damage and single strand DNA breaks are efficiently fixed by base excision 

repair and are therefore pose less of a threat to cellular health (Coates, Lorimore and 

Wright, 2005; Turgeon et al., 2018). DNA double strand breaks pose a risk to cell 

survival as they often represent highly complex damage that cannot be fixed either 

by non-homologous end joining or homologous recombination (Coates, Lorimore 

and Wright, 2005; Turgeon et al., 2018). On the other hand, the erroneous repair of 

DNA can lead to cell senescence, mutations, chromosomal aberrations and genomic 
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instability that can further alter the functions of oncogenes and tumour suppressor 

genes which can cause cancer. Alternatively, unrepairable DNA damage can also 

lead to cell death (Coates, Lorimore and Wright, 2005; Turgeon et al., 2018).  

1.4.2.1 Genotoxic stress-inducing agents 

Etoposide is a semisynthetic derivative of podophyllotoxin from the rhizome of the 

Podophyllum peltatum that is used as a chemotherapeutic (Hande, 1998; 

Montecucco, Zanetta and Biamonti, 2015). Etoposide inhibits topoisomerase II 

blocking ligation of cleaved DNA and thus, stabilises a covalent enzyme-cleaved 

DNA complex (Hande, 1998; Montecucco, Zanetta and Biamonti, 2015). Since 

cancer cells divide more rapidly than normal cells they also rely more on 

topoisomerase II, therefore when it is blocked it promotes extensive DNA damage 

and activation of cell death pathway. All of these make etoposide a powerful tool in 

targeting various cancers including lung and testicular cancers (Baldwin and 

Osheroff, 2005).  

Gamma rays (γ-rays) are ionizing radiation produced during a process of decay of an 

atomic nucleus from a high energy state to a lower energy state (Coates, Lorimore 

and Wright, 2005; Fry and Hall, 2006). Gamma irradiation (γ-irradiation) is high-

frequency electromagnetic radiation consisting of high-energy photons. The 

absorption of ionizing radiation by a living cell is often cytotoxic, with DNA being 

the main cellular target (Coates, Lorimore and Wright, 2005; Fry and Hall, 2006). 

The γ-irradiation can directly disrupt atomic structures inducing biochemical 

perturbations or it may exert its effect indirectly through radiolysis of the water 

molecules in the vicinity generating highly reactive radicals that damage DNA, 

resulting in a single- or in a double-strand breaks. Reactive radicals are also 

deleterious to cellular proteins and lipids potentiating the cytotoxic effect of 

radiation (Coates, Lorimore and Wright, 2005; Fry and Hall, 2006).  

Oxidative damage may spread from the targeted cells to neighbouring cells and 

oxidative changes may continue to arise even months after the initial exposure due to 

generation of reactive oxygen and nitrogen species (Spitz et al., 2004; Coates, 

Lorimore and Wright, 2005). Additionally, the cellular changes in response to γ-

irradiation occur also in the progeny cells (Spitz et al., 2004; Coates, Lorimore and 

Wright, 2005). In response to γ-irradiation cells activate series of biochemical and 
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molecular signalling pathways in an attempt to circumscribe the damage, which, 

depending on the strength of the stress signal, may lead to permanent physiological 

changes. If, however, the damage overwhelms the cells repairing capacity the cell 

death will die (Spitz et al., 2004; Coates, Lorimore and Wright, 2005). 

1.4.3 Heat shock and heat shock response 

Heat shock occurs when cells experience a rapid increase in temperature. Elevated 

temperature affects all cellular process (Craig and Schlesinger, 1985; Westerheide 

and Morimoto, 2005). Heat shock denatures cellular proteins and leads to 

cytoskeletal damage, reorganization of actin filaments into stress fibres and triggers 

the aggregation of other filaments (Gavrilova et al., 2012). Heat shock causes  

a breakdown of intracellular transport process and the number and integrity of 

mitochondria and lysosomes decreases. In addition to protein aggregates in the 

cytosol, large deposits called stress granules form, which consist of proteins and 

ribosomal RNA aggregates (Richter, Haslbeck and Buchner, 2010). Additionally, 

rapidly increased temperature significantly affects the cell rheology, enhancing the 

cellular membrane fluidity (Richter, Haslbeck and Buchner, 2010). There is also an 

increase in membrane permeability which leads to a drop in cellular pH and 

disruption of ion homeostasis (Richter, Haslbeck and Buchner, 2010). Severe or 

unresolved heat stress induces fragmentation and disassembly of cellular organelles 

including the ER and Golgi apparatus and collapse of tubulin networks (Richter, 

Haslbeck and Buchner, 2010). These events lead to cell-cycle arrest. If this stress is 

unresolved a cell death pathway will be initiated (Craig and Schlesinger, 1985; 

Westerheide and Morimoto, 2005). 

1.4.4 Cytoskeletal disruption 

The microtubule network is an important component of the cell cytoskeleton. It 

consists of polymerised α-tubulin and β-tubulin heterodimers, forming 

protofilaments that associate laterally forming a single hollow tube (Nogales, 2000). 

Microtubules are highly dynamic structures undergoing constant assembly and 

disassembly of α-tubulin and β-tubulin heterodimers which corresponds to switching 

between growing and shrinking phases to accommodate cellular needs. Microtubules 

interact with multiple cellular proteins to regulate cell shape and structure, cell 

motility and they play important role during cell division (Nogales, 2000; Parker, 
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Kavallaris and McCarroll, 2014). The activity and function of the microtubule 

network is regulated by multiple post-translational modifications such as 

polyglycylation, polyglutamylation, and acetylation (Janke and Bulinski, 2011). 

Taxol (the brand name of paclitaxel) is a cytotoxic agent that binds and stabilises 

microtubules, promoting their assembly and supressing their dynamic behaviour, 

leading to the reorganization of the cytoskeleton (Rowinsky, 1997). Taxol treatment 

prevents mitosis progression and promotes chromosome missegregation on 

multipolar spindles (Rowinsky, 1997). Taxol treatment arrests tumour growth, and 

triggers cell death which makes it a commonly used chemotherapeutic in the 

treatment of ovarian, breast and lung cancer (Weaver, 2014). However, insufficient 

intratumoural taxol concentrations, instead of inducing mitotic arrest, may promote 

multipolar division and can lead to aneuploidy and cell death. Additionally, taxol 

treatment can also lead to variable peripheral neuropathy of unknown aetiology in 

patients, limiting its therapeutic application (Lee and Swain, 2006).  
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1.5 Aims of the thesis 

Stressosome represents a novel pro-caspase-8 containing protein complex reported to 

form in cells devoid of the mitochondrial apoptosis pathway in response to 

prolonged ER stress (Deegan et al., 2014). Formation of the stressosome is 

interesting from a biochemical perspective as it can constitute a novel alternative 

platform for pro-caspase-8 activation. The stressosome comprises proteins involved 

in cell death (pro-caspase-8, FADD) and in autophagy (ATG5) thus linking two 

important cellular processes which have opposing functions. As such, the 

stressosome supports the existence of crosstalk between apoptosis and autophagy, 

implicating autophagy components in cell death and caspase-8 regulation in cells 

with compromised mitochondrial apoptosis. Furthermore, since stressosome 

formation provides an alternative platform for pro-caspase-8 activation it may also 

have relevance to cellular processes other than cell death that also depend on 

caspase-8, such as cytokine production. The stressosome as a cell death inducing 

complex represents potential for development of more effective therapeutic 

strategies based on increasing the sensitivity of highly resistant cancer cells. 

Therefore, identification and investigation of its key components and its regulation 

can provide us with better understanding of how caspase-8 activation is regulated in 

this cell death pathway and could help us identify therapeutic targets to enhance 

killing in cells with compromised apoptosis pathways as is frequently the case in 

cancer. 

All treatments used in this study, i.e. tunicamycin, BFA, etoposide, taxol,  

γ-irradiation and heat shock are known to induce mitochondrial apoptosis in MEFs 

and multiple other apoptosis competent cells. In this thesis we used MEF cells 

devoid of pro-caspase-9 which are thus unable to undergo a canonical mitochondria-

mediated apoptosis pathway that relies on pro-caspase-9 activation on the 

apoptosome that initiates caspase cascade to dismantle the cell. The lack of pro-

caspase-9 renders cells more resistant than apoptosis competent cells to multiple 

lethal stimuli that proceed through mitochondria. Following chronic exposure to 

stress casp9-/- MEFs eventually die but through an alternative mechanism that needs 

to bypass the requirement for pro-caspase-9 activation. The exact mechanism of this 

alternative cell death signalling in casp9-/- MEFs in response to different cytotoxic 

stresses is not known. We previously demonstrated that in response to prolonged ER 
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stress casp9-/- MEFs or BAX BAK double knockout (BAX/BAK-/-) MEFs undergo  

a delayed mode of cell death associated with stressosome formation and mediated by 

caspase-8 that activated the executioner caspases compensating for deficiencies in 

the mitochondrial apoptosis and (Deegan et al., 2014). We hypothesise that casp9-/- 

MEF cells can activate the same or similar compensatory cell death mechanism 

relying on stressosome formation and caspase-8 activation under conditions of 

chronic stress resulting from different stimuli not limited to ER stress. Therefore the 

main aim of this thesis was to investigate if stressosome formation represents  

a common response strategy to various cellular stresses of cells deficient in 

mitochondrial apoptotic pathway, and to investigate stressosome regulation.  

The specific objectives of this thesis that I addressed in the following chapters 

involve: 

1. To investigate if stressosome formation occurs in casp9-/- MEFs in response 

to diverse stresses other than ER stress (Chapter III). 

2. To investigate the stressosome components by mass spectrometry  

(Chapter III). 

3. To investigate the mode of cell death in response to diverse stresses  

(Chapter III and IV). 

4. To investigate cell death regulation by the stressosome core component pro-

caspase-8 in casp9-/- MEFs in response to diverse stresses (Chapter IV). 

5. To investigate cell death regulation by the stressosome core component 

ATG5 in casp9-/- MEFs in response to diverse stresses (Chapter V). 

6. To investigate cell death regulation by the caspase-8 main regulator c-FLIPL 

in casp9-/- MEFs in response to diverse stresses (Chapter V). 

This thesis provides a new insight into alternative cell stress response mechanism of 

highly resistant cells that is revealed under conditions of compromised mitochondrial 

apoptotic pathway following prolonged treatments with different existing and 

potential chemotherapeutics and determines the existence of stressosome as a novel 

alternative cell death inducing complex in casp9-/- MEFs. Our findings are applicable 

to other cells that have impaired the mitochondrial apoptosis. For example cells that 

have upregulated anti-apoptotic BCL2-proteins or carry a genomic loss of BAX or 

BAK (Wang and Youle, 2012; Sarosiek et al, 2013; Garzon et al, 2009; Beroukhim 
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et al, 2010; Soengas, Capoieci, 2001). It is well established that defective apoptosis 

is linked with pathogenesis of multiple diseases including cancer (Delbridge, 2012; 

Kam, 2008). There are several mechanisms in which different cancer cell can evade 

mitochondrial apoptosis. BAX, an essential factor of MOMP during mitochondrial 

apoptosis is often downregulated in the colon cancer (Rampino, 1997). On the other 

hand BCL-2 that opposes MOMP induction is often upregulated in lymphomas 

(Strasser, 1994). Reduced APAF-1 activity if often found in human melanoma, 

colorectal cancer and gastric cancer (Fernald, Kurokawa, 2013). The possibility to 

induce the alternative cell death mechanisms that constitute backup of the primary 

mitochondrial apoptosis in cells with compromised mitochondrial apoptosis may 

provide way to overcome their resistance.  

Page 52 of 208 
 



Chapter II: Materials and Methods 

2.1 Cells and cell culture  

2.1.1 Cell lines 

Casapse-9 knockout mouse embryonic fibroblast cells (casp9-/- MEFs) and control 

cells casp9+/+ MEFs were a kind gift from Prof. Tak Mak from University of 

Toronto, Canada. Casp9-/- MEFs were derived from 15.5 days embryos and they 

were SV40 immortalised (Hakem, 1998). Other MEF cell lines (pGIPZ casp9-/- 

MEFs, shATG5 casp9-/- MEFs, plko casp9-/- MEFs and shcasp8 casp9-/- MEFs) were 

generated previously in our laboratory (Saveljeva, 2014). Lentivirus transduced 

casp9-/- MEFs expressing pGIPZ vector (pGIPZ casp9-/- MEFs and shATG5 casp9-/- 

MEFs) or pLKO vector (plko casp9-/- MEFs and shcasp8 casp9-/- MEFs) confer 

resistance to puromycin and were selected with addition of 5 µg/ml of puromycin for 

72 h and 2 µg/ml of puromycin for the subsequent two passages. After selection, 

cells were left for recovery for another two passages, before seeding them for 

experiments. 

2.1.2 Cell culturing  

All MEF cells were cultured in rectangular cell culture flasks with canted necks and 

vented caps at 37 °C in a humidified 5% CO2 incubator. All MEF cells were cultured 

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (vol/vol) 

heat inactivated fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin (100 

mg/ml), L-glutamine (2 mM), non-essential amino acids (NEAA) and sodium 

pyruvate. Cells were aseptically passaged every second day at either 1 in 5 or 1 in 10 

ratio depending on the cell type (Table 2.1). At first the culture medium was 

removed and cells were quickly washed in a small volume of Hank’s Balanced Salt 

Solution. Cells were detached from the surface of the flask with 1X Trypsin-EDTA 

and immediately resuspended in pre-warmed fresh culture medium. Cells were 

triturated several times to obtain a single-cell suspension that was diluted to the 

required concentration. Cells were transferred into a culture flask and placed in the 

incubator. All materials were purchased from Sigma-Aldrich unless otherwise 

indicated. Details of subculture conditions of different MEF cell clones are 

summarised in a table 2.1.  
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Table 2.1: MEF cells culturing conditions. 

Cells Medium Medium supplements Incubation 
conditions 

Selection 
conditions 

Passage 
conditions 

casp9-/- 

MEFs 

DMEM-
high 

glucose 

10% FBS, 100 U/ml 
Pen, 100 mg/ml Strep, 2 

mM L-glutamine, 
NEAA and sodium 

pyruvate 

37 °C, 5% 
CO2 in a 

humidified 
incubator 

n/a 

1 in 5,  
every 

second 
day  

casp9+/+ 
MEFs 

DMEM-
high 

glucose 

10% FBS, 100 U/ml 
Pen, 100 mg/ml Strep, 2 

mM L-glutamine, 
NEAA and sodium 

pyruvate 

37 °C, 5% 
CO2 in a 

humidified 
incubator 

n/a 

1 in 10,  
every 

second 
day 

pLKO 
casp9-/- 

MEFs 

DMEM-
high 

glucose 

10% FBS, 100 U/ml 
Pen, 100 mg/ml Strep, 2 

mM L-glutamine, 
NEAA and sodium 

pyruvate 

37 °C, 5% 
CO2 in a 

humidified 
incubator 

5 µg/ml 
Puromycin at 
first passage 

and 2 µg/ml for 
next two 
passages 

1 in 10,  
every 

second 
day 

shcasp8 
casp9-/- 

MEFs 

DMEM-
high 

glucose 

10% FBS, 100 U/ml 
Pen, 100 mg/ml Strep, 2 

mM L-glutamine, 
NEAA and sodium 

pyruvate 

37 °C, 5% 
CO2 in a 

humidified 
incubator 

5 µg/ml 
Puromycin at 
first passage 

and 2 µg/ml for 
next two 
passages 

1 in 5,  
every 

second 
day 

pGIPZ 
casp9-/- 

MEFs 

DMEM-
high 

glucose 

10% FBS, 100 U/ml 
Pen, 100 mg/ml Strep, 2 

mM L-glutamine, 
NEAA and sodium 

pyruvate 

37 °C, 5% 
CO2 in a 

humidified 
incubator 

5 µg/ml 
Puromycin at 
first passage 

and 2 µg/ml for 
next two 
passages 

1 in 10,  
every 

second 
day 

shATG5 
casp9-/- 

MEFs 

DMEM-
high 

glucose 

10% FBS, 100 U/ml 
Pen, 100 mg/ml Strep, 2 

mM L-glutamine, 
NEAA and sodium 

pyruvate 

37 °C, 5% 
CO2 in a 

humidified 
incubator 

5 µg/ml 
Puromycin at 
first passage 

and 2 µg/ml for 
next two 
passages 

1 in 5,  
every 

second 
day 

2.1.3 Cryopreservation of cells 

Cells from early passage were collected by trypsinization and resuspended in 

DMEM. Cells were centrifuged at 300 x g for 10 min and cell pellets were 

resuspended in FBS supplemented with 10% (vol/vol) DMSO. Cells were frozen at 

density of 1.0 x 106 cells/ml. Cryogenic vials, containing 1 ml of cell suspension 

each, were first placed in an ice-bath for 5 min and then placed in a freezing 

container containing 100% isopropyl alcohol and stored at -80 °C. After 48 h the 

cryogenic vials were transferred into liquid nitrogen for long-term storage. Prior to 
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transfer of vials to liquid nitrogen, one vial from a given batch was thawed and 

subcultured according to procedures described above (sections 2.1.1 and 2.1.2) to 

determine efficiency of cell recovery and the quality of a given batch of freeze-

backs. 

2.1.4 Recovery of cryopreserved cells 

To thaw cells, the cryovial containing the frozen cells was removed from liquid 

nitrogen storage and thawed quickly in a 37 °C water bath. The frozen cells were 

slowly diluted with pre-warmed culture medium in T25 flask and triturated several 

times to obtain a single-cell suspension. Cells were left to recover overnight at  

37 °C, 5% CO2 in a humidified incubator. The following day, cells were monitored 

under the microscope and the culture medium was replaced with fresh pre-warmed 

culture medium. At this stage depending on the cells recovery efficiency cells were 

either passaged (and if required, a selection drug was added) or left to recover until 

the following day.  

2.2 Cell treatments 

2.2.1 Treatments with chemical compounds 

For experiments requiring induction of cell stress, cells were seeded at 70% density 

of a cell culture plate 24 h prior to the treatment. The seeding densities of different 

MEF clones on different culturing plates are indicated in a table 2.2. 
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Table 2.2: MEF cells seeding densities on different cell culture plates 

Cells 
6 well plate  

(surface area: 9 
cm2) 

12 well plate  
(surface area: 4 

cm2) 

24 well plate  
(surface area: 2 

cm2) 

casp9-/- MEFs 1.5 x 105 5.0 x 104 2.0 x 104 

casp9-/- MEFs  
(for transfection) 1.0 x 105 4.0 x 104 - 

casp9+/+ MEFs 4.0 x 105 1. x 105 5.0 x 104 

plko casp9-/- MEFs 2.0 x 105 4.0 x 104 2.0 x 105 

shcasp8 casp9-/- 

MEFs 2.0 x 105 4.0 x 104 2.0 x 104 

pGIPZ casp9-/- 

MEFs 2.0 x 105 4.0 x 104 2.0 x 104 

shATG5 casp9-/- 

MEFs 2.0 x 105 4.0 x 104 2.0 x 104 

MEF cells were treated with 50 µM of etoposide (Sigma-Aldrich, E1383), 0.5 µg/ml 

of tunicamycin (Sigma-Aldrich, T7765), 0.3 µg/ml of brefeldin A (Sigma-Aldrich, 

B7651) or 1.0 µM of taxol (Sigma-Aldrich, T7402). All chemical compounds used 

in the experimental work were prepared from their stock solutions dissolved in 

DMSO. At time of treatment, the culture medium was replaced with fresh culture-

medium containing the desired chemical compound at required concentration. All 

treatments were for 72 h unless otherwise indicated. To inhibit caspases, cells were 

treated with 20 µM of Boc-D-FMK (Cambridge Biosciences, 1160-5) 1 h before 

treatments with other chemical compound or as indicated in the figure legend for 

each experiment. To inhibit RIPK1, cells were treated with 20 µM of Necrostatin-1 

(Nec-1) (Merck Millipore, 480065) 1 h before treatments with other chemical 

compounds or as indicated in the figure legend for each experiment. Boc-D-FMK 

and Nec-1 were prepared from stock solutions dissolved in DMSO. All chemical 

compounds used in the experimental work, their modes of action and working 

concentrations are summarised in a table 2.3.  
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Table 2.3: Chemical compounds used for treating MEF cells. 

Chemical 
compound Chemical structure Mechanism of 

action 
Source and 

cat no. 
Conc. of 

treatment 

Brefeldin A 

 

Brefeldin A is a 
lactone antiviral 

produced by 
Eupenicillium 

brefeldianu, that 
prevents association 
of COP-I coat to the 

Golgi membrane 
inhibiting protein 
transport from the 

endoplasmic 
reticulum to the 
Golgi apparatus, 
which results in 
accumulation of 

proteins in the ER 
(Klausner et al., 

1992). 

Sigma-
Aldrich,  
B7651 

0.3 µg/ml 

Tunicamycin 

 

Tunicamycin is a 
mixture of 

homologous 
nucleoside 

antibiotics that 
inhibits N-linked 
glycosylation of 

immature proteins. 
Several different 
homologues of 
tunicamycin are 
produced by the 

bacteria 
Streptomyces 
lysosuperficus 

(Bassik & 
Kampmann, 2011). 

Sigma-
Aldrich, 
T7765 

0.5 µg/ml 

Page 57 of 208 
 



Etoposide 

 

Etoposide is a 
semisynthetic 
derivative of 

podophyllotoxin 
from the rhizome of 

the Podophyllum 
peltatum that is used 
as a chemotherapy 

drug. It inhibits 
topoisomerase II 

blocking its function 
to ligate cleaved 
DNA and thus, 

stabilizing a covalent 
enzyme-cleaved 
DNA complex 
(Hande, 1998). 

Sigma-
Aldrich, 
E1383 

50 µM 

Boc-D-FMK 
(Boc-D-

Fluoromethyl 
Ketone) 

 

Boc-D-FMK is a cell 
permeable synthetic 
peptide that is used a 

broad spectrum 
caspase inhibitor. 

Boc-D-FMK 
irreversibly binds to 
the catalytic site of 
caspases inhibiting 

their proteolytic 
activity (Su Bog 

Yee, 2006). 

Cambridge 
Biosciences, 

1160-5 
20 µM 

Necrostatin-1 

 

Necrostatin-1 is a 
member of a family 
of synthetic drugs 

known as 
necrostatins. 

Necrostatin-1 is a 
potent inhibitor of 

RIPK1 kinase 
activity (Degterev, 

2013). 

Merck 
Millipore, 

480065 
20 µM 
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Taxol 
(Paclitaxel) 

 

Taxol is a 
chemotherapeutic 
isolated from the 
Pacific yew. It 
stabilizes the 

microtubule polymer 
preventing its 

disassembly and thus 
arresting the cell 

cycle at the G2/M 
phase (Manfredi, 

1984). 
 

Sigma-
Aldrich,  
T7402 

1.0 µM 

 

2.2.2 Heat shock treatment 

Cells from two T175 culture flasks were trypsinised and resuspended in 50 ml 

DMEM supplemented with10 mM HEPES (pH 7.5) to maintain physiological pH in 

cell culture in the absence of a CO2 atmosphere in 50 ml tubes. Heat shock was 

performed by sealing the lids of the tubes with parafilm and immersing them in  

a preheated water bath with circulating pump at 43.5 °C for 45 min. Tubes were 

inverted several times at 20 min after commencing of the heat shock to prevent cells 

clumping. After heat shock, cells were centrifuged at 300 x g for 10 min and 

resuspended in fresh culture medium. Cells were counted and seeded at required 

densities into culture flasks and left to recover in a humidified incubator for 72 h.  

2.2.3 γ-irradiation exposure 

Exposure of cells to γ-irradiation was performed in the local NUI Galway facility. 

Cells from two T175 culture flasks were trypsinised and resuspended in 50 ml 

DMEM in 50 ml tubes. Tubes were exposed to γ-irradiation of caesium-137 

(Mainance, UK) for the duration of time corresponding to 33 Gy. After γ-irradiation 

cells were centrifuged at 300 x g for 10 min and resuspended in fresh culture 

medium. After counting, cells were seeded at required densities into culture flasks 

and let to recover in a humidified incubator for 72 h. 
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2.3 Western Blotting 

2.3.1 Protein sample preparation for sodium dodecyl sulphate – 
polyacrylamide gel electrophoresis (SDS-PAGE) 

After treatment, at indicated time points cells were scraped into the media and 

collected together with any floating cells into pre-labelled microfuge tubes on ice. 

Cells were centrifuged at 300 x g for 5 min at 4 °C, the supernatants were removed 

and tubes were placed on ice. The pellets were washed in 1 ml of phosphate-buffered 

saline (PBS, 137 mM NaCl, 10 mM phosphate, 2.7 mM KCl; pH 7.4) and samples 

were centrifuged at 300 x g for 5 min at 4 °C. For composition of buffers please refer 

to section 2.15. The supernatants were removed and cell pellets were lysed in 2X 

lysis buffer (4% SDS, 120 mM Tris HCl, pH 6.8, 10% glycerol, 100 mM 

dithiothreitol (DTT) and 0.006% bromophenol blue). The cells were lysed at 5 x 106 

cells/ml. For lysis, the samples were vortexed for 10 sec, incubated on ice for 5 min 

and vortexed again for 10 sec. After lysis, the samples were heated at 95 °C for  

5 min and either stored at -20 °C or directly loaded on to an SDS-PAGE gel.  

2.3.2 SDS-PAGE 

The composition of the handcast resolving and stacking gels are indicated in a table 

2.4. The protein molecular weight marker (Brennan’s and Co., #F1-P7712S, 2.0 µl) 

was loaded alongside samples on the prepared gel. Protein lysates (20-30 µl) were 

loaded into each lane. The gel with loaded protein samples was placed in a tank 

containing 1X running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) and 

electrophoresis of the samples was carried out at 50 V through the stacking gel 

followed by 90 V until the front dye reaches the bottom of the gel. For composition 

of buffers please refer to section 2.15 on buffers composition. 

Page 60 of 208 
 



Table 2.4: The components of the SDS-PAGE gel. 

Reagent 8% Resolving 
gel (ml) 

12% Resolving 
gel (ml) 

15% Resolving 
gel (ml) 

5% Stacking 
gel (ml) 

H2O 4.6 3.4 2.4 2.72 

30% 
acrylamide 2.6 4.0 5.0 0.68 

1.5 M TRIS, 
pH 8.8 2.6 2.6 2.6 - 

1.0 M TRIS, 
pH 6.8 - - - 0.52 

10% SDS 0.1 0.1 0.1 0.04 

10% APS 0.1 0.1 0.1 0.04 

TEMED 0.006 0.004 0.004 0.004 

Total volume 10 10 10 4.0 

After resolving the protein samples on the SDS-PAGE gel they were 

electrophoretically transferred onto low fluorescent PVDF membrane (Fisher 

Scientific, 15279884) or nitrocellulose membrane (Fisher Scientific, 15249794) 

using either wet transfer method or semi-dry method (see sections 2.3.2.1 and 2.3.2.2 

for details on each transfer method).  

2.3.2.1 Wet-transfer 

The transfer sandwich was assembled in a plastic holder by placing a sponge, two 

filter papers (Fisher Scientific, 11330744), SDS-PAGE gel, a nitrocellulose 

membrane (Fisher Scientific, 15249794) or PVDF membrane (Fisher Scientific, 

15279884), two filter papers and a sponge on top of each other. All the sandwich 

components were pre-soaked in cold transfer buffer (10 mM CAPS, pH 11, and 20% 

vol/vol methanol), with the exception of PVDF membrane that was pre-soaked in 

100% methanol. For composition of buffers please refer to section 2.15 on buffers 

composition. The sandwich was tightly closed in the cassette and placed in the 

transfer tank with an inserted ice-box. The proteins were transferred on the 

membrane for 90 min at 110 V or overnight at 30 V. 
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2.3.2.2 Semi-dry transfer 

The transfer sandwich was prepared directly on the transfer apparatus on the anode 

plate which was saturated with Anode buffer I (300 mM Tris HCl (pH 10.4) and 

20% v/v methanol). The composition of the transfer sandwich was as follows: four 

filter papers (Fisher Scientific, 11330744) soaked in Anode buffer I, two filter papers 

soaked in Anode buffer II (25 mM Tris HCl (pH 10.4) and 20% v/v methanol), 

nitrocellulose membrane (Fisher Scientific, 15249794) or PVDF membrane (Fisher 

Scientific, 15279884) soaked in Anode buffer I, SDS-PAGE gel incubated in 

Cathode buffer and six filter papers incubated in Cathode buffer (25 mM Tris HCl 

(pH 9.4), 10 mM glycine and 20% v/v methanol). For composition of buffers please 

refer to section 2.15 on buffers composition. The cathode plate was saturated with 

the Cathode buffer and gently placed on the assembled transfer sandwich. The 

transfer apparatus was closed and the transfer was run at 0.8-5 mA/cm2. The transfer 

was set up with the limit of 25 V and 10 W. For a SDS-PAGE gel of a size 14 x 9 cm 

the transfer was run at 220 mA for 45 min and for the SDS-PAGE gel of a size 8.5  

x 5 cm the transfer was run at 120 mA for 40 min.  

2.3.3 Probing the membranes 

Following transfer, the transfer sandwich was disassembled and PVDF membrane 

was rinsed in ddH2O, air-dried, immersed in methanol and again rinsed in ddH2O, 

and the nitrocellulose membrane was stained with Ponceau S solution to check the 

efficiency of the protein transfer and next de-stained with PBS-T (PBS buffer 

containing 0.01% Tween-20). After these steps membranes were blocked in PBS 

containing 5% (w/v) non-fat dried milk on a shaker for 1 h at room temperature. 

After blocking the membranes were incubated with primary antibody at conditions 

specified in a table 2.5. Following the incubation with primary antibody the 

membrane was washed 3 times in PBS containing 5% (w/v) non-fat dried milk and 

0.01% Tween-20 and incubated with a respective secondary antibody (anti-mouse 

IgG, Jackson, 115-035-003; anti-rabbit IgG, Jackson, 111-035-003). All primary and 

secondary antibodies used in the experiments as well as their incubation conditions 

are detailed in a table 2.5. The signal was visualized using Western Lightning ECL 

substrates (Perkin Elmer, NEL102001EA) or Licor. 
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Table 2.5: The primary and secondary antibodies used for immunoblotting and 

immunoprecipitation. 

Primary 
antibody  

Primary 
antibody 

dilution and 
incubation 
conditions 

Supplier Catalogue 
number 

Secondary 
antibody  

Secondary 
antibody 
dilution 

and 
incubation 
conditions 

anti-ATG5 1 in 1000 
16 h at 4 °C 

Cell 
Signaling 

Technology 
(CST) 

12994S anti-rabbit 
1 in 5000 

1 h at room 
temp. 

anti-β-actin 
1 in 5000 

1 h at room 
temp. 

Sigma-
Aldrich A2066 anti-rabbit 

1 in 10,000 
1 h at room 

temp. 

anti-caspase-3 1 in 1000 
16 h at 4 °C CST 9662 anti-rabbit 

1 in 5000 
1 h at room 

temp. 

anti-caspase-8 
(cleaved) 

1 in 1000 
16 h at 4 °C CST 8592 anti-rabbit 

1 in 5000 
1 h at room 

temp. 

anti-caspase-8 1 in 1000 
16 h at 4 °C CST 4790S anti-rabbit 

1 in 5000 
1 h at room 

temp. 

anti-caspase-9 1 in 1000 
16 h at 4 °C CST 9508S anti-mouse 

1 in 5000 
1 h at room 

temp. 

anti-FADD 1 in 1000 
16 h at 4 °C Santa Cruz sc-6036 anti-goat 

1 in 5000 
1 h at room 

temp. 

anti-LC3 1 in 1000 
16 h at 4 °C 

Sigma-
Aldrich L8918 anti-rabbit 

1 in 10,000 
1 h at room 

temp. 
 

2.4 Immunoprecipitation 

Following treatment, the protein complex was immunoprecipitated from casp9-/- 

MEFs using either Protein A-Sepharose beads (GE Healthcare, 17-0780-01) or 

Dynabeads® M-270 Epoxy (Invitrogen, Kit number 143.21D). 

2.4.1 Immunoprecipitation with Protein A-Sepharose beads 

Casp9-/- MEF cells were seeded at the required density in 10 cm2 plates 24 h prior 

treatment. The following day the culture medium was replaced in dishes and cells 

were treated with appropriate compound for indicated times. To inhibit caspases,  

20 µM of Boc-D-FMK (Cambridge Biosciences, 1160-5) was added 48 h before 
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harvesting cells. For harvesting cells, the plates were placed on ice and cells were 

washed with ice cold 1X PBS. Cells were lysed in the dish with 1 ml of NP-40 

buffer (150 mM NaCl, 1% NP-40, 10% glycerol, 10 mM Tris pH 8) supplemented 

with cOmplete™, Mini Protease Inhibitor Cocktail (Sigma-Aldrich, 11836153001;  

1 tablet per 10 ml of NP40 buffer used). The plates were placed on a shaker at 4 °C 

for 1 h. After this the cell lysates were collected by gentle scraping into a 1.5 ml 

microfuge tube. The tubes were centrifuged at 15,000 x g at 4 °C for 10 min.  

A fraction of lysed sample prior immunoprecipitation (also called a pre-IP sample) 

of 60 μl volume was collected and combined with 60 μl of 2X Sample Buffer (4% 

SDS, 120 mM Tris HCl, 10% glycerol, 100 mM DTT and 0.006% bromophenol 

blue), heated at 95 °C for 5 min and stored at -20 °C. To the remaining cell lysate  

2.5 μl of anti-FADD (Santa Cruz, sc-6036), anti-caspase-8 (CST, 4790S) or IgG 

control antibody (Jackson, 011-000-003) was added and tubes were placed on  

a rotator at 4 °C overnight (16 h). The following day, 60 µl of 50% Protein  

A-Sepharose slurry in lysis buffer was added to the cell lysate and rotated at 4 °C for 

3 h to facilitate Protein A on Sepharose beads binding to the Fc region of 

immunoglobulins. After this, the Protein A-Sepharose beads were collected by 

centrifugation at 3,000 x g at 4 °C for 1 min and the supernatant was discarded. The 

collected beads were washed three times with 1 ml of ice cold NP-40 buffer by 

gentle pipetting and centrifuged at 3,000 x g for 1 min, to reduce nonspecific protein 

binding, and the supernatant discarded each time. Following the last wash the beads 

were centrifuged at 10,000 x g for 30 sec, the supernatant was discarded, 60 µl of 2X 

Sample Buffer was added to the beads, and the sample was vortexed briefly. The 

sample was heated at 95 °C for 5 min and stored at -20 °C until analysis by SDS-

PAGE.  

2.4.2 Immunoprecipitation with Dynabeads® M-270 Epoxy 

2.4.2.1 Dynabeads® preparation  

Dynabeads® M-270 Epoxy (Dynabeads, Invitrogen, Kit number 143.21D) were 

resuspended in an organic solvent, dimethylformamide, at a concentration of  

30 mg/ml. A magnet was disinfected with 70% (vol/vol) ethanol, to prevent sample 

contamination. Resuspended Dynabeads were mixed by inverting to ensure 

homogenous solution and a volume of 33.3 μl containing 1 mg of Dynabeads was 
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placed in a 2.0 ml microfuge tube. The Dynabeads were washed with 0.5 ml of C1 

buffer and mixed by briefly vortexing at room temperature. The 1.5 ml microfuge 

tube was placed on magnet for 1 minute to allow the beads to collect at the tube wall 

and the supernatant was removed. 

2.4.2.2 Coupling of antibody to Dynabeads® M-270 Epoxy 

A mixture of C1 buffer with an appropriate primary antibody was added to the 1 mg 

of Dynabeads and the tube was mixed by briefly vortexing at room temperature. 

Next, the volume of C2 buffer corresponding to the volume of C1 including primary 

antibody (or IgG control antibody) mixture was added to the Dynabeads and the tube 

was mixed by vortexing. C1 and C2 buffer volumes were calculated as such: for 

each 1 mg of beads, 100 µl of total C1 buffer + primary antibody (or IgG control 

antibody) and C2 buffer mix was used, so that the volume of C1 buffer with  

a primary antibody or IgG control antibody was the same as the volume of C2 buffer 

(Table 2.6). For anti-FADD (Santa Cruz, sc-6036), anti-caspase-8 (CST, 4790S) 

primary antibody and IgG control antibody 7.0 µl was used per 1 mg of washed 

Dynabeads (Table 2.6). Therefore, 7.0 µl of respective primary antibody or IgG 

control antibody was mixed with 43 µl of C1 buffer and added to washed beads 

while gently vortexing. Next, 50 µl of C2 buffer was added to the beads and mixed 

by gentle vortexing (Table 2.6). The tube with the beads was incubated on a roller at 

4 °C overnight (16 h), with head to tail rotation to facilitate efficient antibody 

coupling.  

Table 2.6: Coupling of antibody to Dynabeads® M-270 Epoxy 

Dynabeads C1 buffer 
(μl) Primary antibody C2 buffer 

(μl) 

33.3 μl (1.0 mg) 43 μl 7 μl of anti-FADD (200 μg/1.0 ml) 50 μl 

33.3 μl (1.0 mg) 43 μl 7 μl of anti-caspase-8 (200 μg/1.0 ml) 50 μl 

33.3 μl (1.0 mg) 43 μl 7 μl of IgG control antibody (200 μg/1.0 ml) 50 μl 

The following day the beads were precipitated using a magnetic rack for 1 min at 

room temperature. The supernatant was removed; the beads resuspended in 500 µl of 

HB buffer, and mixed by vortexing. The bead precipitation (and supernatant 

aspiration) described above was repeated and the beads resuspended by pipetting in 
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sequentially: 300 µl of LB buffer, two washes with 300 µl of SB buffer and mixed 

by pipetting. Finally the beads were resuspended by pipetting in 300 µl of SB buffer 

and rotated for 15 min at room temperate. Following this the beads were precipitated 

as above and the antibody-coupled beads were resuspended in 100 μl SB (per 1 mg 

beads), to a final concentration of 10 mg/ml antibody coupled beads. The antibody-

coupled bead/SB mixture was then stored at 4 °C, for up to 2 weeks. All buffers 

were used at room temperature unless otherwise stated.  

2.4.2.3 Protein Immunoprecipitation 

Casp9-/- MEF cells were seeded at the 3 x 104 cells/cm2 density in 10 x T175 culture 

flasks (per each treatment) 24 h prior to the treatment. Casp9-/- MEF cells were 

treated with appropriate chemical compound (see 2.2.1) or exposed to heat shock 

(see 2.2.2) or γ-irradiation (see 2.2.3). To inhibit caspases, 20 µM of Boc-D-FMK 

(Cambridge Biosciences, 1160-5) was added 48 h before harvesting cells. Following 

indicated treatments; the cells were harvested from each two T175 culture flasks 

(seeded at 3 x 104 cells/cm2) by gentle scraping into the media and transferred to  

a 50 ml tube. Samples were centrifuged at 300 x g for 5 min at 4 °C to pellet the 

cells. The cell pellet was gently washed in 0.5 ml of ice-cold 1X PBS and 

centrifuged at 300 x g for 5 min at 4 °C. The cell pellet was lysed in 0.5 ml of ice-

cold NP-40 lysis buffer (150 mM NaCl, 1% NP-40, 10% glycerol, 10 mM Tris pH 

8.0) supplemented with cOmplete™ Mini Protease Inhibitor Cocktail (as 

recommended by the manufacturer). Sample was transferred into 2 ml microfuge 

tube. Next, 1 mg of antibody-coupled Dynabeads were washed in 0.5 ml ice-cold 

NP-40 lysis buffer and combined with cell lysate on a rotator at 4 °C for 4 h. 

Washing was performed four times with 1 ml of ice-cold NP-40 buffer. During the 

final wash samples were incubated on a rotator for 5 min at room temperature. 

Following the final wash the Dynabeads/antibody/protein mix was resuspended in 

0.5 ml of NP-40 lysis buffer and transferred into a fresh microfuge tube (pre-cooled 

on ice). The beads were again precipitated using a magnetic rack, as above. The 

supernatant was removed and 50 μl of elution buffer (provided in the 

immunoprecipitation kit) was added. Samples were mixed by pipetting and 

incubated on a rotator at 4 °C for 5 min. Following this, the beads were precipitated 

on a magnet and the supernatant transferred to a fresh (ice-cold) microfuge tube and 

50 μl of 2X sample buffer was added. The samples were then heated for 5 min at  
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95 °C, and then centrifuged (max speed for 1 min). The samples were then subjected 

to SDS-PAGE gel electrophoresis and Western blotting, as described (section 2.3.2).  

2.5 Analysis of Cells by PI staining 
Following indicated treatments, media from each well (24-well plate, with 0.5 ml of 

media) was collected into separate pre-labelled microfuge tubes. The remaining cells 

in each well were then washed with 500 μl of 37 °C pre-warmed Hank’s solution 

(Sigma-Aldrich, H9394). Cells remaining in the wells then removed by 

trypsinization, 200 μl volume trypsin (Sigma-Aldrich, T4174) was added to each 

well for 2 min at 37 °C, and collected into corresponding microfuge tubes and 

further incubated for 10 min at 37 °C (in a cell culture incubator), to allow for cell 

recovery from trypsinisation and the restoration of membrane integrity. The cells 

were pelleted by centrifugation at 300 x g for 5 min at room temperature. The 

supernatant was removed and the cell pellet resuspended by gentle pipetting in 300 

μl of ice-cold 1X PBS containing propidium iodide (Sigma-Aldrich, P4170) at  

50 µg/ml and incubated on ice for 10 min. Samples analysis was performed using  

a BD Accuri C6 flow cytometer. Samples were analysed using C flow software 

V.1.0.264.15. 

2.6 Clonogenic Survival Assay 

MEF cells were seeded at 1.0 x 104 cells (in 2.0 ml of culture media) per well of  

a 6-well plate 24 h prior to treatment. Cells were plated in duplicate plates, with the 

second untreated control plate used to determine the untreated cell counts (untreated 

control). Untreated control plates were trypsinised and counts determined using  

a haemocytometer. For the treated plate, cells were subjected to treatment with  

50 µM of etoposide (Sigma-Aldrich, E1383), 0.5 µg/ml of tunicamycin (Sigma-

Aldrich, T7765), 0.3 µg/ml of brefeldin A (Sigma-Aldrich, B7651) or 1.0 µM of 

taxol (Sigma-Aldrich, T7402) for 72 h (as per the procedure described in 2.2.1) or 

subjected to heat shock and let to recover for 72 h (as per the procedure described in 

2.2.2) or exposed to γ-irradiation and let to recover for 72 h (as per the procedure 

described in 2.2.3). After 72 h the media in each well was replaced with 2 ml of fresh 

pre-warmed culture media. All cells were incubated in a humidified incubator for  

10 days with media replacement (pre-warmed fresh culture media) every 72 h during 

this time. Following the indicated recovery phase, cells were washed two times with 
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1 ml of room temperature PBS pH 7 and stained with 500 μl/well of crystal violet 

solution (2.5% methylene blue (Sigma-Aldrich, M9140), 20% vol/vol methanol 

(Lennox, CC34860)) for 10 min at room temperature. The stain was aspirated and 

the well was washed two times with 1 ml of PBS. Plates were then dried and imaged 

using a digital camera. 

2.7 Transfection 

2.7.1 E. coli plasmid transfection  

The pME18S-Flag /mFLIPL plasmid containing a cDNA for mouse c-FLIP long 

isoform was a kind gift from Prof Kazuhiro Sakamaki, Kyoto University, Japan 

(Sakamaki, 2015). The received plasmid was reconstituted in 50 µl of Tris-EDTA 

buffer (TE, 10 mM Tris, 1 mM EDTA pH 7.5. pME18S-Flag/mFLIPL was 

transformed into competent Escherichia coli strain DH5α cells (manufacturer). 1 μl 

of plasmid was added to 25 μl of thawed (from -80 °C) DH5α cells in a microfuge 

tube, gently mixed by stirring using a pipette tip, and incubated on ice for 30 min. 

Following this, the microfuge tube was heated at 42 °C for 30 sec (to allow plasmid 

uptake by bacteria cells). Cells were allowed to recover on ice for 5 min. Cells were 

then gently resuspended in 250 μl of 37 °C Luria-Bertani (LB) Broth (Sigma-

Aldrich, L3522), and incubated in a bacterial shaker at 37 °C, 200 rpm for 1 h. 

Following incubation, 50 μl of the transformation mixture was plated on an agar 

plate (prepared according to manufacturer’s instruction; Sigma-Aldrich, A5306) 

containing 100 μg/ml of ampicillin. The agar plate was then incubated at 37 °C 

overnight (16 h) to allow for colony formation. The following day a starter culture 

was prepared by selecting a single colony to inoculate 5 ml of LB broth containing 

100 μg/ml ampicillin. The starter culture was incubated in a shaker at 37 °C for 6 h. 

Following this, 1 ml of starter culture was used to inoculate 100 ml of LB broth 

containing 100 μg/ml ampicillin. LB broth was then incubated overnight in a shaker 

(260 rpm) at 37 °C. The following day the bacteria culture was pelleted by 

centrifugation at 5,000 x g for 30 min, at room temperature.  

2.7.2 Plasmid preparation and validation 

Plasmid extraction was carried out using Qiagen maxi-prep kit (Qiagen, 12163), 

according to manufacturer’s instructions. Sequencing of isolated plasmids was 
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performed externally by LGC genomics. Plasmids were also validated by restriction 

digestion.  

2.7.3 Transfection of mammalian cells with plasmid 

Transfection of indicated plasmids into casp9-/- MEF cells was performed using the 

Lipofectamine 3000 transfection reagent (Bio-sciences, #L3000008), as per the 

manufacturer’s instructions (Table 2.7). Briefly, cells were seeded in a 6-well plate 

at 1.0 x 105 cells/well 24 h before transfection. For each well, 2.5 µg of indicated 

plasmid DNA (diluted up to 125 μl in Opti-MEM medium) was mixed with 5 µl 

Lipofectamine P3000 reagent (Table 2.7). In a separate microfuge for each well, 125 

μl Opti-MEM medium was mixed with 3.75 μl of Lipofectamine and further 

combined with 7.5 μl of Lipofectamine P3000 reagent. Diluted DNA was added to 

diluted Lipofectamine (1:1 ratio) and incubated at room temperature for 5 min. 

While the DNA-lipid complex was incubating each well (of a 6 well plate) was 

washed with 500 μl of DMEM (serum free) and each well filled with 2 ml of serum 

free DMEM. Following the incubation time, 250 μl of the DNA-lipid complex was 

added drop wise to each well (Table 2.7). Cells were incubated at 37 °C for 4 h. 

Following this, the media/DNA-lipid mix was aspirated and fresh culture medium 

added (with serum). Transfected cells were allowed to recover for 24 h prior to any 

additional treatment (see 2.21). For heat shock treatment (see 2.2.2) and γ-irradiation 

exposure (see 2.2.3) cells were transfected after the indicated treatment. After 

subjecting to cells to heat shock treatment (see 2.2.2) or γ-irradiation exposure (see 

2.2.3) cells were seeded into 6-well plate at 1.0 x 105 cells/well and let to recover for 

4 h. Transfection with Lipofectamine 3000 transfection reagent (Bio-sciences, 

#L3000008) was next carried out as described above. 

Table 2.7: Transfection of casp9-/- MEF cells with plasmid. 

Component  Amount per well  
(6-well plate/ 2 ml) 

DNA 2500 ng 

P3000 reagent 5 μl 

Lipofectamine 3.75 μl 

P3000 reagent 7.5 μl 

Page 69 of 208 
 



2.8 Bright Field Microscopy 

Cell morphology and growing density in the culture flasks was monitored at times of 

passages and treatments using bright-field Olympus CKX41 inverted microscope at 

20X magnification. Before harvesting at indicated time points to analyse cytotoxicity 

of the treatment and cells morphological changes, images of cells were captured 

using bright field Zeiss AXIO Vert. A1 inverted microscope at 20X magnification. 

2.9 Mass Spectrometry 

2.9.1 Sample preparation  

Casp9-/- MEF cells were seeded at the 3 x 104 cells/cm2 density in 10 x T175 culture 

flasks (per each treatment) 24 h prior to the treatment. Casp9-/- MEF cells were 

treated with 0.5 µg/ml of tunicamycin (Sigma-Aldrich, T7765) for 72 h. To inhibit 

caspases, 20 µM of Boc-D-FMK (Cambridge Biosciences, 1160-5) was added 48 h 

before harvesting cells. Cells were harvested as described in section 2.4.2.3. 

Following this the immunoprecipitation was performed (see 1.4.2.1 – 1.4.2.3). The 

eluted samples were snap frozen in liquid nitrogen and stored in -80 °C. 

2.9.2 Sample Preparation prior to Mass Spectrometry 

In-solution protein samples were subjected to trypsin digestion and analysed on  

a high resolution mass spectrometry (MS) analysis couple with nanoflow UPLC. For 

each protein sample, three technical replicates were performed. The protein 

disulphide bonds of the solution sample were reduced for 40 min with 5 mM 

dithiothreitol at room temperature, followed by alkylation with 15 mM 

iodoacetamide for 40 min in the dark at room temperature. The alkylated protein 

samples were digested overnight at 37 °C with of trypsin in a 1:50 enzyme-to-

substrate ratio (Promega, V5113). Following digestion, the peptide mixtures were 

acidified with 1% trifluoroacetic acid (TFA). The samples were then desalted. The 

dried peptides were subjected to nanoLC-MS/MS analysis directly using LTQ 

Orbitrap XL mass spectrometry (ThermoFisher Scientific, USA). 

2.9.3 Data analysis 

Samples were analysed externally by Creative Proteomics in New York, USA. The 3 

raw MS files were analyzed and searched against the Uniprot mouse protein 
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sequence database using Proteome Discoverer 1.2 (ThermoFisher Scientific). The 

parameters were set as follows: the protein modifications were 

carbamidomethylation (C) (fixed), oxidation (M) (variable); the enzyme specificity 

was set to trypsin; the maximum missed cleavages were set to 2; the precursor ion 

mass tolerance was set to 10 ppm, and MS/MS tolerance was 0.6 Da. Only high 

confident identified peptides were chosen for downstream protein identification 

analysis. 

2.10 Statistical Analysis 

Experiments were repeated independently at minimum of 3 times (unless otherwise 

indicated). Error bars represent standard deviation (SD) of biological replicates. Cell 

viability data are expressed as mean ± SD for three independent experiments. 

Significance was determined using Graphpad two-tailed unpaired Student’s t test, 

with p value < 0.05 being considered significant and annotated by *. 

2.11 Buffers and their composition 

The buffers and their composition used in experimental work are listed in a table 2.8. 
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Table 2.8: Buffers and their composition. 

Buffer Composition 

10X PBS 1.37 M NaCl, 27 mM KCl, 17.6 mM KH2PO4, 100 mM 
Na2HPO4 

10X Running buffer 250 mM Tris base, 2.5M glycine, 1% SDS 

2X Lysis buffer 
4% SDS, 120 mM Tris HCl (of pH 6.8), 10% glycerol, 100 
mM PMSF and 0.006% bromophenol blue, prior to use 1M 

DTT was added 

Anode buffer I 300 mM Tris HCl (pH 10.4) and 20% v/v methanol 

Anode buffer II 25 mM Tris HCl (pH 10.4) and 20% v/v methanol 

Calcium Buffer 10 mM HEPES/ NaOH, pH 7.4, 140 mM NaCl, 2.5 mM 
CaCl2 

Cathode buffer 25 mM Tris HCl (pH 9.4), 10 mM glycine and 20% v/v 
methanol 

NP-40 lysis buffer 150 mM NaCl, 1% NP-40, 10% glycerol, 10 mM Tris pH 8.0 

Transfer buffer (wet 
transfer) 10 mM CAPS (pH 11) and 20% v/v ethanol 

Tris-EDTA buffer (TE) 10 mM Tris, 1 mM EDTA pH 7.5 

 

2.12 Materials and reagents 

The specific reagents used in experimental work of this thesis are listed in a table 

2.9. 

Table 2.9: List of materials and reagents used in experimental work. 

Reagent Source Catalogue 
Number 

Acrylamide BIS-acrylamide, 30% solution Sigma-Aldrich A3699 

Agar Sigma-Aldrich A5306 

Boc-D-FMK Cambridge 
Biosciences 

1160-5 

Brefeldin A Sigma-Aldrich B7651 

Chloroform Sigma-Aldrich C2432 

cOmplete™, Mini Protease Inhibitor Cocktail Sigma-Aldrich 11836153001 

DL-Dithiothreitol Sigma-Aldrich D9779 

DMEM-high glucose Sigma-Aldrich D6429 

DMSO Sigma-Aldrich D2650 
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DNase 1 Amp Grade Bio-Sciences 18068015 

Dynabeads Co-Immunoprecipitation Kit Bio-Sciences 14321D 

Dynabeads Co-Immunoprecipitation Kit Invitrogen 14321D 

Etoposide Sigma-Aldrich E1383 

FBS Sigma-Aldrich F7524 

GoTaq Green Master Mix MyBio Ltd M7123 

Hank’s Balanced Salt Solution Sigma-Aldrich H9394 

L-Glutamine Sigma-Aldrich G7513 

Lipofectamine 3000 Bio-sciences L3000008 

Luria-Bertani (LB) Broth Sigma-Aldrich L3522 

Methanol Sigma-Aldrich 34860 

Methanol Lennox CC34860 

Methylene blue Sigma-Aldrich M9140 

NEAA Sigma-Aldrich 7145 

Necrostatin-1 Merck Millipore 480065 

Opti-MEM® I Reduced Serum Medium Bio-Sciences 31985047 

Pen/Strep Sigma-Aldrich P0781 

Propidium Iodide Sigma-Aldrich P4170 

Protein A-Sepharose GE Healthcare 17-0780-01 

Protein concentrator PES 10K MWCO 0.5mL 
Thermo Scientific Pierce Fisher Scientific 11355402 

Puromycin Sigma-Aldrich P8833 

Sodium pyruvate Sigma-Aldrich S8636 

Superscript II Bio-Sciences 18064014 

Taxol Sigma-Aldrich T7402 

The protein molecular weight marker Brennan’s and Co. F1-P7712S 

TRI reagent Sigma-Aldrich T9424 

Trypsin-EDTA solution Sigma-Aldrich T4174 

Tunicamycin Sigma-Aldrich T7765 

Water Molecular Biology Reagent Sigma-Aldrich W4502 
Western Lightning™ Chemiluminescence 

Reagent Plus Perkin Elmer NEL105001EA 
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Chapter III: Stressosome formation and delayed cell death represents  
a common response to diverse stresses in cells deficient in mitochondrial 
apoptotic pathway  

3.1 Introduction and research rationale 

During our lifetime cells are continuously exposed to harmful factors that can induce 

irreversible cellular changes leading to cell death. Apoptosis and necrosis are the 

best-characterised modes of cell death that are activated in response to irremediable 

cytotoxic stress; however, there are novel modes of cell death emerging that rely on 

distinct cell death machineries, for example autophagy-dependent cell death, 

necroptosis, mitotic catastrophe or autosis (Galluzzi et al., 2012; Galluzzi et al., 

2018). 

Multiple stresses, for example DNA damage or irremediable ER stress, trigger 

apoptosis through activation of mitochondrial apoptotic pathway that relies on BAX 

and BAK, MOMP and pro-caspase-9 activation (Elmore, 2007). Central to apoptosis 

is the activation of caspases, which are responsible for cleaving cellular proteins and 

parcelling cell fragments into neat packages (Elmore, 2007). Mitochondrial 

apoptosis seems to be the primary mode of programmed cell death of MEF cells 

exposed to ER stress such as tunicamycin or thapsigargin (Deegan et al., 2014). 

However, the stress responses and cell death mechanisms of cells deficient in the 

mitochondrial apoptosis pathway to diverse cytotoxic stresses are not fully 

investigated.  

Cancer cells have evolved multiple strategies to evade cell death (Hanahan and 

Weinberg, 2011). They often acquire mutations rendering them highly resistant to 

internal stresses by inhibiting their apoptotic pathway through overexpression of 

anti-apoptotic proteins or depletion of pro-apoptotic proteins required for 

propagation of the death signal (Fulda, 2009; Hanahan and Weinberg, 2011). Cancer 

cells can become resistant to mitochondrial apoptosis through inhibition of MOMP 

or of caspases (Fulda, 2009; Hanahan and Weinberg, 2011). For example, multiple 

cancers have upregulated anti-apoptotic BCL-2 proteins to prevent MOMP (Fulda, 

2009; Hanahan and Weinberg, 2011).  
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Several reports indicate that cells exposed to consistent, high levels of stress and 

deficient in key mediators of mitochondrial apoptosis will eventually succumb to 

death by using alternative cell death machinery (Ramírez-Peinado et al., 2013; 

Deegan et al., 2014). For example, in response to prolonged ER stress casp9-/- MEFs 

or BAX BAK double knockout (BAX/BAK-/-) MEFs can undergo an alternative but 

delayed mode of cell death mediated by caspase-8, which compensates for 

deficiencies in mitochondrial apoptosis and activates the executioner caspases 

(Deegan et al., 2014). This indicates that although pro-caspase-8 is the main initiator 

caspase in death receptor-mediated apoptosis, under certain conditions there may be 

alternative mechanisms for pro-caspase-8 activation that bypasses signalling through 

death receptors.  

Here I investigate how MEF cells devoid of pro-caspase-9 respond to prolonged 

exposure to tunicamycin, brefeldin A, etoposide and taxol treatments as well as 

exposure to radiation and elevated temperature. These treatments are well known to 

induce cell death through the mitochondrial apoptosis pathway (Hakem et al., 1998; 

Garzon, Calin and Croce, 2009; Rameen, Beroukhim; Craig H., Mermel; Dale, 

Porter; Guo, 2010; Wang, Youle and Branch, 2012; Sarosiek et al., 2013). However, 

the mechanism of cell death induced by these stresses when mitochondrial apoptosis 

is blocked is not fully characterised. Previous work in our lab demonstrated that 

deficiency in the mitochondrial pathway lead to formation of a novel multiprotein 

complex that we called stressosome which leads to activation of pro-caspase-8 

(Deegan et al., 2014). 

In this chapter I investigated if stressosome assembly is a common response pathway 

of casp9-/- MEF cells to diverse lethal stresses including ER stress, DNA damage, 

cytoskeletal disruption, γ-irradiation and heat shock. To do this I took an 

immunoprecipitation approach and showed that immunoprecipitation of FADD led 

to the co-precipitation of pro-caspase-8 and ATG5. I also tried to determine 

additional components of the stressosome complex in an unbiased way through 

analysis by mass spectrometry of the immunoprecipitated sample from casp9-/- MEF 

cells treated with tunicamycin. I also investigated the mode and kinetics of cell death 

of casp9-/- MEF cells exposed to diverse lethal stress signals, by analysing the 

changes in uptake of the propidium iodide (PI) and cell morphology. 
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3.2 Results 

3.2.1 Stressosome formation in casp-9 deficient MEF cells following exposure 
to diverse stresses  

3.2.1.1 Stressosome formation in casp-9 deficient MEF cells following 
tunicamycin treatment  

Initially, I validated absence of pro-caspase-9 in casp9-/- MEF cells (Fig. 3.1A). For 

this I exposed casp9-/- MEF cells and their control cells (casp9+/+ MEFs) to 

tunicamycin treatment, which is a well-established activator of the intrinsic apoptotic 

pathway that induces capase-9 activation (Fig. 3.1A). Upon confirming the absence 

of pro-caspase-9 in the cells, I next investigated stressosome formation in 

tunicamycin-treated casp9-/- MEF cells.  

Fig. 3.1: Assembly of the stressosome in casp9-/- MEF cells in response to tunicamycin. 
(A) Casp9+/+ MEF cells and casp9-/- MEF cells were treated with 0.5 µg/ml of tunicamycin 
for indicated time points and harvested for analysis by immunoblotting for pro-caspase-9. 
Actin was used as a loading control. (B, C) Casp9-/- MEF cells were treated with 0.5 µg/ml 
of tunicamycin for 72 h and with 20 µM of Boc-D-FMK added for the last 48 h of 
tunicamycin treatment. Cells were harvested and subjected to immunoprecipitation with (B) 
an antibody specific for FADD or control IgG antibody or (C) an antibody specific for pro-
caspase-8 or control IgG antibody conjugated to Dynabeads. Samples were analysed by 
immunoblotting for FADD, pro-caspase-8 and ATG5. Two different exposures are included 
for ATG5 with the longer exposure indicated with an asterix. Images are representative of at 
least two independent experiments. 

 

Using FADD antibody conjugated to Dynabeads as bait I immunoprecipitated 

FADD from tunicamycin-treated casp9-/- MEF cells. Analysis of the 
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immunoprecipitated sample by immunoblotting confirmed the immunoprecipitation 

of FADD, and co-immunoprecipitation of pro-caspase-8 and ATG5 which is 

indicative of the stressosome formation (Fig. 3.1B). ATG5 protein upon its synthesis 

becomes readily conjugated to ATG12 to further participate in autophagy process 

(Mizushima et al., 1998). The antibody I used can detect both the free form of ATG5 

(around 32 kDa) as well as ATG5-ATG12 conjugate at 55 kDa (Ohashi et al., 2019). 

ATG5 present in the immunoprecipitated sample is therefore probably in conjugated 

form with ATG12 as the band I detect appears at around 55 kDa; however I will 

continue to refer to this stressosome component as ATG5. 

I also validated these findings by reciprocal immunoprecipitation of the sample with 

pro-caspase-8 antibody as bait and confirmed the co-immunoprecipitation of ATG5 

and FADD in the sample (Fig. 3.1C). Two different exposure times for ATG5 are 

shown to indicate the distinct bands in IP sample and in the pre-IP sample, since 

ATG5 signal in IP sample at 72 h is strong so that it obscures the band in the 

adjacent lane corresponding to the control IP sample (Fig. 3.1C, top panel). On the 

other hand the shorter exposure hinders the detection of ATG5 in pre-IP sample. To 

accommodate these issues both exposures are included (Fig. 3.1C top panel).  

3.2.1.2 Stressosome formation in casp-9 deficient MEF cells following BFA 
treatment  

I next examined whether formation of the stressosome complex could be induced by 

BFA. Firstly I showed caspase-9 activation in casp9+/+ MEF cells (Fig. 3.2A). Using 

FADD antibody conjugated to Dynabeads as bait I immunoprecipitated the sample 

from BFA-treated casp9-/- MEF cells and further analysed it by immunoblotting.  

I observed the co-immunoprecipitation of FADD, pro-caspase-8 and ATG5 in this 

sample which is indicative of the stressosome formation upon BFA treatment after 

72 h (Fig. 3.2B). 
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Fig. 3.2: Assembly of stressosome in casp9-/- MEF cells in response to BFA. (A) Casp9+/+ 
MEF cells and casp9-/- MEF cells were treated with 0.3 µg/ml BFA for indicated time points 
and harvested for analysis by immunoblotting for pro-capase-9. Actin was used as a loading 
control (B) Casp9-/- MEF cells were treated with 0.3 µg/ml BFA for 72 h.  
20 µM of Boc-D-FMK was added at 24 h after treatment. Cells were harvested and 
subjected to immunoprecipitation with an antibody specific for FADD or control IgG 
antibody conjugated to Dynabeads. Samples were analysed by immunoblotting for FADD, 
pro-caspase-8 and ATG5. Images are representative of two independent experiments. 
 

3.2.1.3 Stressosome formation in casp-9 deficient MEF cells following 
treatment with etoposide or γ-irradiation  

Next, I examined the stressosome formation following treatment with etoposide and 

γ-irradiation (Fig. 3.3A, B). I used FADD antibody conjugated to Dynabeads as bait 

and immunoprecipitated the sample from etoposide-treated casp9-/- MEF cells (Fig. 

3.3A) or casp9-/- MEF cells exposed to γ-irradiation (Fig. 3.3B). I analysed the 

immunoprecipitated samples by immunoblotting and detected the co-

immunoprecipitation of FADD, pro-caspase-8 and ATG5 in these samples which is 

indicative of the stressosome formation. 
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Fig. 3.3: Assembly of stressosome in casp9-/- MEF cells in response to etoposide and 
exposure to γ-irradiation. Casp9-/- MEF cells were (A) treated with 50 µM etoposide or (B) 
subjected to 33Gy γ-irradiation and let to recover for 72 h in a humidified incubator. 20 µM 
of Boc-D-FMK was added 24 h after etoposide treatment and 24 h after recovery from 
radiation. Cells were harvested and subjected to immunoprecipitation with an antibody 
specific for FADD or control IgG antibody conjugated to Dynabeads. Samples were 
analysed by immunoblotting for FADD, pro-caspase-8 and ATG5. White line on the blot 
indicates a cutting point of the membrane. Each part of the membrane was exposed for 
different periods (i.e., pre-IP and post-IP was exposed for 1-15 min and IP was exposed 
overnight). Images are representative of two independent experiments. 

 

3.2.1.4 Stressosome formation in casp-9 deficient MEF cells following 
treatment with taxol or heat shock 

To further examine if the stressosome formation represents a common stress 

response of casp9-/- MEF cells I expanded the panel of stresses to include 

cytoskeletal damage-inducing treatment with taxol and heat shock (Fig. 3.4A, B).  

I used FADD antibody conjugated to Dynabeads as bait and immunoprecipitated the 

sample from (Fig. 3.4A) taxol-treated casp9-/- MEF cells or (Fig. 3.4B) casp9-/- MEF 

cells exposed to heat shock. I analysed the immunoprecipitated samples by 
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immunoblotting and detected the co-immunoprecipitation of FADD, pro-caspase-8 

and ATG5 in these samples which is indicative of the stressosome formation. 

Fig. 3.4: Assembly of stressosome in casp9-/- MEF cells in response to taxol and 
exposure to heat shock. Casp9-/- MEF cells were treated with (A) 1.0 µM taxol or (B) cells 
were subjected to heat shock of 43.5 °C for 45 min and let to recover for 72 h in  
a humidified incubator. 20 µM of Boc-D-FMK was added at 24 h after taxol treatment or 24 
h after recovery from heat shock. Cells were harvested and subjected to immunoprecipitation 
with an antibody specific for FADD or control IgG antibody conjugated to Dynabeads. 
Samples were analysed by immunoblotting for FADD, pro-caspase-8 and ATG5. White line 
on the blot indicates a cutting point of the membrane. Each part of the membrane was 
exposed for different periods (i.e., pre-IP and post-IP was exposed for 1-15 min and IP was 
exposed overnight). Images are representative of two independent experiments. 
 

3.2.2 Investigation of the stressosome components by mass spectrometry 

Having confirmed the formation of the stressosome in casp9-/- MEF cells due to 

various different cytotoxic stresses, I next investigated the compositions of this 

complex to identify its novel components. Knowing that pro-caspase-8, FADD and 

ATG5 (or ATG5-ATG12 conjugate) represent the core of the stressosome complex  

I wanted to further identify its other constituents. To identify stressosome 

components in an unbiased way we chose to analyse the immunoprecipitated sample 
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by mass spectrometry. For this, initially I had to optimize the immunoprecipitation 

experiment to generate a sample compatible with and suitable for mass spectrometry 

analysis as well as bulk-up the sample in order to have sufficient quantity for 

analysis. I applied a number of steps that aimed to improve yield and purity of the 

sample and replaced several reagents used during immunoprecipitation experiments 

with mass spectrometry compatible reagents. Table 3.1 comprises a summary of the 

most important steps in the immunoprecipitation optimisation process that  

I undertook. These include replacement of Sepharose A beads with Dynabeads, 

optimization of the antibody-beads ratio, selection of the lysis and elution buffers, 

scaling up of the experiment and concentrating of the final eluted sample (Table 3.1).  
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Table 3.1: A summary of the immunoprecipitation optimisation steps performed to generate samples for mass Spectrometry 

analysis  

Immunoprecipitatio
n (IP) optimisation 

step 
Purpose Conditions tested Outcome 

Culture dish selection to maximize yield of the sample 10 cm2 culture plates, T175 
flasks 

T175 flasks are more feasible to perform IP than 10 
cm2 culture plate 

Seeding density of 
MEFs in T175 flask 

to optimize seeding density in 
T175 for 72 h treatment 2, 2.5, 3, 3.5 x 104 cells/cm2 

3 x 104 cells/cm2 is the optimal seeding density of 
MEF cells in T175 flask 

Timepoint of IP 
to select timepoint where 

stressosome formation would be 
highest 

48 h, 62 h, 72 h 
at 72 h there was higher FADD expression in eluted 

samples 

Boc-D-FMK 
concentration 

to effectively inhibit caspase-8 
processing and stabilize the 

complex 

Boc-D-FMK validation by 
DEVDase assay of each 

batch 

20 μM selected; different efficiency of Boc-D-FMK 
among tested batches 

Lysis buffer 
components 

to efficiently lyse cells without 
disrupting interactions among 

stressosome components 

NP-40 lysis buffer, RIPA, 
standard lysis buffer 

similar efficiency but I chose NP-40 buffer as it is less 
stringent than RIPA and standard lysis buffer 

Lysis buffer volume 

to efficiently lyse cells without 
disrupting interactions within the 
complex; to ensure head to tail 

rotation of the sample in an 
eppendorf tube on a bench top 

rotator 

200 μl, 300 μl, 500 μl, 600 μl 
per each T175 flask 

500 μl was optimal volume for the efficient cell lysis 
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Crosslinking reagent 
and conditions 

to enhance stability of the protein 
complex 

1.6 mM DSP at 1 h before 
harvesting , 0.5 mg/ml DSP 

incubated with cell lysates on 
a rotator for 5 min 

significantly more background/nonspecific bands 
obtained on blots with both of these methods 

Bead selection 
to improve quality and purity of 

IP sample 
Sepharose A beads, 
Dynabeads Epoxy 

Dynabeads Epoxy significantly reduced signal from 
IgG heavy and light chains 

Amount of primary 
antibody used 

to determine optimal antibody to 
beads ratio 

different amounts of primary 
antibody tested 

selected 7 µl per 1 mg of beads 

Time of cell lysate 
incubation with 

primary antibody 

to determine optimal incubation 
time 

2 h, 4 h, overnight 

overnight incubation conditions provided higher yield 
of IP samples but due to increased nonspecific binding 

2 h incubation conditions were selected for mass 
spectrometry 

Washing conditions 
of IP sample 

to determine optimal washing 
process 

different combination of 
washing steps tested 

3 washes with NP-40 buffer and triturating the sample 
followed by 1 wash with 5 min rotation at RT 

Elution conditions of 
IP sample 

to improve yield of eluted sample, 
to assess its concentration 

standard elution buffer, 
glycine elution buffer and 
citric acid solution buffer 

EB buffer and glycine buffer interferes with BCA and 
Bradford, citric acid buffer selected for sample 

preparation for Mass Spec 

Concentration of the 
eluted sample 

to increase concentration of eluted 
sample and to facilitate detection 

by mass spectrometry 

protein concentrating 
columns 

>100 µl of eluted sample concentrated down to 15 μl 
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After generating an IP sample I ensured the presence of the stressosome complex by 

using a fraction of the eluted sample for detection of FADD, pro-caspase-8 and 

ATG5 by immunoblotting (Fig. 3.5).  

 
Fig. 3.5: Validation of the immunoprecipitated sample for the mass spectrometry 
nalysis. Casp9-/- MEF cells were treated with 0.5 µg/ml of tunicamycin for 72 h and with 20 
µM of Boc-D-FMK added for the last 48 h of tunicamycin treatment. Cells were harvested 
and subjected to immunoprecipitation with an antibody specific for FADD or control IgG 
antibody conjugated to Dynabeads. Samples were analysed by immunoblotting for ATG5, 
FADD and pro-caspase-8. 

In this experiment, the 3 in-solution protein samples were subjected to trypsin 

digestion and analysed on a high resolution mass spectrometry analysis couple with 

nanoflow UPLC. For each protein sample, three technical replicates were performed. 

The samples for mass spectrometry were analysed in three technical replicates. The 

detailed protein and peptide identification information were listed. Table 3.2 

comprises a summary of the data analysis with top hits for each analysed sample. 

However, the list of top hits identified by mass spectrometry in the IP sample was 

missing all of the so far identified stressosome components including the bait protein 

FADD, pro-caspase-8 and ATG5 (table 3.2). It contained different structural proteins 

indicating a high impurity of the sample. It was therefore concluded that this attempt 

was unsuccessful.  
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Table 3.2: Top hits from mass spectrometry analysis of the immunoprecipitated 
sample  

Rank 
IP in tunicamycin 

treated cells 
IP in untreated 

cells IgG control 

1 Actin, cytoplasmic 
Isoform PLEC-1A 

of Plectin Vimentin 

2 Vimentin Vimentin Actin, cytoplasmic 1 
3 Plectin Actin, cytoplasmic Actin, alpha cardiac muscle 1 

4 Actin, alpha cardiac 
muscle 1 

Actin, alpha 
cardiac muscle 1 

Importin subunit beta-1 

5 Actin, aortic smooth 
muscle 

Actin, gamma-
enteric smooth 

muscle 
78 kDa glucose-regulated protein 

6 
78 kDa glucose-regulated 

protein Filamin Myosin light polypeptide 6 

7 Myosin-9 Nestin Myosin-9 

8 
Myosin light polypeptide 

6 
Collagen alpha-

1(I) chain Plectin 

9 Prelamin-A/C 
Isoform Smooth 

muscle of Myosin 
light polypeptide 6 

Desmin 

10 Beta-actin-like protein 2 Myosin-10 Transmembrane protein 258 

11 Filamin, alpha Myosin light 
polypeptide 6 

Histone H2A type 1-H 

12 
Isoform Smooth muscle 

of Myosin light 
polypeptide 6 

Prelamin-A/C Cytoskeleton-associated protein 4 

13 Fibronectin 
Beta-actin-like 

protein 2 
Protein transport protein Sec61 

subunit beta 
14 Collagen alpha-1(I) chain Filamin-B Calmodulin 

15 Caldesmon Caldesmon 1 
Dolichyl-

diphosphooligosaccharide-protein 
glycosyltransferase subunit 4 

16 
Heat shock cognate 71 

kDa protein Fibronectin MCG5400 

17 Importin subunit beta Collagen alpha-
2(I) chain 

Filamin 

18 Calmodulin Lamin-B1 
26S proteasome non-ATPase 

regulatory subunit 2 

19 
Isoform 3 of 

Heterogeneous nuclear 
ribonucleoproteins A2/B1 

Importin subunit 
beta-1 

Histone H2A 

20 Desmin Calmodulin 60S acidic ribosomal protein P2 

Page 85 of 208 
 



Simultaneously, I also attempted to identify other stressosome components using  

a candidate-based approach by immunoblotting the IP sample with potential 

components based on the extensive literature research and our own experience.  

I investigated the presence of RIPK1, RIPK3, LC3, IRE1α, GRP78 and XIAP. 

However the results obtained were quite inconsistent regarding the potential 

candidate components, despite the presence of the core components across the 

samples, and thus at this stage remain inconclusive (data not shown). 

3.2.3 Investigation of the cell death in casp9-/- MEFs under diverse stresses 

The mitochondrial apoptotic pathway seems to be the primary route of executing cell 

death of different cells, including MEFs, exposed to diverse cytotoxic stresses (Wei 

et al., 2001; Deegan et al., 2014). However, cells with compromised mitochondrial 

apoptotic pathway often remain refractory to cell death stimuli (Fulda, 2009; Deegan 

et al., 2014). Next I examined stress response and cell death kinetics of casp9-/- MEF 

cells following treatments with a wide array of different stresses including 

tunicamycin, BFA, etoposide, γ-irradiation, taxol and heat shock. 

To assess mode and kinetics of cell death of casp9-/- MEF cells I monitored changes 

in cell morphology and PI uptake at different time-points following treatment with 

different cytotoxic stresses. PI is a small fluorescent molecule that cannot passively 

traverse into cells with intact cellular membranes but become readily taken up by 

cells with permeabilised membranes where it binds to DNA (Riccardi and Nicoletti, 

2006). As live cells have intact membranes and dead cells, regardless of the mode of 

cell death they underwent, have permeabilised membranes, monitoring of the PI 

uptake and its exclusion enables to effectively asses proportion of dead and live cells 

in a given cell population (Riccardi and Nicoletti, 2006). 

3.2.3.1 Casp-9 deficient MEF cells undergo delayed cell death in response to 
treatment with tunicamycin 

To investigate the mode and cell death kinetics of casp9-/- MEFs in response to 

tunicamycin treatment I exposed casp9-/- MEFs and their control casp9+/+ MEFs to 

tunicamycin for indicated time-points. I monitored changes in cell morphology every 

24 h using bright field microscopy (Fig. 3.6A). The cell death in casp9+/+ MEFs 

proceeded much faster than in casp9-/- MEFs (Fig. 3.6A). A large population of 

cas9+/+ MEFs displayed apoptotic morphology including rounding up and loss of 
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connection with the neighbouring cells already at 24 h (Fig. 3.6A). The population of 

dying cas9+/+ MEFs largely increased at 48 h (Fig. 3.6A). At 72 h there were 

multiple detached cells present (Fig. 3.6A). Casp9-/- MEFs were considerably more 

refractory to tunicamycin treatment with only a small population of apoptotic cells at 

24 h, that somewhat increased at 48-72 h. However, there were just few detached 

casp9-/- MEF cells present at all investigated time-points (Fig. 3.6A).  

 
Fig. 3.6: Casp9-/- MEF cells undergo delayed cell death in response to tunicamycin. 
Casp9+/+ MEF cells and casp9-/- MEF cells were treated with 0.5 µg/ml of tunicamycin for  
72 h and cell death was estimated every 24 h. (A) Cell morphology was assessed by bright 
field microscopy. Arrows indicate sample dead or stressed cells. Cell morphology data are 
from a single experiment, representative of three independent experiments. (B) Cell viability 
was assessed by propidium iodide uptake. Error bars represent the mean ± SD. The 
significance is *** p<0.001. 

Next I investigated the changes in PI uptake between tunicamycin-treated casp9-/- 

MEFs and control casp9+/+ MEFs at different time-points (Fig. 3.6B). I observed  

a large difference in PI uptake between casp9-/- MEFs and control casp9+/+ MEFs 

(Fig. 3.6B). Casp9+/+ MEFs readily incorporated PI dye already at 24 h (Fig. 3.6B). 
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The population of PI positive casp9+/+ MEFs reached around 50% at 24 h and 

increased to 80% at 48 h and further to around 90% at 72 h (Fig. 3.6B). Casp9-/- 

MEFs remained significantly more refractory to cell death than control cells (Fig. 

3.6B). There were only around 20% of PI positive cells at 24 h (Fig. 3.6B). The 

population of PI positive cells increased to 25% at 48 h and reached around 30% at 

72 h (Fig. 3.6B). These data indicate that casp9-/- MEFs undergo a delayed mode of 

cell death in response to tunicamycin.  

3.2.3.2 Casp-9 deficient MEF cells undergo delayed cell death in response to 
treatment with BFA 

Following BFA treatment initially there was not any considerable difference in cell 

morphology between casp9-/- MEFs and their control casp9+/+ MEFs (Fig. 3.7A). 

Both cell populations seemed refractory to death signals at 24 h with only a small 

fraction of cells displaying signs of stress (Fig. 3.7A). However, at 48 h there was  

a large population of casp9+/+ MEF cells displaying apoptotic morphology and 

multiple detached cells floating in the flask (Fig. 3.7A). The dead population of 

casp9+/+ MEF cells further increased at 72 h (Fig. 3.7A). Casp9-/- MEFs remained 

more resistant to death signal, and at 48 h a small population of casp9-/- MEF cells 

displayed apoptotic morphology with rounded cells that lost connections with other 

cells; however there were only few detached cells present (Fig. 3.7A). A population 

of stressed and apoptotic cells gradually increased at 72 h but only few cells were 

detached (Fig. 3.7A). 
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Fig. 3.7: Casp9-/- MEF cells undergo delayed cell death in response to BFA. 
Casp9+/+ MEF cells and casp9-/- MEF cells were treated with 0.3 µg/ml BFA for 72 h and cell 
death was estimated every 24 h. (A) Cell morphology was assessed by bright field 
microscopy. Arrows indicate sample dead or stressed cells. Cell morphology data are from  
a single experiment, representative of three independent experiments. (B) Cell viability was 
assessed by propidium iodide uptake. Error bars represent the mean ± SD. The significance 
is *** p<0.001,* p<0.05. 

Next I compared PI uptake between casp9-/- MEFs and their control casp9+/+ MEFs 

in response to BFA (Fig. 3.7B). I observed that casp9-/- MEFs were considerably 

more resistant to cell death stimuli than casp9+/+ MEFs which resulted in 

significantly lower PI uptake at every time-point (Fig. 3.7B). At 24 h 15% of casp9-/- 

MEFs displayed PI positivity at 48 h 20% and at 72 h 30%; whereas 25% of casp9+/+ 

MEFs displayed PI positivity at 24 h, 70% at 48 h and 75% at 72 h (Fig. 3.7B). 

These data indicates that casp9-/- MEFs undergo a delayed mode of cell death in 

response to BFA. 
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3.2.3.3 Casp-9 deficient MEF cells undergo delayed cell death in response to 
treatment with etoposide 

In response to etoposide I observed considerable differences in cell morphology 

between casp9-/- MEFs and their control casp9+/+ MEFs (Fig. 3.8A). Casp9-/- MEFs 

seemed to be more refractory to death stimuli at every investigated time-point (Fig. 

3.8A). A large population of casp9+/+ MEFs displayed apoptotic morphology already 

at 24 h and the dead cell population largely increased at 48-72 h with multiple 

rounded and detached cells present (Fig. 3.8A). Casp9-/- MEFs started to display 

apoptotic morphology at 48 h (Fig. 3.8A). The population of dead casp9-/- MEF cells 

further increased at 72 h; however it remained considerably lower than in the control 

casp9+/+ MEFs (Fig. 3.8A). 

Fig. 3.8: Casp9-/- MEF cells undergo delayed cell death in response to etoposide. 
Casp9+/+ MEF cells and casp9-/- MEF cells were treated with 50 µM etoposide for 72 h and 
cell death was estimated every 24 h. (A) Cell morphology was assessed by bright field 
microscopy. Arrows indicate sample dead or stressed cells. Cell morphology data are from  
a single experiment, representative of three independent experiments. (B) Cell viability was 
assessed by propidium iodide uptake. Error bars represent the mean ± SD of three 
independent experiments. The significance is *** p<0.001.  
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Next I investigated the changes in PI uptake between etoposide-treated casp9-/- MEFs 

and their control casp9+/+ MEFs at different time-points (Fig. 3.8B). Casp9-/- MEFs 

were significantly more refractory to cell death stimuli than casp9+/+ MEFs (Fig. 

3.8B). Casp9-/- MEFs displayed significantly lower PI uptake than casp9+/+ MEFs at 

every time-point (Fig. 3.8B). At 24 h 15% of casp9-/- MEFs displayed PI positivity at 

48 h 30% and at 72 h almost 40%; whereas 60% of casp9+/+ MEFs displayed PI 

positivity at 24 h, 80% at 48 h and 82% at 72 h (Fig. 3.8B). These data indicate that 

casp9-/- MEFs undergo a delayed mode of cell death in response to etoposide. 

3.2.3.4 Casp-9 deficient MEF cells undergo delayed cell death following 
exposure to γ-irradiation 

Following exposure to γ-irradiation both, casp9-/- MEFs and their control casp9+/+ 

MEFs appeared resistant to death stimuli at 24 h. (Fig. 3.9A). However, a large 

population of casp9+/+ MEFs displayed apoptotic morphology at 48 h that further 

increased at 72 h (Fig. 3.9A). Casp9-/- MEFs remained refractory to death stimuli at 

all investigated time-points (Fig. 3.9A). Both casp9-/- MEFs and their control casp9+/+ 

MEF cells displayed some distinct morphological features in response to  

γ-irradiation. Casp9-/- MEFs and casp9+/+ MEF cells appeared enlarged and with 

multiple vacuoles clustered around nuclear structures at 48-72 h, these changes in 

cell morphology can be associated with the nature of the radiation treatment (Fig. 

3.9A). 
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Fig. 3.9: Casp9-/- MEF cells undergo delayed cell death in response to  
γ-irradiation exposure. Casp9+/+ MEF cells and casp9-/- MEF cells were subjected to 
33Gy γ-irradiation and let to recover for 72 h in a humidified incubator. Cell death was 
estimated every 24 h. (A) Cell morphology was assessed by bright field microscopy. Arrows 
indicate sample dead or stressed cells. Cell morphology data are from a single experiment, 
representative of three independent experiments. (B) Cell viability was assessed by 
propidium iodide uptake. Error bars represent the mean ± SD of three independent 
experiments. The significance is *** p<0.001.  

Next I investigated the changes in PI uptake between casp9-/- MEFs and casp9+/+ 

MEFs following exposure to γ-irradiation (Fig. 3.9B). Initially, at 24 h I did not 

observe any considerable difference between these cell populations as they both 

displayed low PI positivity of around 10% (Fig. 3.9B). However at 48-72 h  

I observed significant differences in PI uptake, with casp9-/- MEFs being more 

resistant to death stimuli (Fig. 3.9B). At 48 h 15% of casp9-/- MEFs displayed PI 

positivity and only 20% at 72 h (Fig. 3.9B). This indicates that casp9-/- MEFs are 

refractory to death stimuli originating from exposure to γ-irradiation. Around 30% of 

casp9+/+ MEFs displayed PI positivity already at 48 h and, around 70% at 72 h (Fig. 
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3.9B). These data indicate that casp9-/- MEFs undergo a delayed mode of cell death 

in response to γ-irradiation. 

3.2.3.5 Casp-9 deficient MEF cells undergo delayed cell death in response to 
treatment with taxol 

In response to taxol a small population of casp9+/+ MEFs started to display apoptotic 

morphology already at 24 h (Fig. 3.10A). This apoptotic population of casp9+/+ 

MEFs further increased at 48-72 h (Fig. 3.10A). At 72 h there were also multiple 

casp9+/+ MEF detached cells present (Fig. 3.10A). Casp9-/- MEFs seemed more 

refractory to death stimuli than casp9+/+ MEFs at every investigated time-point, with 

only a small population of apoptotic cells observed at 24-72 h (Fig. 3.10A). 

Fig. 3.10: Casp9-/- MEF cells undergo delayed cell death in response to taxol. 
Casp9+/+ MEF cells and casp9-/- MEF cells were treated with 1.0 µM taxol for 72 h and cell 
death was estimated every 24 h. (A) Cell morphology was assessed by bright field 
microscopy. Arrows indicate sample dead or stressed cells. Cell morphology data are from  
a single experiment, representative of three independent experiments. (B) Cell viability was 
assessed by propidium iodide uptake. Error bars represent the mean ± SD of three 
independent experiments. The significance is *** p<0.001.  
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Next I investigated the changes in PI uptake between casp9-/- MEFs and their control 

casp9+/+ MEFs in response to taxol (Fig. 3.10B). Initially, there was not any 

significant difference in PI uptake between casp9-/- MEFs and casp9+/+ MEFs, and 

both cell populations seemed to be refractory to death stimuli at 24 h with only 10-

15% of cells displaying PI positivity (Fig. 3.10B). However, at 48 h the population 

of PI positive casp9+/+ MEFs increased to 65% and at 72 h to 75%; whereas casp9-/- 

MEFs remained significantly more resistant to death stimuli reaching 20% at 48 h 

and 35% at 72 h (Fig. 3.10B). These data indicate that casp9-/- MEFs undergo  

a delayed mode of cell death in response to taxol. 

3.2.3.6 Casp-9 deficient MEF cells undergo delayed cell death following 
exposure to heat shock 

After subjecting cells to heat shock a small population of casp9+/+ MEFs started to 

display apoptotic morphology already at 24 h (Fig. 3.11A). The population of dying 

and stressed casp9+/+ MEF cells considerably increased at 48-72 h with multiple 

detached and floating cells present (Fig. 3.11A). Casp9-/- MEFs remained more 

refractory to death signal than casp9+/+ MEFs with only a small population of dying 

cells observed at 24 h - 72 h (Fig. 3.11A).  
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Fig. 3.11: Casp9-/- MEF cells undergo delayed cell death in response to heat 
shock. Casp9+/+ MEF cells and casp9-/- MEF cells were subjected to heat shock of 43.5 °C 
for 45 min and let recover for 72 h in a humidified incubator. Cell death was estimated every 
24 h. (A) Cell morphology was assessed by bright field microscopy. Arrows indicate sample 
dead or stressed cells. Cell morphology data are from a single experiment, representative of 
three independent experiments. (B) Cell viability was assessed by propidium iodide uptake. 
Error bars represent the mean ± SD of three independent experiments. The significance is 
*** p<0.001.  

Next I investigated the changes in PI uptake between casp9-/- MEFs and their control 

casp9+/+ MEFs following exposure to heat shock (Fig. 3.11B). I observed significant 

differences in PI uptake between casp9-/- MEFs and casp9+/+ MEFs at every 

investigated time-point with casp9-/- MEFs being more resistant to death signal than 

casp9+/+ MEFs (Fig. 3.11B). At 24 h 38% of casp9+/+ MEFs displayed PI positivity, 

the dead population further increased at 48 h to 57% and at 72 h to 70% (Fig. 

3.11B). In contrast, only 10% of casp9-/- MEFs displayed PI positivity at 24 h, 18% 

at 48 h and 23 % at 72 h (Fig. 3.11B). These data indicate that casp9-/- MEFs undergo 

a delayed mode of cell death in response to heat shock. 
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3.3 Discussion 

In this chapter, I showed that the response of casp9-/- MEFs to diverse cytotoxic 

stresses is associated with formation of a novel multiprotein complex, the 

stressosome. Formation of the stressosome was observed following treatment with 

tunicamycin, brefeldin A, etoposide, taxol or exposure of cells to γ-irradiation or 

heat shock. I demonstrated the presence of FADD, pro-caspase-8 and ATG5 in the 

stressosome complex, using an immunoprecipitation approach. I further showed, that 

despite the absence of pro-caspase-9 in these cells, they undergo cell death; however, 

this cell death is delayed and reduced when compared with wild-type cells. 

Based on the data regarding stressosome formation it can be concluded that 

stressosome formation represents a common response of casp9-/- MEFs to stress 

following exposure to prolonged cytotoxic conditions. The stresses we chose to test 

include ER stress (tunicamycin and brefeldin A), genotoxic stress (etoposide and  

γ-irradiation, cytoskeletal stress (taxol) and proteotoxic stress (heat shock). Despite 

their diverse targets, they commonly induce stressosome formation.  

So far by using co-immunoprecipitation and western blotting we have identified 

three proteins forming the possible core of the stressosome: pro-caspase-8, FADD 

and ATG5. Pro-caspase-8 is an initiator caspase that activates downstream 

executioner caspases and mediates cells death. Its function is most well characterised 

in the context of death receptor-induced apoptosis. FADD is a well-characterised 

adaptor protein, acting in death receptor-induced apoptosis to recruit pro-caspase-8 

through homotypic interactions to multiprotein complexes enabling its dimerization 

and autoactivation. ATG5 functions in canonical autophagy, where it participates in 

autophagosome formation that encloses specific cytoplasmic cargo to direct it for 

lysosomal degradation. The limitation of our study is that we have not identified the 

components of the stressosome. This is due to the technical difficulty associated with 

the mass spectrometry analysis. We optimised the immunoprecipitation procedure 

for immunoblotting , but most probably the purity and quality of the sample was not 

satisfactory for mass spectrometry analysis. To improve future attempts it may be 

advantageous to use gel filtration to isolate the complex and to perform mass 

spectrometry analysis on the isolated complex, as this would reduce the level of non-

stressosome proteins. Alternatively, to determine the stressosome molecular 
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composition two-dimensional fluorescence difference gel electrophoresis could be 

performed, that would effectively separate all proteins of the complex and thus allow 

for the quantitative analysis of its composition and selection of samples for 

investigation by mass spectrometry to provide fingerprint identification of each 

protein of interest. Alternatively, we could use our current knowledge of the 

stressosome to examine the presence of additional candidate proteins. For example, 

we could examine whether ATG16 is present, and confirm our suspicion that ATG5 

is conjugated to ATG12.  

The function of the stressosome is likely to be related to activation of caspase-8. 

Recent reports indicate that in cells deficient in mitochondrial apoptosis, e.g., 

through depletion of key mediators of this pathway such as caspase-9 or BAX and 

BAK, pro-caspase-8 can become activated and mediate cell death in response to 

internal stress signals without the involvement of death receptors (Deegan et al., 

2014; Tummers and Green, 2017; Young et al., 2012). These non-canonical 

pathways for pro-caspase-8 activation involve formation of alternative platforms that 

enable pro-caspase-8 dimerization and its autoactivation (Deegan et al., 2014; 

Tummers and Green, 2017; Young et al., 2012). Therefore, the stressosome 

formation may also provide an alternative pathway for pro-caspase-8 activation in 

casp9-/- MEFs in response to diverse cytotoxic stresses. Such an alternative pathway 

for pro-caspase-8 activation could provide a compensatory mechanism to induce cell 

death in cells deficient with mitochondrial apoptosis, such as casp9-/- MEFs. 

In this chapter I demonstrated that casp9-/- MEF cells undergo a delayed mode of cell 

death associated with slower cell death kinetics, as indicated by monitoring changes 

in cell morphology and in PI uptake, than their counterpart casp9+/+ MEF cells in 

response to diverse cytotoxic stresses. Casp9+/+ MEF cells rapidly demonstrated 

morphological changes associated with apoptotic cell death such as cell shrinkage, PI 

uptake, loss of connection with neighbouring cells and detachment already at 24 or 

48 h upon treatment with tunicamycin, BFA, etoposide, taxol or heat shock. The 

majority of casp9-/- MEF cells displayed normal cellular morphology even 48 h 

following all treatments. Taken together, these data show that casp9-/- MEF cells are 

largely resistant to death by various types of stresses; however, they succumb to 

death upon prolonged exposure to stress stimuli.  
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Interestingly, casp9-/- MEF cells displayed a distinct but treatment-specific 

morphology following taxol and γ-irradiation treatments, namely cells appeared 

significantly enlarged with extensive nuclear structures and multiple cytoplasmic 

vacuoles already 24 h post-treatment. At 72 h a small population of casp9-/- cells 

displayed cell morphology associated with cell death with a few detached, rounded 

and floating cells following all treatments. This distinct morphology is possibly 

associated with mitotic slippage which describes a process during which cells can 

evade mitotic arrest and proceed to interphase without chromosome segregation 

(Zasadil et al., 2014). Alternatively, the appearance of cytosolic vacuoles following 

treatment with taxol or γ-irradiation may correspond to accumulation of lipid by cells 

and formation of lipid droplets. It was recently reported that cells arrested in mitosis 

or those that underwent mitotic slippage display elevated cytoplasmic lipid droplets 

(Wong et al., 2018).  

When exposed to irremediable cytotoxic stress cells implement a death program to 

execute its own demise. The intrinsic apoptosis pathway is the predominant cell 

death pathway in MEF cells in response to different cytotoxic stresses. This is shown 

by the difference in the kinetics of cell death due to these treatments in cells that 

have or do not have pro-caspase-9. However, while cells with compromised 

mitochondrial apoptotic pathway initially remain resistant to death stimuli, these 

cells will eventually undergo delayed cell death when exposed to sustained cytotoxic 

stress. This suggests that in the absence of pro-caspase-9 these cells must use an 

alternative mechanism to undergo cell death.  

The ultimate fate and mechanism of death of cells deficient in key mediators of 

intrinsic apoptotic pathway exposed to sustained cytotoxic insult has not been 

investigated thoroughly, with several reports underscoring only a severe flaw in 

execution of cell death. Importantly, although casp9-/- MEF cells are incapable of 

apoptosome formation or pro-caspase-9 activation, they can still undergo 

perturbations and damage to mitochondria in response to cytotoxic insults. Casp9-/- 

MEF cells can undergo MOMP resulting in release of cytochrome c and some other 

toxic proteins from the mitochondrial intermembrane space into cytoplasm including 

apoptosis-inducing factor (AIF), endonuclease G (ENDOG), second mitochondria-

derived activator of caspases/direct IAP-binding protein with low pI 
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(SMAC/DIABLO) and high temperature requirement protein A2 (HtA2, also known 

as OMI; HtA2/OMI) (Arnoult et al., 2003). SMAC/DIABLO and HtA2/OMI 

enhance caspase activation by inhibiting the activity of IAPs; whereas AIF and 

ENDOG translocate to the nucleus, to mediate DNA fragmentation (van Loo et al., 

2002; Althaus et al., 2007; Buttner et al., 2007). Possibly these events aggravate the 

experienced insult and since mitochondria become damaged it will eventually result 

in cell death. Since at the timepoint when I examined stressosome formation (i.e., 72 

h) there was cell death only in ~30% of cells, regardless of the treatment applied, this 

may indicate that stressosome formation may possibly play other roles apart from 

mediating cell death and the observed cell death is only attributed to damaged 

mitochondria.  

It would be interesting to determine whether the stressosome is formed in fraction of 

the casp9-/- cells that die. This could be done using a modified proximity ligation 

assay for the detection of interaction among three proteins and fluorescent 

microscopy to perform a screen of cells and treatments that are associated with 

stressosome formation. This assay could provide amplification of signal necessary 

for detection of interaction between pro-caspase-8, ATG5 and FADD, an interaction 

that possibly occurs only in a fraction of cell population exposed to cytotoxic 

treatment.  

There are several questions prompted by the data enclosed in this chapter. 

Stressosome formation seems to be a common response of cells devoid of 

mitochondrial apoptotic pathway but its role remains enigmatic. It may play a role in 

mediating the alternative, delayed mode of cell death, for example through providing 

an alternative platform for pro-caspase-8 activation in casp9-/- MEFs. If this is the 

case, then it would also be important to decipher the role of its core components, 

caspase-8 and ATG5 in cell death in casp9-/- MEFs. These will be examined in the 

next chapters. 
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Chapter IV: Investigation of stress induced cell death and a role of  
pro-caspase-8 in mediating cell death in casp9-/- MEFs 

4.1 Introduction and research rationale 

Cell death is an extremely dynamic research field. Multiple novel cell death 

pathways have recently emerged that can be differentiated from each other based on 

their morphological features, biochemical processes and the molecular machineries 

involved in each (Kroemer et al., 2009; Galluzzi et al., 2018). The cellular stress 

responses and cell death programs activated by different anticancer drugs and 

treatments are not well characterised and often depend on several conditions such as 

cell type and the dose or concentrations of drugs used. Multiple reports indicate that 

the mitochondrial apoptosis pathway is a primary death route of multiple apoptosis 

competent cells in response to diverse lethal stimuli (Wei et al., 2001; Deegan et al., 

2014). This cell death pathway is dependent on MOMP and formation of the 

apoptosome, enabling pro-caspase-9 activation, which further activates executioner 

caspases to dismantle the cell (Elmore, 2007). However, cell death signalling 

pathways triggered by various chemotherapeutics in cells lacking the key mediators 

of mitochondrial apoptosis, e.g., pro-caspase-9 or BAX/BAK are not well 

characterised and thus require more investigation.  

Depletion of BAX/BAK or pro-caspase-9 often renders cells resistant to cell death 

stimuli resulting from prolonged ER stress, or treatment with cisplatin, 

staurosporine, etoposide or following UV exposure (Hakem et al., 1998; Wei et al., 

2001; Shimizu et al., 2004). However, when the stress becomes irremediable these 

cells eventually activate an alternative mechanism of cell death that compensates for 

flaws in the mitochondrial apoptosis pathway. This delayed, alternative 

mechanism(s) or its regulation has not been fully characterised and may involve  

a novel mode of cell death that relies on extensive apoptosis crosstalk with other 

cellular signalling pathways such as autophagy or necroptosis. Given the obvious 

relevance to cancer, understanding these novel stress-induced death pathways in 

cells lacking the core mitochondrial apoptosis components could be of great 

importance in the identification of novel therapeutic targets. 
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In the previous chapter I have demonstrated that cells compromised in their 

mitochondrial apoptosis pathway, while initially refractory to different death signals, 

eventually die through an alternative delayed mechanism. I also established that pro-

caspase-8 participates in the stressosome formation. In this chapter I examined the 

role of caspases in mediating cell death in casp9-/- MEFs following treatments with 

tunicamycin, BFA, etoposide, taxol, γ-irradiation and heat shock. I monitored 

processing of pro-caspase-8 and pro-caspase-3 by immunoblotting. I also 

investigated cell death kinetics by monitoring changes in PI uptake and cellular 

morphology of casp9-/- MEFs in the presence of Boc-D-FMK. I also addressed the 

role of pro-caspase-8 in mediating cell death in casp9-/- MEFs. For this I used pro-

caspase-8 deficient MEFs (casp8 shRNA expressing casp9-/- MEFs) to investigate the 

effect of pro-caspase-8 deficiency on the changes in cell death kinetics, morphology 

and pro-caspase-3 processing in response to different cytotoxic stresses. I also 

examined the effect of pro-caspase-8 depletion on the long-term survival of casp9-/- 

MEFs by performing a clonogenic assay, which is an in vitro cell survival assay 

based on the ability of a single cell to grow into a colony. The clonogenic assay is 

commonly applied for the testing of cell survival and their proliferation after 

exposure to cytotoxic agents in vitro and it serves as the gold standard for 

assessment of cancer cell response to radiation and other therapeutics (Citrin, 2016). 
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4.2 Results 

4.2.1 Cell death of casp-9 deficient MEFs in response to diverse stresses is 
associated with caspase processing 

4.2.1.1 Cell death of casp-9 deficient MEFs in response to tunicamycin is 
associated with caspase processing 

To determine the role of caspases in mediating tunicamycin-induced cell death in 

casp9-/- MEFs I examined processing of pro-caspase-8 and pro-caspase-3 by 

immunoblotting. I observed delayed processing of pro-caspase-8 and pro-caspase-3 

in the lysates of casp9-/- MEFs compared to the lysates of casp9+/+ MEFs (Fig. 4.1A). 

Processing of pro-caspase-8 and pro-caspase-3 was detected at 48-72 h in casp9-/- 

MEFs and at 12 h in the control cells (Fig. 4.1A). Next I used a common pan-caspase 

inhibitor Boc-D-FMK to examine changes in cell morphology in tunicamycin-treated 

cells. I observed that cells pre-treated with Boc-D-FMK appeared more refractory to 

cell death with less cells rounded up or floating (Fig. 4.1B).  
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Fig. 4.1: Cell death in casp9-/- MEF cells in response to tunicamycin is associated with 
caspase activation. (A) Casp9+/+ and casp9-/- MEF cells were treated with 0.5 µg/ml of 
tunicamycin for indicated time-points. Cells were harvested and obtained samples were 
analysed by immunoblotting for cleaved caspase-3 and cleaved caspase-8. Actin was used as 
a loading control. Images are representative of at least two independent experiments. (B, C) 
Casp9+/+ and casp9-/- MEF cells were pre-treated with 20 μM Boc-D-FMK 1 h before 
treatment with 0.5 µg/ml of tunicamycin for 72 h. (B) Cell morphology was assessed by 
bright field microscopy. Arrows indicate sample dead or stressed cells. Cell morphology 
data are from a single experiment, representative of two independent experiments. (C) Cell 
viability was assessed by propidium iodide staining. Error bars represent the mean ±SD of 
three independent experiments. The significance is ***

 p<0.001.  
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Next, I examined changes in PI uptake in tunicamycin-treated casp9-/- and casp9+/+ 

MEFs in the presence of Boc-D-FMK. Pre-treatment with Boc-D-FMK significantly 

reduced PI uptake in both casp9-/- MEFs and the control cells (Fig. 4.1C). Namely,  

I observed a drop from 90% to 40% in PI positive casp9+/+ MEFs and from 30% to 

18% in PI positive casp9-/- MEFs at 72 h (Fig. 4.1C). Taken together, our findings 

indicate that caspases play an important role in tunicamycin-induced cell death in 

mitochondrial apoptosis competent MEFs but also in pro-caspase-9 deficient MEFs.  

4.2.1.2 Cell death of casp-9 deficient MEFs in response to BFA is associated 
with caspase processing 

Following BFA treatment I observed delayed processing of pro-caspase-8 and pro-

caspase-3 in the lysates of casp9-/- MEFs compared to the lysates of the control cells. 

I detected processing of pro-caspase-8 and pro-caspase-3 at 48-72 h in casp9-/- MEFs 

and at 12 h in casp9+/+ MEFs (Fig. 4.2A). Furthermore, I also noted that pre-

treatment with Boc-D-FMK had a strong effect on both casp9+/+ and casp9-/- MEFs 

as the number of cells displaying cell death-associated morphology was largely 

reduced in both cell groups (Fig. 4.2B). I also observed a strong effect of Boc-D-

FMK on the reduction of PI positive cell population in both casp9+/+ and casp9-/- 

MEFs. Pre-treatment of cells with Boc-D-FMK resulted in a drop in PI positive cells 

from 80% to 45% in casp9+/+ MEFs and from 80% to 45% in casp9-/- MEFs at 72 h 

(Fig. 4.2C). These findings indicate that caspases play an important role in BFA-

induced cell death in casp9+/+ MEFs and in casp9-/- MEFs.  
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Fig. 4.2: Cell death in casp9-/- MEF cells in response to BFA is associated with caspase 
activation. (A) Casp9+/+ and casp9-/- MEF cells were treated with 0.3 µg/ml BFA for 
indicated time-points. Cells were harvested and obtained samples were analysed by 
immunoblotting for cleaved caspase-3 and cleaved caspase-8. Actin was used as a loading 
control. Images are representative of at least two independent experiments. (B, C) Casp9+/+ 
and casp9-/- MEF cells were pre-treated with 20 μM Boc-D-FMK 1 h before treatment with 
0.3 µg/ml BFA for 72 h. (B) Cell morphology was assessed by bright field microscopy. 
Arrows indicate sample dead or stressed cells. Cell morphology data are from a single 
experiment, representative of two independent experiments. (C) Cell viability was assessed 
by propidium iodide staining. Error bars represent the mean ±SD of three independent 
experiments. The significance is ***

 p<0.001. 
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4.2.1.3 Cell death of casp-9 deficient MEFs in response to etoposide is 
associated with caspase activation 

Following etoposide treatment I observed processing of pro-caspase-8 and pro-

caspase-3 at 48-72 h in the lysates of casp9-/- MEFs and at 12 h in the lysates of the 

control casp9+/+ MEFs (Fig. 4.3A). Pre-treatment of cells with Boc-D-FMK reduced 

population of cells displaying cell death-associated morphology in both casp9-/- 

MEFs and in the control cells at 72 h (Fig. 4.3B). I observed less rounded or 

detached cells in both casp9-/- MEFs and in the control cells but, the effect of Boc-D-

FMK on reduction of dead cell population was much stronger in the control casp9+/+ 

MEFs than in casp9-/- MEFs (Fig. 4.3B). I only observed a slight decrease in the 

number of detached casp9-/- MEFs when pre-treated with Boc-D-FMK at 72 h (Fig. 

4.3B). Pre-treatment of cells with Boc-D-FMK strongly reduced PI uptake in 

casp9+/+ MEFs but had much smaller effect on casp9-/- MEFs (Fig. 4.3C). I recorded 

a drop from 95% to 60% in PI positive casp9+/+ MEFs and from 40% to 35% in 

casp9-/- MEFs at 72 h (Fig. 4.3C). These findings indicate that caspases play an 

important role in mediating etoposide-induced cell death in mitochondrial apoptosis 

competent casp9+/+ MEFs but only a partial role in casp9-/- MEFs. 
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Fig. 4.3: Cell death in casp9-/- MEF cells in response to etoposide is associated with 
caspase activation. (A) Casp9+/+ and casp9-/- MEF cells were treated with 50 µM etoposide 
for indicated time-points. Cells were harvested and obtained samples were analysed by 
immunoblotting for cleaved caspase-3 and cleaved caspase-8. Actin was used as a loading 
control. Images are representative of at least two independent experiments. (B, C) Casp9+/+ 
and casp9-/- MEF cells were pre-treated with 20 μM Boc-D-FMK 1 h before treatment with 
50 µM etoposide for 72 h. (B) Cell morphology was assessed by bright field microscopy. 
Arrows indicate sample dead or stressed cells. Cell morphology data are from  
a single experiment, representative of two independent experiments. (C) Cell viability was 
assessed by propidium iodide staining. Error bars represent the mean ±SD of three 
independent experiments. The significance is ***

 p<0.001, *
 p<0.05. 
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4.2.1.4 Cell death of casp-9 deficient MEFs following exposure to γ-irradiation 
is associated with caspase activation 

Following γ-irradiation treatment I detected delayed processing of pro-caspase-8 and 

pro-caspase-3 in the lysates of casp9-/- MEFs compared to the lysates of casp9+/+ 

MEFs. I detected cleaved caspases already at 12 h in the control casp9+/+ MEFs and 

at 48-72 h in casp9-/- MEFs (Fig. 4.4A). Next I monitored cell morphology following 

exposure of casp9-/- MEFs to γ-irradiation in the presence of Boc-D-FMK. Both 

casp9-/- MEFs and the control casp9+/+ MEF cells pre-treated with pan-caspase 

inhibitor appeared more refractory to cell death with less cells rounded up or floating 

(Fig. 4.4B). However, the effect of Boc-D-FMK on reduction of cell death-

associated features seemed larger in control casp9+/+ MEFs than in casp9-/- MEFs 

(Fig. 4.4B). Casp9-/- MEFs displayed some distinct morphological features in 

response to γ-irradiation; these cells appeared enlarged and with multiple vacuoles 

clustered around enlarged nuclear structures at 24 h-72 h (Fig. 4.4B). Next,  

I examined changes in PI uptake in casp9-/- MEFs following their exposure to  

γ-irradiation in the presence of Boc-D-FMK. I observed that Boc-D-FMK only in 

small part reduced PI uptake in casp9-/- MEFs and at 72 h I observed a small drop 

from 25% to 20% of PI positive cells (Fig. 4.4C). At the same time, the reduction in 

the PI positive population in the control casp9+/+ MEF cells was from 70% to 45% 

(Fig. 4.4C). 
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Fig. 4.4: Cell death in casp9-/- MEF cells resulting from exposure to  
γ-irradiation is associated with caspase activation. (A) Casp9+/+ and casp9-/- MEF cells 
were subjected to 33Gy γ-irradiation and let recover for indicated time-points in  
a humidified incubator. Cells were harvested and obtained samples were analysed by 
immunoblotting for cleaved caspase-3 and cleaved caspase-8. Actin was used as a loading 
control. Images are representative of at least two independent experiments. (B, C) Casp9+/+ 
MEF cells were subjected to 33Gy γ-irradiation and let to recover for 72 h in a humidified 
incubator. 20 μM of Boc-D-FMK was added to cells after seeding the cells in the culture 
flasks. (B) Cell morphology was assessed by bright field microscopy. Arrows indicate 
sample dead or stressed cells. Cell morphology data are from a single experiment, 
representative of two independent experiments. (C) Cell viability was assessed by propidium 
iodide staining. Error bars represent the mean ±SD of three independent experiments. The 
significance is ***

 p<0.001, p<0.05. 
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4.2.1.5 Cell death of casp-9 deficient MEFs in response to taxol is associated 
with caspase activation 

In response to taxol, I observed a delayed processing of pro-caspase-8 and pro-

caspase-3 in the lysates of casp9-/- MEFs compared to the lysates of their control 

casp9+/+ MEF cells (Fig. 4.5A). Processing of these caspases occurred at 48-72 h in 

casp9-/- MEFs and at 12 h in the control casp9+/+ MEF cells (Fig. 4.5A). Following 

taxol treatment casp9-/- MEFs remained more refractory to taxol-induced death than 

casp9+/+ MEFs with only a small population of apoptotic cells at 72 h (Fig. 4.5B). At 

the same time, a large population of casp9+/+ MEFs displayed apoptotic morphology 

with multiple rounded and detached cells (Fig. 4.5B). Casp9-/- MEFs displayed some 

distinct morphological features at 72 h, they appeared enlarged and with multiple 

vacuoles clustered around enlarged nuclear structures (Fig. 4.5B). Following 

treatment with pan-caspase inhibitor both casp9-/- MEFs and their control casp9+/+ 

MEF cells appeared largely refractory to cell death with smaller proportion of 

rounded up or floating cells than casp9-/- MEFs or casp9+/+ MEFs that were treated 

only with taxol (Fig. 4.5B). However, casp9-/- MEFs and casp9+/+ MEFs appeared 

larger than their corresponding untreated cells and displayed multiple vacuoles 

clustered around nuclear structures at 72 h (Fig. 4.5B). Pre-treatment of cells with 

Boc-D-FMK significantly reduced PI positive casp9-/- MEFs population from 30% to 

20% and casp9+/+ MEFs from 75% to 50% (Fig. 4.5C). 
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Fig. 4.5: Cell death in casp9-/- MEF cells in response to taxol is associated with caspase 
activation. (A) Casp9+/+ and casp9-/- MEF cells were treated with 1.0 µM taxol for indicated 
time-points. Cells were harvested and obtained samples were analysed by immunoblotting 
for cleaved caspase-3 and cleaved caspase-8. Actin was used as a loading control. Images 
are representative of at least two independent experiments. (B, C) Casp9+/+ and casp9-/- MEF 
cells were pre-treated with 20 μM Boc-D-FMK 1 h before treatment with 1.0 µM taxol for 
72 h. (B) Cell morphology was assessed by bright field microscopy. Arrows indicate sample 
dead or stressed cells. Cell morphology data are from a single experiment, representative of 
two independent experiments. (C) Cell viability was assessed by propidium iodide staining. 
Error bars represent the mean ±SD of three independent experiments. The significance is ***

 

p<0.001. 
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4.2.1.6 Cell death of casp-9 deficient MEFs following exposure to heat shock is 
associated with caspase activation 

After heat shock treatment I detected processing of pro-caspase-8 and pro-caspase-3 

at 48-72 h in casp9-/- MEFs and at 12 h in the control casp9+/+ MEFs (Fig. 4.6A). 

Casp9-/- MEFs remained more resistant to heat shock-induced cell death than 

casp9+/+ MEFs with only a small population of cells displaying stressed or apoptotic 

morphology at 72 h (Fig. 4.6B). In contrast a large population of casp9+/+ MEFs 

appeared stressed with some rounded and detached cells at 72 h (Fig. 4.6B). Pre-

treatment with Boc-D-FMK reduced population of cells displaying cell death-

associated morphology in both casp9-/- MEFs and casp9+/+ MEFs (Fig. 4.6B).  

I observed a significant difference in PI uptake between casp9-/- MEFs and casp9+/+ 

MEFs at 72 h with casp9-/- MEFs being more resistant to death signal than casp9+/+ 

MEFs (Fig. 4.6C). I further observed that Boc-D-FMK largely reduced PI positive 

population of casp9-/- MEFs and casp9+/+ MEFs. The population of PI positive cells 

dropped from 35% to 25% in casp9-/- MEFs and from 75% to 50% in casp9+/+ MEFs 

at 72 h (Fig. 4.6C). 
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Fig. 4.6: Cell death in casp9-/- MEF cells resulting from heat shock is associated with 
caspase activation. (A) Casp9+/+ and casp9-/- MEF cells were subjected to heat shock of 43.5 
°C for 45 min and let recover for indicated time-points in a humidified incubator. Cells were 
harvested and obtained samples were analysed by immunoblotting for cleaved caspase-3 and 
cleaved caspase-8. Actin was used as a loading control. Images are representative of at least 
two independent experiments. (B, C) Casp9+/+ and casp9-/- MEF cells were subjected to heat 
shock of 43.5 °C for 45 min and let recover for 72 h in a humidified incubator. 20 μM of 
Boc-D-FMK was added to cells after seeding the cells in the culture flasks. (B) Cell 
morphology was assessed by bright field microscopy. Arrows indicate sample dead or 
stressed cells. Cell morphology data are from a single experiment, representative of two 
independent experiments. (C) Cell viability was assessed by propidium iodide staining. 
Error bars represent the mean ±SD of three independent experiments. The significance is ***

 

p<0.001, **
 p<0.01. 
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Taken together, the findings in this chapter indicate that caspases play an important 

role in mediating cell death in casp9-/- MEFs in response to tunicamycin, BFA, taxol 

and heat shock and to lesser extent following etoposide or γ-irradiation. Following 

all the above cytotoxic stresses I observed processing of pro-caspase-3 which in the 

absence of pro-caspase-9 indicates the presence of an alternative caspase acting as 

the initiator caspase in casp9-/- MEFs. I hypothesise that pro-caspase-8 may be the 

initiator caspase responsible for pro-caspase-3 activation and as such play an 

important role in induction of cell death in pro-caspase-9 deficient MEFs in response 

to different cytotoxic stresses. To test this hypothesis in the next part of this chapter  

I investigate the role of pro-caspase-8 in mediating cell death in casp9-/- MEFs 

following diverse stresses.  

4.2.2 Investigation into the role of pro-caspase-8 in the response of casp-9 
deficient MEF cells to different stresses  

Pro-caspase-8 is the apical caspase in the canonical DR-mediated apoptosis. For 

activation, pro-caspase-8 is recruited to DR-associated DISC where it dimerizes and 

undergoes autoprocessing gaining full proteolytic activity. However, recent reports 

indicate that pro-caspase-8 is also activated in response to different cytotoxic stimuli 

that do not signal though DR and DISC formation (Deegan et al., 2014). In the 

previous chapter, I demonstrated that pro-caspase-8 is a part of the stressosome 

complex. I also demonstrated processing of pro-caspase-8 and pro-caspase-3 in 

casp9-/- MEFs in response to different cytotoxic stresses. Processing of pro-caspase-3 

requires beforehand activation of the initiator pro-caspase. We hypothesise that in 

the absence of pro-caspase-9, pro-caspase-8 could act as an alternative initiator pro-

caspase that activates executioner caspases. Therefore, I investigate the role of pro-

caspase-8 as the apical caspase in mediating cell death in casp9-/- MEFs in response 

to different cytotoxic stresses that in apoptosis competent cells usually induce cell 

death through mitochondrial apoptosis. For this, I used pro-caspase-8 knockdown 

casp9-/- MEFs and exposed them to tunicamycin, BFA, etoposide, γ-irradiation, taxol 

and heat shock to assess changes in their cell morphology, PI uptake and pro-

caspase-3 processing. I also performed a clonogenic assay to assess the effect of pro-

caspase-8 knockdown on the long-term survival and proliferative potential of casp9-/- 

MEFs. 
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4.2.2.1 Pro-caspase-8 knockdown protects casp-9 deficient MEFs from 
tunicamycin-induced cell death 

To determine the role of pro-caspase-8 in mediating tunicamycin-induced cell death 

in casp9-/- MEFs I used cells deficient in pro-caspase-8 (casp8 shRNA casp9-/- MEFs) 

and their control cells (pLKO casp9-/- MEFs) and I initially examined changes in 

their cellular morphology. I observed that casp8 shRNA casp9-/- MEFs remained 

more refractory to cell death than their counterpart pLKO casp9-/- MEF cells. Casp8 

shRNA casp9-/- MEFs displayed the first signs of stress and cell death-associated 

morphology at 48 h that further worsen at 72 h (Fig. 4.7A). In contrast,  

a large population of the pLKO casp9-/- MEF cells started to display apoptotic 

morphology, i.e., rounding up and detachment, within 24 h of tunicamycin 

treatment; and the proportion of dying cells greatly increased at 48-72 h (Fig. 4.7A).  
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Fig. 4.7: Loss of pro-caspase-8 reduces processing of pro-caspase-3 and decreases 
tunicamycin-induced death of casp9-/- MEF cells. pLKO casp9-/- MEF cells and casp8 
shRNA casp9-/- MEF cells were treated with 0.5 µg/ml tunicamycin for indicated time-
points. (A) Cell morphology was assessed by bright field microscopy. Arrows indicate 
sample dead or stressed cells. Cell morphology data are from a single experiment, 
representative of three independent experiments. (B) Cell viability was assessed by 
propidium iodide staining. Error bars represent the mean ± SD of three independent 
experiments. The significance is ***

 p<0.001, **
 p<0.01 *

 p<0.05, n.s. = not significant. (C) 
Cell lysates were analysed by immunoblotting for expression of pro-caspase-8, cleaved 
caspase-8 and caspase-3. Actin was used as a loading control. (D) pLKO casp9-/- MEF cells 
and casp8 shRNA casp9-/- MEF cells were treated with 0.5 µg/ml tunicamycin for 72 h. After 
72 h the medium was replaced with fresh growth medium and cells were let recover for 10 
days. Colonies were stained with crystal violet and pictures were taken with a standard 
camera. Clonogenic assay data are from a single experiment, representative of three 
independent experiments. 
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Next I investigated the effect of pro-caspase-8 knockdown on tunicamycin-induced 

cell death in casp9-/- MEFs by monitoring changes in PI uptake and pro-caspase-3 

processing. I found that caspase-8 knockdown significantly reduced PI uptake in 

casp9-/- MEFs compared to control cells at 48-72 h (Fig. 4.7B). At 72 h 35% of casp8 

shRNA casp9-/- MEFs displayed PI positivity compared to 65% of control pLKO 

casp9-/- MEFs (Fig. 4.7B). I also found that pro-caspase-8 knockdown reduced pro-

caspase-3 processing in casp9-/- MEFs (Fig. 4.7C). Our findings indicate that 

following tunicamycin treatment, pro-caspase-3 processing in casp9-/- MEFs occurs 

in pro-caspase-8-dependent manner (Fig. 4.7C). 

To determine the effect of pro-caspase-8 knockdown on the long-term survival of 

casp9-/- MEFs in response to tunicamycin I performed a clonogenic assay. I observed 

that casp8 shRNA casp9-/- MEFs formed multiple colonies, whereas only few 

colonies were formed in the control pLKO casp9-/- MEF cells indicating that 

depletion of pro-caspase-8 can enhance long-term survival and recovery of casp9-/- 

MEFs exposed to sustained ER stress resulting from tunicamycin (Fig. 4.7D).  

4.2.2.2 Pro-caspase-8 knockdown protects casp-9 deficient MEFs from BFA-
induced cell death 

Following BFA treatment I observed that casp8 shRNA casp9-/- MEFs appeared 

more resistant to cell death than their control pLKO casp9-/- MEFs. Only a small 

population of casp8 shRNA casp9-/- MEFs displayed cell death-associated 

morphology at 48-72 h. In contrast, a large population of the control pLKO casp9-/- 

MEFs started to display apoptotic morphology already at 24 h and the population of 

dying cells further increased at 48-72 h (Fig. 4.8A). I observed that casp9-/- MEF 

cells deficient in pro-caspase-8 had lower population of cells displaying PI positivity 

than their control cells at all time-points (Fig. 4.8B). At 72 h 20 % of casp8 shRNA 

casp9-/- MEFs displayed PI positivity compared to 50% of the control pLKO casp9-/- 

MEFs (Fig. 4.8B). There was also a lack of pro-caspase-3 processing in casp8 

shRNA casp9-/- MEFs at all time-point, which indicates that pro-caspase-8 

knockdown prevented pro-caspase-3 processing in casp9-/- MEFs in response to BFA 

(Fig. 4.8C). Following the clonogenic assay, I observed the formation of multiple 

colonies in casp8 shRNA casp9-/- MEFs and only several colonies in their control 
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pLKO casp9-/- MEFs which indicates that pro-caspase-8 knockdown can enhance 

long-term survival and recovery of casp9-/- MEFs exposed to BFA (Fig. 4.8D).  
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Fig. 4.8: Loss of pro-caspase-8 reduces processing of pro-caspase-3 and decreases BFA-
induced death of casp9-/- MEF cells. pLKO casp9-/- MEF cells and casp8 shRNA casp9-/- 

MEF cells were treated with 0.3 µg/ml BFA for indicated time-points. (A) Cell morphology 
was assessed by bright field microscopy. Arrows indicate sample dead or stressed cells. Cell 
morphology data are from a single experiment, representative of three independent 
experiments. (B) Cell viability was assessed by propidium iodide staining. Error bars 
represent the mean ± SD of three independent experiments. The significance is *** p<0.001, 
** p<0.01 * p<0.05, n.s. = not significant. (C) Cell lysates were analysed by immunoblotting 
for expression of pro-caspas-8, cleaved caspase-8 and cleaved caspase-3. Actin was used as 
a loading control. (D) pLKO casp9-/- MEF cells and casp8 shRNA casp9-/- MEF cells were 
treated with 0.3 µg/ml BFA for 72 h. After 72 h the medium was replaced with fresh growth 
medium and cells were let recover for 10 days. Colonies were stained with crystal violet and 
pictures were taken with a standard camera. Clonogenic assay data are from a single 
experiment, representative of three independent experiments. 
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4.2.2.3 Pro-caspase-8 knockdown protects casp-9 deficient MEFs from 
etoposide-induced cell death 

To investigate the role of pro-caspase-8 in etoposide-induced cell death in casp9-/- 

MEFs I monitored cell morphology, PI uptake and pro-caspase-3 processing.  

I observed that a small population of casp8 shRNA casp9-/- MEFs cells displayed cell 

death-associated morphology already at 24 h following etoposide treatment and it 

further increased at 48-72 h (Fig. 4.9A). However, casp8 shRNA casp9-/- MEFs were 

more refractory to etoposide-induced cell death and they had a smaller population of 

dying cells than the control pLKO casp9-/- MEFs at all time-points (Fig. 4.9A). Pro-

caspase-8 knockdown somewhat affected PI uptake in casp9-/- MEFs at 48-72 h post 

etoposide treatment. At 72 h 30% of casp8 shRNA casp9-/- MEFs displayed PI 

positivity compared to 35% of pLKO casp9-/- MEFs (Fig. 4.9B). This observation 

may suggest the presence of caspase-8-independent cell death occurring in casp9-/- 

MEFs following etoposide treatment. However, I also observed that pro-caspase-8 

depletion prevented processing of pro-caspase-3 in casp9-/- MEFs, which is 

indicative that pro-caspase-3 processing occurred in caspase-8 dependent manner in 

response to etoposide in casp9-/- MEFs (Fig. 4.9C). Following a clonogenic assay  

I did not observe any colonies formed in either casp8 shRNA casp9-/- MEFs or in the 

control pLKO casp9-/- MEFs (Fig. 4.9D). However, the lack of colonies can be 

explained by the nature of the etoposide treatment, which inhibits topoisomerase II 

promoting extensive DNA damage and cell cycle arrest (Hande, 1998; Montecucco, 

Zanetta and Biamonti, 2015).  
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Fig. 4.9: Loss of pro-caspase-8 reduces processing of pro-caspase-3 and partially 
decreases etoposide-induced death of casp9-/- MEF cells. pLKO casp9-/- MEF cells and 
casp8 shRNA casp9-/- MEF cells were treated with 50 µM etoposide for indicated time-
points. (A) Cell morphology was assessed by bright field microscopy. Arrows indicate 
sample dead or stressed cells. Cell morphology data are from a single experiment, 
representative of three independent experiments. (B) Cell viability was assessed by 
propidium iodide staining. Error bars represent the mean ±SD of three independent 
experiments. The significance is *** p<0.001, ** p<0.01 * p<0.05, n.s. = not significant. (C) 
Cell lysates were analysed by immunoblotting for expression of pro-caspas-8, cleaved 
caspase-8 and cleaved caspase-3. Actin was used as a loading control. (D) pLKO casp9-/- 

MEF cells and casp8 shRNA casp9-/- MEF cells were treated with 50 µM etoposide for 72 h. 
After 72 h the medium was replaced with fresh growth medium and cells were let recover 
for 10 days. Colonies were stained with crystal violet and pictures were taken with  
a standard camera. Clonogenic assay data are from a single experiment, representative of 
three independent experiments. 
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4.2.2.4 Pro-caspase-8 knockdown protects casp-9 deficient MEFs from  
γ-irradiation-induced cell death 

Following γ-irradiation treatment I observed that although initially casp8 shRNA 

casp9-/- MEFs and pLKO casp9-/- MEF control cells looked similar, at later time-

points casp8 shRNA casp9-/- MEFs were more refractory to cell death than their 

control pLKO casp9-/- MEFs (Fig. 4.10A). I observed more rounded-up and detached 

cells in the control group than in casp8 shRNA casp9-/- MEFs at 72 h during cell 

recovery from γ-irradiation treatment (Fig. 4.10A). However, both casp8 shRNA 

casp9-/- MEFs and pLKO casp9-/- MEF control cells displayed some distinct but 

treatment-specific morphologies such as cells appeared enlarged with enlarged 

nuclear structures, as well as presence of cytosolic vacuoles inside the cells already 

at 24 h during cell recovery from γ-irradiation treatment (Fig. 4.10A). Casp8 shRNA 

casp9-/- MEFs exhibited only slight reduction in PI uptake compared with the control 

pLKO casp9-/- MEFs at 48-72 h following the recovery after exposure to γ-irradiation 

(Fig. 4.10B). At 72 h 15% of casp8 shRNA casp9-/- MEFs displayed PI positivity 

compared to 20% of control pLKO casp9-/- MEFs (Fig. 4.10B). Low uptake of PI in 

both, casp8 shRNA casp9-/- MEFs and pLKO casp9-/- MEFs indicates that these cells 

are largely refractory to γ-irradiation-induced cell death. Casp9-/- MEFs seem to be 

deficient in the primary and preferred route of cell death induced by exposure to  

γ-irradiation, i.e. the mitochondrial apoptotic pathway and pro-caspase-9 activation 

as in apoptosis competent MEFs I previously observed PI uptake above 70% at 72 h 

following the recovery after γ-irradiation (Fig 4.4C). Therefore, lack of caspases 

renders MEF cells highly resistant to the death signal resulting from γ-irradiation. 

Our findings further indicate that the cell death mechanism of cap9-/- MEFs 

following γ-irradiation treatment at least partially relies on pro-caspase-8; however, 

the pro-caspase-8 independent mode of cell death seems to be predominant.  
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Fig. 4.10: Loss of pro-caspase-8 reduces processing of pro-caspase-3 and decreases  
γ-irradiation-induced death of casp9-/- MEF cells. pLKO casp9-/- MEF cells and casp8 
shRNA casp9-/- MEF cells were subjected to 33Gy γ-irradiation and let to recover for 72 h in 
a humidified incubator. (A) Cell morphology was assessed by bright field microscopy. 
Arrows indicate sample dead or stressed cells. Cell morphology data are from  
a single experiment, representative of three independent experiments. (B) Cell viability was 
assessed by propidium iodide staining. Error bars represent the mean ±SD of three 
independent experiments. The significance is *** p<0.001, ** p<0.01 * p<0.05, n.s. = not 
significant. (C) Cell lysates were analysed by immunoblotting for expression of pro-caspas-
8, cleaved caspase-8 and cleaved caspase-3. Actin was used as a loading control. (D) pLKO 
casp9-/- MEF cells and casp8 shRNA casp9-/- MEF cells were subjected to 33Gy γ-irradiation 
and let to recover for 72 h in a humidified incubator. After 72 h the medium was replaced 
with fresh growth medium and cells were let recover for 10 days. Colonies were stained with 
crystal violet and pictures were taken with a standard camera. Clonogenic assay data are 
from a single experiment, representative of three independent experiments. 
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Pro-caspase-8 knockdown reduced pro-caspase-3 processing in casp9-/- MEFs 

following γ-irradiation treatment which is indicative that pro-caspase-3 processing in 

these cells occurs in a caspase-8 dependent manner (Fig. 4.10C). I also observed that 

both, casp8 shRNA casp9-/- MEFs and control pLKO casp9-/- MEFs formed multiple 

colonies during the clonogenic assay (Fig. 4.10D). I did not observe any difference 

in the number of colonies between casp8 shRNA casp9-/- MEFs and the control cells; 

therefore it appears that caspase-8 knockdown does not affect the long-term survival 

of casp9-/- MEFs (Fig. 4.10D).  

4.2.2.5 Pro-caspase-8 knockdown protects casp-9 deficient MEFs from taxol-
induced cell death 

Following taxol treatment casp8 shRNA casp9-/- MEFs appeared more refractory to 

cell death signals and had a smaller population of cells displaying cell death-

associated morphology than control pLKO casp9-/- MEFs at 48-72 h (Fig. 4.11A). 

Both, casp8 shRNA casp9-/- MEFs and their control pLKO casp9-/- MEFs displayed 

some changed morphology with enlarged cells and nuclear structures as well as 

appearance of multiple vacuoles inside the cells already at 24 h following taxol 

treatments (Fig. 4.11A). At 48-72 h some of the cells further enlarged displaying 

abnormal nuclear structures and more cytosolic vacuoles (Fig. 4.11A). Rounded-up 

and detached cells could be observed at 72 h in both cell groups; however, it 

appeared that higher population of dead cells was present in the control pLKO  

casp9-/- MEFs than in casp8 shRNA casp9-/- MEFs (Fig. 4.11A). Casp9-/- MEFs 

deficient in pro-caspase-8 had significantly lower PI uptake compared with the 

control pLKO casp9-/- MEFs at all time-points following taxol treatment (Fig. 

4.11B). I observed that 25% of casp8 shRNA casp9-/- MEFs displayed PI positivity at 

72 h compared to 40% of the control pLKO casp9-/- MEFs (Fig. 4.11B). 
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Fig. 4.11: Loss of pro-caspase-8 reduces processing of pro-caspase-3 and decreases 
taxol-induced death of casp9-/- MEF cells. pLKO casp9-/- MEF cells and casp8 shRNA 
casp9-/- MEF cells were treated with 1.0 µM taxol for indicated time-points. (A) Cell 
morphology was assessed by bright field microscopy. Arrows indicate sample dead or 
stressed cells. Cell morphology data are from a single experiment, representative of three 
independent experiments. (B) Cell viability was assessed by propidium iodide staining. Error 
bars represent the mean ±SD of three independent experiments. The significance is *** 
p<0.001, ** p<0.01 * p<0.05, n.s. = not significant. (C) Cell lysates were analysed by 
immunoblotting for expression of pro-caspas-8, cleaved caspase-8 and cleaved caspase-3. 
Actin was used as a loading control. (D) pLKO casp9-/- MEF cells and casp8 shRNA casp9-/- 

MEF cells were treated with 1.0 µM taxol for 72 h. After 72 h the medium was replaced 
with fresh growth medium and cells were let recover for 10 days. Colonies were stained with 
crystal violet and pictures were taken with a standard camera. Clonogenic assay data are 
from a single experiment, representative of three independent experiments. 
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I also observed that pro-caspase-8 knockdown reduced pro-caspase-3 processing in 

casp9-/- MEFs, which suggests that following taxol treatment, pro-caspase-3 

processing in casp9-/- MEFs occurs in a caspase-8-dependent manner (Fig. 4.11C).  

I did not observe any colonies formed in casp8 shRNA casp9-/- MEFs or pLKO 

casp9-/- MEFs. These however may be attributed to the mode of action of taxol, that 

is inhibit mitosis and blockade of cell proliferation and thus formation of colonies in 

both cell types regardless on the presence or absence of pro-caspase-8 (Fig. 4.11D) 

(Rowinsky, 1997).  

4.2.2.6 Pro-caspase-8 knockdown protects casp-9 deficient MEFs from heat 
shock-induced cell death 

Following heat shock treatment casp8 shRNA casp9-/- MEFs remained more 

refractory to cell death than the control pLKO casp9-/- MEFs. I observed that casp8 

shRNA casp9-/- MEFs had smaller population of cells displaying cell death-

associated morphology than the control pLKO casp9-/- MEF cells at all time-points 

(Fig. 4.12A). Casp8 shRNA casp9-/- MEFs also exhibited small reduction in PI 

uptake compared with the control pLKO casp9-/- MEFs at all time-points following 

recovery after heat shock (Fig. 4.12B). I observed that at 72 h 20% of casp8 shRNA 

casp9-/- MEFs and 25% of pLKO casp9-/- MEFs displayed PI positivity (Fig. 4.12B). 

These findings indicate that both casp8 shRNA casp9-/- MEFs and pLKO casp9-/- 

MEFs, are largely refractory to cell death following exposure to heat shock. 

However, pro-caspase-8 deficiency somewhat enhances resistance of casp9-/- MEFs 

to cell death following exposure to heat shock, indicating that pro-caspase-8 at least 

partially mediates heat shock-induced cell death. I observed that pro-caspase-8 

knockdown prevented pro-caspase-3 processing in response heat shock in casp9-/- 

MEFs (Fig. 4.12C). Following a clonogenic assay, casp8 shRNA casp9-/- MEFs 

formed multiple colonies compared to their control pLKO casp9-/- MEFs indicating 

that pro-caspase-8 depletion can enhance long-term survival and recovery of casp9-/- 

MEFs in response to heat shock (Fig. 4.12D). Our data suggest that the mechanism 

of heat shock-induced cell death in casp9-/- MEFs only partially relies on pro-aspase-

8, which in the absence of pro-caspase-9 becomes the apical caspase that cleaves 

pro-caspase-3; however, the majority of casp9-/- MEFs seem to die in pro-caspase-8 

independent manner.  

Page 126 of 208 
 



Fig. 4.12: Loss of pro-caspase-8 reduces processing of pro-caspase-3 and decreases heat 
shock-induced death of casp9-/- MEF cells. pLKO casp9-/- MEF cells and casp8 shRNA 
casp9-/- MEF cells were subjected to heat shock of 43.5 °C for 45 min and let recover for 72 
h in a humidified incubator. (A) Cell morphology was assessed by bright field microscopy. 
Arrows indicate sample dead or stressed cells. Cell morphology data are from a single 
experiment, representative of three independent experiments. (B) Cell viability was assessed 
by propidium iodide staining. Error bars represent the mean ±SD of three independent 
experiments. The significance is *** p<0.001, ** p<0.01 * p<0.05, n.s. = not significant. (C) 
Cell lysates were analysed by immunoblotting for expression of pro-caspas-8, cleaved 
caspase-8 and cleaved caspase-3. Actin was used as a loading control. (D) pLKO casp9-/- 

MEF cells and casp8 shRNA casp9-/- MEF cells were subjected to heat shock of 43.5 °C for 
45 min and let to recover for 72 h in a humidified incubator. After 72 h the medium was 
replaced with fresh growth medium and cells were let to recover for 10 days. Colonies were 
stained with crystal violet and pictures were taken with a standard camera. Clonogenic assay 
data are from a single experiment, representative of three independent experiments. 
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4.3 Discussion 

In this chapter I demonstrated that cell death in casp9-/- MEFs following exposure to 

diverse cytotoxic stresses such as tunicamycin, BFA, etoposide, taxol and exposure 

of cells to γ-irradiation or heat shock to large extent is dependent on caspases.  

I showed delayed processing of pro-caspase-8 and pro-caspase-3 in casp9-/- MEFs 

occurring at 48 h or 72 h post-treatment with diverse cytotoxic stresses compared to 

casp9+/+ MEFs where I observed processing of caspases already at 12 h. The cell 

death in casp9-/- MEFs but also in the control casp9+/+ MEFs resulting from all 

examined stresses was reduced after application of Boc-D-FMK, a well-

characterised pan-caspase inhibitor. A summary of these findings is enclosed in  

a table 4.1. 

Table 4.1: Effect of pro-caspase-9 depletion on caspase processing and cell 

death in MEF cells.  

The results of experiments are expressed in the form of + symbol to indicate  
a positive effect on cell death-associated morphology and caspase activation. PI data 
is represented as difference in percentage at 72 h *Double-underline indicates strong 
effect with p value: p<0.01. 

I further showed that cap9-/- MEFs lacking pro-caspase-8 demonstrated less severe 

cell death-associated morphology than their control cells under all examined stresses. 

Depletion of caspase-8 greatly retarded the onset of cell-death associated 

morphological changes in casp9-/- MEF cells in response to tunicamycin and BFA 

and to lesser extent following heat shock, taxol, etoposide or γ-irradiation. Depletion 

Effect of pro-caspase-9 depletion in 
MEFs TM BFA Etop γ-IR Taxol HS 

Decreased cell death morphology + + + + + + 

Decreased cell death morphology in 
the presence of Boc-D-FMK + + + + + + 

Reduced PI uptake (%)*  60 45 42 50 40 47 

Reduced PI uptake in the presence of 
Boc-D-FMK (%)* 12 15 5 5 10 10 

Delayed pro-caspase-8 processing + + + + + + 

Delayed pro-caspase-3 processing + + + + + + 
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of pro-caspase-8 prevented or largely reduced processing of pro-caspase-3 and PI 

uptake in casp9-/- MEFs following all examined cytotoxic stresses, which is 

indicative that pro-caspase-3 processing in casp9-/- MEFs occurred in caspase-8 

dependent manner. Caspase-8 depletion significantly reduced PI uptake in casp9-/- 

MEFs in response to all examined stresses. However, the effect of pro-caspase-8 

depletion on reduction of PI uptake was larger following tunicamycin, BFA or taxol 

treatments rather than following etoposide treatment and the recovery after  

γ-irradiation or heat shock. 

I further demonstrated that pro-caspase-8 depletion enhanced colonies formation 

following tunicamycin, BFA and heat shock treatment indicating that caspase-8 is 

important for mediating cell death processes in casp9-/- MEFs in response to these 

treatments. There was no significant difference in colonies formation in response to 

γ-irradiation indicating that pro-caspase-8 knockdown has no effect on long-term 

survival of casp9-/- MEFs following γ-irradiation. No colonies have been observed 

following etoposide or taxol treatments, which can be accounted to primary 

mechanisms of action of these treatments. Both etoposide and taxol strongly inhibit 

cell proliferation. Etoposide is a topoisomerase inhibitor that induces DNA breaks 

and taxol inhibits microtubule disintegration preventing cell division (Hande, 1998; 

Montecucco, Zanetta and Biamonti, 2015). The obtained results are convincing as 

the knock down of pro-caspase-8 was strong as I could detect pro-caspase-8 in the 

control pLKO casp9-/- MEFs but not in casp8 shRNA casp9-/- MEFs by 

immunoblotting. A summary of these findings is enclosed in a table 4.2. 
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Table 4.2: Effect of pro-caspase-8 depletion on cell death and caspases 

processing in casp9-/- MEFs in response to different cytotoxic stresses.  

The results of experiments are expressed in the form of + symbol to indicate  
a positive effect and – symbol to indicate a negative effect on cell death-associated 
morphology, caspase activation and colony formation. PI data is represented as 
difference in percentage at 72 h *Double-underline indicates strong effect with p 
value: p<0.01. 

The mechanism of cell death following treatment with tunicamycin, BFA, etoposide, 

taxol, γ-irradiation and heat shock often depends on the cell type but also on the dose 

of the treatment. However, the treatments used in this study are all known to induce 

apoptosis through the mitochondrial pathway in apoptosis competent cells, where 

pro-caspase-9 acts as the apical caspase activating the executioner caspases. For 

example exposure to γ-irradiation induces mitochondrial apoptosis in human colon 

cancer cells and leukemia cells and in patient-derived stem-like glioma cells (Firat et 

al., 2011; Sia et al., 2020); whereas BFA induces mitochondrial apoptosis in 

multiple cancer cells including HeLa cervical carcinoma cells, prostate cancer cells, 

chronic lymphocytic leukaemia cells and follicular lymphoma cells (Eric, 2000; 

Carew et al., 2006; Wlodkowic, Skommer and Pelkonen, 2007). Etoposide induces 

mitochondrial apoptosis in pancreatic cancer and in hepatic stellate cells (Zhang and 

Huang, 2013; Wang et al., 2016). Tunicamycin promotes mitochondrial apoptosis 

signalling pathway in several cancer cells such as non-small-cell lung cancer cells 

but also sensitises human colon and prostate cancer cells to TRAIL-induced 

apoptosis (de-Freitas-Junior et al., 2012; Jung et al., 2012). 

Following all of the examined treatments, different set of events are triggered in cell 

that ultimately culminate in mitochondrial perturbations and MOMP. For example, 

Effect of pro-caspase-8 
depletion 

in casp9-/- MEFs 
TM BFA Etop γ-IR Taxol HS 

Decreased cell-death 
morphology + + + + + + 

Reduced PI uptake (%)* 30 30 5 5 15 5 

Reduced caspase-3 
processing + + + + + + 

Enhanced colony 
formation + + no colony 

formation - no colony 
formation + 
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taxol treatment of histiocytic lymphoma cells induces accelerated processing through 

the cell cycle facilitating onset of apoptosis (McDaid and Horwitz, 2001). In breast 

cancer cells taxol induces apoptosis through, the activation of ERK and p38 MAPK 

cascades but independent of p53 induced G2/M arrest (Bacus et al., 2001). Taxol can 

also induce apoptosis through a mechanism involving calcium efflux and thus 

decreasing cytosolic calcium levels in breast cancer cells (Pan, Avila and Gollahon, 

2014). Heat shock can induce mitochondrial apoptosis that is mediated through 

RAIDD-caspase-2 complex that further cleaves BID and initiates BAX/BAK-

dependent MOMP or as other reports indicate, cell death occurs with predominant 

role of BIM rather than caspase-2 and BID (Bonzon et al., 2006; Tu et al., 2006; 

Mahajan et al., 2014). Heat shock can also induce apoptosis through either MAPK 

signalling or following accumulation of damaged proteins (Bellmann et al., 2010). It 

is also worth noting that different doses of the same treatment can have different 

effect on cells, for example high concentrations of taxol in lung carcinoma cells 

cause cell cycle arrest in G2/M, whereas low doses lead to aberrant mitosis and cell 

death (Torres and Horwitz, 1998). 

Sometimes the mitochondrial apoptosis can be further reinforced through a caspase-

8-BID amplification loop, as in ovarian cancer cells following BFA treatment (Lee, 

Kim and Lee, 2013). In some cases there may not be one clear cell death mechanism 

occurring, for example, treatment with γ-irradiation in different cell types can result 

in mitochondrial apoptosis or necrosis or mix of both (Vakifahmetoglu et al., 2008). 

In any case, cell death seem to proceed with mitotic catastrophe, which is a sequence 

of events resulting from premature or inappropriate entry of cells into mitosis that 

ultimately results in formation of nuclear envelopes around individual clusters of 

miss-aggregated chromosomes (Vakifahmetoglu et al., 2008; Vakifahmetoglu, 

Olsson and Zhivotovsky, 2008). It was also reported that in some instances different 

initiator caspases can be active at the same time, for example following γ-irradiation, 

activation of several different initiator caspases such as pro-caspase-9, pro-caspase-8 

and pro-caspase-2 and downstream executioner caspases has been observed in HeLa 

Hep2 cells that originate from a human cervical adenocarcinoma (Eriksson et al., 

2009).  

The ultimate fate and mechanism of death of cells deficient in key mediators of 

intrinsic apoptotic pathway exposed to sustained cytotoxic insult has not been 
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investigated thoroughly, with several reports underscoring only a severe flaw in 

execution of cell death. In casp9+/+ MEFs the apoptotic death machinery is not 

restricted and can proceed through mitochondrial pathway that can be further 

amplified through pro-caspase-8-BID signalling (Laussmann et al., 2011).  

I demonstrated that cell death in casp9+/+ MEFs following all treatments can be 

largely reduced with pan-caspase inhibitor Boc-D-FMK. Depletion of pro-caspase-9 

renders MEF cells significantly more resistant to the death signal resulting from all 

examined stresses. These findings demonstrate that mitochondrial apoptosis is 

preferred mode of cell death in MEFs following exposure to diverse stresses and thus 

casp9-/- MEFs seem to be deficient in the primary and preferred route of cell death 

following treatment with tunicamycin, BFA, etoposide, taxol, γ-irradiation exposure 

or heat shock. When apoptosis competent MEF cells become depleted in 

mitochondrial apoptosis machinery they still activate other caspases including 

caspase-8 and caspase-3 through undefined yet mechanism to execute cell death 

resulting from all examines stresses, i.e. tunicamycin, BFA, etoposide, taxol,  

γ-irradiation or heat shock. 

Further depletion of pro-caspase 8 strongly enhances the cell death resistance of 

casp9-/- MEFs following tunicamycin, BFA and taxol treatment and to lesser extent 

following etoposide, γ-irradiation and heat shock treatment. Whereas apoptosis 

competent cells (casp9+/+ MEFs) undergo caspase-dependent cell death in response 

to all treatments, casp9-/- MEFs seem to predominantly utilise caspase-8 dependent 

cell death following tunicamycin, BFA and taxol treatment and to lesser extent after 

etoposide, γ-irradiation and heat shock. Inhibition of caspases with Boc-D-FMK had 

large effect on reduction of casp9-/- MEF cell death resulting from tunicamycin, BFA 

and taxol treatment, but I only observed a small reduction in cell death of casp9-/- 

MEFs after Boc-D-FMK used with etoposide, γ-irradiation and heat shock treatment. 

I observed delayed pro-caspase-8 and pro-caspase-3 processing in response to all 

examined treatments, which indicates that in the absence of pro-caspase-9 an 

alternative compensatory cell death mechanism utilising other caspases occurs. 

Depletion of pro-casepse-8 further prevents processing of pro-caspase-3 in response 

to all examined treatments indicating that in absence of pro-caspase-9 procaspase-8 

becomes the apical caspase responsible for activation of downstream executioner 

pro-caspase-3. However, since reduction in PI uptake in casp9-/- MEFs upon pro-
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caspas-8 depletion is not that large following etoposide, γ-irradiation and heat shock, 

therefore, casp9-/- MEFs probably predominantly die through caspase-8 independent 

mode of cell death.  

Taken these data together, the mechanism of casp9-/- MEFs death following 

tunicamycin, BFA and taxol seem to rely on caspase-8 activation whereas following 

etoposide, γ- irradiation and heat shock treatments only partially relies on pro-

caspase-8. In the absence of pro-caspase-9 caspase-8 became the apical caspase 

responsible for processing of downstream pro-caspase-3. However, the majority of 

casp9-/- MEF cells seem to die in a caspase-8 independent manner. These findings 

indicate that caspase-8 may not be of primary importance in mediating cell death 

following etoposide, γ-irradiation, and heat shock. Possibly there is more than one 

mode of cell death occurring and when caspase-8 becomes unavailable cells switch 

to other caspase independent mode of death. Indeed, it was reported that in absence 

of caspase-8 cells can switch to RIPK3-dependent necroptosis (Kaiser et al., 2011). 

Alternatively the other mode of cell death could involve yet another apical caspase. 

However, pro-caspase-10 which shares with pro-caspase-8 extensive homology and 

under many conditions these caspases have redundant roles, is not present in mice 

(Jänicke et al., 2006).  

It is important to note that casp9-/- MEF cells cannot undergo mitochondrial 

apoptosis but they still suffer mitochondria damage in responses to cytotoxic insults 

and as such they can undergo MOMP and release different cytotoxic factors. For 

example, AIF and ENDOG which translocate to the nucleus and induce DNA 

fragmentation (van Loo et al., 2002; Althaus et al., 2007; Buttner et al., 2007). 

Mitochondria damage and action of cytotoxic factors released from mitochondria 

further aggravate the cell stress and can result in cell death.  

The data enclosed in this chapter confirm an important role of caspase-8 in 

mediating cell death when mitochondrial apoptosis is blocked. While casp9-/- MEFs 

were used in this study, the findings are relevant to other instances where the 

mitochondrial apoptosis is impaired. For example some cancer cells have 

upregulated anti-apoptotic BCL2-proteins or can carry a genomic loss of BAX or 

BAK or possess epigenetic silencing or inhibitory post-translational modification on 
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APAF-1 to effectively interfere with MOMP and mitochondrial apoptosis (Fulda, 

2009; Wang, Youle and Branch, 2012; Sarosiek et al., 2013).  

The important question prompted by the data in this chapter concerns the mechanism 

of pro-caspase-8 activation in the absence of death receptor signalling. The canonical 

pathway for caspase-8 activation involves signalling through death receptors in 

response to extracellular ligands such as CD95, TRAIL or TNF followed by the 

formation of the multimeric DISC complex which activates caspase-8 and thus 

initiates extrinsic pathway of apoptosis. There are several reports indicating indirect 

or intracellular death receptor activation through upregulation of specific death 

receptor ligand. This could explain why the death process I observe in casp9-/- MEFs 

is slow and delayed. However, our lab in the previous study, did not find any 

involvement of death receptor in casp9-/- MEFs resulting from prolonged ER stress 

(Deegan et al., 2014).  

Several reports indicate the existence of alternative mechanisms for pro-caspase-8 

activation. As reported by Estornes and colleagues, activation of caspase-8 

independently of death receptor activation occurs early under unresolved ER stress 

preceding the activation of the intrinsic mitochondrial pathway in MEFs (Estornes et 

al., 2014). Glucose deprivation in BAX/BAK-/- MEFs also induces alternative 

caspase-8 activation pathway that does not involve death receptor ligation or RIPK1-

dependent caspase-8 activating complex (Ramírez-Peinado et al., 2013). Atypical 

caspase-8 activation and caspase-8-mediated apoptosis occurs in BAX/BAK 

deficient primary baby mouse kidney epithelial cells (BMKs) in response to ER 

stress under conditions of blocked the lysosomal and proteasomal protein 

degradation pathways. These conditions enhance pro-caspase-8 polyubiquitination 

and aggregation which in turn favours its interaction with p62 leading to its proximal 

aggregation that facilitates its autoactivation on the lysosomes (Pan et al., 2011). 

Non-canonical caspase-8 activation was also reported in BCL-2 overexpressing cells, 

following proteasome inhibition (Laussmann et al., 2011). Altogether, these findings 

imply the existence of alternative apoptotic pathway in which internal stimuli 

triggers caspase-8 activation. 

The findings presented in this thesis demonstrate an alternative pathway for pro-

caspase-8 activation in casp9-/- MEFs in response to diverse sustained stresses not 
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limited to ER stress. Here, I also demonstrated the formation of stressosome under 

all examined cytotoxic stresses, which could also serve as an alternative platform for 

pro-caspase-8 activation. Data enclosed in this and in the previous chapter so far 

support that hypothesis. I observe stressosome formation under all examined 

stresses, and I also observe caspase-8 dependent processing pro-caspase-3 and cell 

death in casp9-/- MEFs following tunicamycin, brefeldin A, etoposide, taxol, γ-

irradiation and heat shock. To further address the role of stressosome in caspase-3 

activation and in mediating cell death in the next chapter I will investigate the role of 

another stressosome core component ATG5. I will also investigate the role a well-

described caspase-8 inhibitor c-FLIPL which may act as stressosome regulator.  
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Chapter V: Investigation of stress induced cell death in cells deficient in 
intrinsic apoptotic pathway: role of ATG5 and c-FLIPL 

5.1 Introduction and research rationale 

Autophagy, as a critical regulator of cellular metabolism and homeostasis, is 

considered to be an integral part of the cell’s adaptive stress response to diverse 

stresses that aids in removal of misfolded proteins and damaged organelles (Levine 

and Klionsky, 2004; Kroemer et al., 2009; Djavaheri-Mergny, Maiuri and Kroemer, 

2010). Autophagy is therefore often classified as a purely pro-survival process; 

however, increasing evidence indicates that autophagy can be implicated in cell 

death processes. Persistent cellular stress can switch the cytoprotective functions of 

autophagy into cell death-promoting mechanism (Levine and Yuan, 2005; Deegan et 

al., 2014; Pakos‐Zebrucka et al., 2016).  

It is not clear how cells deficient in the mitochondrial apoptosis pathway execute cell 

death in response to diverse stresses, but several reports implicate either autophagy-

mediated or autophagy-associated cell death (Pan et al., 2011; Young et al., 2012; 

Fulda and Kögel, 2015; Chen et al., 2016). For autophagy-mediated cell death the 

death process has to be dependent on autophagy and as such can be prevented by 

genetic manipulation of the autophagy key components (Galluzzi et al., 2018). For 

cell death associated with autophagy there is usually extensive induction of 

autophagy that may facilitate cell death but the process of death will be executed 

regardless of the genetic manipulation of autophagy key components (Fulda and 

Kögel, 2015; Galluzzi et al., 2018).  

The detection of ATG5 within the stressosome hints at the toxic potential of 

autophagy components in casp9-/- MEFs in response to diverse stresses. I hypothesise 

that the stressosome serves to facilitate pro-caspase-8 activation by bringing pro-

caspase-8 monomers into close proximity in cells deficient in the mitochondrial 

apoptosis pathway under prolonged cytotoxic conditions. Our data indicate that the 

timing of stressosome assembly coincides with pro-caspase-8 activation. 

Furthermore, depletion of pro-caspase-8 prevents activation of its downstream target 

pro-caspase-3 and reduces cell death. Therefore, the presence of ATG5 within the 

complex suggests that it may aid pro-caspase-8 activation. By depleting cellular 

levels of ATG5 or ATG7 our group previously demonstrated that autophagy is 
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essential in mediating cell death following persistent ER stress (Deegan et al., 2014). 

However, it is unknown if ATG5 is required for pro-caspase-8 activation and cell 

death in response to other stresses or if this phenomenon is specific only to sustained 

ER stress.  

In this chapter, I examined the role of ATG5 in mediating cell death resulting from 

exposure to diverse stresses including tunicamycin, BFA, etoposide, γ-irradiation, 

taxol and heat shock. For this I used ATG5-deficient MEF cells (ATG5 shRNA 

casp9-/- MEFs) to investigate the effect of ATG5 deficiency on the cell death 

kinetics, changes in morphology and pro-caspase-8 and pro-caspase-3 processing.  

I also examined the effect of ATG5 knockdown on the long-term survival of casp9-/- 

MEFs by performing clonogenic assays. 

Formation of the stressosome in cells devoid of mitochondrial apoptosis under 

certain conditions can represent a mechanism for cells to by-pass a block in cell 

death. Therefore, it would be important to understand how stressosome activity and 

cell death can be further regulated. Therefore, in this chapter, I focused on regulation 

by c-FLIPL of stressosome-mediated pro-caspase-8 activation. c-FLIP is an 

endogenous, inducible regulator of pro-caspase-8 with two isoforms c-FLIPL and c-

FLIPR present in mice (Ueffing et al., 2008). c-FLIP isoforms can competitively bind 

to FADD or pro-caspase-8 through intermolecular homotypic DED interactions 

(Scaffidi et al., 1999; Golks et al., 2005). Both of these isoforms can inhibit caspase-

8 activity. In this chapter, I overexpressed c-FLIPL in casp9-/- MEFs to address 

specifically the role of pro-caspase-8 in cell death (Chang et al., 2002; Lavrik and 

Krammer, 2012; Fu, 2016).I investigated the effect of c-FLIPL overexpression on 

pro-caspase-8 activation and cell death regulation in casp9-/- MEFs subjected to 

different cytotoxic stresses by monitoring changes in cellular morphology and in PI 

uptake in addition to processing of pro-caspase-8 and pro-caspase-3. 
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5.2 Results 

5.2.1 Investigation into the role of ATG5 in casp9-/- MEF cells during exposure 
to diverse stresses 

5.2.1.1 ATG5 knockdown protects casp-9 deficient MEFs from tunicamycin-
induced cell death 

To investigate whether ATG5 contributes to tunicamycin-induced cell death in 

casp9-/- MEFs I used casp9-/- MEFs deficient in ATG5 (ATG5 shRNA casp9-/- MEFs) 

and control cells (pGIPZ casp9-/- MEFs) and I monitored changes in their cellular 

morphology at different time points using bright field microscopy. I observed that 

ATG5 shRNA casp9-/- MEFs remained more refractory to tunicamycin-induced cell 

death compared to control pGIPZ casp9-/- MEFs (Fig. 5.1A). I observed only a small 

population of ATG5 shRNA casp9-/- MEFs displaying cell death-associated 

morphology, i.e., rounding up, loss of connection with neighbouring cells and 

detachment at 24 h (Fig. 5.1A). However, the population of ATG5 shRNA casp9-/- 

MEF cells displaying cell death-associated morphology somewhat increased at 

 48-72 h (Fig. 5.1A). In contrast, a large population of the pGIPZ casp9-/- MEFs 

started to display cell death-associated morphology already at 24 h, and the 

population of dying cells greatly increased at 48-72 h (Fig. 5.1A).  
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Fig. 5.1: Knockdown of ATG5 protects casp9-/- MEF cells from tunicamycin-induced 
cell death. pGIPZ casp9-/- MEF cells and ATG5 shRNA casp9-/- MEF cells were treated with 
0.5 µg/ml tunicamycin for indicated time points. (A) Cell morphology was assessed by 
bright field microscopy. Arrows indicate sample dead or stressed cells. Cell morphology 
data are from a single experiment, representative of three independent experiments. (B) Cell 
death was assessed by TOPRO3 staining. Error bars represent the mean ±SD of three 
independent experiments. The significance is *** p<0.001, ** p<0.01. (C) Cell lysates were 
analysed by immunoblotting for expression of ATG5, cleaved caspase-8 and cleaved 
caspase-3. Actin was used as a loading control. (D) pGIPZ casp9-/- MEF cells and ATG5 
shRNA casp9-/- MEF cells were treated with 0.5 µg/ml tunicamycin for 72 h. After 72 h the 
medium was replaced with fresh growth medium and cells were let to recover for 10 days. 
Colonies were stained with crystal violet and pictures were taken with a standard camera. 
Clonogenic assay data are from a single experiment, representative of three independent 
experiments. 
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Next I investigated the effect of ATG5 knockdown on tunicamycin-induced cell 

death in casp9-/- MEFs by monitoring the changes in TOPRO3 uptake at different 

time points. I found that ATG5 knockdown significantly reduced TOPRO3 uptake in 

casp9-/- MEFs compared to control pGIPZ casp9-/- MEFs at 48-72 h (Fig. 5.1B). At 

72 h 30% of ATG5 shRNA casp9-/- MEFs displayed TOPRO3 positivity compared to 

50% of control pGIPZ casp9-/- MEFs (Fig. 5.1B). These findings indicate an 

important role for ATG5 in mediating tunicamycin-induced cell death in pro-

caspase-9 deficient MEFs. I also investigated the effect of ATG5 knockdown on 

processing of pro-caspase-8 and pro-caspase-3 in casp9-/- MEFs by immunoblotting 

at different time points. I found that ATG5 knockdown prevented pro-caspase-8 and 

pro-caspase-3 processing in tunicamycin-treated casp9-/- MEFs at 24 h-72 h (Fig. 

5.1C). These findings indicate that caspase processing in pro-caspase-9 deficient 

MEFs occurred in ATG5-dependent manner. 

To determine the effect of ATG5 knockdown on the long-term survival of 

tunicamycin-treated casp9-/- MEFs I performed a clonogenic assay. After 10 days of 

cell recovery I observed multiple colonies formed in ATG5 shRNA casp9-/- MEFs 

and only a few colonies in the control pGIPZ casp9-/- MEFs (Fig. 5.1D). These 

findings indicate that depletion of ATG5 can enhance long-term survival and 

recovery of casp9-/- MEFs following tunicamycin treatment. Taken together, our data 

indicate that pro-caspase-9 deficient MEFs undergo ATG5-dependent cell death in 

response to tunicamycin. Furthermore, ATG5 is important for activation of pro-

caspase-8 and its downstream target pro-caspase-3 in pro-caspase-9 deficient MEFs 

following tunicamycin treatment. 

5.2.1.2 ATG5 knockdown protects casp-9 deficient MEFs from BFA-induced 
cell death 

Following BFA treatment I observed that ATG5 shRNA casp9-/- MEFs remained 

somewhat more refractory to cell death compared to their control pGIPZ casp9-/- 

MEF cells (Fig. 5.2A). Only a small population of ATG5 shRNA casp9-/- MEFs cells 

displayed cell death-associated morphology already at 24 h; but the amount of dying 

cells further increased at 48-72 h (Fig. 5.2A). In contrast, a large population of the 

control pGIPZ casp9-/- MEFs started to display cell death-associated morphology 
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already at 24 h; and the population of dying or detached cells largely increased at 48-

72 h (Fig. 5.2A). 

 
Fig. 5.2: Knockdown of ATG5 protects casp9-/- MEF cells from BFA-induced cell death. 
pGIPZ casp9-/- MEF cells and ATG5 shRNA casp9-/- MEF cells were treated with 0.3 µg/ml 
BFA for indicated time points. (A) Cell morphology was assessed by bright field 
microscopy. Arrows indicate sample dead or stressed cells. Cell morphology data are from a 
single experiment, representative of three independent experiments. (B) Cell death was 
assessed by TOPRO3 staining. Error bars represent the mean ±SD of three independent 
experiments. The significance is ** p<0.01 * p<0.05. (C) Cell lysates were analysed by 
immunoblotting for expression of ATG5, cleaved caspase-8 and cleaved caspase-3. Actin 
was used as a loading control. (D) pGIPZ casp9-/- MEF cells and ATG5 shRNA casp9-/- MEF 
cells were treated with 0.3 µg/ml BFA for 72 h. After 72 h the medium was replaced with 
fresh growth medium and cells were let to recover for 10 days. Colonies were stained with 
crystal violet and pictures were taken with a standard camera. Clonogenic assay data are 
from a single experiment, representative of three independent experiments. 
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I observed that ATG5 knockdown significantly reduced TOPRO3 uptake in casp9-/- 

MEFs in response to BFA treatment at 48-72 h compared to their control pGIPZ 

casp9-/- MEFs (Fig. 5.2B). At 72 h 20% of ATG5 shRNA casp9-/- MEFs displayed 

TOPRO3 positivity compared to 35% of pGIPZ casp9-/- MEFs (Fig. 5.2B). Our 

findings indicate the important role of ATG5 in mediating BFA-induced cell death in 

casp9-/- MEFs. I also found that ATG5 knockdown prevented pro-caspase-8 

processing at 48-72 h and pro-caspase-3 processing at 72 h in casp9-/- MEFs (Fig. 

5.2C). These findings indicate that ATG5 is important regulator of caspase 

processing in BFA-treated casp9-/- MEFs. Following clonogenic assay, I observed 

that ATG5 shRNA casp9-/- MEFs formed multiple colonies whereas pGIPZ casp9-/- 

MEFs did not form any colonies. Therefore, our data indicate that ATG5 knock 

down can enhance long-term survival and recovery of casp9-/- MEFs following BFA 

treatment (Fig. 5.2D).  

5.2.1.3 ATG5 knockdown protects casp-9 deficient MEFs from etoposide-
induced cell death 

Following etoposide treatment I observed that ATG5 shRNA casp9-/- MEFs 

remained more refractory to cell death than their control pGIPZ casp9-/- MEFs at 

every time point tested (Fig. 5.3A). However, both, the control pGIPZ casp9-/- MEFs 

and ATG5 shRNA casp9-/- MEFs started to display cell death-associated morphology 

already at 24 h following etoposide treatment (Fig. 5.3A). The population of dying 

and stressed cells greatly increased at 48-72 h in both cell types but to lesser extent 

in ATG5 shRNA casp9-/- MEFs than in the control pGIPZ casp9-/- MEFs (Fig. 5.3A). 

ATG5 knockdown also significantly reduced TOPRO3 uptake in etoposide-treated 

casp9-/- MEFs at 48-72 h (Fig. 5.3B). I observed that at 72 h 20% of ATG5 shRNA 

casp9-/- MEFs and 35% of the control pGIPZ casp9-/- MEFs displayed TOPRO3 

positivity (Fig. 5.3B). Furthermore, ATG5 knockdown delayed pro-caspase-8 and 

pro-caspase-3 processing in etoposide-treated casp9-/- MEFs (Fig. 5.3C). In the 

control pGIPZ casp9-/- MEFs I observed cleaved caspase-8 and cleaved caspase-3 

already at 24 h and also at later time points (Fig. 5.3C). In ATG5 shRNA casp9-/- 

MEFs I observed caspase processing at 48-72 h (Fig. 5.3C). Therefore, these 

findings indicate that ATG5 knockdown only somewhat delays onset of caspase 

processing in etoposide-treated casp9-/- MEFs but does not prevent it. Following 

clonogenic assay I did not observe any colonies in neither ATG5 shRNA casp9-/- 
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MEFs or in the control pGIPZ casp9-/- MEFs, which however can be explained by 

the nature of the etoposide treatment (Fig. 5.3D) (Hande, 1998; Montecucco, Zanetta 

and Biamonti, 2015).  
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Fig. 5.3: Knockdown of ATG5 protects casp9-/- MEF cells from etoposide-induced cell 
death. pGIPZ casp9-/- MEF cells and ATG5 shRNA casp9-/- MEF cells were treated with 50 
µM etoposide for indicated time points. (A) Cell morphology was assessed by bright field 
microscopy. Arrows indicate sample dead or stressed cells. Cell morphology data are from  
a single experiment, representative of three independent experiments. (B) Cell death was 
assessed by TOPRO3 staining. Error bars represent the mean ±SD of three independent 
experiments. The significance is *** p<0.001. (C) Cell lysates were analysed by 
immunoblotting for expression of ATG5, cleaved caspase-8 and cleaved caspase-3. Actin 
was used as a loading control. (D) pGIPZ casp9-/- MEF cells and ATG5 shRNA casp9-/- MEF 
cells were treated with 50 µM etoposide for 72 h. After 72 h the medium was replaced with 
fresh growth medium and cells were let to recover for 10 days. Colonies were stained with 
crystal violet and pictures were taken with a standard camera. Clonogenic assay data are 
from a single experiment, representative of three independent experiments. 
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5.2.1.4 ATG5 knockdown reduces caspase processing but does not protect 
casp-9 deficient MEFs from γ-irradiation-induced cell death 

Following γ-irradiation treatment only small proportion of ATG5 shRNA casp9-/- 

MEFs and pGIPZ casp9-/- MEFs displayed cell death-associated morphology (Fig. 

5.4A). There were slightly more rounded and floating cells present in the control 

pGIPZ casp9-/- MEFs than in ATG5 shRNA casp9-/- MEFs at 24 h but I did not 

observe any substantial difference in the proportion of dying cells between both cell 

types at 48-72 h (Fig. 5.4A). However, both ATG5 shRNA casp9-/- MEFs and their 

control pGIPZ casp9-/- MEFs displayed some distinct but treatment-specific cell 

morphology with multiple enlarged cells, abnormal and enlarged nuclear structures 

and with some vacuoles clustered around them at 24-72 h (Fig. 5.4A). I observed 

that ATG5 knockdown did not strongly affect the uptake of TOPRO3 in  

γ-irradiation-treated casp9-/- MEFs at any time point (Fig. 5.4B). At 72 h 20% of 

ATG5 shRNA casp9-/- MEFs and 25% of the control pGIPZ casp9-/- MEFs displayed 

TOPRO3 positivity but the observed difference between both cell types was not 

statistically significant (Fig. 5.4B).  
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Fig. 5.4: Knockdown of ATG5 reduces caspase processing but does not decrease γ-
irradiation-induced death of casp9-/- MEF cells. pGIPZ casp9-/- MEF cells and ATG5 
shRNA casp9-/- MEF cells were subjected to 33Gy γ-irradiation and let to recover in  
a humidified incubator for indicated time points. (A) Cells morphology was assessed by 
bright field microscopy. Arrows indicate sample dead or stressed cells. Cell morphology 
data are from a single experiment, representative of three independent experiments. (B) Cell 
death was assessed by TOPRO3 staining. Error bars represent the mean ±SD of three 
independent experiments; n.s. stands for not significant. (C) Cell lysates were analysed by 
immunoblotting for expression of ATG5, cleaved caspase-8 and cleaved caspase-3. Actin 
was used as a loading control. (D) pGIPZ casp9-/- MEF cells and ATG5 shRNA casp9-/- MEF 
cells were subjected to 33 Gy γ-irradiation and let to recover for 72 h in a humidified 
incubator. After 72 h the medium was replaced with fresh growth medium and cells were let 
to recover for 10 days. Colonies were stained with crystal violet and pictures were taken 
with a standard camera. Clonogenic assay data are from a single experiment, representative 
of three independent experiments. 
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However, I observed that ATG5 knockdown prevented processing of pro-caspase-8 

and pro-caspase-3 at 72 h, as I only observed slight processing of these caspases in 

the control pGIPZ casp9-/- MEFs but not in ATG5 shRNA casp9-/- MEFs (Fig. 5.4C). 

These findings suggest that caspase processing in γ-irradiation-treated casp9-/- MEFs 

occurs in an ATG5-dependent manner (Fig. 5.4C). Following clonogenic assay of 

irradiated cells, I did not observe formation of any colonies in ATG5 shRNA casp9-/- 

MEFs or in their control pGIPZ casp9-/- MEFs (Fig. 5.4D).  

5.2.1.5 ATG5 knockdown reduces caspase processing but does not protect 
casp-9 deficient MEFs from taxol-induced cell death 

Following taxol treatment I did not observe any substantial difference in the amount 

of cells displaying cell death-associated morphology between ATG5 shRNA casp9-/- 

MEFs and their control pGIPZ casp9-/- MEFs at any time point (Fig. 5.5A). Both, 

ATG5 shRNA casp9-/- MEFs and pGIPZ casp9-/- MEFs started to display cell death-

associated morphology already at 24 h and the amount of dying cells further 

increased, but to similar extent, in both cell types at 48-72 h (Fig. 5.5A). Both ATG5 

shRNA casp9-/- MEFs and their control pGIPZ casp9-/- MEFs displayed distinct but 

treatment-specific cell morphology at 24-72 h; namely cells appeared enlarged and 

had multiple vacuoles clustered around enlarged nuclear structures (Fig. 5.5A).  

ATG5 knockdown did not affect the uptake of TOPRO3 in taxol-treated casp9-/- 

MEFs at any time point (Fig. 5.5B). At 72 h 30% of ATG5 shRNA casp9-/- MEFs 

and 35% of pGIPZ casp9-/- MEFs displayed TOPRO3 positivity but the observed 

difference between both cell types was not statistically significant (Fig. 5.5B). 

However, I found that ATG5 knockdown largely reduced pro-caspase-8 processing 

and prevented pro-caspase-3 cleaving at 48-72 h, which is indicative that caspase 

processing in taxol-treated casp9-/- MEFs occurred in ATG5-dependent manner (Fig. 

5.5C). Following clonogenic assay, I did not observe nay colonies formed in ATG5 

shRNA casp9-/- MEFs or in their control pGIPZ casp9-/- MEFs, which can be 

attributed to the nature of taxol treatment (Fig. 5.5D). 
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Fig. 5.5: Knockdown of ATG5 reduces caspase processing but does not decrease taxol-
induced death of casp9-/- MEF cells. pGIPZ casp9-/- MEF cells and ATG5 shRNA casp9-/- 

MEF cells were treated with 1 µM taxol for indicated time points. (A) Cell morphology was 
assessed by bright field microscopy. Arrows indicate sample dead or stressed cells. Cell 
morphology data are from a single experiment, representative of three independent 
experiments (B) Cell death was assessed by TOPRO3 staining. Error bars represent the 
mean ±SD of three independent experiments; n.s. stands for not significant. (C) Cell lysates 
were analysed by immunoblotting for expression of pro-caspase-8, cleaved caspase-8 and 
caspase-3. Actin was used as a loading control. (D) pGIPZ casp9-/- MEF cells and ATG5 
shRNA casp9-/- MEF cells were treated with 1 µM taxol for 72 h. After 72 h the medium was 
replaced with fresh growth medium and cells were let to recover for 10 days. Colonies were 
stained with crystal violet and pictures were taken with a standard camera. Clonogenic assay 
data are from a single experiment, representative of three independent experiments. 
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5.2.1.6 ATG5 knockdown protects casp-9 deficient MEFs from heat shock-
induced cell death  

Following heat shock treatment, both ATG5 shRNA casp9-/- MEFs and their control 

pGIPZ casp9-/- MEFs started to display cell death-associated morphology already at 

24 h (Fig. 5.6A). The population of dying and detached cells further increased at 48-

72 h in both cell types (Fig. 5.6A). However, ATG5 shRNA casp9-/- MEFs appeared 

more refractory to heat shock-induced cell death compared with their control pGIPZ 

casp9-/- MEF cells at every time point (Fig. 5.6A). I also found that ATG5 

knockdown significantly reduced TOPRO3 uptake in heat shock-treated casp9-/- 

MEFs at 48-72 h (Fig. 5.6B). At 72 h 40% of ATG5 shRNA casp9-/- MEFs and 53% 

of pGIPZ casp9-/- MEFs displayed TOPRO3 positivity (Fig. 5.6B). ATG5 

knockdown also delayed and somewhat reduced processing of pro-caspase-8 and 

pro-caspase-3 in casp9-/- MEFs following heat shock treatment, but did not prevent it 

(Fig. 5.6C). I observed pro-caspase-8 processing at 48-72 h in control pGIPZ casp9-/- 

MEFs and only at 72 h in ATG5 shRNA casp9-/- MEFs (Fig. 5.6C). I also detected 

pro-caspase-3 processing at 24-72 h in control pGIPZ casp9-/- MEFs and at 48-72 h 

in ATG5 shRNA casp9-/- MEFs (Fig. 5.6C). Following clonogenic assay, I observed 

multiple colonies formed in ATG5 shRNA casp9-/- MEFs and only few colonies in 

control pGIPZ casp9-/- MEFs, which is indicative that ATG5 knockdown can 

enhance long-term survival and recovery of casp9-/- MEFs following heat shock 

treatment (Fig. 5.6D).  
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Fig. 5.6: Knockdown of ATG5 protects casp9-/- MEF cells from heat shock-induced cell 
death. pGIPZ casp9-/- MEF cells and ATG5 shRNA casp9-/- MEF cells were subjected to 
heat shock of 43.5 °C for 45 min and let to recover in a humidified incubator for indicated 
time points. (A) Cells morphology was assessed by bright field microscopy. Arrows indicate 
sample dead or stressed cells. Cell morphology data are from a single experiment, 
representative of three independent experiments. (B) Cell death was assessed by TOPRO3 
staining. Error bars represent the mean ±SD of three independent experiments. The 
significance is * p<0.05. (C) Cell lysates were analysed by immunoblotting for expression of 
ATG5, cleaved caspase-8 and cleaved caspase-3. Actin was used as a loading control. (D) 
pGIPZ casp9-/- MEF cells and ATG5 shRNA casp9-/- MEF cells were subjected to heat shock 
of 43.5 °C for 45 min and let to recover for 72 h in a humidified incubator. After 72 h the 
medium was replaced with fresh growth medium and cells were let to recover for 10 days. 
Colonies were stained with crystal violet and pictures were taken with a standard camera. 
Clonogenic assay data are from a single experiment, representative of three independent 
experiments. 
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Taken together, these data indicate that ATG5 can be an important cell death 

regulator in casp9-/- MEFs in response to diverse stresses. The findings in this chapter 

thus far indicate that knockdown of ATG5 prevents casp9-/- MEFs from tunicamycin, 

BFA, etoposide and heat shock-induced cell death. However, ATG5 knockdown 

does not seem to affect cell death in casp9-/- MEFs in response to γ-irradiation or 

taxol. On the other hand ATG5 knockdown delays or reduces caspase processing in 

response to all treatments, indicating the important role of ATG5 in regulation of 

caspase processing in casp9-/- MEFs.  

The findings in this thesis also highlight an important role for caspase-8 in mediating 

cell death in casp9-/- MEFs. Our data support the hypothesis that in the absence of 

pro-caspase-9 and hence the canonical mitochondrial apoptosis, pro-caspase-8 

becomes the apical caspase that mediates cell death in MEFs. In the next part of this 

chapter I investigate if c-FLIPL, a well-characterised endogenous regulator of 

caspase-8 activity, may be another important regulator of cell death in casp9-/- MEFs 

upon stressosome formation. To test this, in the second part of this chapter  

I investigated if c-FLIPL regulates cell death and caspase processing in casp9-/- MEFs 

in response to diverse stresses. 

5.2.2 Investigation of stress-induced cell death in cells deficient in intrinsic 
apoptosis pathway: role of c-FLIPL  

In this section I investigate the role of c-FLIPL in regulating cell death and caspase-8 

activity in casp9-/- MEFs in response to diverse stresses. For this I subjected c-FLIPL 

overexpressing casp9-/- MEFs and their control casp9-/- MEFs transfected with 

pcDNA3.1 (empty vector) to tunicamycin, BFA, etoposide, γ-irradiation, taxol and 

heat shock. I monitored changes in cell morphology, PI uptake and processing of 

pro-caspase-8 and pro-caspase-3. 

5.2.2.1 c-FLIPL protects casp-9 deficient MEFs from tunicamycin-induced cell 
death 

To investigate whether c-FLIPL regulates cell death in casp9-/- MEFs in response to 

tunicamycin, I exposed c-FLIPL overexpressing casp9-/- MEFs and their control 

empty vector casp9-/- MEFs to tunicamycin and monitored changes in cell 

morphology. I observed that c-FLIPL overexpression had a protective effect on  
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casp9-/- MEFs as c-FLIPL over-expressing casp9-/- MEFs appeared more refractory to 

tunicamycin-induced cell death than their control empty vector casp9-/- MEFs at 72 h 

(Fig. 5.7A).  

 
Fig. 5.7: Overexpression of c-FLIPL protects casp9-/- MEF cells from tunicamycin-
induced cell death. c-FLIPL over-expressing casp9-/- MEFs and control pcDNA3.1 empty 
vector casp9-/- MEFs were treated with 0.5 µg/ml tunicamycin for indicated time points. (A) 
Cell morphology was assessed by bright field microscopy. Arrows indicate sample dead or 
stressed cells. Cell morphology data are from a single experiment, representative of three 
independent experiments. (B) Cell death was assessed by PI staining. Error bars represent 
the mean ±SD of three independent experiments. The significance is ** p<0.01. (C) Cell 
lysates were analysed by immunoblotting for expression of cleaved caspase-8 and cleaved 
caspase-3. Actin was used as a loading control. 
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I also found that c-FLIPL overexpression significantly reduced PI uptake in  

casp9-/- MEFs at 48-72 h (Fig. 5.7B). I observed that 32% of c-FLIPL overexpressing 

casp9-/- MEFs and 42% of the control cells displayed PI positivity at 72 h (Fig. 5.7B). 

These findings indicate that c-FLIPL overexpression delays tunicamycin-induced cell 

death in casp9-/- MEFs. Following this, I also examined the effect of c-FLIPL 

overexpression on pro-caspase-8 and pro-caspase-3 processing in tunicamycin-

treated casp9-/- MEFs. I found that c-FLIPL overexpression delayed processing of 

pro-caspase-8 and pro-caspase-3 (Fig. 5.7C). I observed cleaved caspase-8 and 

cleaved caspase-3 at 48-72 h in the control empty vector casp9-/- MEFs and at 72 h in 

the c-FLIPL over-expressing casp9-/- MEFs (Fig. 5.8C). These findings indicate that 

c-FLIPL interferes with pro-caspase-8 activation in casp9-/- MEFs following 

tunicamycin treatment. 

5.2.2.2 c-FLIPL protects casp-9 deficient MEFs from BFA-induced cell death 

Following BFA treatment, I observed that c-FLIPL overexpressing casp9-/- MEFs 

appeared more refractory to cell death than the control empty vector casp9-/- MEFs 

(Fig. 5.8A). I observed fewer cells displaying apoptotic morphology or detached in 

c-FLIPL overexpressing casp9-/- MEFs compared to the control empty vector casp9-/- 

MEFs at 72 h (Fig. 5.8A). I also observed that c-FLIPL overexpression significantly 

reduced PI uptake in casp9-/- MEFs but only at 72 h (Fig. 5.8B). I found that 45% of 

the control empty vector casp9-/- MEFs and 30% of c-FLIPL over-expressing casp9-/- 

MEFs displayed PI positivity at 72 h (Fig. 5.8B). These findings are indicative that 

c-FLIPL overexpression significantly reduces BFA-induced cell death in casp9-/- 

MEFs at later stages.  
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Fig. 5.8: Overexpression of c-FLIPL protects casp9-/- MEF cells from BFA-induced cell 
death. c-FLIPL over-expressing casp9-/- MEFs and control pcDNA3.1 empty vectorcasp9-/- 

MEFs were treated with 0.3 µg/ml BFA for indicated time points. (A) Cell morphology was 
assessed by bright field microscopy. Arrows indicate sample dead or stressed cells. Cell 
morphology data are from a single experiment, representative of three independent 
experiments. (B) Cell death was assessed by PI staining. Error bars represent the mean ±SD 
of three independent experiments. The significance is ** p<0.01. (C) Cell lysates were 
analysed by immunoblotting for expression of cleaved caspase-8 and cleaved caspase-3. 
Actin was used as a loading control. 
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I also observed that c-FLIPL overexpression delayed processing of pro-caspase-8 and 

pro-caspase-3 in casp9-/- MEFs (Fig. 5.8C). In the control empty vector casp9-/- 

MEFs I observed cleaved caspase-8 and cleaved caspase-3 at 48-72 h, whereas in the 

c-FLIPL overexpressing casp9-/- MEFs cleaved caspase-8 could be detected only at 

72 h (Fig. 5.8C). I did not detect cleaved caspase-3 in c-FLIPL overexpressing casp9-

/- MEFs at any time point (Fig. 5.8C). Our findings indicate that c-FLIPL interferes 

with pro-caspase-8 activation in casp9-/- MEFs following BFA treatment. 

5.2.2.3 c-FLIPL does not protect casp-9 deficient MEFs from etoposide-
induced cell death 

Following etoposide treatment, I did not observe casp9-/- MEF any significant 

difference in cell morphology between the control empty vector casp9-/- MEFs and c-

FLIPL overexpressing casp9-/- MEFs (Fig. 5.9A). Both the control empty vector 

casp9-/- MEFs and c-FLIPL over-expressing casp9-/- MEFs to similar extent displayed 

apoptotic morphology and had comparable amount of detached cells at 72 h (Fig. 

5.9A). I also did not observe any major differences in PI uptake between the control 

empty vector casp9-/- MEFs and c-FLIPL overexpressing casp9-/- MEFs at any time 

point (Fig. 5.9B). At 72 h I recorded that 42% of the control empty vector casp9-/- 

MEFs and 40% of c-FLIPL over-expressing casp9-/- MEFs displayed PI positivity but 

this difference was not statistically significant (Fig. 5.9B). These findings are 

indicative that c-FLIPL overexpression does not prevent etoposide-induced cell death 

in casp9-/- MEFs. However, I observed that c-FLIPL overexpression delayed 

processing of pro-caspase-8 and pro-caspase-3 in casp9-/- MEFs (Fig. 5.9C).  

I observed low signal for cleaved caspase-8 and cleaved caspase-3 in the control 

empty vector casp9-/- MEFs but none in the c-FLIPL over-expressing casp9-/- MEFs at 

72 h (Fig. 5.9C). Therefore, our findings suggest that c-FLIPL possibly interferes 

with pro-caspase-8 activation in casp9-/- MEFs following etoposide. 
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Fig. 5.9: Overexpression of c-FLIPL does not protect casp9-/- MEF cells from etoposide-
induced cell death. c-FLIPL over-expressing casp9-/- MEFs and control pcDNA3.1 empty 
vector casp9-/- MEFs were treated with 50 µM etoposide for indicated time points. (A) Cell 
morphology was assessed by bright field microscopy. Arrows indicate sample dead or 
stressed cells. Cell morphology data are from a single experiment, representative of three 
independent experiments. (B) Cell death was assessed by PI staining. Error bars represent 
the mean ±SD of three independent experiments; n.s. stands for not significant. (C) Cell 
lysates were analysed by immunoblotting for expression of cleaved caspase-8 and cleaved 
caspase-3. Actin was used as a loading control. 
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5.2.2.4 c-FLIPL does not protect casp-9 deficient MEFs from γ-irradiation-
induced cell death 

Following γ-irradiation treatment, I did not observe any substantial difference in the 

amount of detached cells or cells displaying cell death-associated morphology 

between c-FLIPL over-expressing casp9-/- MEFs and their control empty vector 

casp9-/- MEFs at 72 h (Fig. 5.10A). However, both c-FLIPL over-expressing casp9-/- 

MEFs and their control empty vector casp9-/- MEFs displayed some distinct changes 

in cellular morphology related to the nature of γ-irradiation treatment, i.e., some cells 

appeared enlarged or had abnormal enlarged nuclear structures with multiple 

cytosolic vacuoles clustered around them (Fig. 5.10A). 

Following γ-irradiation treatment, I observed that both c-FLIPL over-expressing 

casp9-/- MEFs and their control empty vector casp9-/- MEFs were refractory to cell 

death as they displayed low PI positivity at every time point (Fig. 5.10B). The 

overexpression of c-FLIPL did not affect the uptake of PI in γ-irradiation-treated 

casp9-/- MEFs at any time point (Fig. 5.10B). At 72 h only 20% of the control empty 

vector casp9-/- MEFs and 22% of the c-FLIPL overexpressing casp9-/- MEFs 

displayed PI positivity, but this difference was not statistically significant (Fig. 5. 

10B). These findings are indicative that c-FLIPL overexpression does not prevent γ-

irradiation-induced cell death in casp9-/- MEFs. I also observed that c-FLIPL 

overexpression only delayed processing of pro-caspase-8 and pro-caspase-3 in casp9-

/- MEFs (Fig. 5.10C). I detected cleaved caspase-8 and cleaved caspase-3 at 24-72 h 

in the control empty vector casp9-/- MEFs, and at 48-72 h in c-FLIPL overexpressing 

casp9-/- MEFs (Fig. 5.10C). Our data indicate that c-FLIPL possibly interferes with 

pro-caspase-8 activation but this overall does not have any significant effect on  

γ-irradiation-induced cell death of casp9-/- MEFs. 
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Fig. 5.10: Overexpression of c-FLIPL protects casp9-/- MEF cells from  
γ-irradiation-induced cell death. c-FLIPL over-expressing casp9-/- MEFs and control 
pcDNA3.1 empty vector casp9-/- MEFs were subjected to 33Gy ƴ-irradiation and let to 
recover in a humidified incubator for indicated time points. (A) Cell morphology was 
assessed by bright field microscopy. Arrows indicate sample dead or stressed cells. Cell 
morphology data are from a single experiment, representative of three independent 
experiments. (B) Cell death was assessed by PI staining. Error bars represent the mean ±SD 
of three independent experiments; n.s. stands for not significant. (C) Cell lysates were 
analysed by immunoblotting for expression of cleaved caspase-8 and cleaved caspase-3. 
Actin was used as a loading control. 
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5.2.2.5 c-FLIPL protects casp-9 deficient MEFs from taxol-induced cell death 

Following taxol treatment, I did not observe any substantial difference in the amount 

of cells displaying cell death-associated morphology between c-FLIPL over-

expressing casp9-/- MEFs and their control empty vector casp9-/- MEFs (Fig. 5.11A). 

I also observed comparable amount of detached cells in both cell types at 72 h (Fig. 

5.11A). However, both c-FLIPL over-expressing casp9-/- MEFs and their control 

empty vector casp9-/- MEFs displayed distinct changes in morphology related to the 

nature of taxol treatment, namely, some cells appeared enlarged with abnormal 

nuclear structures and multiple cytosolic vacuoles (Fig. 5.11A). The overexpression 

of c-FLIPL significantly reduced PI uptake in casp9-/- MEFs only at 72 h. I recorded 

that 40% of the control empty vector casp9-/- MEFs and 30% of c-FLIPL 

overexpressing casp9-/- MEFs displayed PI positivity at this time point (Fig. 5.11B). 

There was not any significant difference in PI uptake between both cell types at 

earlier time points (Fig. 5.11B). I also found that c-FLIPL overexpression slightly 

reduced processing of pro-caspase-8 and pro-caspase-3 in taxol-treated casp9-/- 

MEFs at 48-72 h (Fig. 5.11C). These findings are indicative that c-FLIPL interferes 

with pro-caspase-8 activation in casp9-/- MEFs following taxol treatment. 
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Fig. 5.11: Overexpression of c-FLIPL protects casp9-/- MEF cells from taxol-induced cell 
death. c-FLIPL over-expressing casp9-/- MEFs and control pcDNA3.1 empty vector casp9-/- 

MEFs were treated with 1 µM taxol for indicated time points. (A) Cell morphology was 
assessed by bright field microscopy. Arrows indicate sample dead or stressed cells. Cell 
morphology data are from a single experiment, representative of three independent 
experiments. (B) Cell death was assessed by PI staining. Error bars represent the mean ±SD 
of three independent experiments. The significance is * p<0.05, n.s. - not significant. (C) 
Cell lysates were analysed by immunoblotting for expression of cleaved caspase-8 and 
cleaved caspase-3. Actin was used as a loading control. 
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5.2.2.6 c-FLIPL protects casp-9 deficient MEFs from heat shock-induced cell 
death 

Following heat shock treatment, I observed that c-FLIPL overexpressing casp9-/- 

MEFs were more resistant to cell death than their control empty vector casp9-/- MEFs 

(Fig. 5.12A). I observed more stressed and rounded or detached cells in the control 

group than in c-FLIPL overexpressing casp9-/- MEFs at 72 h (Fig. 5.12A). I also 

observed multiple vacuoles clustered around nuclear structures in both c-FLIPL 

overexpressing casp9-/- MEFs and their control empty vector casp9-/- MEFs at 72 h 

(Fig. 5.12A). The overexpression of c-FLIPL significantly reduced PI uptake in  

casp9-/- MEFs only at 72 h. I noted that 27% of c-FLIPL over-expressing casp9-/- 

MEFs and 40% of the control cells displayed PI positivity at this time point (Fig. 

5.12B). I did not observe any differences in PI uptake between c-FLIPL 

overexpressing casp9-/- MEFs and their control cells at earlier time points (Fig. 

5.12B).  

I found that c-FLIPL overexpression somewhat reduced caspase processing in heat 

shock-treated casp9-/- MEFs. In both cell groups I observed pro-caspase-8 processing 

at 24-72h but the signal was weaker in c-FLIPL overexpressing casp9-/- MEFs than in 

the control empty vector casp9-/- MEFs (Fig. 5.12C). I observed processing of pro-

caspase-3 at 24-72 h in the control cells, but I only detected a weak signal for 

cleaved caspase-3 at 72 h in c-FLIPL over-expressing casp9-/- MEFs (Fig. 5.12C). 

These findings are indicative that c-FLIPL possibly interferes with pro-caspase-8 

activation in casp9-/- MEFs following heat shock treatment. 
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Fig. 5.12: Overexpression of c-FLIPL protects casp9-/- MEF cells from heat shock-
induced cell death. c-FLIPL over-expressing casp9-/- MEFs and control pcDNA3.1 empty 
vector casp9-/- MEFs were subjected to heat shock of 43.5 °C for 45 min and let to recover in 
a humidified incubator for indicated time points. (A) Cell morphology was assessed by 
bright field microscopy. Arrows indicate sample dead or stressed cells. Cell morphology 
data are from a single experiment, representative of three independent experiments. (B) Cell 
death was assessed by PI staining. Error bars represent the mean ±SD of three independent 
experiments. The significance is *** p<0.001. (C) Cell lysates were analysed by 
immunoblotting for expression of cleaved caspase-8 and cleaved caspase-3. Actin was used 
as a loading control. 
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5.3 Discussion 

In this chapter I evaluated the role of ATG5 and c-FLIPL in regulating cell death in 

casp9-/- MEFs resulting from diverse stresses. I have demonstrated that ATG5 plays 

an important role in mediating cell death in casp9-/- MEFs in response to 

tunicamycin, BFA, etoposide and heat shock as I observed reduced cell death-

associated morphology and decreased TOPRO3 uptake in ATG5 deficient casp9-/- 

MEFs compared to control cells following these treatments. In contrast, I did not 

observe a strong effect of ATG depletion on casp9-/- MEF cell death following  

γ-irradiation or taxol. This is despite robust knockdown of ATG5 knockdown in 

casp9-/- MEFs confirmed by immunoblotting for all treatments, whereby I detected  

a signal for ATG5 in the lysates of the control pGIPZ casp9-/- MEFs but not in the 

lysates of ATG5 shRNA casp9-/- MEFs even upon prolonged exposure. However,  

I have found that ATG5 knock down affects caspase processing following all 

examined stresses. I observed that ATG5 depletion effectively prevents pro-caspase-

8 and pro-caspase-3 processing in response to tunicamycin, BFA, γ-irradiation and 

taxol and delays caspase processing following etoposide and heat shock. I also 

demonstrated that depletion of ATG5 enhanced long-term survival and recovery of 

casp9-/- MEFs exposed to tunicamycin, BFA and heat shock as I observed enhanced 

colony formation following these treatments. In contrast, I did not observe colony 

formation in ATG5 deficient or in their control casp9-/-MEFs following etoposide, 

taxol or γ-irradiation. However, these can be contributed to primary mechanism of 

action of these treatments whereby etoposide causes DNA damage and cell cycle 

arrest, taxol inhibits microtubule dynamics and thus prevents mitosis and  

γ-irradiation induces DNA breaks and massive ROS generation preventing mitosis 

and thus the proliferation needed for colony formation.  

Taken together these results support our hypothesis that ATG5 has an important role 

in the cell death process in casp9-/- MEFs in response to diverse stresses. In the 

absence of pro-caspase-9, ATG5 seems to regulate pro-caspase-8 activation, which 

takes the place of pro-caspase-9 as the initiator caspase in mediating activation of 

effector caspase and cell death in response to different stresses. Importantly, ATG5 

deficiency also impairs the process of autophagy which is commonly induced to aid 

the cell to cope with stress and cellular damage. The block in canonical autophagy 

possibly further aggravates the stress leading to cell damages beyond possible 
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recovery. This may indicate that autophagy, or at least some of the components of its 

machinery, promotes rather than opposes cell death in settings where cells are devoid 

of the canonical mitochondrial apoptosis, such as MEFs in which pro-caspase-9 is 

knocked down. A summary of these findings regarding role of ATG5 in mediating 

cell death in casp9-/- MEFs is shown in a table 5.1. 

Table 5.1 Effect of ATG5 depletion on cell death and caspase processing in 

response to different cytotoxic stresses in casp9-/- MEFs 

The results of experiments are expressed in the form of + symbol to indicate  
a positive effect and – symbol to indicate a negative effect on cell death-associated 
morphology, caspase activation and colony formation. PI data is represented as 
difference in percentage at 72 h *Double-underline indicates strong effect with p 
value: p<0.01. 

The ATG5-dependent pro-caspase-8 processing seems to be a part of common stress 

response mechanism of casp9-/- MEFs undergoing alternative cell death resulting 

from diverse chronic cytotoxic stresses including tunicamycin, BFA, etoposide, 

taxol, γ-irradiation and heat shock. ATG5 is an essential component of the canonical 

autophagy, which is well-characterised as an adaptive, pro-survival process aiding 

cellular recovery after experiencing insults of diverse origin (Klionsky et al., 2007; 

Mizushima et al., 2008). Autophagy removes and recycles unnecessary or damaged 

cellular components by targeting them in highly specialised double membraned 

vacuoles called autophagosomes for lysosomal-dependent degradation (Levine and 

Klionsky, 2004). ATG5 upon its synthesis becomes readily conjugated to ATG12 

and in such form it participates in autophagosomal membrane formation (Mizushima 

et al., 1998). Although initially characterised as a purely pro-survival process it is 

Effect of ATG5 
depletion 

 in casp9-/- MEFs 
TM BFA Etop γ-IR Taxol HS 

Decreased cell-death 
morphology + + + - - + 

Reduced TOPRO3 
uptake (%)* 20 15 15 5 5 5 

Reduced pro-
caspase-8 processing + + + + + + 

Reduced pro-
caspase-3 processing + + + + + + 

Enhanced colony 
formation + + no colony 

formation 
no colony 
formation 

no colony 
formation + 
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now well known that the excessive activation of autophagy beyond a certain 

threshold can provoke autophagic cell death which is an alternative cell death 

pathway involving excessive vacuolization of the cellular content (Scott, Juhász and 

Neufeld, 2007).  

Growing evidence indicates that autophagy can also aid cell death processes, for 

example by facilitating activation of caspases. This suggests the existence of 

complex regulatory mechanism that would allow autophagy to differentiate between 

homeostatic and pro-survival responses and cell death promoting activities during 

stress. There are several studies describing autophagy-mediated cell death especially 

in cells deficient in the canonical mitochondrial apoptosis (Shimizu et al., 2004; Pan 

et al., 2011; Deegan et al., 2014). However, the exact molecular mechanism linking 

autophagy to alternative modes of cell death is not fully understood and requires 

further investigation. It seems that in apoptosis competent cells autophagy has  

a mainly pro-survival role, however, its toxic potential may become uncovered when 

preferred cell death pathways are obscured. For example, in apoptosis competent 

MEF cells autophagy has a pro-survival role of but upon pro-caspase-9 or 

BAX/BAK knock down it was observed that autophagy aids cell death execution 

(Deegan et al., 2014). Our data further support this view, I demonstrated that ATG5 

is important for mediating cell death and pro-caspase-8 processing in pro-caspase-9 

deficient MEFs which indicates that the autophagy machinery can indeed be 

involved in cell death processes in cells with compromised mitochondrial apoptosis.  

The involvement of ATG5 in pro-caspase-8 processing and its known conjugation to 

ATG12 and the growing autophagosome could also suggest that the autophagosomal 

membrane provides a platform for assembly of the stressosome that would enable 

pro-caspase-8 recruitment to facilitate its dimerisation and autoprocessing in cells 

with compromised mitochondrial apoptosis pathway. Our data support this 

hypothesis as I clearly observe ATG5-dependent pro-caspase-8 processing in casp9-/- 

MEFs in response to different cytotoxic stresses. I also co-immunoprecipitated 

ATG5 and pro-caspase-8 in casp9-/- MEFs following all examined stresses. Several 

studies also indicate that autophagosomal membranes can act as platforms for 

various cell survival and death signalling networks beyond autophagy, further 

supporting our hypothesis. For example, the possible involvement of 

autophagosomal membrane in pro-caspase-8 activation was reported during 
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proteasome inhibition or a pan-sphingosine kinase inhibition in MEFs. It was 

reported that the autophagosomal membrane serves as a platform to recruit FADD 

and pro-caspase-8 to ATG5-ATG12 conjugates forming an alternative death 

inducing signalling complex referred to as iDISC, which co-localises with LC3 and 

p62 (Young et al., 2012). Similarly, immature autophagosomal membranes which 

accumulate upon ATG2 knockdown have also been reported to serve as a platform 

for an alternative pro-caspase-8 activating complex in starved THP-1 cells (Tang et 

al., 2017). Induced starvation leads to the enhanced autophagosomes formation but 

since they could not be completed the immature membrane accumulated in cells 

allowing for recruitment of pro-caspase-8 and facilitating its dimerization and 

autoactivation and subsequent cell death induction (Tang et al., 2017). 

Pro-caspase-8 association with components of the macroautophagy degradation 

system was also reported during mitogenic stimulation of T cells (Leverrier et al., 

2008; Leverrier, Salvesen and Walsh, 2011) It was reported that pro-caspase-8 

formed a non-apoptotic protein complex with FADD, c-FLIPL, ATG5-

ATG12/ATG16L and RIPK1 in T cells. Within this complex c-FLIPL associated with 

pro-capase-8 restricting its full activation and thus spatially limiting the range of 

caspase-8 substrates. Partially active caspase-8 restricted uncontrolled autophagy 

induction which otherwise would promote RIPK1-dependent necroptosis (Leverrier 

et al., 2008; Leverrier, Salvesen and Walsh, 2011). These examples clearly indicate 

that components of the autophagy machinery can be involved in regulation of 

caspase-8 activity and in regulation of cell death. 

Several reports also indicate that K-63 linked poly-ubiquitinated pro-caspase-8 can 

accumulate on autophagosomal or lysosomal aggregated membranes where it can 

dimerise and undergo autoprocessing thus initiating cell death (Pan et al., 2011; 

Tomar et al., 2013). For example, enhanced pro-caspase-8 ubiquitination during 

chronic ER stress in HEK293 cells, was reported to promote its translocation and 

aggregation on the autophagosomal membrane, leading to its autoactivation and 

initiation of apoptosis (Tomar et al., 2013). Another example involves BAX/BAK-

deficient cells exposed to ER stress under conditions of hindered lysosomal and 

proteasomal protein degradation pathways, where ubiquitinated pro-caspase-8 was 

shown to interact with an autophagy receptor p62 (Pan et al., 2011). This interaction 

of pro-caspase-8 with p62 promotes pro-caspase-8 proximal aggregation and 
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facilitates its auto-activation (Pan et al., 2011). Also, interaction of pro-caspase-8 

with p62 leading to pro-caspase-8 activation was reported in HCT116 cells in the 

settings of autophagy inhibition combined with BH3 mimetics (Huang et al., 2013). 

Again, this interaction possibly occurred on the immature autophagosome 

membranes as it co-localised with LC3 (Huang et al., 2013). Although I did not 

investigate the ubiquitination status of caspase-8 in our cell model, the presence of 

FADD within the stressosome hints at a possible interaction of caspase-8 with 

autophagosomal membrane through this adaptor protein which could exclude the 

interaction between ubiquitinated caspase-8 and autophagy receptor p62. Although  

I observed ATG5-dependent pro-caspase-8 processing in casp9-/- MEFs in response 

to all examined stresses I only observed ATG5-dependent cell death following 

tunicamycin, BFA, etoposide and heat shock but not γ-irradiation or taxol. These 

data imply the existence of yet another alternative cell death pathway in casp9-/- 

MEFs exposed to γ-irradiation and taxol under settings of reduced pro-caspase-8 

activation resulting from ATG5 deficiency.  

In this chapter I also investigated if the alternative caspase and ATG5-dependent cell 

death pathway in cells deficient in mitochondrial apoptosis can be further regulated 

by c-FLIPL. I demonstrated that c-FLIP L overexpression effectively reduced or 

delayed processing of pro-caspse-8 and its downstream target pro-caspase-3 in 

casp9-/- MEFs in response to all examined stresses, but, it did not prevent it 

completely. I demonstrated that c-FLIPL overexpression affected casp9-/- MEF cell 

death only in response to tunicamycin, BFA, taxol and heat shock treatments but not 

in response to etoposide or γ-irradiation. Taken together these data indicate an 

important role of c-FLIPL in regulating pro-caspase-8 activation in casp9-/- MEFs and 

supports our hypothesis that casp9-/- MEFs undergo an alternative caspase-8 

dependent cell death resulting from tunicamycin, BFA, heat shock and taxol.  

A summary of our findings regarding cFLIPL overexpression is shown in a table 5.2.  
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Table 5.2 Effect of c-FLIPL overexpression on cell death and caspase processing 

in response to different cytotoxic stresses in casp9-/- MEFs 

The results of experiments are expressed in the form of + symbol to indicate  
a positive effect and – symbol to indicate a negative effect on cell death-associated 
morphology and caspase activation. PI data is represented as difference in percentage  

at 72 h *Double-underline indicates strong effect with p value: p<0.01. 

c-FLIPL is known to either inhibit pro-caspase-8 processing blocking its 

autoactivation, or to promote its partial processing, resulting in its activation but with 

spatial restriction of the target substrates (Tsuchiya, Nakabayashi and Nakano, 

2015b). Increasing evidence suggests that it is the local concentration of cFLIPL that 

modulates caspase-8 activity and often determines its cell death potential (Chang et 

al., 2002; Lavrik and Krammer, 2012; Fu, 2016). Physiological levels of c-FLIPL 

restrict full activation of caspase-8 and prevent its dissociation from a given 

complex. However, in such conditions caspase-8 retains partial enzymatic activity 

which allows it to cleave substrates within close proximity, i.e., present within the 

same signalling complex (Chang et al., 2002; Lavrik and Krammer, 2012; Fu et al., 

2016). In contrast, high levels of c-FLIPL can completely inhibit caspase-8 activation 

(Chang et al., 2002; Lavrik and Krammer, 2012; Fu et al., 2016).  

An example of the complex regulation of cell death by c-FLIP can be seen in the 

Ripoptosome, where the local concentration of c-FLIP determines its signalling 

outcome (Oberst et al., 2011; Weinlich, Dillon and Green, 2011). The Ripoptosome 

can signal either towards apoptosis or necroptosis (Oberst et al., 2011; Weinlich, 

Dillon and Green, 2011). In the absence of c-FLIP within the Ripoptosome, full 

activation of pro-caspase-8 occurs and its subsequent dissociation into cytosol where 

Effect of c-FLIPL overexpression 
 in casp9-/- MEFs TM BFA Etop γ-IR Taxol HS 

Decreased cell-death morphology + + - - - + 

Reduced PI uptake (%)* 10 15 2 2 10 13 

Reduced caspase-8 processing + + + + + + 

Reduced caspase-3 processing + + + + + + 
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it activates downstream target caspases induces apoptosis. The association of  

c-FLIPS with pro-caspase-8 within the Ripoptosome inhibits pro-caspase-8 activation 

enabling the onset of RIPK3-dependent necroptosis. In contrast, the association of  

c-FLIPL with pro-caspase-8 within the Ripoptosome enables only partial activation 

of pro-caspase-8 and spatially restricting its substrates to RIPK1 and RIPK3, hence 

restricting necroptosis and limiting inflammation (Oberst et al., 2011; Weinlich, 

Dillon and Green, 2011). 

Although c-FLIPL overexpression in casp9-/- MEFs could effectively reduce 

processing of pro-caspase-8 and pro-caspase-3 following etoposide and γ-irradiation 

yet it did not affect the levels of cell death. Therefore, it seems that casp9-/- MEFs 

undergo an alternative mode of cell death that does not fully rely on caspase-8 

following etoposide or γ-irradiation. Possibly, when there is reduced activity of 

caspase-8 through formation of heterodimers with c-FLIPL, casp9-/- MEFs switch to 

yet another mode of cell death such as necrosis or necroptosis utilising the available 

machinery for cell death execution. For example, I found that caspase-8 knock down 

only partially reduced cell death in casp9-/- MEFs in response to γ-irradiation or 

etoposide supporting the existence of another mode of cell death that is not mediated 

by caspase-8, such as necrosis or necroptosis, which becomes revealed in casp9-/- 

MEFs when pro-caspase-8 is depleted or its activation is restricted by c-FLIPL. These 

would imply that casp9-/- MEFs do not die through a single caspase-8 dependent 

mechanism when exposed to γ-irradiation or etoposide, but that there are different 

cell death mechanisms available in casp9-/- MEFs, and when caspase-8 activity is 

limited another cell death mechanism reveals itself and becomes predominant. 

In this chapter I have showed that ATG5 regulates pro-caspase-8 activation in  

casp9-/- MEFs, which however does not always result in enhanced cell death. It is 

well established that full cleavage of pro-caspase-8 and the release of active caspase-

8 into cytoplasm is important for its enzymatic activity towards different targets 

resulting in induction of apoptosis (Dickens, Boyd, et al., 2012; Schleich et al., 

2012; Fu et al., 2016). However, it is worth considering also the growing evidence 

that indicates that caspase-8 can also serve other functions apart from mediating cell 

death (Tummers and Green, 2017). For example, partially active caspase-8 in 

heterodimer with c-FLIPL can restrict autophagy and necroptosis under different 
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cellular conditions (Leverrier et al., 2008; Leverrier, Salvesen and Walsh, 2011). 

Formation of pro-caspase-8 heterodimers with c-FLIPL, enables the spatial 

restriction of caspase-8 enzymatic activity only towards other components within the 

same complex (Dickens, Boyd, et al., 2012; Schleich et al., 2012; Fu et al., 2016). 

Thus, fully cleaved caspase-8 that is freed from its activating complex mainly 

determines cell death processes, whereas spatially restricted caspase-8 mainly 

prevents necroptosis by cleaving RIPK1 and RIPK3 as it occurs during formation of 

the secondary cytosolic complexes IIa and IIb following TNF-R1 activation 

(Tsuchiya, Nakabayashi and Nakano, 2015a; Tummers and Green, 2017). 

Furthermore, caspase-8 can be also involved in regulation of cytokines by means of 

several noncanonical inflammatory complexes (Bossaller et al., 2012). For example, 

caspase-8 is responsible for production and processing of pro–IL-1 within  

a noncanonical inflammatory complex formed in lipopolysaccharide primed 

macrophages undergoing ER stress (Shenderov et al., 2014). Caspase-8 also 

processes pro-IL-1β upon engaging in a noncanonical inflammasome formed on 

dendritic cells following dectin-1 receptor stimulation with fungal and mycobacterial 

PAMPs (Gringhuis et al., 2012). Also, pro-caspase-8 in heterodimers with c-FLIP 

isoforms regulates genetic expression of inflammatory cytokines in response to 

bacterial infection and TLR signalling (Philip et al., 2016).Caspase-8 also serves 

important roles independent of its enzymatic activity (Tummers and Green, 2017) 

(Tummers, 2017). For example pro-caspase-8 mediates pro-survival processes 

during lymphocyte proliferation, macrophage and bone marrow hematopoietic 

progenitor differentiation and NF-ĸβ activation (Salvesen and Walsh, 2015; 

Tummers and Green, 2017). Pro-caspase-8 can also serve as a scaffold that recruits 

and aids formation of different signalling complexes, for example, it stabilizes 

TRAF2 in the metastasis and invasion signalling complex (MISC) that mediates 

ERK/JNK signalling promoting cancer metastasis and invasion (Oh et al., 2015). It 

is also a scaffold for the intermediate pathway of posttranslational NLRP3 priming 

downstream of TLR3 and TLR4 (Kang et al., 2015). Additionally, following TRAIL 

signalling, caspase-8 was shown to act either as cell death mediating initiator caspase 

or as a scaffold for assembly of a FADDosome complex consisting of FADD and 

RIPK1 and c-FLIP that signals towards NF-ĸβ-dependent inflammation (Henry et 

al., 2017).  
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Taken together, I have demonstrated here that an alternative caspase activation 

pathway in MEF cells deficient in mitochondrial apoptosis is mediated by ATG5 and 

can be regulated c-FLIPL. I showed that pro-caspase-8 activation in casp9-/- MEFs is 

dependent on ATG5 in response to all stresses but I found that ATG5 is important in 

mediating cell death following only tunicamycin, BFA, etoposide and heat shock.  

I also demonstrated that pro-caspase-8 activation can be further restricted by  

c-FLIPL. Since ATG5 deficiency does not reduce cell death in response to taxol or  

γ-irradiation I hypothesise that casp9-/- MEFs switch to an alternative caspase-

independent mode of cell death when pro-caspase-8 activation is restricted due to 

ATG5 knock down or presence of c-FLIPL. These data support our hypothesis that 

ATG5 as a part of the stressosome complex facilitates pro-aspase-8 activation 

leading to cell death. However, the signalling outcome of the stressosome can be 

affected by the presence of c-FLIPL, which inhibits caspase-8 activation.  
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Chapter VI: General Discussion 

This thesis provides new insight into an alternative mechanism of cell death in cells 

that are highly resistant to death. This is mode of cell death that is uncovered under 

conditions of a compromised mitochondrial apoptotic pathway following prolonged 

treatments with different existing and potential chemotherapeutics. It reveals the 

existence of the stressosome protein complex as a novel alternative cell death-

inducing complex in casp9-/- MEFs. Our findings indicate that casp9-/- MEF cells 

which are compromised in the primary mechanism of cell death execution, i.e. 

mitochondrial apoptosis, activate an alternative compensatory cell death mechanism 

under conditions of chronic stress. This alternative delayed mode of cell death in 

casp9-/- MEFs proceeds through formation of stressosome which acts as a novel 

alternative platform for activation of pro-caspase-8 (Fig. 6.1). I have demonstrated 

that diverse stress signalling including tunicamycin, BFA, etoposide, taxol,  

γ-irradiation and heat shock converge on formation of the stressosome, in casp9-/- 

MEFs (Fig. 6.1). This suggests that formation of the stressosome represents  

a common stress response mechanism of casp9-/- MEFs following diverse stresses 

that have different mechanisms of action. The role of the stressosome is to enable 

caspase-8 activation which leads to activation of its downstream target pro-caspase-3 

and cell death (Fig. 6.1). Activation of caspase-8 compensates for the lack of pro-

caspase-9 as the initiator caspase and enables the cell to bypass the block in 

mitochondrial apoptosis. I further showed that ATG5 regulates pro-caspase-8 

activation in our cell model in response to all examined stresses. Moreover, I have 

also identified c-FLIPL as a regulator of the stressosome-mediated cell death and 

caspase-8 activation. However, the cells still died, at least in the case of etoposide 

and γ-irradiation. These data further indicated that upon c-FLIP-mediated inhibition 

of the ATG5-dependent and caspase-8-mediated cell death an alternative caspase-

independent cell death mechanism was stimulated in casp9-/- MEFs.  

 

 

 

 

Page 172 of 208 
 



 

  

 

6.1 Biochemistry of the stressosome 

The stressosome represents a common element of stress responses in cells that are 

highly resistant to cell death due to a block in mitochondrial apoptosis. Formation of 

the stressosome represents an interesting biochemical phenomena therefore it is 

important to understand its assembly, composition, its regulation and roles as it will 

help us to decipher cell death signalling in highly resistant cells and identify 

potential strategies to overcome it. It would be important to contrast the stressosome 

with other alternative platforms for pro-caspase-8 activation and cell death mediating 

complexes involving autophagy or its components to determine the extent to which 

Fig. 6.1: A graphic representation of stress-induced caspase activation pathway in 
caspase-9 MEFs in response to different stresses. 
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they may overlap in their composition, regulation and signalling as it may further 

enhance our understanding of its potential application in cancer treatment. 

6.1.1 Assembly of the stressosome 

The mechanism stimulating formation of the stressosome is not known. I determined 

that it forms in cells with compromised mitochondrial apoptosis in response to 

different prolonged cytotoxic stresses including tunicamycin, BFA, etoposide, taxol, 

γ-irradiation and heat shock. Although all of these treatments have different modes 

of action and cellular targets, yet they all converge on stressosome formation and 

pro-caspase-8 activation in casp9-/- MEFs. Importantly, the effect of the same 

cytotoxic stresses in apoptosis-competent MEF cells often converge onto the 

mitochondrial apoptosis pathway, with apoptosome formation and pro-caspase-9 

activation (McDaid and Horwitz, 2001; Wei et al., 2001; Vakifahmetoglu, Olsson 

and Zhivotovsky, 2008; Deegan et al., 2014; Mahajan et al., 2014). I speculate that 

the stressosome is most probably absent in apoptosis-competent cells, because of the 

difference in timelines between the two processes where apoptosis occurs rapidly 

and stressosome formation is a delayed event. In other work our group showed that 

the integrated stress response is not required for stressosome formation. Therefore, 

the stimuli for its formation may involve signals coming from damaged 

mitochondria. Although cells with compromised mitochondrial apoptosis cannot 

execute cell death through pro-caspase-9 they still undergo mitochondrial damage 

and their permeabilization and in a result they release mitochondrial factors to 

cytosol such as AIF and ENDOG that aggravate the cell stress and contribute to cell 

death induction (Saelens et al., 2004; Althaus et al., 2007; Buttner et al., 2007). 

Determining the cellular localisation of the stressosome could bring some insights 

into how stressosome formation is initiated and how stressosome components, i.e., 

pro-caspase-8, FADD and ATG5 come into contact with each other. It would also 

enable us to determine whether additional components such as autophagosomal 

membrane are involved in its formation. Further tracking of the known stressosome 

components for their colocalization with the proteins on the autophagosomal 

membrane would help us understand the assembly process of this complex. 
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6.1.2 Composition of the stressosome 

The full composition of the stressosome is not known. I have effectively co-

immunoprecipitated three of the stressosome components, i.e., pro-caspase-8, FADD 

and ATG5 from casp9-/- MEFs following all examined stresses. The unbiased mass 

spectrometry approach that I took to identify some of the other components was not 

successful. However, a candidate-based approach could help us identify some of the 

likely candidates, such as ATG16 and c-FLIPL in the immunoprecipitated sample. It 

is well-established that the interaction between pro-caspase-8 and FADD occurs 

between their homotypic DED domains (Muzio et al., 1996; Scaffidi et al., 1997). 

FADD in turn can further interact with ATG5. In fact, continued work in our group 

has shown that this is the case (personal communication). Similarly, an interaction 

between FADD and ATG5 has been reported in IFN-γ-treated HeLa (Pyo et al., 

2005). It is therefore plausible that FADD acts as an adaptor, bridging pro-caspase-8 

and ATG5 in the stressosome complex. It is well-established that shortly after its 

synthesis ATG5 is readily covalently conjugated to ATG12 (Mizushima et al., 1998; 

Klionsky et al., 2016). Based on the molecular weight of ATG5 it is actually ATG5-

ATG12 conjugates that I detected in the immunoprecipitated samples. The ATG5-

ATG12 conjugates can further interact with the pre-oligomerized coiled-coil protein 

ATG16 to form a dimeric complex that participates in autophagosomal membrane 

formation (Kuma et al., 2002; Fujioka et al., 2009; Romanov et al., 2012). In this 

way the stressosome could contain dimeric ATG16, where each individual ATG16 

protein would be bound to an ATG5-ATG12 conjugate. Each ATG5-ATG12 

conjugate would further associate with FADD, and each FADD would interact with 

pro-caspase-8 zymogen. Such arrangement would enable two pro-caspase-8 

zymogens to be brought into close proximity facilitating their association and auto-

activation. To gain more insight into the structure of the stressosome we could 

further use a cell line that has compromised mitochondrial apoptosis and additionally 

lacks one or more of the stressosome components, such as ATG5 as this would 

enable us to investigate if it would disrupt stressosome formation. We could also 

investigate the formation of the stressosome in cells that have mutations in ATG5 at 

its predicted interaction sites with FADD or with ATG12 to disrupt ATG5-ATG12 

conjugation (Wible et al., 2019).  
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However, stressosome formation and pro-caspase-8 activation could also involve 

other proteins such as DR5. Internal (or intracellular) and ligand-independent 

activation of DR5 leading to its association with FADD and pro-caspase-8 was 

observed in human colon carcinoma cells in response to ER stress (Lu, Lawrence, 

2015). Formation of this complex induced caspase-8 activation and triggered 

subsequent apoptosis (Lu et al., 2014). DR5 transcription occurred downstream from 

UPR-induced CHOP. However, it is not known if autophagy or any of its 

components participated in the formation of this complex or caspase-8 activation (Lu 

et al., 2014). In other work, our group did not detect any involvement of death 

receptors in cell death regulation of casp9-/- MEFs following tunicamycin treatment; 

however, at that time only its external contribution was investigated by using 

blocking antibodies against TNF, FAS, or TNFSF10 (Deegan et al., 2014). Our 

group also did not observe any effect of CHOP depletion on cell death or caspase 

processing in casp9-/- MEFs. Therefore, we can speculate that DR5 does not play  

a role in the stressosome formation.  

6.1.3 Regulation of the stressosome 

Regulation of the stressosome is tightly linked to its assembly and downstream 

signalling. I have demonstrated here that c-FLIPL can regulate caspase-8 activity and 

cell death in casp9-/- MEFs following different stresses. We do not know yet if  

c-FLIPL is a part of the stressosome complex; however, c-FLIP can be found in other 

caspase-8 activating complexes such as the DISC or Ripoptosome (R Safa, 2013; 

Tsuchiya, Nakabayashi and Nakano, 2015b; Fu et al., 2016; Hughes et al., 2016). 

Therefore, we can speculate that it may also regulate caspase-8 activity within the 

stressosome .To regulate caspase-8 activity c-FLIPL can interact with either FADD 

or pro-caspase-8 through homotypic DED interactions (Safa, 2012; R Safa, 2013; 

Hughes et al., 2016). The presence of c-FLIPL and its other isoforms within different 

cell death-inducing protein complexes allows for versatile regulation of caspase-8 

activity and modulation of the cell death response (Feoktistova et al., 2012; Safa, 

2013; Tsuchiya, Nakabayashi and Nakano, 2015b). While all c-FLIP isoforms have 

an inhibitory effect on pro-caspase-8 activation, c-FLIPL can also promote its partial 

processing, resulting in spatial restriction of caspase-8 activity (Tsuchiya, 

Nakabayashi and Nakano, 2015a). This dichotomous regulation of caspase-8 activity 

by c-FLIPL depends on the local concentration of c-FLIPL with high levels of  
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c-FLIPL inhibiting completely caspase-8 activation and low levels promoting its 

partial activation (Chang et al., 2002; Lavrik and Krammer, 2012; Fu et al., 2016). 

Other potential regulators of the stressosome could interact with some of its other 

components such as ATG5-ATG12. Indeed, ATG12 can be regulated by 

ubiquitination and proteasomal degradation (Haller et al., 2014).  

Regulation of the stressosome could also involve some post-translational 

modifications of pro-caspase-8. Pro-caspase-8 activity can be differentially regulated 

by a wide range of post-translational modifications such as phosphorylation and 

ubiquitination. These modifications regulate pro-caspase-8 localization and can 

determine its biological function in cell death and other physiological processes 

(Cursi et al., 2006; Barbero et al., 2008; Song et al., 2008; Tsang et al., 2016). For 

example, caspase-8 phosphorylation at threonine 273 promotes its pro-apoptotic 

activity by stabilizing a caspase-8 hetero-tetramer, whereas caspase-8 

phosphorylation at tyrosine 380 suppresses cell death induction by interfering with 

its release from the DISC into the cytosol (Song et al., 2008; Helmke et al., 2016). 

Pro-caspase-8 ubiquitination often result in its proteasomal degradation or it can 

interfere with its activation and recruitment to the DISC (Johnson and Kornbluth, 

2008; Jin et al., 2009). However, caspase-8 ubiquitination can also promote its 

interaction with autophagy receptor p62 enabling its aggregation and autoactivation 

(Johnson and Kornbluth, 2008; Jin et al., 2009). Therefore, it would be interesting to 

determine the post-translational modification status of caspase-8 within the 

stressosome as it could shed more light on the role of caspase-8 in this complex and 

its downstream signalling. 

6.2 Stressosome and other autophagy dependent pro-caspase-8 activating 
complexes 

This study reveals the existence of extensive crosstalk between different cellular 

pathways that under normal conditions have opposing roles in apoptosis-competent 

cells (Maiuri et al., 2007; Chen et al., 2016). The important role of ATG5 in 

regulating caspase-8 activity and its presence within the stressosome implicates 

autophagy components in cell death processes. Therefore, formation of the 

stressosome demonstrates the toxic potential of the autophagy machinery under 

conditions of compromised mitochondrial apoptosis in MEF cells. In recent years, 
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autophagy and some of the essential components of its machinery have been 

increasingly recognised for their role in promoting cell death through different 

mechanisms (Yousefi et al., 2006; Bonapace et al., 2010; Pan et al., 2011). 

Increasing evidence suggests that autophagosomal membranes can also facilitate 

pro-caspase-8 activation by providing a platform for assembly of different signalling 

complexes (Levine and Yuan, 2005; Leverrier et al., 2008; Laussmann et al., 2011; 

Pan et al., 2011; Young et al., 2012). Several of these complexes share some 

similarities with the stressosome, for example by having common components like 

FADD and ATG5 (Leverrier et al., 2008; Leverrier, Salvesen and Walsh, 2011; 

Young et al., 2012). Therefore, it would be important to contrast the stressosome 

with other autophagy-dependent cell death mediating complexes in detail to 

determine the extent to which they may overlap in their composition, regulation and 

signalling as it may enhance our understanding of its biological roles and its 

potential application in cancer treatment. 

Autophagy and some of the components of its machinery promote the induction of 

cell death in different cellular models. For example, calpain cleaved ATG5 promotes 

apoptosis by translocating to the mitochondria membrane where it interacts with 

anti-apoptotic BCL-XL facilitating MOMP (Yousefi et al., 2006). Autophagy can also 

promote necroptosis in BAX, BAK-/- MEFs and in BCL-XL overexpressing MEFs and 

in acute lymphoblastic leukaemia (Leverrier et al., 2008; Bonapace et al., 2010). 

Furthermore, autophagosomal membranes can also facilitate autoactivation of 

ubiquitinated pro-caspase-8 by enabling its aggregation upon interaction with the 

autophagy receptor p62/SQSTM1 in BAX/BAK-deficient cells exposed to ER stress 

under conditions of hindered lysosomal and proteasomal protein degradation 

(Johnson and Kornbluth, 2008; Jin et al., 2009). Of special interest are the 

mechanisms where autophagosomal membranes constitute platforms for assembly of 

different pro-caspase-8 activating complexes (Levine and Yuan, 2005; Pan et al., 

2011; Young et al., 2012; Tang et al., 2017).  

For example, pro-caspase-8 activating protein complex containing ATG5-ATG12, 

RIPK1, FADD and pro-caspase-8 was reported on the autophagosomal membrane 

during T-cell expansion (Leverrier et al., 2008; Leverrier, Salvesen and Walsh, 

2011). The formation of this complex leads to partial pro-caspase-8 activation which 

prevents necroptosis by controlling RIPK1 kinase activity and restricts uncontrolled 
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onset of autophagy (Leverrier et al., 2008; Leverrier, Salvesen and Walsh, 2011). 

This pro-survival caspase-8 signalling is important for T- and B-cell clonal 

expansion and functioning and lymphocyte homeostasis (Leverrier et al., 2008; 

Leverrier, Salvesen and Walsh, 2011; Lu and Walsh, 2012). Another ATG5-

dependent alternative platform for pro-caspase-8 activation was reported in BCL-2-

overexpressing H460 NSCLC cells and BAX/BAK deficient MEFs in response to 

proteasome inhibition (Laussmann et al., 2011). The cell death signalling in the 

above model was dependent on ATG5 and FADD but proceeded without autocrine 

death ligand signalling (Laussmann et al., 2011). 

Furthermore, formation of another cell death-inducing complex called the 

intracellular death inducing signalling complex (iDISC) was reported on the 

autophagosomal membrane in MEF cells in response to a pan-sphingosine kinase 

inhibitor and bortezomib (Young et al., 2012; Iurlaro and Muñoz-Pinedo, 2016; 

Tang et al., 2017). The iDISC consists of pro-caspase-8, FADD and ATG5 and it 

mediates caspase-dependent cell death that relies on autophagy as inhibition of 

autophagy by depletion of ATG5 or ATG3 resulted in a significant reduction of 

caspase-8 activity and decrease in apoptosis (Young et al., 2012). In that study it was 

demonstrated that caspase-8 associated with ATG5 and further colocalizes with LC3 

and p62/SQSTM1. Furthermore, it was also demonstrated that FADD associates 

with ATG5 on ATG16L and LC3 positive autophagosomal membranes and that loss 

of FADD inhibited cell death (Young et al., 2012). There are striking similarities 

between the iDISC and the stressosome as they both contain pro-caspase-8, FADD 

and ATG5 (Young et al., 2012; Deegan et al., 2014). They also mediate caspase-8 

and ATG5-dependent cell death. It is therefore possible that these two are variations 

of the same complex. However, during iDISC signalling full induction of apoptosis 

required the activation of the mitochondrial amplification loop which could not 

occur in casp9-/- MEFs during stressosome-mediated cell death (Young et al., 2012). 

Since casp9-/- MEFs are impaired in mitochondrial apoptosis the mitochondrial 

amplification loop cannot be activated to fully execute apoptosis. These cells 

therefore die through an alternative mechanism bypassing the requirement for 

caspase-9 activation. Despite the similarities between these two complexes there is  

a striking difference in the mode of cell death that they mediate, with the iDISC 

activating pro-caspase-8 and activating the mitochondrial loop for cell death 
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execution and the stressosome leading to pro-caspase-8 activation (Young et al., 

2012). Also, it is unknown if the stressosome colocalizes to autophagosomal 

membrane and if other autophagy related proteins participate in its formation 

(Deegan et al., 2014). 

6.3 Potential roles of the stressosome  

Pro-caspase-8 is a central protease in cell death signalling but it is also at the centre 

of several different survival pathways. Pro-caspase-8 is the apical caspase in DR-

mediated apoptosis and it also plays important roles in regulation of necroptosis, 

integrin-mediated cell death and autophagy-dependent cell death (Muzio et al., 1996; 

Boldin et al., 1996). However, pro-caspase-8 is also involved in cell survival, 

embryo development, haematopoiesis and cytokine signalling (Salvesen, Walsh, 

2015; Tummers and Green, 2017).  

I demonstrated that the formation of the stressosome and pro-caspase-8 activation 

occur in response to all examined stresses in casp9-/- MEFs. However, a formation of 

the stressosome and pro-caspase-8 activation do not always results in enhanced cell 

death. In fact, pro-caspase-8 knock down or restriction of its activation (through 

ATG5 knock down or overexpression of c-FLIPL) only partially affected the level of 

cell death following etoposide, γ-irradiation and heat shock treatment. Therefore, we 

can speculate that the stressosome plays different biological roles in casp9-/- MEFs 

following different stresses. Depending on the stress stimuli stressosome formation 

and the subsequent pro-caspase-8 activation can be involved in the regulation of 

some other cellular processes apart from mediating cell death. 

Given the important role of pro-caspase-8 in cell death and different survival 

pathways we can speculate that, depending on the nature of noxious stimuli, the 

stressosome may play a pivotal role in shaping the cellular response but not limited 

to cell death induction. Increasing evidence indicates an important role for caspase-8 

in regulation of cytokines, especially on the non-canonical inflammasomes or TLR 

signalling (Vince et al., 2012; Allam et al., 2014; Gurung et al., 2014; DeLaney et 

al., 2019). For example, caspase-8 is important for NLRP3 priming and activation 

and pro-caspase-1 and pro-IL-1β processing in both canonical and noncanonical 

NLRP3 inflammasomes (Vince et al., 2012; Allam et al., 2014; Gurung et al., 2014). 
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6.4 Stressosome model 

Taking all our data together I can propose a model for the stressosome formation and 

its role in casp9-/- MEFs following diverse stresses. Given the important role of 

ATG5 in formation of the autophagosome and in the processing of pro-caspase-8 in 

our cell model we propose that the autophagosomal membrane serves as a platform 

for the formation of the stressosome (Fig. 6.2). However, in the future it would be 

important to verify if the autophagosomal membrane facilitates the stressosome 

formation. I immunoprecipitated three of the stressosome components, i.e., pro-

caspase-8, ATG5 and FADD, although our data suggest that ATG12 and ATG16 are 

also present within the stressosome. Depending on the cellular setting and the type of 

cytotoxic stress we can speculate that caspase-8 activation in the stressosome could 

be modulated through its interaction with c-FLIPL. The stressosome forms in cells 

deficient in mitochondrial apoptosis in response to all examined stresses, however 

our data suggest that it may have different biological roles following different 

cytotoxic stresses. The stressosome enables pro-caspase-8 activation but this can 

either result in cell death or in other cellular signalling such as regulation of the 

cytokines (Fig. 6.2).  
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Fig. 6.2: Stressosome formation as a common response to different cytotoxic stresses of 
cells deficient in the mitochondrial apoptotic pathway. The stressosome forms in cells 
deficient in mitochondrial apoptosis pathway, such as casp9-/- MEFs, in response to 
tunicamycin, BFA, etoposide, γ-irradiation, taxol and heat shock. The core of the 
stressosome comprises of pro-caspase-8, FADD and ATG5-ATG12, which possibly 
associate together on the autophagosomal membrane. Some additional stressosome 
components may include ATG16, and c-FLIPL. Formation of the stressosome facilitates pro-
caspase-8 activation by bringing its zymogens into close proximity. Active caspase-8 
mediates cell death by activating downstream caspases that dismantle the cell. Apart from 
cell death induction, stressosome may also regulate other important cellular processes such 
as cytokine activation.  
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6.5 Relevance of the stressosome to cancer 

Given the diverse roles of caspase-8, including regulation of the cell death processes 

and cytokine release, it is not surprising that caspase-8 also plays important roles in 

different pathological conditions including cancer (Stupack, 2013; Salvesen, Walsh, 

2015; Tummers and Green, 2017). Therefore, the stressosome as an alternative 

platform for pro-caspase-8 activation represents a potential therapeutic strategy in 

combating resistant cancer cells, especially these where the mitochondrial apoptosis 

is impeded. There are several mechanisms in which cancer cells can evade 

mitochondrial apoptosis. For example, BAX, an essential factor of MOMP during 

mitochondrial apoptosis is often downregulated in the colon cancer (Rampino et al., 

1997). On the other hand, BCL-2 that opposes MOMP induction is often upregulated 

in lymphomas (Strasser et al., 1994). Reduced APAF-1 activity is often found in 

human melanoma, colorectal cancer and gastric cancer (Fernald and Kurokawa, 

2013). The possibility to induce or unmask alternative cell death mechanisms in cells 

with compromised mitochondrial apoptosis may provide a mechanism to overcome 

their resistance to intrinsic apoptosis. Therefore, stressosome-mediated activation of 

caspase-8 leading to cell death could potentially bypass certain resistance 

mechanisms in cancer cells and initiate a delayed cell death program. However, it is 

not clear if MOMP or the release of factors from mitochondria is required for 

stressosome formation. In other work, our group showed that in BAX knockout cells 

there is no MOMP but yet stressosome formation occurs (Deegan et al., 2014). 

Therefore, it is important to investigate what stimulates the stressosome formation in 

cells deficient in the mitochondrial apoptosis as it would provide insight into how to 

activate it in cancer cells.  

6.6 Future directions 

In the future it would be important to validate these findings regarding stressosome 

activation in a physiological model such as cancer cells that are resistant to induction 

of intrinsic apoptosis. Suitable models could include human melanoma cell lines, 

colorectal cancer cells or gastric cancer and bladder cancer cell lines that have 

reduced levels of APAF-1 (Soengas et al., 2001; Umetani et al., 2004; Christoph et 

al., 2007; Wang et al., 2007; Fernald and Kurokawa, 2013). Alternatively, BCL-2 

overexpressing B cell lymphomas or BAX deficient colorectal cancer cells could 
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also be used (Rampino et al., 1997). It would be also interesting to extend the panel 

of stressors to include other stresses, such as glucose deprivation, nutrient starvation, 

hypoxia or cold shock and to include different chemotherapeutic drugs as well as 

their combinations, to determine if they lead to induction of stressosome formation.  

One gap in the current study is that I failed to identify all components of the 

stressosome complex. Unfortunately our attempt to do this through mass 

spectrometry was unsuccessful. However, this is a valid approach, which if 

successful could yield novel components of the stressosome complex and help us to 

understand its functioning better. Some of the proteins that could be investigated as 

the potential components of the stressosome, could include ATG12, ATG16 and 

p62. ATG12 upon its synthesis is conjugated with ATG5 to participate in the 

autophagosome formation, ATG16 is known to associate with ATG5-ATG12 

conjugate and p62 is reported to interact with caspase-8 under different cellular 

conditions by several studies. The presence of ATG16 and p62 within the 

stressosome would further implicate the autophagosomal membranes in the process 

of the stressosome formation thus indicating the cellular localisation of this complex.  

To unravel the therapeutic potential of stressosome we need to understand its 

biological role in the cell stress signalling. It would be also important to investigate 

if there is a common signalling pathway upstream of the stressosome that stimulates 

its formation in cells deficient in mitochondrial apoptosis. In this context, a better 

understanding of the switch that regulates cytotoxic autophagy induction would be 

important to enhance cancer treatments. Furthermore, it would be interesting to 

decipher to what extent autophagy and cell death processes share common 

machinery. It would be important to examine caspase-8 downstream signalling and 

cellular outcomes as a result of stressosome formation, since caspase-8 is reported to 

be involved in diverse processes such as migration, invasion, cytokine production, 

inflammation.  
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