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1. Summary 

In contrast to apoptosis, the molecular mechanisms of the necroptotic signaling pathway 

remain to a certain proportion unknown. Since necroptosis is associated to various diseases, 

a precise knowledge of the necroptotic signaling pathway is essential for the development of 

new therapeutic strategies. The aim of this dissertation was to therefore gain a deeper 

insight into molecular and cellular events of TNF-induced necroptosis. 

In the first part of the thesis, murine L929Ts cells deficient for caspase-8 as well as human 

HT-29 and U-937 cells deficient for caspase-8 or caspase-10 were generated by employing 

the CRISPR/Cas9 technology. It was shown that genetic ablation of caspase-8 in murine 

L929Ts cells enhances necroptosis (as shown in many studies worldwide for murine cells), 

whereas genetic ablation of caspase-8 in human U-937 and HT-29 cells protects the cells 

from TNF-induced necroptosis. The identification of those opposing effects of caspase-8 on 

necroptosis in mouse and man are essential for the attempt to develop new clinical 

strategies by targeting necroptosis through caspase-8. It is noteworthy that humans express 

caspase-8 and caspase-10, while caspase-10 was lost in mice over the course of evolution. In 

the presented dissertation, it was demonstrated that genetic ablation of caspase-10 in 

human cells exacerbates necroptosis, supporting the hypothesis that caspase-10 in humans 

can substitute the function that is held by caspase-8 in mice. Furthermore, experiments 

aimed at the identification of differences in the composition of necrosomes in wild type vs. 

caspase-8- or caspase-10-deficient U-937 and HT-29 cells found that caspase-10 associates 

with caspase-8 during TNF-induced necroptosis. Furthermore, genetic ablation of caspase-8 

prevents the recruitment of caspase-10. Genetic ablation of caspase-8 disrupts the assembly 

of the necrosome while genetic ablation of caspase-10 promotes at least the recruitment of 

RIPK1 and RIPK3, which are core proteins of the necroptotic cell death machinery. The 

reconstitution of cells genetically deficient for caspase-8, with active and inactive forms of 

human and mouse caspase-8, confirmed a species-specific role of caspase-8 in the 

suppression of necroptosis. It was demonstrated that the reconstitution of human caspase-

8-deficient HT-29 cells with active human caspase-8 enhances necroptosis, while 

reconstitution with active mouse caspase-8 does not enhance but rather protects the cells 

from TNF-induced necroptosis. Additionally, data obtained in this thesis revealed that the 

enzymatic activity of human and mouse caspase-8, as well as the enzymatic activity of 

caspase-10, are required for their function within the necroptotic signaling pathway. In 

summary, it can be stated that all data obtained in this thesis consistently point to a 

differential proteolytic regulation of necroptosis by caspase-8 in mice and in humans. 

The serine protease HtrA2/Omi has been identified as a key mediator regulating TNF-

induced necroptosis. Pharmacological inhibition or genetic deletion of HtrA2/Omi protects 

cells from necroptosis, but the underlying molecular mechanism is still unknown. In the 

second part of this thesis, several potential substrates (e.g., LONP1, PSA1, PMPCA, DBC1, 

PDXDC1 and VPS4B) of HtrA2/Omi were therefore analyzed by Western blot analysis and 
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siRNA knockdown experiments. In the course of the work of this doctoral thesis, it was 

discovered that one of the inhibitor of apoptosis proteins (IAPs), named XIAP, is cleaved by 

HtrA2/Omi during necroptosis. Moreover, it was demonstrated that the effect caused by the 

genetic deletion of HtrA2/Omi could be neutralized upon usage of the IAP-deleting Smac 

mimetic birinapant, supporting the hypothesis that HtrA2/Omi mediates TNF-induced 

necroptosis by proteolytic cleavage of IAPs. In addition, by mass spectrometric analyses from 

mitochondrial fractions of necroptotic wild type and HtrA2/Omi-deficient mouse embryonic 

fibroblasts, 17 potential downstream mediators of HtrA2/Omi were identified. 

Zusammenfassung 

Im Gegensatz zur Apoptose ist der molekulare Mechanismus des nekroptotischen 

Signalweges nur teilweise aufgeklärt. Da Nekroptose mit vielen verschiedenen Krankheiten 

in Verbindung steht, ist es essentiell, genaue Erkenntnis über den Signalweg der Nekroptose 

zu erlangen, um neue therapeutische Strategien entwickeln zu können. Daher war das Ziel 

der vorliegenden Dissertation, einen tieferen Einblick in molekulare und zelluläre Prozesse 

der TNF-induzierten Nekroptose zu gewinnen.  

Im ersten Teil dieser Arbeit wurden sowohl Caspase-8-defiziente L929Ts Mauszellen als auch 

Caspase-8- oder Caspase-10-defiziente humane HT-29 und U-937 Zellen mittels CRISPR/Cas9 

Technologie generiert. Es wurde gezeigt, dass genetische Deletion von Caspase-8 in L929Ts 

Mauszellen Nekroptose verstärkt (wie auch bereits in vielen Studien in Mauszellen weltweit 

gezeigt), wohingegen genetische Deletion von Caspase-8 in humanen U-937 und HT-29 

Zellen die Zellen vor TNF-induzierter Nekroptose schützt. Die Identifikation dieser 

gegensätzlichen Effekte von Caspase-8 auf Nekroptose in Mäusen und im Menschen ist 

entscheidend für die Entwicklung neuer klinischer Strategien, wenn man versucht 

Nekroptose über Caspase-8 zu manipulieren. Nennenswert an dieser Stelle ist, dass der 

Mensch Caspase-8 und Caspase-10 exprimiert, während Caspase-10 in Mäusen im Verlauf 

der Evolution verloren gegangen ist. In der vorliegenden Dissertation wurde gezeigt, dass 

genetische Deletion von Caspase-10 in humanen Zellen Nekroptose begünstigt, was die 

Hypothese unterstützt, dass Caspase-10 im Menschen die Funktion, welche der Caspase-8 in 

Mäusen zugeschrieben ist, übernimmt. Des Weiteren haben Experimente mit dem Ziel zur 

Identifikation von Unterschieden in der Komposition des „Nekrosoms“ von Wildtyp vs. 

Caspase-8-defizienten U-937 und HT-29 Zellen ergeben, dass Caspase-10 und Caspase-8 

während TNF-induzierter Nekroptose assoziieren und dass die genetische Deletion von 

Caspase-8 die Rekrutierung von Caspase-10 verhindert. Die genetische Deletion von 

Caspase-8 stört die Bildung des „Nekrosoms“, während die genetische Deletion von Caspase-

10 zumindest die Rekrutierung von RIPK1 und RIPK3 begünstigt, welche Hauptkomponenten 

des nekroptotischen Zelltodes sind. Die Rekonstitution von Caspase-8-defizienten Zellen mit 

aktiven und inaktiven Formen von humaner und muriner Caspase-8 bestätigte eine spezies-

spezifische Rolle der Caspase-8 in Bezug auf ihre unterdrückende Funktion auf Nekroptose. 

Es wurde demonstriert, dass die Rekonstitution von humanen Caspase-8-defizienten HT-29 
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Zellen mit humaner Caspase-8 Nekroptose verstärkt, während die Rekonstitution mit 

muriner Caspase-8 Nekroptose vermindert. Außerdem ergaben die innerhalb dieser Arbeit 

gewonnenen Daten, dass die enzymatische Aktivität von Caspase-8 und -10 essentiell für 

ihre Funktion innerhalb des nekroptotischen Signalweges ist. Zusammenfassend kann gesagt 

werden, dass alle Daten, welche innerhalb der vorliegenden Arbeit generiert wurden, 

übereinstimmend auf einen Unterschied in der proteolytischen Regulation der Nekroptose 

durch Caspase-8 in der Maus und im Menschen hindeuten.   

Die Serinprotease HtrA2/Omi wurde als Schlüsselmediator identifiziert, welche die TNF-

induzierte Nekroptose reguliert. Pharmakologische Inhibition oder genetische Deletion von 

HtrA2/Omi schützen Zellen vor Nekroptose, aber der zugrundeliegende Mechanismus ist 

bislang unbekannt. Im zweiten Teil dieser Arbeit wurden daher verschiedene potentielle 

Substrate (z.B. LONP1, PSA1, PMPCA, DBC1, PDXDC1 und VPS4B) der Serinprotease 

HtrA2/Omi mittels Western Blot Analyse und „siRNA-Knockdown“ Experimenten untersucht. 

Im Verlauf der vorliegenden Dissertation wurde herausgefunden, dass einer der Apoptose-

Inhibitoren (IAPs) mit dem Namen XIAP während der Nekroptose von HtrA2/Omi gespalten 

wird. Des Weiteren wurde gezeigt, dass der Effekt, welcher durch die genetische Deletion 

von HtrA2/Omi hervorgerufen wurde, durch den Einsatz des IAP-abbauenden Smac-

Mimetikums Birinapant aufgehoben werden konnte, was die Hypothese unterstützt, dass 

HtrA2/Omi die TNF-induzierte Nekroptose durch die proteolytische Spaltung der IAPs 

reguliert. Zusätzlich wurden durch massenspektrometrische Analysen mitochondrialer 

Fraktionen, welche aus nekroptotischen Wildtyp und HtrA2/Omi-defizienten embryonalen 

Mausfibroblasten gewonnen wurden, 17 neue potentielle Substrate „Downstream“ von 

HtrA2/Omi identifiziert.  
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2. Introduction 

2.1 Caspase-dependent programmed cell death – apoptosis 

Apoptosis was first described in a study by Kerr and colleagues in 1972 and became the best-

studied form of cell death (Kerr et al. 1972). Apoptosis normally serves as a homeostatic 

mechanism to maintain cell populations in tissues (Grootjans et al. 2017). Apart from that, 

apoptosis can also occur as a defense mechanism against pathogens or harmful agents 

(Norbury and Hickson 2001). During apoptosis, cells undergo morphological changes like cell 

shrinkage, chromatin condensation, nuclear condensation and fragmentation, plasma 

membrane blebbing, DNA fragmentation and separation of cell fragments into apoptotic 

bodies. These apoptotic bodies are subsequently phagocytosed by macrophages or by 

surrounding cells. Since apoptotic cells do not release their cellular components into the 

environment, there is no inflammatory reaction associated with apoptosis (Kerr et al. 1972, 

Savill and Fadok 2000, Elmore 2007, Poon et al. 2014, Nagata et al. 2017). 

To date, there exist two main apoptotic pathways: the extrinsic pathway (death receptor 

pathway) and the intrinsic pathway (mitochondrial pathway) (Green and Llambi 2015) 

(Figure 1). The extrinsic apoptotic pathway is triggered by external signals via death 

receptors that are members of the tumor necrosis factor (TNF) receptor gene superfamily 

(e.g., TNF receptor 1 (TNF-R1), TNF related apoptosis-inducing ligand receptors (TRAIL-R1/2), 

First apoptosis signal receptor (Fas)) (Galluzzi et al. 2018). In the aftermath of ligand binding, 

cytoplasmic adapter proteins like TNF-associated death domain protein (TRADD) and Fas-

associated death domain protein (FADD) are recruited to the receptor, followed by 

activation of initiator caspases-8 and -10 and effector caspases-3, -6 and -7 (Pfeffer and 

Singh 2018). Death receptor-mediated apoptosis can be inhibited by a protein called cellular 

FLICE-inhibitory protein (c-FLIP) which binds to FADD and caspase-8 (Hughes et al. 2016, 

Shindo et al. 2016). The intrinsic apoptotic pathway is activated via intracellular stimuli such 

as DNA damage, hypoxia or oxidative stress (Galluzzi et al. 2018). These stimuli lead to 

changes of the inner mitochondrial membrane and the loss of the mitochondrial 

transmembrane potential (Elmore 2007). This eventually results in the release of 

cytochrome c, second mitochondrial-derived activator of caspases (Smac) and high-

temperature requirement protein A2 (HtrA2/Omi) from mitochondria (Pfeffer and Singh 

2018). Cytochrome c binds and activates the apoptotic protease activating factor 1 (Apaf-1) 

and the initiator caspase-9, forming a protein complex called “apoptosome”, which then 

leads to the activation of effector caspases-3, -6 and -7 (Green and Llambi 2015). The control 

of the intrinsic apoptotic pathway occurs through members of the B-cell lymphoma-2 (Bcl-2) 

family (Sprick and Walczak 2004, Zaman et al. 2014). 

Apoptosis can be regulated via inhibitor of apoptosis proteins (IAPs), which function as E3 

ubiquitin ligases. The group of IAPs comprises cellular inhibitor of apoptosis proteins 1 

(cIAP1), cellular inhibitor of apoptosis proteins 2 (cIAP2) and X-linked inhibitor of apoptosis 

proteins (XIAP). IAPs negatively regulate cell death by inhibiting caspases (Silke and Meier 
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2013). The activity of IAPs is blocked, when endogenous IAP antagonists such as Smac are 

released from mitochondria, binding to selected BIR domains of the IAPs and neutralizing 

these proteins, thus leading to activation of caspases and the induction of apoptosis (Fulda 

and Vucic 2012, Fuchs and Steller 2015).  

 

 

 

 

 

2.2 Non-apoptotic cell death 

In the last few decades, various forms of non-apoptotic regulated cell death were 

discovered, i.e., necroptosis (Degterev et al. 2005), ferroptosis (Dixon et al. 2012), pyroptosis 

(Cookson and Brennan 2001), pyronecrosis (Willingham et al. 2007), NETosis/ETosis 

(Brinkman et al. 2004) and parthanatos (Andrabi et al. 2008) and were summarized as 

“regulated necrosis” (RN) (Grootjans et al. 2017) (Figure 2). In contrast to apoptosis, all these 

forms of non-apoptotic regulated cell death share the same morphological features, such as 

cell swelling and loss of cell membrane integrity (Weinlich et al. 2017). This breakdown of 

the plasma membrane leads to the release of the cytoplasmic contents in the environment 

and therefore to an inflammatory reaction (Sun and Wang 2014). 

Figure 1: Apoptotic signaling. There exist two main apoptotic pathways: the extrinsic and the intrinsic apoptotic pathway. The 

extrinsic pathway is induced by ligation of death ligands to their receptor, leading to formation of the death-inducing signaling 

complex (DISC), consisting of death-domain proteins like TRADD/FADD and pro-caspase-8. Subsequently, activated caspase-8 

cleaves and activates the effector caspases-3, -6 and -7. The intrinsic pathway is activated by cellular stress, which leads to 

activation of BAX/BAK and thus to permeabilization of the mitochondria and release of cytochrome c and Smac. Cytochrome c 

leads to formation of the apoptosome by oligomerizing caspase- 9 and Apaf-1, which results in activation of the effector 

caspases -3, -6 and -7. The release of Smac supports the execution of both apoptotic pathways by inhibiting IAPs. Figure 

modified from Zaman et al. 2014. 
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2.2.1 Necroptosis 

TNF-induced necroptosis is the most intensively studied subtype of regulated necrosis and 

will also be the main topic of the presented dissertation. Apart from TNF, necroptosis can be 

triggered by other members of the TNF receptor superfamily, such as Fas, TRAIL-R1/2 or DR3 

and DR6. In addition, necroptosis can be initiated by various other triggers (e.g., Toll-like 

receptors (TLR) 3 and 4, intracellular RNA and DNA sensors, interferons (IFNs), DNA damage, 

ionizing radiation, reactive oxygen species (ROS), calcium overload) (Seifert and Miller 2017, 

Annibaldi and Meier 2018). 

In 2005, the term necroptosis was introduced for the first time and described as a form of 

non-apoptotic cell death with necrotic cell death morphology that is triggered by the TNFR 

receptor family (Degterev et al. 2005). Within this study, necrostatin-1, a specific inhibitor of 

necroptosis that inhibits receptor-interacting protein kinase 1 (RIPK1), was identified. By 

using RIPK1 inhibitors or animal models lacking receptor-interacting protein kinase 3 (RIPK3) 

or mixed lineage kinase domain-like protein (MLKL) (core components of the necroptotic 

signaling pathway), the majority of knowledge about necroptosis was ascertained (Sun and 

Wang 2014). TNF-induced necroptosis depends on RIPK1 (Holler et al. 2000, Degterev et al. 

Figure 2: Forms of regulated cell death and their core pathway proteins. 

Casp – caspases, RIPK – receptor-interacting protein kinase, MLKL – mixed lineage kinase-like, IL1β – interleukin-1 β, PARP – 

poly-(ADP ribose)-polymerase, AIF – apoptosis-inducing factor, NOX – NADPH oxidase, mTOR – mechanistic target of rapamycin, 

ATG – autophagy-related, Xc-system – cystin/glutamate antiporter, GPX4 – glutathione peroxidase 4, GSH – reduced 

glutathione, LOX – lipoxygenase, lipidox– peroxidized (phospho)lipids Figure modified from Grootjans et al. 2017. 
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2008) and RIPK3, interacting through their RIP homotypic interaction motif (RHIM) (Cho et 

al. 2009, He et al. 2009, Zhang et al. 2009). MLKL is also essential for necroptosis and, 

together with RIPK1 and RIPK3, forms a complex called necrosome (Sun et al. 2012, Zhao et 

al. 2012, Murphy et al. 2013, Alvarez-Diaz et al. 2016). 

Necroptosis can act as a back-up cell death program when the apoptotic cell death 

machinery fails (e.g., after virus infection) (Conrad et al. 2016). Since there are only a few 

hints that necroptosis occurs under physiological conditions, the biological relevance of 

necroptosis seems to be primarily related to pathophysiological conditions and diseases 

(Grootjans et al. 2017). These include: inflammatory bowel disease (Pierdomenico et al. 

2014), Gaucher’s disease (Vitner et al. 2014), multiple sclerosis (Ofengeim et al. 2015), 

Alzheimer’s disease (Qinli et al. 2013), Huntington’s disease (Zhu et al. 2011), ischemia-

reperfusion injury (Rosenbaum et al. 2010), sepsis (Linkermann et al. 2012), chronic alcoholic 

(Wang et al. 2016) and non-alcoholic liver disease (Afonso et al. 2015), acute kidney injury 

(Linkermann et al. 2013), atherosclerosis (Lin et al. 2013), amyotrophic lateral sclerosis (ALS) 

(Ito et al. 2016) or viral (Guo et al. 2015, Huang et al. 2015, Nogusa et al. 2015), bacterial 

(Robinson et al. 2012, Roca et al. 2013, Kitur et al. 2015) and parasitic infection (Osborn et 

al. 2010). Necroptotic cells release damage associated molecular patterns (DAMPs), thus 

mobilizing the host immune response and contributing to physiological immunosurveillance 

(Murakami et al. 2014, Sun and Wang 2014, Pearson and Murphy 2017). It is also known that 

necroptosis plays a role in cancer (Aaes et al. 2016), and recently has been shown to 

facilitate metastasis by promoting inflammation (Najafov et al. 2017). In a study by Seifert 

and colleagues, necroptosis was found to cause macrophage-induced suppression of T cell 

immunity in pancreatic ductal adenocarcinoma, which leads to tumor cell metastasis (Seifert 

et al. 2016). In a different study, tumor cells induced necroptosis in endothelial cells to 

promote tumor cell extravasation and metastasis (Strilic et al. 2016). Upon use of the 

necroptosis inhibitor Nec-1 or upon endothelial cell-specific deletion of RIPK3 or MLKL in 

mice, necroptosis and therefore tumor cell extravasation and metastasis were reduced 

(Najafov et al. 2017). In a further study, it was reported that apoptosis-resistant colorectal 

tumors could be reduced in size by induction of necroptosis in mice (He et al. 2017). 

Targeting necroptosis might therefore be a potential therapeutic strategy. Nowadays, 

necroptosis can be blocked by targeting RIPK1 (necrostatin-1s (Nec-1s (R-7-Cl-O-Nec-1))) 

(Takahashi et al. 2012), RIPK3 (GSK’840, GSK’843, GSK’872, GW’39B and dabrafenib) (Kaiser 

et al. 2013, Li et al. 2014, Rodriguez et al. 2015) or MLKL (necrosulfonamide (NSA), inhibits 

only human but not rodent MLKL) (Sun et al. 2012, Conrad et al. 2016). 

2.2.2 Necroptotic signaling 

Upon ligation of TNF to TNF-R1, the so-called complex I is formed (Figure 3). This complex 

consists of TNF-R1, TRADD, TNF-R-associated factor 2 (TRAF2), RIPK1, the linear ubiquitin 

chain assembly complex (LUBAC) and the E3 ligases cellular inhibitor of apoptosis protein 1 

and 2 (cIAP1/2). Formation of complex I shifts cells toward survival programs (Brenner et al. 

2015). cIAP1/2 encourage ubiquitination of themselves and RIPK1 with K63 chains (Witt and 
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Vucic 2017). When Smac is released from the mitochondria, it binds to cIAP1/2. 

Subsequently, cIAP1/2 are inactivated and degraded, leading to dissociation of RIPK1 from 

the plasma membrane (Du et al. 2000). The K63-linked polyubiquitin chain on RIPK1 is 

subsequently removed by cylindromatosis (CYLD) (Moquin et al. 2013). RIPK1 then binds to 

FADD, which leads to the recruitment of pro-caspase-8 and formation of complex IIb (Sun 

and Wang 2014, Pasparakis and Vandenabeele 2015). Activated caspase-8 subsequently 

cleaves downstream caspases inducing apoptosis and, at the same time, blocks necroptosis 

by cleaving and inactivating RIPK1 and RIPK3 (Li et al. 2012, Feltham et al. 2017). When 

caspase-8 is inhibited or deleted and cellular levels of RIPK3 and MLKL are high enough 

(Moujalled et al. 2013), necroptosis is induced and the necrosome is assembled (Pasparakis 

and Vandenabeele 2015). RIPK1 and RIPK3 interact through their homotypic interaction 

motif (RHIM) domains, leading to auto-phosphorylation of RIPK3 at the serine 227 site 

(Ser232 for mouse RIPK3) and recruitment of pseudokinase MLKL (Chen et al. 2013).  

The activation of RIPK3 is the key initiation step for necroptosis. There are several different 

triggers that can induce necroptosis via direct interaction with RIPK3. Toll-like receptors 3 

and 4, for example, directly activate RIPK3 via the RHIM-containing protein TRIF (Galluzzi et 

al. 2018) and the RHIM-containing cellular protein DNA-dependent activator of interferon 

regulatory factors (DAI) might also be able to activate RIPK3 directly (Sun and Wang 2014). 

Activated RIPK3 then leads to phosphorylation of its substrate MLKL at Thr357 and Ser358 in 

humans and Ser345 in mice (Wang et al. 2014, Rodriguez et al. 2015). RIPK3-mediated 

phosphorylation induces a conformational change in MLKL, which leads to exposure of its N-

terminal four-helix bundle domain. Subsequently, MLKL is oligomerized and translocates to 

the membranes where it provokes cell rupture (Murphy et al. 2013, Cai et al. 2014, Chen et 

al. 2014, Hildebrand et al. 2014). MLKL is labeled as the executioner of necroptosis, but the 

exact mechanism of MLKL permeabilizing the membranes is still a matter of debate. One 

possibility is that the phosphorylation and oligomerization of MLKL enables the N-terminal 

four-helix bundle to bind to both phosphatidylinositol phosphates (PIPs) and the 

mitochondria-specific lipid cardiolipin (CL) (Dondelinger et al. 2014, Wang et al. 2014). A 

second suggestion is that MLKL interacts with the kinase transient receptor potential cation 

channel, subfamily M, member 7 (TRPM7), which leads to extracellular Ca2+ influx and 

therefore to plasma membrane damage and the execution of necroptosis (Cai et al. 2014, 

Murphy et al. 2014, Hildebrand et al. 2014). Another claim is that MLKL translocates to lipid 

rafts of the plasma membrane, leading to Na+ influx and execution of necroptotic cell death 

(Chen et al. 2014). 
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2.3 Necroptosis and relevant molecules of the presented dissertation 

2.3.1 Necroptosis and the caspases-8 and -10 

Caspases are cysteine proteases that cleave cellular substrates at specific aspartate residues 

(Los et al. 1999). Caspases can be subdivided into initiator and effector caspases. Effector 

caspases have a small prodomain and cleave various cellular substrates. In contrast, initiator 

caspases have a long prodomain and activate downstream effector caspases. Caspases-8 and 

-10 belong to the group of initiator caspases (Fischer et al. 2006, Galluzzi et al. 2016). While 

caspase-8 is known to be a key mediator of apoptosis (Hughes et al. 2016, Feltham et al. 

2017, Keller et al. 2018), little is understood about the function of its homolog caspase-10. 

Although both caspases share overlapping substrate specificities (Fischer et al. 2006), 

controversy exists as to whether caspase-10 can substitute the function of caspase-8 

(Mühlethaler-Motte et al. 2011). Both caspases share, together with c-FLIP, the same gene 

locus on chromosome 2q33-34 (Fischer et al. 2006) and both caspases are recruited to and 

activated at the DISC (Mühlethaler-Mottet et al. 2011). Various studies have shown that 

Figure 3: Necroptotic signaling. Ligation of TNF to TNF-R1 leads to formation of the so called complex I, consisting of 

TRADD, TRAF2, RIPK1, cIAP 1/2 and LUBAC and shifting cells toward survival programs. cIAP 1/2 encourage ubiquitination 

of themselves and RIPK1. When cIAP 1/2 are inactivated, RIPK1 dissociates from the plasma membrane. Subsequently, the 

polyubiquitin chain on RIPK1 is removed by CYLD, leading to formation of the complex IIb. Active caspase-8 induces 

apoptosis and at the same time blocks necroptosis by cleaving and inactivating RIPK1 and RIPK3. When caspase-8 activity 

is low or completely absent, RIPK1 and RIPK3 become activated by phosphorylation and the necrosome is assembled. 

Auto-phosphorylation of RIPK3 leads to recruitment and phosphorylation of MLKL. MLKL translocates to the membranes, 

causing cell rupture and inducing necroptosis. Figure modified from Fuchslocher et al. 2017. 
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caspase-8 inhibits necroptosis (He et al. 2009, Sakamaki et al. 2014). Inhibition or deletion of 

caspase-8 therefore leads to formation of the necrosome and the induction of necroptosis 

(Sun and Wang 2014, Grootjans et al. 2017). How caspase-8 prevents necroptosis is still not 

completely understood but, to date, the likeliest mechanism seems to be caspase-8-

mediated cleavage and inactivation of RIPK1 and RIPK3 (Feltham et al. 2017). The amount of 

different c-FLIP isoforms interacting with caspase-8 (Hughes et al. 2016) or the fact that 

caspase-8 cleaves cylindromatosis (CYLD), which is responsible for the deubiquitination and 

activation of RIPK1-dependent necroptosis (O’Donnell et al. 2011), seem to be additional or 

alternative mechanisms. c-FLIP is a catalytically inactive homolog of caspase-8. Due to 

alternative splicing, a long form c-FLIP (c-FLIPL) and a short form c-FLIP (c-FLIPS) exist (Hughes 

et al. 2016). c-FLIPL is described as an inhibitor of both apoptosis and necroptosis (Budd et al. 

2006, Vanlangenakker et al. 2012, Hughes et al. 2016), whereas c-FLIPS blocks apoptosis and 

simultaneously promotes necroptosis (Hughes et al. 2016, Shindo et al. 2016).  

In contrast to caspase-8, little is known about the impact of caspase-10 for necroptosis. 

Recently, caspase-10 was identified as a negative regulator of caspase-8-mediated cell death 

by reducing DISC association and activation of caspase-8 (Horn et al. 2017). In another study, 

it was suggested that caspase-10 mediates IFNγ-induced- and RIPK1-dependent cell death 

when cells fail to undergo caspase-8-dependent apoptosis and classic necroptosis (Tanzer et 

al. 2017). While humans express both caspase-8 and caspase-10, caspase-10 was lost in 

rodents (e.g., mice) over the course of their evolution (Salvesen and Walsh 2014, Sakamaki 

et al. 2015) (Figure 4). This leads to the assumption that the caspases-8 and -10 might have a 

species-specific role within the necroptotic signaling pathway. Ultimately, the role of 

caspase-10 for necroptosis remains unknown.  

 

 

 

Figure 4: Phylogeny of caspase-8. Caspase-8 and caspase-10 branched from the same ancestor caspase, which is called 

caspase-810 in this schematic. Birds and Reptiles express three caspases: caspase-18, caspase-8 and caspase-10. Primates 

lost caspase-18, while rodents lost both caspase-18 and caspase-10. Figure modified from Salvesen and Walsh 2014. 
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2.3.2 Necroptosis and HtrA2/Omi 

HtrA2/Omi is a mitochondrial serine protease, identified as the mammalian homolog of the 

bacterial HtrA endoprotease (van Loo et al. 2002), and is involved in the degradation of 

misfolded proteins during cellular stress (Gray et al. 2000). HtrA2/Omi is highly conserved 

from bacteria to mammals (van Loo et al. 2002). It has been reported that during apoptosis, 

HtrA2/Omi is released from the mitochondria to the cytosol, binding to and deactivating 

IAPs (e.g., cIAP1, cIAP2, XIAP), and thus leading to activation of caspases and the induction of 

apoptosis (van Loo et al. 2002, Srinivasula et al. 2003, Yang et al. 2003, Vande Walle et al. 

2010). Although it is known that serine protease inhibitors, such as 

tosylphenylanalylchloromethyl ketone (TPCK), can inhibit necroptosis (Egger et al. 2003), the 

identification of relevant serine proteases for necroptosis and their substrates has long been 

unsuccessful. In 2013, Sosna and colleagues identified HtrA2/Omi as a key mediator 

regulating TNF-induced necroptosis, where they demonstrated that upon usage of the 

specific HtrA2/Omi inhibitor Ucf-101, several cell lines were protected from TNF-induced 

necroptosis (Sosna et al. 2013). In addition, mouse embryonic fibroblasts from HtrA2/Omi-

deficient mice were analyzed and also exhibited full protection against necroptosis (Sosna et 

al. 2013). In contrast to apoptosis, it is described that HtrA2/Omi is not released from 

mitochondria during TNF-induced necroptosis (van Loo et al. 2002, Blink et al. 2004). In 

conclusion, it seems as if HtrA2/Omi does not interact directly with members of the 

necrosome but via indirect mechanisms from within the mitochondria. 

Sosna and colleagues have also identified the deubiquitinating enzyme ubiquitin C-terminal 

hydrolase 1 (UCH-L1) as a substrate of HtrA2/Omi (Sosna et al. 2013). Since UCH-L1 is not 

expressed ubiquitously (Meyer-Schwesinger et al. 2011), but restricted to several chosen 

tissues, there must be additional substrates or mechanisms through which HtrA2/Omi 

mediates necroptosis. To conclude, there is demonstrable evidence that HtrA2/Omi plays a 

major role within the necroptotic signaling pathway, but the exact underlying mechanism 

remains unknown. 

2.4 Aims of the presented dissertation 

In contrast to apoptosis, the characterization of the necroptotic signaling pathway is still 

ongoing. The primary aim of the presented dissertation was therefore to get a better 

understanding of the regulation of the necroptotic signaling pathway. Since necroptosis is 

associated to various diseases, it is important to understand its detailed initiation and 

execution mechanisms at the molecular level. Precise knowledge about necroptotic signaling 

can then open up new therapeutic opportunities. This thesis therefore pursues two major 

goals: (A) to get more insight into the proteolytic regulation of necroptosis by the initiator 

caspases-8 and -10 and (B) to unravel the exact mechanism through which HtrA2/Omi 

mediates necroptosis (Figure 5). 

(A) As described above, according to the available literature, caspase-8 functions as 

inhibitor of necroptosis by cleaving and inactivating RIPK1 and RIPK3 (Moriwaki et al. 2015). 
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Thus, when caspase-8 is inhibited or deleted, necroptosis is induced (Sun and Wang 2014, 

Grootjans et al. 2017). Paradoxically, in a small interfering RNA (siRNA) screen for proteases 

participating in necroptosis (performed by Susann Voigt during her PhD thesis in the group 

of Prof. Dr. Dieter Adam), caspase-8 did not enhance but rather protected from necroptosis 

in different human cell lines. At this point it should be mentioned, that, to date, almost all 

studies concerning caspase-8 and the induction of necroptosis have been conducted in mice. 

Together with the fact that humans express caspases-8 and -10, while caspase-10 was lost in 

rodents over the course of evolution (Salvesen and Walsh 2014, Sakamaki et al. 2015), this 

led to the hypothesis that caspase-8 might play a species-specific role for necroptosis. In 

addition, it was hypothesized that caspase-10 in humans might substitute the function that 

is held by caspase-8 in mice. Therefore, one main goal of the presented dissertation is to 

further investigate the species-specific role of caspases-8 and -10 for necroptosis by 

analyzing the composition of human necrosomes. To achieve this, different human and 

murine cell lines deficient for caspases-8 or -10 will be generated by employing the 

CRISPR/Cas9 technology. In a second step, knockout cell lines will be stably reconstituted 

with enzymatically active and inactive mutant forms of caspase-8 and caspase-10. This will 

be followed by analyses of the composition of the necrosomes via Western blot analysis, 

immunoprecipitation and magnetic isolation of TNF receptosomes. Furthermore, it will be 

clarified whether downregulation of other components of the necrosome will alter the 

effects of caspases-8 and -10 within the necroptotic signaling pathway. 

(B) In contrast to apoptosis, the role of HtrA2/Omi for necroptosis is largely unknown. As 

described previously, inhibition or genetic ablation of HtrA2/Omi completely protects cells 

from TNF-induced necroptosis (Sosna et al. 2013), but the underlying mechanism is still not 

figured out. UCH-L1 has been identified as a substrate of HtrA2/Omi (Sosna et al. 2013), but 

since UCH-L1 is only expressed in certain tissues (Meyer-Schwesinger et al. 2011), there 

must be other substrates through which HtrA2/Omi mediates necroptosis. To identify such 

substrates, mitochondrial fractions of necroptotic wild type and HtrA2/Omi-deficient mouse 

embryonic fibroblasts (MEF) will be isolated and further analyzed by mass spectrometry in 

collaboration with Prof. Dr. Andreas Tholey (Institute for Experimental Medicine, Kiel). 

HtrA2/Omi-deficient L929Ts cells were generated with the CRISPR/Cas9 system by Johaiber I. 

Fuchslocher Chico during his PhD thesis in the group of Prof. Dr. Dieter Adam and are 

available as a further tool to investigate the role of HtrA2/Omi in necroptosis. In addition, 

both L929Ts cells and MEF deficient for HtrA2/Omi were stably reconstituted with 

HtrA2/Omi by Johaiber I. Fuchslocher Chico. Within his PhD thesis, he could also show that 

HtrA2/Omi seems to be linked to necroptosis upstream of RIPK3 and MLKL. Since it is known 

that during apoptosis, HtrA2/Omi deactivates IAPs (e.g., cIAP1/2, XIAP), leading to activation 

of caspases and the induction of apoptosis (van Loo et al. 2002, Srinivasula et al. 2003, Yang 

et al. 2003, Vande Walle et al. 2010), it will be clarified within the presented dissertation if 

HtrA2/Omi also mediates necroptosis by proteolytic cleavage of IAPs. Western blot analyses, 

as well as cytotoxicity assays will therefore be performed. Since dysregulation of IAPs has 

been associated to various cancers, tumor cell survival and chemo-resistance, IAPs have  
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been used as anticancer drug targets. Consequently, a group of small pharmacological 

inhibitors of IAPs labeled as Smac mimetics were designed and utilized in clinical trials for 

cancer treatment (Silke and Meier 2013). With the aid of birinapant, a Smac mimetic, 

binding to and inhibiting the activity of IAPs, it will be clarified if the effect of the previously 

described knockout cell lines can be overcome. 

Several cellular proteins cleaved during necroptosis (Mitochondrial-processing peptidase 

subunit alpha (MPP-A, also called PMPCA), proteasome subunit alpha type-1 (PSA1), lon 

protease 1 (LONP1), moesin (MSN) and stathmin (STMN1)) have been identified in a 

proteomic screen performed by Susann Voigt, which will be further investigated by Western 

blot analysis within the presented dissertation. Since deleted in bladder cancer protein 1 

(DBC1), pyridoxal dependent decarboxylase domain containing protein 1 (PDXDC1) and 

vacuolar protein sorting 4 homolog B (VPS4B) were identified as substrates of HtrA2/Omi 

during apoptosis (Vande Walle et al. 2007), these proteins will also be studied in the context 

of necroptosis by Western blot analysis within this thesis. 

 

 

 
Figure 5: Relevant molecules of the presented dissertation and their role within the necroptotic signaling pathway. 

Question 1: Does caspase-8 have a species-specific role within the necroptotic signaling pathway (Q1)? 

Question 2: Does caspase-10 in humans substitute the function that is held by caspase-8 in mice (Q2)? 

Question 3: Does HtrA2/Omi mediate necroptosis by proteolytic cleavage of IAPs (Q3)? 

Question 4: Does HtrA2/Omi mediate necroptosis through different unknown substrates (Q4)? 
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3. Materials and Methods 

3.1 Materials 

3.1.1 Technical equipment 

Company Equipment 

AGFA, Düsseldorf, Germany CP1000 X-ray processor 
BD Biosciences, Heidelberg, Germany  FACS Calibur flow cytometer 

Software: BD CellQuestTM Pro V.4.0.2 

5 ml Polystyrene round-bottom FACS tubes 

Beckman Coulter, Krefeld, Germany TL-100 Ultracentrifuge, SW-32 rotor 

Ultra clearTM Centrifuge tube, 11 x 60 mm  

Bender & Hobein, Zurich, Switzerland Vortex Genie 2TM 

Biometra, Göttingen, Germany Power Pack P25T 

Bio-Rad, Munich, Germany Gene Pulser XcellTM 

Mini PROTEAN Tetra System 

Glass Plates 

1.0 mm , 10-well comb 

BRAND, Wertheim, Germany Neubauer counting chamber 

Branson Ultrasonics, Danbury, CT, USA W-450 Sonication device 

Corning Incorporated, Corning, NY, USA Tissue Culture Dish 100 x 20 mm 

Eppendorf, Hamburg, Germany Refrigerated Centrifuge 5417R 

Pipettes (2, 10, 20, 100, 200 and 1,000 µl) 

GE Healthcare, Munich, Germany HiTrapTM Protein GHP 1 ml columns 

HyperfilmTM 

Nitrocellulose blotting membrane 0.2 µm 

WhatmanTM filtering paper Grade 3 CHR 

GFL, Wunstorf, Germany Water bath 1003 

Gilson, Middleton, WI, USA Minipuls 3 peristaltic pump 

Pipettes (10, 20, 100, 200 and 1,000 µl) 

Greiner Bio-One, Frickenhausen, Germany 15 and 50 ml Tubes 

Serological pipettes (1, 5, 10, 25 and 50 ml) 

6- and 12-well plates 

Cell culture flasks (50, 250 and 650 ml) 

Heidolph Instruments, Schwabach, Germany Polymax 1040 shaker 
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Heraeus, Osterode, Germany LaminAir® HB2472K 

Megafuge 1.0R 

Megafuge 16R 

Hettich, Tuttlingen, Germany Mikro 200R centrifuge 

Hirschmann Laborgeräte, Eberstadt, Germany  Pipetus® 

Hoock, Kiel, Germany Magnetic device: HOKImag 1 

IKA Labortechnik, Staufen, Germany IKA® RCT basic magnetic mixer 

IKA® HS 260 basic shaker 

Kern & Sohn, Balingen, Germany KERN 440-47N precision scales 

Kisker, Mühlhausen, Germany X-Ray cassette 24 x 30 cm 

Lonza Group, Basel, Switzerland Amaxa Biosystems NucleofectorTM 2b Device 

Miltenyi Biotec, Bergisch Gladbach, Germany µ columns 

OctoMACSTM Separator 

National Labnet CO, Edison, NJ, USA Mini Centrifuge C-1200 

Sartorius Group, Göttingen, Germany Precision scales A120S-D1 

Stuart, Stone, Staffordshire, UK Roller mixer SRT9 

Tecan Group, Männedorf, Germany Infinite M200 ELISA Microplate Reader, 

Software: i-Control 1.3 

Thermo Fisher Scientific, Waltham, MA, USA HERAcell 240i CO2 Incubator 

96-well plate 

Xylem Analytics (WTW), Weilheim, Germany pH 325 pH meter 

Zeiss, Göttingen, Germany Axiovert 100 microscope 

 

3.1.2 Reagents and chemicals 

Company  Reagent/Chemical 

Abcam, Cambridge, UK Mitochondria Isolation Kit for Cultured Cells 

Bachem AG, Bubendorf, Switzerland zVAD-fmk 

BASF Bioresearch, Ludwigshafen, Germany TNF (2mg/ml) 

Biochrom, Berlin, Germany L-glutamine 

PBS Dulbecco w/o Ca2+ 

McCoy’s modified medium 

10 x Trypsin/EDTA 

penicillin/streptomycin 

Biovision, Milpitas, CA, USA RIPK1 Inhibitor Nec-1s 
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Cell Signaling Technology, Danvers, MA, USA LumiGLO® 

GE Healthcare, Munich, Germany Ammonium persulfate 

TEMED 

Heirler Cenovis, Radolfzell, Germany Skimmed milk powder  

Horizon Discovery, Cambridge, UK Trans-Lentiviral shRNA Packaging Kit with 

Calcium Phosphate 

Lonza Group, Basel, Switzerland Amaxa® Cell Line Nucleofector® Kit V, R, C and 

Primary fibroblasts 

Merck KGaA, Darmstadt, Germany β-mercaptoethanol 

Dimethyl sulfoxide 

Glycerol 85 % (v/v) 

RIPK3 Inhibitor GSK’872 

Miltenyi Biotec, Bergisch-Gladbach, Germany µMACS Protein G microbeads 

PAN Biotech, Aidenbach, Germany Click’s RPMI 1640 

Promega, Madison, WI, USA Cell Titer-Glo® Luminescent Viability Assay 

R&D Systems, Minneapolis, Canada Birinapant 

Roche Diagnostics, Mannheim, Germany Protease Inhibitor Cocktail Tablets 

Roth, Karlsruhe, Germany Ethanol 

Glycine 

Hydrogen peroxide 30 % (v/v) 

Methanol 

Sodium chloride 99.8 % (w/v) 

Tris 

Santa Cruz Biotechnology, Heidelberg, Germany Puromycindihydrochloride 

Serva, Heidelberg, Germany Acrylamide/bis-solution 

Dodecylsulfate-Na-salt in pellets 

Trypan blue solution 

Sigma-Aldrich, Munich, Germany Cycloheximide 

OptiprepTM Density Gradient Medium 

Propidium Iodide 

Tween®20 

Thermo Fisher Scientific, Waltham, MA, USA NP-40 detergent 

PierceTM BCA Protein Assay Kit 

BSA standard 

PageRulerTM Prestained Protein Ladder 
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FreestyleTM 293 medium (Life Technologies) 

Accutase (Life Technologies) 

Fetal bovine serum (Life Technologies) 

Sodium pyruvate (Life Technologies) 

Doxycycline hyclate (MP Biomedicals) 

 

3.1.3 Antibodies 

Table 1: List of all utilized primary and secondary antibodies 

Target protein Used dilution Company/Article number 

primary antibodies   

β-Actin, AC-15 1:10,000 Sigma-Aldrich, Munich, Germany / A1978 

Cleaved Caspase-3, D175 1:1,000 Cell Signaling Technology, Danvers, MA, 

USA / 9661 

Caspase-8, 1C12, human 1:1,000 Cell Signaling Technology, Danvers, MA, 

USA / 9746 

Caspase-8, murine 1:1,000 Cell Signaling Technology, Danvers, MA, 

USA / 4927 

Caspase-10 1:1,000 Abcam, Cambridge, UK / ab177475 

cIAP-1, 1E1-1-10 1:1,000 Enzo Life Sciences, Farmingdale, NY, USA / 

ALX-803-335 

DBC1 1:1,000 Cell Signaling Technology, Danvers, MA, 

USA / 5693 

Flip Dave-2 1:1,000 AdipoGen Life Sciences, Liestal, Switzerland 

/ AG-20B-0005 

HtrA2 1:2,000 OriGene Europe-Acris Antibodies, Herford, 

Germany / 15775-1-AP 

Lamp-2, CD1076 1:2,000 Southern Biotech, Birmingham, AL, USA / 

9840-01 

LONP1 1:1,000 Abcam, Cambridge, UK / ab103809 

Moesin 1:1,000 Abcam, Cambridge, UK / ab151542 

PARP-1 1:2,000 Cell Signaling Technology, Danvers, MA, 

USA / 9542 

PDXDC1 1:1,500 Proteintech (Thermo Scientific), Waltham, 

MA, USA / 21021-1-AP 

pMLKL, EPR9514, human 1:1,000 Abcam, Cambridge, UK / ab187091 

pMLKL, EPR9515(2), murine 1:1,000 Abcam, Cambridge, UK / ab196436 

PMPCA 1:1,000 Abcam, Cambridge, UK / ab140171 

PSA 1:1,000 Abcam, Cambridge, UK / ab53774 

RIPK1 1:1,000 BD Biosciences, Heidelberg, Germany / 

610459 
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RIPK3, E1Z1D, human 1:1,000 Cell Signaling Technology, Danvers, MA, 

USA / 13526 

RIPK3, murine 1:1,000 Abcam, Cambridge, UK / ab56164 

Stathmin1, EP1573Y 1:5,000 Abcam, Cambridge, UK / ab52630 

TNF-R1, H5 1:500 Santa Cruz Biotechnology, Heidelberg, 

Germany / sc-8436 

VPS4B 1:3,000 Abcam, Cambridge, UK / ab102687 

hILP/XIAP 1:2,000 BD Transduction Laboratories, Heidelberg, 

Germany / 610717 

secondary antibodies   

Goat anti-mouse IgG 

peroxidase-conjugated 

1:10,000 Jackson ImmunoResearch Europe, Suffolk, 

UK 

Goat anti-mouse light chain, 

HRP conjugate 

1:10,000 Merck KGaA, Darmstadt, Germany / 

AP200P 

Goat anti-rabbit IgG 

peroxidase-conjugated 

1:10,000 Jackson ImmunoResearch Europe, Suffolk, 

UK 

Mouse anti-rabbit light chain, 

HRP conjugate 

1:10,000 Merck KGaA, Darmstadt, Germany / 

MAB201P 

Goat anti-rat IgG peroxidase-

conjugated 

1:10,000 Jackson Immuno Research Europe, Suffolk, 

UK 

3.1.4 siRNAs and constructs 

Table 2: List of all utilized constructs and siRNAs 

Construct Vector Company/Source 

CASP8 CRISPR/Cas human 

CASP8 CRISPR/Cas mouse  

CASP10 CRISPR/Cas human 

pCMV-Cas9-GFP 

CRISPR/Cas 

Sigma-Aldrich, Munich, Germany 

FC-tagged TNF (TNF60-FC)  

 

pCR3TM Obtained from Harald Wajant, 

Würzburg, Germany 

Human CASP8 WT 

Human CASP8 mutated (inactive) 

Mouse Casp8 WT 

Mouse Casp8 mutated (inactive) 

Human CASP10 WT 

Human CASP10 mutated (inactive) 

pTRIPZ-N-HA Thermo Fisher Scientific, Waltham, 

MA, USA 

Mouse Casp8 WT 
Human Casp8 WT 
Human Casp8 mutated (C36S) 

pCMV6-Entry 
pEGFP-N1 
pEGFP-N1 

Obtained from Francis Chan, 
Worcester, MA, USA 

Product Catalogue number Company  

siGENOME Human CASP8 (A)  D-003466-01 Horizon Discovery, Cambridge, UK 

siGENOME Human CASP8 (B)  D-003466-02 Horizon Discovery, Cambridge, UK 

siGENOME Human CASP8 (C)  D-003466-07 Horizon Discovery, Cambridge, UK 

siGENOME Mouse Casp8 D-043044-01 Horizon Discovery, Cambridge, UK 

siGENOME Human CASP10 (A)  D-004402-02 Horizon Discovery, Cambridge, UK 
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siGENOME Human CASP10 (B) D-004402-01 Horizon Discovery, Cambridge, UK 

siGENOME Human CFLAR M-003772-06 Horizon Discovery, Cambridge, UK 

Silencer® Select Mouse cflar 4390771 Thermo Scientific, Waltham, MA, USA 

ON-TARGETplus Mouse Dbc1 

(Ccar2) 

J-047837-05-0002 Horizon Discovery, Cambridge, UK 

ON-TARGETplus Human LONP1  J-003979-06-0002 Horizon Discovery, Cambridge, UK 

ON-TARGETplus Mouse Lonp1 J-054897-09-0002 Horizon Discovery, Cambridge, UK 

ON-TARGETplus Mouse Pdxdc1 J-042274-09-0002 Horizon Discovery, Cambridge, UK 

ON-TARGETplus Human PMPCA J-008734-08-0002 Horizon Discovery, Cambridge, UK 

ON-TARGETplus Mouse Pmpca J-055541-05-0002 Horizon Discovery, Cambridge, UK 

ON-TARGETplus Human PSA1 (KLK3) J-005914-14-0002 Horizon Discovery, Cambridge, UK 

ON-TARGETplus Mouse PSA1 

(Klkb1) 

J-046987-09-0002 Horizon Discovery, Cambridge, UK 

siGENOME Human RIPK1  D-004445-03 Horizon Discovery, Cambridge, UK 

Silencer ® Select Mouse Ripk1 16104 Thermo Scientific, Waltham, MA, USA 

siGENOME Human RIPK3 D-003534-01 Horizon Discovery, Cambridge, UK 

Silencer ® Select Mouse Ripk3 4390771 Thermo Scientific, Waltham, MA, USA 

ON-TARGETplus Mouse Vps4b J-044487-05-0002 Horizon Discovery, Cambridge, UK 

 

3.1.5 Cell lines 

The TRAIL-sensitive murine fibrosarcoma cell line L929Ts was generated in the laboratory of 

Prof. Dr. Dieter Adam (Kiel University, Kiel, Germany) and has been described previously 

(Thon et al. 2006). HtrA2/Omi-deficient mouse embryonic fibroblasts (MEF) and their wild 

type counterparts have been described earlier (Martins et al. 2004) and were kindly 

provided by Prof. Dr. Thomas Langer, Cologne. Hamster embryonic kidney cells constitutively 

expressing the simian virus (SV40) large T antigen cells (HEK293T) were originally obtained 

from the American Type Culture Collection (ATCC, Manassas, VA, USA). 

The human leukemia-derived U-937 and the human colorectal HT-29 cancer cells, being a 

gift from Prof. Dr. Holger Kalthoff (Kiel University, Kiel, Germany), were originally obtained 

from the American Type Culture Collection (ATCC, Manassas, VA, USA). Within this present 

work, caspase-8-deficient HT-29, U-937 and L929Ts cells were generated by employing the 

CRISPR/Cas system. Using the CRISPR/Cas technology, caspase-10-deficient HT-29 and U-937 

cells were also generated within this thesis. 

MEF and HEK293T cells were cultivated in DMEM supplemented with 10 % (v/v) heat-

inactivated fetal calf serum (FCS), 50 µg/ml penicillin/streptomycin and 50 µM β-

mercaptoethanol in 0.9 % (w/v) NaCl. L929Ts and U-937 cells were maintained in 

Click’s/RPMI 1640 (50/50 % v/v) supplemented with 10 % (v/v) heat-inactivated FCS, 2 mM 

L-glutamine, 50 µg/ml penicillin/streptomycin and 50 µM β-mercaptoethanol in 0.9 % (w/v) 

NaCl, whereas HT-29 cells were cultivated in McCoy’s modified medium supplemented with 

10 % (v/v) FCS, 2 mM L-glutamine, 50 µg/ml penicillin/streptomycin and 1 mM sodium 
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pyruvate. For detachment of the cells, either accutase or phosphate buffered saline (PBS) 

containing 0.5 % (v/v) trypsin and 0.2 % (v/v) EDTA was used. For long-term storage, cells 

were resuspended in FCS containing 10 % (v/v) DMSO and frozen in liquid nitrogen. All cell 

lines were cultivated with 5 % (w/v) CO2 at 37 °C. 

3.2 Methods 

3.2.1 Transfection 

3.2.1.1 Nucleofection 

U-937 cells were transfected using the Amaxa® cell line kit C according to manufacturer’s 

instructions. 1 x 106 were pelleted and resuspended in 100 µl Solution C. Afterwards, this cell 

suspension was transferred into a cuvette and mixed with 150 pmol siRNA or 2-5 µg DNA. 

For the transfection of U-937 cells, the Nucleofector® Program W-001 was used. Afterwards, 

cells were resuspended in 6 ml prewarmed culture medium in 6-well plates for 24-48 h.  

L929Ts cells were transfected as described above using the Amaxa® cell line kit V in 

combination with the Nucleofector® Program T-20. For HT-29 cells, the Amaxa® cell line kit R 

was used in combination with the Nucleofector® Program W-17.  

3.2.1.2 Electroporation 

HEK293T cells were transfected with a Gene PulserTM X Cell electroporation device from Bio-

Rad. 2 x 106 cells were pelleted and mixed with 10 µg DNA and 200 µl cell-specific medium 

without supplements (10 % (v/v) FCS, 50 µg/ml penicillin/streptomycin, β-mercaptoethanol 

in 0.9 % (w/v) NaCl). This mixture was transferred into a prewarmed 0.2 µm cuvette and 

electroporation was performed with predefined standard settings for HEK293 cells (pulse 

length 25 ms, voltage 110 V). 

3.2.1.3 Transfection with pTRIPZ lentiviral inducible constructs 

For transfection, the Dharmacon™ Trans-Lentiviral Packaging Kit was used. For producing 

lentiviral particles, HEK293T cells were grown to 70 % confluence. The cells were seeded in 2 

ml DMEM (10 % (v/v) FCS, 50 µg/ml penicillin/streptomycin, 1 mM sodium pyruvate) onto 6- 

well plates at a density of 1.2 x 106 cells per well. Afterwards the cells were incubated at 37 

°C with 5 % (w/v) CO2 overnight. The next day, 6 µg of the respective pTRIPZ lentiviral 

construct was mixed with 4.3 µl trans-lentiviral packaging mix and filled up with sterile water 

to a total volume of 135 µl. 15 µl CaCl2 were added to the diluted DNA. The reagents were 

mixed thoroughly and while vortexing, 150 µl 2 x HBSS were added drop-wise and incubated 

for 3 min at RT. The total volume (300 µl) of the transfection mix was added drop-wise to the 

HEK293T cells and the cells were incubated for 16 h at 37 °C with 5 % (w/v) CO2. After 16 h, 

the calcium phosphate-containing medium was removed and replaced with 2 ml of reduced 

serum medium (DMEM supplemented with 5 % (v/v) FCS, 2 mM L-glutamine and 50 µg/ml 

penicillin/streptomycin). After another 48 h of incubation at 37 °C with 5 % (w/v) CO2, the 
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viral particle-containing supernatant was collected and centrifuged at 1,600 x g for 10 min at 

4 °C. Finally, the supernatant was sterile filtered and stored at -80 °C until further use.  

Human HT-29 cells and murine L929Ts cells were seeded in 25 cm2 cell culture flasks in 4 ml 

cell line specific medium at a density of 5 x 105 cells. The viral particle-containing 

supernatant was thawed, mixed with 5 µg/ml polybrene and added to the cells. After 3 h, 2 

ml cell line-specific medium was added and the next day the viral particle-containing 

medium was removed and replaced with fresh cell line-specific medium supplemented with 

puromycindihydrochloride (L929Ts: 6 µg/ml puromycin, HT29: 0.75 µg/ml puromycin). After 

approximately 3 weeks of cultivation with regular media change, the cells were analyzed via 

Western blot for stable expression of the desired protein. Since the pTRIPZ vector is an 

inducible vector, cells were incubated for 24 h with 1 µg/ml doxycycline for induction of the 

protein expression.  

3.2.2 Cytotoxicity assay – propidium iodide staining 

For flow cytometric analysis, cells were seeded onto 12-well plates at a density of 1 x 105/ml 

(or 5 x 104/ml for HT-29 cells) per well. Suspension cells were stimulated immediately 

whereas adherent cells were left in the incubator overnight followed by stimulation the next 

day. All following steps were performed on ice. Adherent cells were detached with accutase, 

washed once with cold PBS/5 mM EDTA and centrifuged at 400 x g for 5 min at 4 °C. The 

supernatant was discarded and the cell pellet was stained with 4 µg/ml propidium iodide 

(PI). Cells were then analyzed for loss of membrane integrity with the help of a FACS Calibur 

flow cytometer at red fluorescence.  

3.2.3 Determination of protein concentrations 

For protein quantitation, the Pierce™ BCA Protein Assay kit was used according to the 

manufacturer’s instructions. Absorbance was measured at 562 nm with an Infinite M200 

microplate reader. The total protein concentration of whole cell lysates was calculated from 

a protein standard (Albumin standard 2 mg/ml).  

3.2.4 Preparation of whole cell lysates 

Adherent cells were washed once with prewarmed PBS, detached with accutase or 

trypsin/EDTA and centrifuged at 400 x g for 5 min at 4 °C. Suspension cells were centrifuged 

immediately as outlined above. The supernatant was discarded and the cell pellet was 

washed once with cold PBS before being lysed in TNE buffer (50 mM Tris pH 8.0, 1 % (v/v) 

NP-40, 150 mM NaCl, 3 mM EDTA, 1 mM sodium orthovanadate, 5 mM sodium fluoride and 

complete protease inhibitor cocktail) for 10 min on ice. Afterwards, the samples were 

centrifuged at 20,800 x g for 10 min at 4 °C.  
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3.2.5 Western blot analysis 

A sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed to 

separate the proteins according to their molecular mass. The separating gel was poured with 

30 % (w/v) acrylamide, 0.375 mM Tris/HCL pH 8.8, 0.1 % (w/v) SDS in 20 % (v/v) glycerol, 1 % 

(v/v) APS and 1 % (v/v) TEMED. The amount of acrylamide (10-15 % (w/v)) used for preparing 

the separating gel was dependent on the molecular weight of the target protein. 

Samples were diluted in 5 x sample buffer (10 % (v/v) β-mercaptoethanol, 125 mM Tris/HCl 

pH 6.8, 4 % (w/v) SDS, 20 % (v/v) glycerol, 0.02 % (w/v) bromophenol blue) to a final volume 

of 25 µl. The samples were denatured by boiling for 4 min at 100 °C. Afterwards, equal 

amounts of protein were loaded into the gel lanes and electrophoresis was performed at 25 

mA per gel for 1 h. To enable the identification of the molecular mass of the target proteins, 

the PageRuler™ Prestained Protein Ladder was used. 

The proteins were transferred by wet blotting to a nitrocellulose membrane for 1 h at 100 V. 

Afterwards, the membrane was blocked for 1 h at RT under constant gentle agitation using a 

blocking solution consisting of 5 % (w/v) milk-powder in PBS and 0.1 % (v/v) Tween 20 

(PBS/T). Finally, the membrane was incubated in the primary antibody, which was diluted in 

the blocking solution, at 4 °C overnight. The next day, the membrane was washed 2 x 15 min 

in PBS/T under constant gentle agitation and incubated in the secondary antibody (diluted 

1:10,000 in the blocking solution) for 1 h at RT. This was followed by two more washing steps 

with PBS/T. The membrane was developed using LumiGLO® reagent. For detection of the 

chemiluminescence signals, Hyperfilm ECL was used. The exposure time varied from 5 

seconds up to 60 min.  

For detection of a second protein on the same membrane, any remaining peroxidase activity 

from the secondary antibodies was inactivated with 15 % (v/v) H2O2 for 60 min, followed by 

2 washing steps à 15 min in PBS/T and incubation in the new primary and secondary 

antibodies as described above. 

3.2.6 Immunoprecipitation 

For immunoprecipitation, Miltenyi µMACS columns were used. 500 µg cell lysate from 

stimulated cells was incubated with 1 or 2 µg antibody and 50 µl Protein G Microbeads for 

45 minutes on ice. µMACS columns were placed in the magnetic field of the OctoMACS™ 

Separator and prepared by rinsing with 200 µl of lysis buffer. Afterwards, the cell lysate was 

given onto the µMACS columns and allowed to run through, followed by 3 washing steps 

with 200 µl lysis buffer each. Then, the columns were rinsed with 100 µl high-salt wash 

buffer (50 mM Tris/HCl pH 8.0, 1 M NaCl, 1 % (v/v) NP-40, 2 mM EDTA), followed by a last 

washing step with 100 µl lysis buffer.  

For elution, 20 µl of 1 x SDS gel loading buffer was preheated to 95 °C, given onto the µMACS 

columns and incubated for 5 minutes at RT. Then, additional 30 µl of preheated 1 x SDS gel 

loading buffer were given onto the µMACS columns and collected in a fresh tube. 
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Subsequently, the eluted immunoprecipitate was analyzed by Western blot. 

3.2.7 Generation of knockout cell lines with the CRISPR/Cas9 system 

For the generation of knockout cell lines with the CRISPR/Cas9 system, 1 x 106 cells were 

transfected with 2-5 µg DNA (CRISPR/Cas9 vector expressing Cas9, the customized gRNA and 

GFP, cell line-specific) by nucleofection as described above. After 48 h the cells were 

selected using a FACS Aria cell sorter. GFP was used as a marker to identify the transfected 

cells. 96-well plates were prepared with 100 µl prewarmed medium per well in which single 

cells were seeded by the sorter. After approximately 4-6 weeks, cell colonies were visible 

and transferred to 12-well plates. The cells were expanded and further analyzed via Western 

blot. 

3.2.8 Purification of TNF ligands 

2 x 106 HEK293T cells were transfected with 10 µg TNF60-FC-ligand DNA via electroporation 

(see above). Three independently performed transfections were pooled into 100 ml 

prewarmed FreeStyle® medium and left in the incubator overnight. The next day, 50 µg/ml 

penicillin and 50 µg/ml streptomycin was added to the medium, followed by two more days 

of cultivation. Afterwards, the supernatant was collected, sterile filtered and 10 µg/ml of a 

protease inhibitor cocktail were added. The cells were left in the incubator for three more 

days with fresh Freestyle® medium supplemented with 50 µg/ml penicillin, 50 µg/ml 

streptomycin and 1 mg/ml G418 to select for transfected cells. Also this supernatant was 

collected, sterile filtered and supplemented with 10 µg/ml of a protease inhibitor cocktail. 

Finally, both supernatants were pooled and Hi Trap™ Protein G HP 1 ml columns were used 

for purification of the TNF ligand according to the manufacturer’s protocols.  

3.2.9 Immunomagnetic isolation of TNF receptosomes 

The receptosome isolation was executed via a free-flow magnetic chamber (HOKImag 1, 

invented by Tchikov and Schütze, 2008; now manufactured by HOOCK GmbH, Kiel).  

 

HT-29 cells were grown to 80 % confluence, detached with accutase, pooled and centrifuged 

at 400 x g for 5 min at 4 °C. 2 x 108 cells per time-point were prestimulated for 20 min with 

20 µM zVAD and 5 µg/ml CHX on ice. All following steps were performed at 4 °C unless 

otherwise stated. Afterwards, the cells were incubated for another 30 min with 100 ng/ml 

TNF60-Fc. Hereafter, 25 µl Protein G Microbeads were added and the cells were left for 

further 30 min on ice. The cells were then resuspended in 30 ml PBS in a 50 ml Falcon tube 

and centrifuged for 5 min at 1,500 rpm. The supernatant was discarded and the cell pellet 

was resuspended in 5-7 ml McCoy’s medium without supplements and incubated for 

different time-points at 37 °C for internalization of the TNF receptors. Subsequently, the 

reaction was stopped by adding 30 ml ice-cold PBS. The cells were centrifuged for 5 min at 

1,500 rpm, followed by a washing step with homogenization buffer (HB: 15 mM HEPES, 250 

mM sucrose and 0.5 mM MgCl2 at pH 7.4). The cells were then homogenized by 
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ultrasonication using a Branson W-450 sonication device equipped with a cup-resonator. For 

this purpose, the cell pellet was resuspended in 850 µl HB supplemented with 10 µg/ml 

protease inhibitor cocktail and 0.5 µl benzonase. The cells were sonicated for 40 sec with a 

constant duty cycle (output control: 2.5) and centrifuged for 4 min at 400 x g. 500 µl of the 

supernatant was collected in a fresh microtube. The pellet was resuspended in the 

remaining supernatant, sonicated once again for 40 sec, centrifuged and pooled with the 

collected supernatant. After that, the homogenate was centrifuged for 4 min at 400 x g and 

750 µl of the supernatant were loaded to the HOKImag 1 device. The cell lysate was 

incubated for 1 h in the magnetic field and washed for 20 min with HB using a peristaltic 

pump (0.5 ml/min). Finally, the magnetic fraction was collected in a fresh microtube, 

centrifuged at 14,000 rpm for 30 min and analyzed by Western blot. 

 

3.2.10 Mitochondria isolation and LC-MS/MS analysis 

For isolation of mitochondria, the Mitochondria Isolation Kit for cultured cells (Abcam, UK) 

was used. Murine embryonic wild type fibroblasts (MEF) and HtrA2-deficient MEF were 

seeded at a density of 3 x 106 cells in 650 ml cell culture flasks (2 flasks for each cell line). 48 

h later, cells were stimulated for 30 min with 1 µg/ml CHX and 20 µM zVAD, followed by 

stimulation with 100 ng/ml TNF for 4 h. Afterwards, cells were collected and pelleted by 

centrifugation at 1300 rpm for 5 min. In order to weaken the cell membranes, the cell pellet 

was frozen and thawed 3 times in liquid nitrogen. Hereafter, the pellet was resuspended in 2 

ml reagent A and incubated for 10 min on ice, followed by a transfer into a precooled 

Dounce Homogenizer. The cells were homogenized with 30 strokes using pestle B and then 

centrifuged at 1,000 x g for 10 min at 4 °C. The supernatant was saved in a fresh microtube 

and the pellet was resuspended in 2 ml reagent B, followed by homogenization with 20 

strokes using pestle B of the precooled Dounce Homogenizer. The cells were once more 

centrifuged at 1,000 x g for 10 min at 4 °C. The cell pellet was discarded and the two 

supernatants were pooled and centrifuged again at 12,000 x g for 15 min at 4 °C. At last, the 

supernatant was discarded and the pellet was resuspended in 500 µl of reagent C 

supplemented with 5 µl protease inhibitors and frozen at -80 °C.  

The LC-MS/MS analysis was executed by Prof. Dr. Andreas Tholey and Dr. Diego Yepes 

(Institute for Experimental Medicine, Kiel).  
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4. Results 

4.1 Caspase-8 and caspase-10 as key mediators regulating TNF-induced 
necroptosis 

In the literature, it has been described that inhibition or deletion of caspase-8 promotes the 

formation of the necrosome and the induction of necroptosis (Sun and Wang 2014, 

Grootjans et al. 2017). In a human siRNA screen for proteases participating in necroptosis 

(performed by Susann Voigt during her PhD thesis in the group of Prof. Dr. Dieter Adam), 

downregulation of caspase-8 surprisingly seemed to protect from rather than enhancing cell 

death. Since so far, almost all studies concerning caspase-8 and the induction of necroptosis 

have been performed in mice, the focus of this work was to clarify if caspase-8 holds a 

species-specific role within the necroptotic signaling pathway. Besides, humans express a 

homolog of caspase-8, the caspase-10, which was lost in rodents in the course of evolution. 

Therefore, one additional goal of this thesis was to determine if caspase-10 in humans can 

substitute the function that is held by caspase-8 in mice. Throughout this thesis, necroptosis 

was primarily induced by TNF/zVAD/(CHX). When TNF binds to one of the two TNF-

receptors, the default pathway leads to cell survival via activation of nuclear factor-κB (NF-

κB) (Brenner et al. 2015). Therefore, most of the cell lines had to be treated with TNF in 

combination with cycloheximide (CHX) to induce cell death. CHX is a protein synthesis 

inhibitor that sensitizes cells for cell death. The pan-caspase inhibitor zVAD-fmk was used to 

inhibit caspases, primarily caspase-8, and thus to prevent an interfering induction of 

apoptosis. 

4.1.1 Genetic ablation of caspase-8 in murine L929Ts cells leads to increased cell death 

First of all, murine caspase-8-deficient L929Ts cells were generated by employing the 

CRISPR/Cas9 technology (Figure 6A). Flow cytometry was performed to measure loss of 

membrane integrity as a readout for cell death and it could be confirmed that cell death is 

enhanced when caspase-8 is genetically ablated. All caspase-8 -/- clones showed increased 

cell death in comparison to wild type cells (Figure 6B).  
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To ascertain that the cells were dying through necroptosis and not another form of 

regulated cell death, cells were treated with two different specific necroptosis inhibitors 

(Nec-1s and GSK’872). Nec-1s is a RIPK1 inhibitor and GSK’872 is a RIPK3 inhibitor and both 

inhibitors were able to completely block cell death (Figure 7). GSK alone can induce 

apoptosis. As shown in Figure 7 only L929Ts wild type cells showed enhanced cell death 

upon treatment with GSK, indicating that caspase-8-deficient cells are not able to die 

through apoptosis anymore. Clone B3 was selected for further studies throughout this 

dissertation. 

In L929Ts wild type cells and the caspase-8 -/- clone B3, necroptosis was induced over a time 

course via treatment with TNF/zVAD, and Western blot analyses for PARP-1 and caspase-3 

cleavage as markers for apoptosis and pMLKL as a marker for necroptosis were performed. 

For the caspase-8-deficient cells, the signal for pMLKL appeared faster and more pronounced 

in comparison to wild type cells (Figure 8), supporting that the deletion of caspase-8 

enhances necroptosis. Moreover, the caspase-8 -/- clone B3 showed no signal for cleaved 

caspase-3 and cleaved PARP-1 (Figure 8), indicating once more that these cells are not able 

to die through apoptosis anymore. 

 

Caspase-8
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Figure 6: Generation of caspase-8-deficient L929Ts cells. (A) Western blot analyses were performed of whole cell lysates from wild 
type L929Ts cells and CRISPR/Cas candidate clones. The blots were incubated with an antibody detecting the full length form of 
caspase-8 (55 kDa) to determine which of the generated clones is deficient for caspase-8. Arrows indicate the position of the analyzed 
proteins. Detection of actin served as a loading control. (B) Flow cytometric analyses of all CRISPR/Cas clones deficient for caspase-8 
(B3, B5, B8, B13, B16) in comparison to wild type and control L929Ts (B7) cells were performed to determine the effect on TNF-induced 
necroptosis caused by the deletion of caspase-8. Cells were left untreated or stimulated with 20 µM zVAD-fmk (prestimulation for 30 
min) and 100 ng/ml TNF for 5 h to induce necroptosis. Representative data from one out of three experiments are shown and error 
bars indicate SD from three measurements. 
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Figure 7: Inhibition of cell death in response to treatment with Nec-1s and GSK’872 in L929Ts CRISPR/Cas clones deficient for 
caspase-8. Flow cytometric analyses of all CRISPR/Cas clones deficient for caspase-8 (B3, B5, B8, B13, B16) and L929Ts wild type cells 
were performed. Cells were left untreated or stimulated with 20 µM zVAD-fmk (prestimulation for 30 min) and 100 ng/ml TNF for 5 h to 
induce necroptosis. Cells were additionally treated with 50 µM Nec-1s (RIK1 inhibitor) or 10 µM GSK’872 (RIPK3 inhibitor) to clarify if 
the cells die through necroptosis or another form of regulated cell death.Representative data from one out of three experiments are 
shown and error bars indicate SD from three measurements. 

Figure 8: Determining the effect of the genetic ablation of caspase-8 on TNF-induced necroptosis in the L929Ts caspase-8 -/- clone 
B3. Wild type L929Ts cells and the L929Ts caspase-8 -/- clone B3 were left untreated or stimulated with 20 µM zVAD-fmk 
(prestimulation for 30 min) and 100 ng/ml TNF over a time course from 1 to 5 h to induce necroptosis. As a control, cells were 
additionally treated with 100 ng/ml TNF and 2 µg/ml CHX for 4 h to induce apoptosis. Western blot analyses were performed of whole 
cell lysates. The blots were incubated with an antibody detecting the full length form (116 kDa) and the apoptotic cleavage fragment of 
PARP-1 (89 kDa, present only in the apoptotic lysate in L929Ts cells). Western blots were also generated from whole cell lysates 
incubated with antibodies detecting pMLKL (54 kDa, necroptotic marker) and the apoptotic cleavage fragment of caspase-3 (19 kDa, 
present only in the apoptotic lysate in L929Ts cells). Arrows indicate the position of the analyzed proteins. Detection of actin served as a 
loading control. 
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4.1.2 Genetic ablation of caspase-8 in two different human cell lines protects cells from 

necroptosis 

Human caspase-8-deficient U-937 and HT-29 cells were generated with the help of Jaqueline 

Klausewitz (Kiel University, Kiel, Germany) using the CRISPR/Cas9 technology (Figure 9A and 

C). In contrast to the murine cells, all human caspase-8 -/- clones were not more sensitive, 

but rather protected against cell death in comparison to wild type cells, even though the 

differences for HT-29 cells were not that distinct as for U-937 cells (Figure 9B and D).  
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Clones A7 (U-937 cells) and F11 (HT-29 cells) were selected for further studies throughout 

this dissertation. As described above for the murine cells, two different specific necroptosis 

inhibitors were used and both were able to fully inhibit cell death (Figure 10A and B), 

indicating that the cells died through necroptosis and not another form of regulated cell 

death.  
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Figure 9: Generation of caspase-8-deficient U-937 and HT-29 cells. (A) Western blot analyses were performed of whole cell lysates from 
wild type U-937 cells and CRISPR/Cas candidate clones. The blots were incubated with an antibody detecting the full length form of 
caspase-8 (55 kDa) to determine which of the generated clones is deficient for caspase-8. (B) Flow cytometric analyses of all U-937 
CRISPR/Cas clones deficient for caspase-8 (A7, A10, A16, A30, A36) in comparison to wild type and control (B17) U-937 cells were 
performed to determine the effect on TNF-induced necroptosis caused by the deletion of caspase-8. Cells were left untreated or 
stimulated with 50 µM zVAD-fmk (prestimulation for 30 min) and 100 ng/ml TNF for 24 h to induce necroptosis. The experiment was 
performed by Jaqueline Klausewitz. (C) Western blot analyses were performed of whole cell lysates from wild type HT-29 cells and 
CRISPR/Cas candidate clones. The blots were incubated with an antibody detecting the full length form of caspase-8 (55 kDa) to determine 
which of the generated CRISPR/Cas clones is deficient for caspase-8. Arrows indicate the position of the analyzed proteins. Detection of 
actin served as a loading control. (D) Flow cytometric analysis of all HT-29 CRISPR/Cas clones deficient for caspase-8 (F6, F7, F9, F11, F14, 
H15) in comparison to wild type and control (F4) HT-29 cells were performed to determine the effect on TNF-induced necroptosis caused 
by the deletion of caspase-8. Cells were left untreated or stimulated with 20 µM zVAD-fmk (prestimulation for 30 min), 5 µg/ml CHX 
(prestimulation for 30 min) and 100 ng/ml TNF for 24 h to induce necroptosis. Representative data from one out of three experiments are 
shown and error bars indicate SD from three measurements. 
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Western blot analyses showed that in caspase-8-deficient U-937cells, the signal for pMLKL as 

a marker for necroptosis appeared less pronounced in comparison to wild type cells (Figure 

11), confirming the causal relationship between the deletion of caspase-8 and the protection 

of these cells against necroptosis. For the HT-29 caspase-8 -/- clone F11, this was even more 

distinct, showing an extremely delayed and less pronounced signal for pMLKL in comparison 

to wild type cells (Figure 12). For both human cell lines, the caspase-8 -/- clones showed 

either no signal or at least a less pronounced signal for cleaved caspase-3 and cleaved PARP-

1 (Figure 11, Figure 12), indicating a resistance against apoptosis due to deletion of caspase-

8.  
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Figure 10: Inhibition of cell death in response to treatment with Nec-1s and GSK’872 in U-937 and HT-29 CRISPR/Cas clones deficient 
for caspase-8. (A) Flow cytometric analyses of U-937 CRISPR/Cas clones deficient for caspase-8 (A7, A10) and U-937 wild type cells were 
performed. Cells were left untreated or stimulated with 50 µM zVAD-fmk (prestimulation for 30 min) and 100 ng/ml TNF for 24 h to 
induce necroptosis. Cells were additionally treated with 50 µM Nec-1s (RIK1 inhibitor) or 10 µM GSK’872 (RIPK3 inhibitor) to clarify if 
the cells die through necroptosis or another form of regulated cell death.The experiment was performed by Jaqueline Klausewitz. (B) 
Flow cytometric analyses of the HT-29 CRISPR/Cas clone F11 deficient for caspase-8 and HT-29 wild type cells were performed. Cells 
were left untreated or stimulated with 20 µM zVAD-fmk (prestimulation for 30 min), 5 µg/ml CHX (prestimulation for 30 min) and 100 
ng/ml TNF for 24 h to induce necroptosis. Cells were additionally treated with 50 µM Nec-1s (RIK1 inhibitor) or 10 µM GSK’872 (RIPK3 
inhibitor) to clarify if the cells die through necroptosis or another form of regulated cell death. Representative data from one out of 
three experiments are shown and error bars indicate SD from three measurements. 

Figure 11: Determining the effect of the genetic ablation of caspase-8 on TNF-induced necroptosis in the U-937 caspase-8 -/- clone 
A7. Wild type U-937 cells and the U-937 caspase-8 -/- clone A7 were left untreated or stimulated with 50 µM zVAD-fmk (prestimulation 
for 30 min) and 100 ng/ml TNF over a time course from 1 to 24 h to induce necroptosis. As a control, cells were additionally treated 
with 100 ng/ml TNF and 0.1 µg/ml CHX for 4 h to induce apoptosis. Western blot analyses were performed of whole cell lysates. The 
blots were incubated with an antibody detecting the full length form (116 kDa) and the apoptotic cleavage fragment of PARP-1 (89 
kDa). Western blots were also generated from whole cell lysates incubated with antibodies detecting pMLKL (54 kDa, necroptotic 
marker) and the apoptotic cleavage fragment of caspase-3 (19 kDa). Arrows indicate the position of the analyzed proteins. Detection of 
actin served as a loading control. 
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4.1.3 Genetic ablation of caspase-10 in two different human cell lines leads to increased 

cell death 

Human caspase-10-deficient U-937 and HT-29 cells were generated by employing the 

CRISPR/Cas system (Figure 13A and C). In contrast to the human caspase-8 -/- clones, all 

obtained caspase-10 -/- clones showed increased cell death in comparison to wild type cells 

(Figure 13B and D).  
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Figure 12: Determining the effect of the genetic ablation of caspase-8 on TNF-induced necroptosis in the HT-29 caspase-8 -/- clone F11. 
Wild type HT-29 cells and the HT-29 caspase-8 -/- clone F11 were left untreated or stimulated with 20 µM zVAD-fmk (prestimulation for 
30 min), 5 µg/ml CHX (prestimulation for 30 min) and 100 ng/ml TNF over a time course from 1 to 24 h to induce necroptosis. As a 
control, cells were additionally treated with 100 ng/ml TNF and 5 µg/ml CHX for 4 h to induce apoptosis. Western blot analyses were 
performed of whole cell lysates. The blots were incubated with an antibody detecting the full length form (116 kDa) and the apoptotic 
cleavage fragment of PARP-1 (89 kDa). Western blots were also generated from whole cell lysates incubated with antibodies detecting 
pMLKL (54 kDa, necroptotic marker) and the apoptotic cleavage fragment of caspase-3 (19 kDa). Arrows indicate the position of the 
analyzed proteins. Detection of actin served as a loading control. 

Figure 13: Generation of caspase-10-deficient U-937 and HT-29 cells. (A) Western blot analyses were performed of whole cell lysates 
from U-937 wild type cells and CRISPR/Cas candidate clones. The blots were incubated with an antibody detecting the full length form of 
caspase-10 (58 kDa) to determine which of the generated CRISPR/Cas clones is deficient for caspase-10. (B) Flow cytometric analyses of 
the U-937 caspase-10 -/- clone A3 in comparison to wild type and control (A2) U-937 cells were performed to determine the effect on 
TNF-induced necroptosis caused by the deletion of caspase-10. Cells were left untreated or stimulated with 50 µM zVAD-fmk 
(prestimulation for 30 min) and 100 ng/ml TNF for 24 h to induce necroptosis. (C) Western blot analyses were performed of whole cell 
lysates from HT-29 wild type cells and CRISPR/Cas candidate clones. The blots were incubated with an antibody detecting the full length 
form of caspase-10 (58 kDa) to determine which of the generated CRISPR/Cas clones is deficient for caspase-10. Arrows indicate the 
position of the analyzed proteins. Detection of actin served as a loading control. (D) Flow cytometric analyses of all HT-29 CRISPR/Cas 
clones deficient for caspase-10 (G14, G16) in comparison to wild type and control (G3) HT-29 cells were performed to determine the 
effect on TNF-induced necroptosis caused by the deletion of caspase-10. Cells were left untreated or stimulated with 20 µM zVAD-fmk 
(prestimulation for 30 min), 5 µg/ml CHX (prestimulation for 30 min) and 100 ng/ml TNF for 24 h to induce necroptosis. Representative 
data from one out of three experiments are shown and error bars indicate SD from three measurements. 
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Once again, the cells were treated with two different specific necroptosis inhibitors to make 

sure that the cells undergo necroptosis and not another form of regulated cell death. Both 

inhibitors were able to block cell death (Figure 14A and B).  

 

 

 

 

 

 

Western blot analyses for PARP-1 and caspase-3 cleavage as markers for apoptosis and 

pMLKL as a marker for necroptosis looked quite similar in the HT-29 caspase-10 -/- clone G14 

and its wild type counterpart (Figure 16). For the U-937 caspase-10 -/- clone A3, the signal 

for pMLKL appeared faster and more pronounced (Figure 15), supporting the observed 

effect of caspase-10-deficient cells showing increased cell death.  
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Figure 14: Inhibition of cell death in response to treatment with Nec-1s and GSK’872 in U-937 and HT-29 CRISPR/Cas clones 
deficient for caspase-10. (A) Flow cytometric analyses of wild type U-937 cells and the U-937 caspase-10 -/- clone A3 were 
performed. Cells were left untreated or stimulated with 50 µM zVAD-fmk (prestimulation for 30 min) and 100 ng/ml TNF for 24 h to 
induce necroptosis. Cells were additionally treated with 50 µM Nec-1s (RIK1 inhibitor) or 10 µM GSK’872 (RIPK3 inhibitor) to clarify if 
the cells die through necroptosis or another form of regulated cell death. (B) Flow cytometric analyses of wild type HT-29 cells and 
the caspase-10 -/- clone G14 were performed. Cells were left untreated or stimulated with 20 µM zVAD-fmk (prestimulation for 30 
min), 5 µg/ml CHX (prestimulation for 30 min) and 100 ng/ml TNF for 24 h to induce necroptosis. Cells were additionally treated with 
50 µM Nec-1s (RIK1 inhibitor) or 10 µM GSK’872 (RIPK3 inhibitor) to clarify if the cells die through necroptosis or another form of 
regulated cell death. Representative data from one out of three experiments are shown and error bars indicate SD from three 
measurements. 
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Figure 15: Determining the effect of the genetic ablation of caspase-10 on TNF-induced necroptosis in the U-937 caspase-10 -/- clone 
A3. As part of the same experiment as shown in Figure 11, the U-937 caspase-10 -/- clone A3 was left untreated or stimulated with 20 µM 
zVAD-fmk (prestimulation for 30 min) and 100 ng/ml TNF over a time course from 1 to 24 h to induce necroptosis. As a control, cells were 
additionally treated with 100 ng/ml TNF and 0.1 µg/ml CHX for 4 h to induce apoptosis. Western blot analyses were performed of whole 
cell lysates. The blots were incubated with an antibody detecting the full length form (116 kDa) and the apoptotic cleavage fragment of 
PARP-1 (89 kDa). Western blots were also generated from whole cell lysates incubated with antibodies detecting pMLKL (54 kDa, 
necroptotic marker) and the apoptotic cleavage fragment of caspase-3 (19 kDa). For clarity of presentation, the data are shown in a new 
figure, but with the same wild type U-937 blots as in Figure 11. Arrows indicate the position of the analyzed proteins. Detection of actin 
served as a loading control. 
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4.1.4 The additional downregulation of other components of the necrosome alters the 

effect of caspases-8 and -10 within the necroptotic signaling pathway 

In mouse caspase-8-deficient cells, core components of the necrosome, e.g., RIPK1, RIPK3 

and CFLAR, were additionally downregulated via siRNA (Figure 17A). As expected, flow 

cytometric assays of the L929Ts caspase-8 -/- clone B3 showed that additional 

downregulation of RIPK1 and RIPK3 decreased cell death under necroptotic conditions, 

whereas the additional downregulation of CFLAR had almost no effect on cell death (Figure 

17B). RIPK1 and RIPK3 are core components of the necrosome and are essential for the 

induction of necroptosis (Li et al. 2012). Necroptosis can therefore only occur to a limited 

extent, when one of these proteins is missing. Since CFLAR, as a regulator of caspase-8, is 

blocking apoptosis and necroptosis (Hughes et al. 2016, Shindo et al. 2016), its 

downregulation would typically enhance necroptosis. In caspase-8-deficient L929Ts cells, cell 

death rates had already reached the maximum, which is why the downregulation of CFLAR 

did not further increase necroptosis. 
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Figure 17: Additional downregulation of core components of the necrosome in the L929Ts caspase-8 -/- clone B3. (A) Control Western 
blots of the untreated L929Ts caspase-8 -/- clone B3, transfected with siRNAs specific for either RIPK1, RIPK3 or CFLAR (siRIPK1, siRIPK3, 
siCFLAR) or control siRNA (siNT) were performed to verify the efficiency of the siRNA knockdown. Detection of actin served as a loading 
control. (B) In parallel, flow cytometric analyses of the L929Ts caspase-8 -/- clone B3 were performed. After 48 h, cells were left untreated 
or stimulated with 20 µM zVAD-fmk (prestimulation for 30 min) and 100 ng/ml TNF. Representative data from one out of three 
experiments are shown and error bars indicate SD from three measurements. 
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Figure 16: Determining the effect of the genetic ablation of caspase-10 on TNF-induced necroptosis in the HT-29 caspase-10 -/- clone 
G14. As part of the same experiment as shown in Figure 12, the HT-29 caspase-10 -/- clone G14 was left untreated or stimulated with 20 
µM zVAD-fmk (prestimulation for 30 min), 5 µg/ml CHX (prestimulation for 30 min) and 100 ng/ml TNF over a time course from 1 to 24 h 
to induce necroptosis. As a control, cells were additionally treated with 100 ng/ml TNF and 5 µg/ml CHX for 4 h to induce apoptosis. 
Western blot analyses were performed of whole cell lysates. The blots were incubated with an antibody detecting the full length form 
(116 kDa) and the apoptotic cleavage fragment of PARP-1 (89 kDa). Western blots were also generated from whole cell lysates incubated 
with antibodies detecting pMLKL (54 kDa, necroptotic marker) and the apoptotic cleavage fragment of caspase-3 (19 kDa). For clarity of 
presentation, the data are shown in a new figure, but with the same wild type HT-29 cell blots as in Figure 12. Arrows indicate the 
position of the analyzed proteins. Detection of actin served as a loading control. 
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In human caspase-8- or caspase-10-deficient cells, caspase-8 or -10 (where still present) 

were downregulated in addition to RIPK1, RIPK3 and CFLAR (Figure 18A, Figure 19A). For the 

downregulation of caspase-10, two different siRNAs (A and B) were used and for the 

downregulation of caspase-8, three different siRNAs (A, B and C) were used (Figure 18A, B 

and C, Figure 19A, B and C). In the U-937 caspase-8 -/- clone A7, the downregulation (Figure 

18A) of none of the core components except for CFLAR could overcome the effect triggered 

by the deletion of caspase-8 (Figure 18B) meaning that the cells were still protected from 

necroptosis. Cell death was increased when CFLAR was additionally downregulated in these 

cells (Figure 18B). In the HT-29 caspase-8 -/- clone F11, the results were similar to the ones 

generated in mouse cells. The additional downregulation of RIPK1 and RIPK3 (Figure 19A) 

decreased cell death, whereas CFLAR slightly increased cell death (Figure 19B).  
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Figure 18: Additional downregulation of core components of the necrosome in the U-937 caspase-8 -/- clone A7 and the U-937 caspase-
10 -/- clone A3. (A) Control Western blots of untreated caspase-8- (A7) or caspase-10-deficient (A3) U-937 cells, transfected with siRNAS 
specific for either RIPK1, RIPK3, caspase-10, caspase-8 or CFLAR (siRIPK1, siRIPK3, siCASP10 (A)/(B), siCASP8 (A)/(B)/(C), siCFLAR) or control 
siRNA (siNT) were performed to verify the efficiency of the siRNA knockdown. Detection of actin served as a loading control. The 
experiment was performed by Jaqueline Klausewitz. (B) In parallel, flow cytometric analyses of the U-937 caspase-8 -/- clone A7 were 
performed. After 48 h, cells were left untreated or stimulated with 50 µM zVAD-fmk (prestimulation for 30 min) and 100 ng/ml TNF. (C) In 
parallel, flow cytometric analyses of the U-937 caspase-10 -/- clone A3 were performed. After 48 h, cells were left untreated or stimulated 
with 50 µM zVAD-fmk (prestimulation for 30 min) and 100 ng/ml TNF. Representative data from one out of three experiments are shown 
and error bars indicate SD from three measurements. 
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In human U-937 and HT-29 caspase-10-deficient cells, the additional downregulation of 

RIPK1 and RIPK3 (Figure 18A, Figure 19A) decreased cell death with RIPK3 showing the most 

distinct results concerning the protection of the cells (Figure 18C, Figure 19C). This is in line 

with the induction of necroptosis being dependent on RIPK1 and RIPK3 as outlined above (Li 

et al. 2012). In the HT-29 caspase-10 -/- clone G14, the additional downregulation of CFLAR 

decreased cell death (Figure 19C), whereas in the U-937 caspase-10 -/- clone A3 the 

additional downregulation of CFLAR only slightly increased cell death (Figure 18C). The latter 

can be explained by the fact that cell death rates had already reached a maximum as 

described above for caspase-8-deficient L929Ts cells. 

4.1.5 The additional downregulation of caspase-10 in human cells cannot override the 

effect of caspase-8 

In both human cell lines, caspase-10 was additionally downregulated in the caspase-8 -/- 

clones A7 and F11 via siRNA. For both caspase-8 -/- clones the results looked quite similar. 

The additional downregulation of caspase-10 had no effect on cell death meaning that the 

caspase-8-deficient cells were still protected against necroptosis (Figure 18B, Figure 19B). 
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Figure 19: Additional downregulation of core components of the necrosome in the HT-29 caspase-8 -/- clone F11 and the HT-29 
caspase-10 -/- clone G14. (A) Control Western blots of untreated caspase-8- (F11) or caspase-10-deficient (G14) HT-29 cells, 
transfected with siRNAs specific for either RIPK1, RIPK3, caspase-10 or caspase-8 (siRIPK1, siRIPK3, siCASP10 (A)/(B), siCASP8 
(A)/(B)/(C)) or control siRNA (siNT) were performed to verify the efficiency of the siRNA knockdown. Detection of actin served as a 
loading control. (B) In parallel, flow cytometric analysis of HT-29 caspase-8 -/- clone F11 were performed. After 48 h, cells were left 
untreated or stimulated with 20 µM zVAD-fmk, 5 µg/ml CHX (both prestimulated for 30 min) and 100 ng/ml TNF. (C) In parallel, flow 
cytometric analysis of the HT-29 caspase-10 -/- clone G14 were performed. After 48 h, cells were left untreated or stimulated with 20 
µM zVAD-fmk, 5 µg/ml CHX (both prestimulated for 30 min) and 100 ng/ml TNF. Representative data from one out of three 
experiments are shown and error bars indicate SD from three measurements. 
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Vice versa, when caspase-8 was additionally downregulated in the caspase-10 -/- clones A3 

and G14 the downregulation of caspase-8 decreased cell death in caspase-10-deficient cells 

(Figure 18C, Figure 19C). In all experiments, caspase-8 siRNA (B) showed the weakest effects 

on cell death (Figure 18C, Figure 19C). 

4.1.6 Reconstitution of CRISPR/Cas knockout cell lines with enzymatically active and 

inactive mutant forms of caspases-8 and -10 

Human and mouse caspase-8- and caspase-10-deficient cells were transiently or stably 

reconstituted with enzymatically active and inactive mutant forms of human and mouse 

caspase-8 and caspase-10 (Figure 20A, Figure 21A, Figure 22A). As a result, it should be 

established whether necroptosis is differentially regulated by caspase-8 in mice and in 

humans and whether the effects caused by the deletion of caspase-8 or caspase-10 can be 

reversed. After transiently transfecting the L929Ts caspase-8 -/- clone B3 with active mouse 

caspase-8, the cells showed decreased cell death and behaved more like their wild type 

counterparts again (Figure 20B), indicating that the phenotype in these cells could be 

restored. In contrast, transfecting these cells with active or inactive human caspase-8 had 

absolutely no effect on cell death (Figure 20B), pointing to a difference between human and 

mouse caspase-8.  

 

 

 

 

 

In human cells, the pTRIPZ inducible lentiviral system had to be used for transfection (Figure 

21A), because of the intrinsic toxicity of transiently or stably reconstituted active caspases. 

Within this system, doxycycline was used to induce caspase-8 and caspase-10 expression. 

Caspase-8-deficient HT-29 cells were transfected with the vector alone, as a control, which 

had no effect on cell death (Figure 21B). Both, inactive human and mouse caspase-8 mutant 

forms had no effect on cell death in caspase-8-deficient cells (Figure 21B). The transfection 
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Figure 20: Reconstitution of the L929Ts caspase-8 -/- clone B3 with active mouse capase-8, active human caspase-8 and an inactive 
mutant form of human caspase-8. (A) Control Western blots of the transfected (mCASP8, hCASP8 and hCASP mut) but untreated 
L929Ts caspase-8 -/- clone B3 were performed to verify the reconstitution of the respective proteins. Detection of actin served as a 
loading control. (B) In parallel, flow cytometric analyses of the L929Ts caspase-8 -/- clone B3 transiently transfected with constructs 
encoding either mouse caspase-8, human caspase-8 (active or inactive) or the vector alone (ctrl) were performed. After 48 h, cells were 
left untreated or stimulated with 20 µM zVAD-fmk (prestimulation for 30 min) and 100 ng/ml TNF. Representative data from one out of 
three experiments are shown and error bars indicate SD from three measurements. 
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of human caspase-8-deficient cells with active human caspase-8 led to increased cell death 

(Figure 21B) and thus, to a similar behavior as one could observe for their wild type 

counterparts, meaning that the effect caused by the deletion of human caspase-8 could be 

neutralized by human active caspase-8. In contrast, the transfection with active mouse 

caspase-8 led to decreased cell death (Figure 21B), which was also shown in murine cells, 

supporting the hypothesis that necroptosis is differentially regulated by caspase-8 in mice 

and in humans. 

 

 

 

 

 

The HT-29 caspase-10 -/- clone G14 was also reconstituted with active and inactive caspase-

10 (Figure 22A). After transfection with active caspase-10, cell death was decreased and the 

cells behaved more like the wild type cells again. There was no effect on cell death after 

transfection with inactive caspase-10 (Figure 22B). 
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Figure 21: Reconstitution of the HT-29 caspase-8 -/- clone F11 with active and inactive mutant forms of mouse and human 
capase-8. (A) Control Western blots of the transfected (mCASP8, mCASP mut, hCASP8 and hCASP8 mut) and doxycycline-treated or 
untreated HT-29 caspase-8 -/- clone F11 were performed to verify the reconstitution of the respective proteins. Detection of actin 
served as a loading control. (B) In parallel, flow cytometric analyses of the HT-29 caspase-8 -/- clone F11 stably transfected with the 
pTRIPZ lentiviral inducible system specific for either mouse caspase-8 (active or inactive), human caspase-8 (active or inactive) or 
the pTRIPZ vector alone (ctrl) were performed. After 24 h, cells were left untreated or stimulated with 1 µg/ml doxycycline to induce 
caspase-8 activity before necroptosis was induced by stimulating the cells with 20 µM zVAD-fmk, 5 µg/ml CHX (both prestimulated 
for 30 min) and 100 ng/ml TNF for further 24h. Representative data from one out of three experiments are shown and error bars 
indicate SD from three measurements. 
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4.1.7 Analyses of the composition of the necrosome in caspase-8- and caspase-10-deficient 

human cells 

As core components of the necrosome, RIPK1 and RIPK3 associate through their RIP 

homotypic interaction motifs (RHIM), which leads to auto-phosphorylation of RIPK3, 

recruitment of MLKL and thus to execution of necroptosis (Mompeàn et al. 2018). To clarify 

whether the deletion of caspase-8 or caspase-10 has an impact on the assembly of the 

necrosome, immunoprecipitations were performed from lysates of HT-29 and U-937 cells 

after induction of necroptosis, followed by Western blot analyses. For U-937 and HT-29 wild 

type cells, Western blot analyses of immunoprecipitations with caspase-8 revealed that 

caspase-8 associates with RIPK1, RIPK3 and caspase-10 during necroptosis and that the 

signal for all three proteins increased over time (Figure 23A, Figure 24A). 

 

 

 

 

 

 

 

In contrast, Western blot analyses of immunoprecipitations with caspase-10 and RIPK3 in 

caspase-8-deficient cells showed no increase of any of the analyzed proteins (Figure 23B and 

C, Figure 24C and D) suggesting that the deletion of caspase-8 in human cells disrupts the 

assembly of the necrosome, thus preventing necroptosis. Furthermore, Western blot 

analyses of immunoprecipitations with caspase-8 in the U-937 caspase-10 -/- clone A3 

demonstrated that the increasing signal for RIPK1 and RIPK3 was much more pronounced in 

comparison to the wild type counterpart (Figure 24B). 
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Figure 22: Reconstitution of the HT-29 caspase-10 -/- clone G14 with active and inactive mutant forms of caspase-10. (A) Control 
Western blots of the transfected (CASP10, and CASP10 mut) and doxycycline-treated or untreated HT-29 caspase-10 -/- clone G14 
were performed to verify the reconstitution of the respective proteins. Detection of actin served as a loading control. (B) In parallel, 
flow cytometric analyses of the HT-29 caspase-10 -/- clone G14 stably transfected with the pTRIPZ lentiviral inducible system specific 
for either active caspase-10, inactive caspase-10 or the pTRIPZ vector alone (ctrl) were performed. After 24 h, cells were left 
untreated or stimulated with 1 µg/ml doxycycline to induce caspase-10 activity before necroptosis was induced by stimulating the 
cells with 20 µM zVAD-fmk, 5 µg/ml CHX (both prestimulated for 30 min) and 100 ng/ml TNF for further 24h. Representative data 
from one out of three experiments are shown and error bars indicate SD from three measurements. 

Figure 23: Analyses of the assembly of the necrosome in wild type HT-29 cells and the HT-29 caspase-8 -/- clone F11 via 
immunoprecipitations. (A) Immunoprecipitations with caspase-8 were performed from whole cell lysates of necroptosis-induced (20 
µM zVAD, 5 µg/ml CHX and 100 ng/ml TNF) wild type HT-29 cells over a time course from 1 to 4h. Western blots were generated from 
immunoprecipitates. The blots were incubated with antibodies detecting RIPK1 (74 kDa) RIPK3 (57 kDa), the full length form (58 kDa) 
and the cleavage fragment of caspase-10 (43 kDa). (B) Immunoprecipitations with caspase-10 were performed from whole cell lysates 
of the necroptosis-induced (20 µM zVAD, 5 µg/ml CHX and 100 ng/ml TNF) HT-29 caspase-8 -/- clone F11 over a time course from 1 to 
4h. Western blots were generated from immunoprecipitates. The blots were incubated with antibodies detecting RIPK1 (74 kDa) and 
RIPK3 (57 kDa). (C) Immunoprecipitations with RIPK3 were performed from whole cell lysates of the necroptosis-induced (20 µM 
zVAD, 5 µg/ml CHX and 100 ng/ml TNF) HT-29 caspase-8 -/- clone F11 over a time course from 1 to 4h. Western blots were generated 
from immunoprecipitates. The blots were incubated with antibodies detecting RIPK1 (74 kDa) and caspase-10 (58 kDa). Arrows 
indicate the position of the analyzed proteins. 
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The fact that caspase-10 and caspase-8 associate within the necroptotic signaling pathway 

was confirmed via additional Western blot analyses of lysates of magnetically isolated 

receptosomes from wild type U-937 and HT-29 cells (Figure 25). 
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Figure 24: Analyses of the assembly of the necrosome in wild type U-937 cells, the U-937 caspase-8 -/- clone A7 and the U-937 
caspase-10 -/- clone A3 via immunoprecipitations. (A) Immunoprecipitations with caspase-8 were performed from whole cell lysates of 
necroptosis-induced (50 µM zVAD and 100 ng/ml TNF) wild type U-937 cells over a time course from 1 to 6 h. Western blots were 
generated from immunoprecipitaes. The blots were incubated with antibodies detecting RIPK1 (74 kDa), RIPK3 (57 kDa), the full length 
form (58 kDa) and the cleavage fragment of caspase-10 (43 kDa). (B) Immunoprecipitations with caspase-8 were performed from whole 
cell lysates of the necroptosis-induced (50 µM zVAD and 100 ng/ml TNF) U-937 caspase-10 -/- clone A3 over a time course from 1 to 6 h. 
Western blots were generated from immunoprecipitates. The blots were incubated with antibodies detecting RIPK1 (74 kDa) and 
caspase-8 (55 kDa). (C) Immunoprecipitations with caspase-10 were performed from whole cell lysates of the necroptosis-induced (50 
µM zVAD and 100 ng/ml TNF) U-937 caspase-8 -/- clone A7 over a time course from 1 to 6 h. Western blots were generated from 
immunoprecipitates incubated with antibodies detecting RIPK1 (74 kDa) and RIPK3 (57 kDa). (D) Immunoprecipitations with RIPK3 were 
performed from whole cell lysates of the necroptosis-induced (50 µM zVAD and 100 ng/ml TNF) U-937 caspase-8 -/- clone A7 over a time 
course from 1 to 6 h. Western blots were generated from immunoprecipitates. The blots were incubated with antibodies detecting RIPK1 
(74 kDa) and caspase-10 (58 kDa). Arrows indicate the position of the analyzed proteins. The experiment was performed by Jaqueline 
Klausewitz. 
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Figure 25: Analyses of magnetically isolated receptosomes from wild type HT-29 and U-937 cells. TNF-R1 magnetic fractions were 
derived from HT-29 and U-937 cells after stimulation with 100 ng/ml TNF60-Fc for the indicated times. 4 µg of protein were analyzed 
by Western blot for presence of endogenous TNF-R1, RIPK1, caspase-10 and LAMP-2 as lysosomal marker. Whole cell lysates of 
untreated cells were used as control (ctrl). Arrows indicate the position of the analyzed proteins. 
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4.1.8 The effect caused by the deletion of caspase-8 in human cells can be overcome upon 

usage of the Smac mimetic birinapant 

Birinapant is a biindole-based bivalent Smac mimetic, binding to and inhibiting the activity of 

IAPs, thus leading to activation of downstream caspases and the induction of apoptosis 

(Benetatos et al. 2014). In this context here, birinapant was used instead of CHX in 

combination with TNF and zVAD to induce necroptosis. In contrast to CHX, birinapant has 

clinical relevance, since it is used in clinical trials primarily for the therapy of hematological 

malignancies and solid tumors (Zhu et al. 2018). In HT-29 wild type cells and caspase-10 -/- 

clone G14, necroptosis was slightly increased when CHX was exchanged for birinapant to 

induce necroptosis (Figure 26). In caspase-8-deficient cells the protection against necroptosis 

was completely abrogated upon usage of birinapant (Figure 26). When CHX and birinapant 

were used in combination, the results looked quite similar to the ones with TNF and zVAD in 

combination with birinapant alone. When caspase-8-deficient cells were treated with 

birinapant and TNF alone, cell death was extremely increased, which was not the case for 

caspase-10-deficient cells and wild type counterparts (Figure 26), supporting once more that 

treatment with birinapant can override the effect caused by the deletion of capsase-8. As 

described above, the birinapant-treated cells were additionally stimulated with Nec-1s and 

GSK’872 and both necroptosis inhibitors were able to completely block cell death (Figure 

26), indicating that that the cells died through necroptosis. 

 

 

 

 

 

 

Figure 26: The Smac mimetic birinapant overcomes the protection from necroptosis caused by the deletion of caspase-8 in human 
HT-29 cells. Flow cytometric analyses of HT-29 CRISPR/Cas clones deficient for caspase-8 (F11) or caspase-10 (G14) and wild type HT-
29 cells were performed. Cells were left untreated or stimulated with 20 µM zVAD-fmk, 5 µg/ml CHX (both prestimulated for 30 min) 
and 100 ng/ml TNF for 24 h to induce necroptosis. Cells were treated with 1 µM birinapant instead of CHX or additional to CHX to 
induce necroptosis. Cells were additionally treated with Nec-1s (RIK1 inhibitor) or GSK’872 (RIPK3 inhibitor) to clarify if the cells die 
through necroptosis or another form of regulated cell death. Representative data from one out of three experiments are shown and 
error bars indicate SD from three measurements. 
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4.1.9 Conclusion 

In accordance with the literature, genetic ablation of caspase-8 in murine cells led to 

increased cell death. In contrast, when caspase-8 was deleted in human cells, this led to 

protection of the cells against necroptosis, while the deletion of caspase-10 in human cells 

led to increased cell death. Additional downregulation of caspase-10 in caspase-8-deficient 

cells did not influence or even overcome the effect caused by the deletion of caspase-8. In 

contrast, additional downregulation of caspase-8 changed the effect caused by the deletion 

of caspase-10, indicating that caspase-10 in humans cannot substitute the function that is 

held by caspase-8 in mice. Reconstitution of HT-29, U-937 and L929Ts cells deficient for 

caspase-8 with enzymatically active and inactive mutant forms of human and mouse 

caspase-8 showed that there is a difference between human and mouse caspase-8. In 

human cells, the deletion of caspase-8 seemed to disrupt the assembly of the necrosome, 

thus preventing the induction of necroptosis. To conclude, all data obtained throughout this 

thesis consistently point to a differential proteolytic regulation of necroptosis by caspase-8 

in mice and in humans.  

4.2 The serine protease HtrA2/Omi as a key mediator regulating TNF-induced 
necroptosis 

The serine protease HtrA2/Omi has been identified as a key mediator regulating TNF-

induced necroptosis. Mouse embryonic fibroblasts deficient for HtrA2/Omi were completely 

protected from necroptosis (Sosna et al. 2013), but the underlying molecular mechanism 

remains unknown. As described above, UCH-L1 was identified as a substrate of HtrA2/Omi 

during necroptosis (Sosna et al. 2013), but since UCH-L1 is not expressed ubiquitously 

(Meyer-Schwesinger et al. 2011), there must be additional substrates or mechanisms 

through which HtrA2/Omi mediates necroptosis. Accordingly, several potential substrates of 

HtrA2/Omi were analyzed within this thesis. 

4.2.1 Analyses of DBC1, PDXDC1 and VPS4B as potential downstream mediators of 

HtrA2/Omi during necroptosis 

In a proteome-wide study, Vande Walle and colleagues have identified potential HtrA2/Omi 

substrates that are cleaved during apoptosis by mass spectrometry including the proteins 

DBC1, PDXDC1 and VPS4B (Vande Walle et al. 2007). VPS4B is described to be associated 

with intracellular protein trafficking, lysosomal degradation, virus budding and regulation of 

different stages of mitosis and cell division (Xu et al. 2017). DBC1 is reported to be involved 

in the induction of mitochondrial clustering and matrix condensation as well as the 

regulation of metabolism, apoptosis and RNA splicing (Vande Walle et al. 2007, Li et al. 

2017). Moreover, DBC1 is described to function as an inhibitor of epigenetic regulators (e.g., 

methyltransferase SUV39H1, E3 ligase MDM2) (Moon et al. 2018). The function of PDXDC1 is 

unknown by now. All three proteins were further investigated as potential HtrA2/Omi 
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substrates during necroptosis by Western blot analyses and siRNA knockdown experiments 

within this thesis. 

In a first experiment, L929Ts and HtrA2/Omi wild type MEF were compared with HtrA2/Omi-

deficient counterparts and HtrA2/Omi-deficient MEF reconstituted with HtrA2/Omi with 

regard to necroptotic cleavage of DBC1, PDXDC1 and VPS4B. As shown in figure 25A and B, 

the signal for DBC1 was clearly decreased under necroptotic conditions in HtrA2/Omi wild 

type MEF and HtrA2/Omi-deficient MEF reconstituted with HtrA2/Omi, but not in L929Ts 

cells. For PDXDC1, there was no difference in either of the cell lines, except for a potential 

cleavage band appearing under necroptotic conditions in HtrA2/Omi wild type MEF and 

HtrA2/Omi-deficient MEF reconstituted with HtrA2/Omi (Figure 27A). The signal for VPS4B 

was more pronounced under necroptotic conditions in HtrA2/Omi wild type MEF and 

HtrA2/Omi-deficient MEF reconstituted with HtrA2/Omi (Figure 27A), but again this was not 

the case in L929Ts cells (Figure 27B). 

 

 

 

 

 

 

 

To clarify if the effects described above are due to an inefficient or absent cleavage by 

HtrA2/Omi or caused indirectly in HtrA2/Omi-deficient cells by their resistance against 

necroptosis, all three proteins were downregulated by siRNA in HtrA2/Omi wild type MEF 

(Figure 28A). The knockdown of none of the three proteins had any effect on cell death 

(Figure 28B), indicating that these proteins may not be critical for HtrA2/Omi-mediated 

necroptosis. However, since the efficiency of the knockdown was very weak (Figure 28A), it 

is not possible to draw a final conclusion concerning a direct cleavage by HtrA2/Omi and 

further experiments will be needed.  
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Figure 27: Western blot analyses of DBC1, PDXDC1 and VPS4B as downstream mediators of HtrA2/Omi during necroptosis. (A) 
HtrA2/Omi wild type MEF, HtrA2/Omi-deficient MEF and HtrA2/Omi-deficient MEF reconstituted with HtrA2/Omi (D2) were left 
untreated or stimulated with 20 µM zVAD-fmk, 1 µg/ml CHX (both prestimulated for 30 min) and 100 ng/ml TNF for 16 h to induce 
necroptosis. Western blot analyses were performed of whole cell lysates. The blots were incubated with antibodies detecting DBC1 (130 
kDa), PDXDC1 (87 kDa) and VPS4B (49 kDa). (B) L929Ts wild type cells, HtrA2/Omi-deficient L929Ts cells (C2) and HtrA2/Omi-deficient 
L929Ts cells reconstituted with HtrA2/Omi (C2E12) were left untreated or stimulated with 20 µM zVAD-fmk (prestimulated for 30 min) 
and 100 ng/ml TNF for 5 h to induce necroptosis. Western blot analyses were performed of whole cell lysates. The blots were incubated 
with antibodies detecting DBC1 (130 kDa), PDXDC1 (87 kDa) and VPS4B (49 kDa). Arrows indicate the position of the analyzed proteins. 
Detection of actin served as a loading control. 
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4.2.2 Analyses of PMPCA, PSA1 and LONP1 as potential downstream mediators of 

HtrA2/Omi during necroptosis 

In a proteomic screen performed by Susann Voigt, several proteases distinct from 

HtrA2/Omi that potentially also contribute to necroptosis have been previously identified. 

These proteases were further investigated by siRNA knockdown experiments within this 

thesis. Three potential candidates identified within the proteomic screens were PMPCA, 

PSA1 and LONP1. PMPCA is involved in the processing of mitochondrial proteins (Joshi et al. 

2016) while LONP1 has been suggested to be correlated with mitochondrial gene expression 

and homeostasis (Matsushima et al. 2010). Mutations in both of these proteins have been 

described to cause mitochondrial disease (Joshi et al. 2016, Peter et al. 2018). As a subunit of 

the proteasome, PSA1 is involved in selective protein degradation and is suggested to be 

involved in tumorigenesis and tumor progression (Quin et al. 2017). 

In L929Ts and HT-29 wild type cells, PMPCA, PSA1 and LONP1 were downregulated via siRNA 

(Figure 29A and C). If one of the three proteins would be a substrate or downstream 

mediator of the serine protease HtrA2/Omi, the downregulation should evoke a similar 

effect to the one caused by the deletion of HtrA2/Omi. This means that the cells should be 

protected against necroptosis. For both cell lines, the results looked quite similar, showing 

that the downregulation of none of the three proteins had any effect on cell death (Figure 

29B and D), indicating that none of the proteins is a likely downstream mediator of 

HtrA2/Omi. Only the downregulation of LONP1 in HT-29 cells slightly decreased cell death in 

comparison to control (Figure 29D). However, the efficiency of the knockdown was again 

very weak (Figure 29A and C), and further experiments will be needed to draw a final 

conclusion. 
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Figure 28: Downregulation by siRNA of DBC1, PDXDC1 and VPS4B in HtrA2/Omi wild type MEF. (A) Control Western blots of 
untreated HtrA2/Omi wild type MEF, transfected with siRNAs specific for either mouse DBC1, PDXDC1 or VPS4B (siDBC1, siPDXDC1 
and siVPS4B) or control siRNA (siNT) were performed to verify the efficiency of the siRNA knockdown. Detection of actin served as a 
loading control. (B) In parallel, flow cytometric analyses of HtrA2/Omi wild type MEF were performed. After 48 h, cells were left 
untreated or stimulated with 20 µM zVAD-fmk, 1 µg/ml CHX (both prestimulated for 30 min) and 100 ng/ml TNF for 16 h to induce 
necroptosis. Representative data from one out of three experiments are shown and error bars indicate SD from three 
measurements.  
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4.2.3 Analyses of moesin and stathmin as potential downstream mediators of HtrA2/Omi 

during necroptosis 

Moesin and stathmin have been identified within a proteomic screen for cellular proteins 

cleaved during necroptosis performed by Susann Voigt. Both proteins were further 

investigated via Western blot analyses within this thesis. Moesin and stathmin both have 

been described to be correlated with metastasis and poor prognosis, when overexpressed in 

tumors. Under physiological conditions, these proteins are involved in the regulation of cell 

division, cell growth, cell adhesion and cellular morphology (Barros et al. 2018, Yan et al. 

2018). 

HtrA2/Omi wild type MEF were compared with HtrA2/Omi-deficient MEF by Western blot. 

As shown in figure 28, there was no difference for the signal of moesin between the two cell 

lines. In contrast, the signal for stathmin was less pronounced under necroptotic conditions 

in HtrA2/Omi wild type MEF (Figure 30), suggesting that stathmin is cleaved by HtrA2/Omi 
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Figure 29: Downregulation by siRNA of LONP1, PSA1 and PMPCA in L929Ts and HT-29 wild type cells. (A) Control Western blots of 
untreated L929Ts cells, transfected with siRNAs specific for either mouse LONP1, PSA1 or PMPCA (siLONP1, siPSA1 and siPMPCA) or control 
siRNA (siNT) were performed to verify the efficiency of the siRNA knockdown. (B) In parallel, flow cytometric analyses were performed. 
After 48 h, cells were left untreated or stimulated with 20 µM zVAD-fmk (prestimulated for 30 min) and 100 ng/ml TNF for 5 h to induce 
necroptosis. (C) Control Western blots of untreated HT-29 cells, transfected with siRNAs specific for either human LONP1, PSA1 or PMPCA 
(siLONP1, siPSA1 and siPMPCA) or control siRNA (siNT) were performed to verify the efficiency of the siRNA knockdown. Detection of actin 
served as a loading control. (D) In parallel, flow cytometric analyses were performed. After 48 h, cells were left untreated or stimulated 
with 20 µM zVAD-fmk, 5 µg/ml CHX (both prestimulated for 30 min) and 100 ng/ml TNF for 24 h to induce necroptosis. Representative data 
from one out of three experiments are shown and error bars indicate SD from three measurements.  
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during necroptosis. However, to finally elucidate if the observed difference between the two 

cell lines is due to a lack of cleavage by HtrA2/Omi or indirectly caused by the necroptosis 

resistance of HtrA2/Omi-deficient cells, further experiments will be needed. 

 

 

 

 

4.2.4 Analyses of Inhibitor of apoptosis proteins cIAP1 and XIAP as potential downstream 

mediators of HtrA2/Omi during necroptosis 

For apoptosis, it is common knowledge that HtrA2/Omi is released from mitochondria, 

binding to and deactivating IAPs (van Loo et al. 2002, Srinivasula et al. 2003, Yang et al. 2003, 

Vande Walle et al. 2010).  

Therefore, two different IAPs, cIAP1 and XIAP, were investigated as potential downstream 

mediators of HtrA2/Omi during necroptosis by Western blot analysis. Under necroptotic 

conditions induced by TNF, zVAD and CHX, HtrA2/Omi wild type MEF showed a signal for a 

cleavage band of XIAP after 16 hours (Figure 31). This signal for the cleavage band of XIAP 

was even more pronounced and appeared faster when the cells were additionally treated 

with birinapant (Figure 31). Birinapant is a Smac mimetic, binding to IAPs and leading to 

degradation of cIAP1 and cIAP2 and to inhibition of XIAP, which then leads to activation of 

downstream caspases during apoptosis (Benetatos et al. 2014, Brands et al. 2017). In 

HtrA2/Omi-deficient MEF, the signal for the cleavage band of XIAP was completely absent 

(Figure 31), suggesting that XIAP is cleaved by HtrA2/Omi during necroptosis. 
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Figure 30: Western blot analyses of moesin and stathmin as downstream mediators of HtrA2/Omi during necroptosis. HtrA2/Omi wild 
type MEF and HtrA2/Omi-deficient MEF were left untreated or stimulated with 20 µM zVAD-fmk, 1 µg/ml CHX (both prestimulated for 30 
min) and 100 ng/ml TNF for 16 h to induce necroptosis. Western blot analyses were performed of whole cell lysates. The blots were 
incubated with antibodies detecting moesin (68 kDa) and stathmin (19 kDa). Arrows indicate the position of the analyzed proteins. 
Detection of actin served as a loading control.  
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A similar experiment was performed for cIAP1. Since cIAP1 is degraded by birinapant, the 

signal for cIAP1 was completely absent in all three cell lines when the cells were additionally 

treated with birinapant (Figure 32). Surprisingly, in HtrA2/Omi-deficient cells the signal for 

cIAP1 was less pronounced under necroptotic conditions in comparison to wild type 

counterparts and HtrA2/Omi-deficient cells reconstituted with HtrA2/Omi (Figure 32). Since 

inhibition of IAPs leads to increased cell death, but the HtrA2/Omi-deficient cells were 

protected against necroptosis, a stronger signal for cIAP1 in HtrA2/Omi-deficient cells would 

have been expected. In conclusion, HtrA2/Omi seems to influence the amount of cIAP1 

present during necroptosis, but further experiments will be needed to conclusively address 

this point. 
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Figure 31: Western blot analyses of XIAP as a downstream mediator of HtrA2/Omi during necroptosis. HtrA2/Omi wild type MEF and 
HtrA2/Omi-deficient MEF were left untreated or stimulated with 20 µM zVAD-fmk, 1 µg/ml CHX (both prestimulated for 30 min) and 
100 ng/ml TNF over a time course from 1 to 16 h to induce necroptosis. In parallel, cells were additionally treated with 1 µM birinapant 
(prestimulated for 30min). Western blot analyses were performed of whole cell lysates. The blots were incubated with antibodies 
detecting XIAP (57 kDa) and HtrA2/Omi (36 kDa). Arrows indicate the position of the analyzed proteins. Detection of actin served as a 
loading control.  

Figure 32: Western blot analyses of cIAP1 as downstream mediator of HtrA2/Omi during necroptosis. HtrA2/Omi wild type MEF, 
HtrA2/Omi-deficient MEF and HtrA2/Omi-deficient MEF reconstituted with HtrA2/Omi (D2) were left untreated or stimulated with 20 µM 
zVAD-fmk, 1 µg/ml CHX (both prestimulated for 30 min) and 100 ng/ml TNF for 30 and 60 min to induce necroptosis. In parallel, cells were 
additionally treated with 1 µM birinapant. Western blot analyses were performed of whole cell lysates. The blots were incubated with 
antibodies detecting cIAP1 (62 kDa) and HtrA2/Omi (36 kDa). Arrows indicate the position of the analyzed proteins. Detection of actin 
served as a loading control.  
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Since dysregulation of IAPs has been associated to various cancers, tumor cell survival and 

chemo-resistance, IAPs have been used as anticancer drug targets. Consequently, Smac 

mimetics were utilized as pharmacological inhibitors of IAPs in clinical trials for cancer 

treatment (Silke and Meier 2013).  

Here in this context, the Smac mimetic birinapant was used in combination with TNF and 

zVAD (and CHX) to induce necroptosis and to clarify if the use of Smac mimetics can override 

the protection from necroptosis caused by the deletion of the protease HtrA2/Omi. First, 

L929Ts wild type cells were compared to the L929Ts HtrA2/Omi -/- clone C2 and HtrA2/Omi-

deficient cells reconstituted with HtrA2/Omi (E12). When the cells were treated with TNF 

and zVAD alone, the HtrA2/Omi-deficient cells were completely protected from necroptosis, 

as expected, whereas wild type cells and reconstituted cells showed a similar sensitivity 

(Figure 33A). When the cells were additionally treated with the Smac mimetic birinapant, the 

HtrA2/Omi-deficient cells showed increased cell death in comparison to the treatment with 

TNF and zVAD alone (Figure 33A), indicating that the effect caused by the deletion of 

HtrA2/Omi can be neutralized upon usage of birinapant. The same experiment was 

performed for HtrA2/Omi-deficient MEF, wild type counterparts and HtrA2/Omi-deficient 

MEF reconstituted with HtrA2/Omi (D2). Again, the HtrA2/Omi-deficient cells were 

protected against necroptosis, when the cells were treated with TNF, zVAD and CHX (Figure 

33B). When the cells were additionally treated with birinapant, HtrA2/Omi-deficient cells 

showed indeed increased cell death, but in comparison to wild type cells the HtrA2/Omi-

deficient cells still showed a slight protection against necroptosis (Figure 33B).  

 

 

 

 

 

Altogether, these results lead to the assumption that inhibitor of apoptosis proteins are 

downstream mediators of HtrA2/Omi during necroptosis.  

Figure 33: The Smac mimetic birinapant overcomes the protection from necroptosis caused by the deletion of HtrA2/Omi. (A) Flow 
cytometric analyses of HtrA2/Omi-deficient L929Ts cells (C2), HtrA2/Omi-deficient L929Ts cells reconstituted with HtrA2/Omi (E12) and 
L929Ts wild type cells were performed. Cells were left untreated or stimulated with 20 µM zVAD-fmk (prestimulated for 30 min) and 100 
ng/ml TNF for 5 h to induce necroptosis. In parallel, cells were additionally treated with 1 µM birinapant to induce necroptosis. (B) Parallel 
analyses of HtrA2/Omi-deficient MEF, HtrA2/Omi-deficient MEF reconstituted with HtrA2/Omi (D2) and HtrA2/Omi wild type MEF. Cells 
were left untreated or stimulated with 20 µM zVAD-fmk, 5 µg/ml CHX (both prestimulated for 30 min) and 100 ng/ml TNF for 16 h to 
induce necroptosis. In parallel, cells were additionally treated with 1 µM birinapant to induce necroptosis. Representative data from one 
out of three experiments are shown and error bars indicate SD from three measurements.  

A B 
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4.2.5 Identification of new potential substrates of HtrA2/Omi by mass spectrometric 

analysis 

In contrast to apoptosis, it is described that HtrA2/Omi is not released from mitochondria 

during TNF-induced necroptosis (van Loo et al. 2002, Blink et al. 2004). Therefore, new 

potential substrates of HtrA2/Omi were identified in this thesis from mitochondrial fractions 

of necroptotic wild type and HtrA2/Omi-deficient MEF by mass spectrometric analysis in 

collaboration with the group of Prof Dr. Andreas Tholey (Institute for Experimental 

Medicine, Kiel). Table 3 shows a list of candidates that have been identified within the mass 

spectrometric analysis. Since the group of Prof. Dr. Andreas Tholey postulated that the 

dendritic polyglycerol aldehyde polymer used for the enrichment had production issues, a 

repetition of this experiment in the future is highly recommended. 

Table 3: List of potential substrates of HtrA2/Omi during necroptosis which were identified by mass 

spectrometric analysis 

Identified proteins Accession number 

FAU, ribosomal protein S30 P62861 
ATP5A1, ATP synthase subunit alpha P25705-1 
RPL9, ribosomal protein L9 P32969 
MTCH2, mitochondrial carrier homolog 2 Q9Y6C9 
EZR, Ezrin P15311 
EIF5A, eukaryotic translation initiation factor 5A-1 P63241-2 
TAGLN2, Transgelin-2 P37802-2 
YBX3, Y-box-binding protein 3 P16989-1 
CRAT, Carnitine O-acetyltransferase P43155 
GATAD2B, transcriptional repressor p66-beta Q8WXI9 
CDC42BPB, serine/threonine-protein kinase MRCK 
beta 

Q9Y5S2 

RPS3A, ribosomal protein S3A P61247 
MYH9, Myosin-9; MYH10, Myosin-10 P35579-1; P35580-4 
RD3L, protein RD3-like P0DJH9 
HIST1H2BL, Histone H2B type 1-L Q99880 
EIF3CL, eukaryotic translation initiation factor 3 
subunit C-like protein 

B5ME19 

PDLIM5, PDZ and LIM domain protein5 Q96HC4-6 

4.2.6 Conclusion 

To conclude, the results indicate that some of the potential analyzed proteins like moesin, 

PSA1, LONP1 and PMPCA are unlikely downstream mediators of HtrA2/Omi during 

necroptosis, since siRNA knockdown of these proteins had no effect on cell death. For other 

proteins like VPS4B, DBC1, PDXDC1 and stathmin, Western blot analyses have been 

promising, but further analyses will be needed to draw a final conclusion, since again siRNA 

knockdown of these proteins had no effect on cell death. For all siRNA knockdown 

experiments the efficiency was very weak, recommending a repetition of these experiments 

with different siRNAs.  
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Since the effect caused by the deletion of HtrA2/Omi can be neutralized by usage of the 

Smac mimetic birinapant, it is likely that IAPs are downstream mediators of HtrA2/Omi. 

Western blot analyses of XIAP show that XIAP is cleaved by HtrA2/Omi during necroptosis, 

supporting the assumption that IAPs are substrates of HtrA2/Omi during necroptosis. 

Western blot analyses of cIAP1 have shown that HtrA2/Omi has an effect on the amount of 

cIAP1 present during necroptosis, but further experiments will be needed, since the results 

are inconsistent, which might have been due to problems with the antibody against cIAP1 in 

mouse cells. 
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5. Discussion 

5.1 Necroptosis is differentially regulated by caspase-8 in mice and in humans 

Since necroptosis is associated to various diseases, a precise knowledge of the necroptotic 

signaling pathway is crucial for the development of new therapeutic strategies. It is generally 

accepted that inhibition or genetic ablation of caspase-8 encourages death receptor-induced 

necroptosis (Feltham et al. 2017). This is highlighted by the fact that embryonic lethality of 

caspase-8 knockout mice is rescued by co-deletion of the necroptotic core proteins RIPK3 or 

MLKL (Kaiser et al. 2011, Alvarez-Diaz et al. 2016). 

The critical role of caspase-8 in suppressing necroptosis is also confirmed by the results 

obtained in the presented dissertation, which demonstrate that the absence of caspase-8 in 

murine L929Ts cells promotes TNF-induced necroptosis. This finding is in line with a previous 

study by Oberst and colleagues, where it was also shown that knockdown of caspase-8 in 

murine L929 cells causes TNF-induced necroptosis (Oberst et al. 2011). In contrast, the data 

obtained during this thesis in human U-937 cells showed that genetic ablation of caspase-8 

protected the cells from TNF-induced necroptosis instead of promoting cell death. This 

observation was confirmed in a second human cell line, in HT-29 cells. The results obtained 

in the presented dissertation showed that all HT-29 caspase-8 -/- cell clones generated by 

CRISPR/Cas9 technology were protected from TNF-induced necroptosis. Notably, this 

protection was obliterated when cells were additionally treated with the Smac mimetic 

birinapant, which is in line with a study of Tanzer and co-workers were they also used Smac 

mimetics to induce cell death, showing that three out of five HT-29 caspase-8 -/- cell clones 

generated by employing the CRISPR/Cas9 system were still sensitive to IFNγ-induced cell 

death (Tanzer et al. 2017).  

Within the above mentioned study by Oberst and colleagues, it was demonstrated that the 

enzymatic activity of caspase-8 is required for the inhibition of TNF-induced necroptosis 

(Oberst et al. 2011). This was confirmed in this dissertation by the results of the experiments 

to reconstitute CRISPR/Cas knockout cells. When human and murine CRISPR/Cas caspase-8 -

/- clones were reconstituted with enzymatically active and inactive caspase-8, only 

reconstitution with proteolytically active caspase-8 showed an effect on cell death. 

Therefore, caspase-8 enzymatic activity seems to be crucial for necroptosis induction in 

human cells as well as for the inhibition of TNF-induced necroptosis in murine cells. A 

scaffolding function of caspase-8 within the necroptotic signaling pathway seems to be 

unlikely.  

Immunoprecipitations with caspase-8 in human HT-29 and U-937 cells performed within the 

presented dissertation showed that caspase-10 is recruited to the necrosome during TNF-

induced necroptosis. Further results concerning necrosome analyses by 

immunoprecipitation obtained in this study revealed that core components of the 

necrosome do not associate during TNF-induced necroptosis when caspase-8 is deleted, 
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implying that the necrosome assembly is dependent on caspase-8 and that caspase-8 is 

essential for the initial recruitment of complex IIb proteins. This was also shown for 

apoptosis, in a study by Horn and colleagues, where caspase-8-deficient HeLa cells 

generated by employing the CRISPR/Cas system were fully protected from CD95L-induced 

death (Horn et al. 2017). Within this study, it was also demonstrated that only reconstitution 

with enzymatically active caspase-8 was able to restore sensitivity to CD95L-induced death. 

Furthermore, it was demonstrated that caspase-8 has a scaffolding function for DISC 

formation and recruitment of caspase-10. This is again in line with results of necrosome 

analyses by immunoprecipitation of the thesis presented here showing that deletion of 

caspase-8 in U-937 cells prevented the recruitment of caspase-10.  

The results of experiments regarding the reconstitution of enzymatically active and inactive 

caspase-8 obtained within this study revealed that there is a difference between mouse and 

human caspase-8, since reconstitution of human caspase-8-deficient HT-29 cells with active 

human caspase-8 induced cell death, whereas reconstitution of these cells with active 

mouse caspase-8 reduced cell death. Until now, no differences between human and mouse 

caspase-8 have been reported regarding substrate specificity, but there is evidence that 

functional differences might emerge due to different post-translational modifications 

(Sakamaki et al. 2015). For example, in a previous study by Cursi and colleagues, it was 

demonstrated that human caspase-8 can be phosphorylated by the tyrosine kinase Src, 

causing the inhibition of apoptosis, which is not the case for mouse caspase-8 (Cursi et al. 

2006). Another indication for a difference between human and mouse caspase-8 is the 

diverging phenotype (embryonic lethality in mice (Oberst et al. 2011) vs. immunodeficiency 

in humans (Chun et al. 2002)) in terms of functional mutations of caspase-8 in mice and in 

humans (Chun et al. 2002, Oberst et al. 2011). 

5.2 Caspase-10 in humans cannot substitute the function that is held by 
caspase-8 in mice 

As described above, in contrast to caspase-8, the impact of caspase-10 on necroptosis 

remains unknown. Mutations in caspase-10 are linked to autoimmune lymphoproliferative 

syndrome (ALPS) (Worth et al. 2006), and both caspases-8 and -10 are essential for normal 

human development.  

The data obtained in the presented dissertation demonstrated that genetic ablation of 

caspase-10 in human HT-29 and U-937 cells promoted TNF-induced necroptosis, thus 

suggesting that caspase-10 has an inhibitory function for TNF-induced necroptosis. Since this 

is the effect that is described for genetic loss of caspase-8 in murine cells (Oberst et al. 

2011), and since caspase-10 only exists in mammals but not in rodents (Salvesen and Walsh 

2014), it can be assumed that caspase-10 in humans may substitute the function that is held 

by caspase-8 in mice. The fact that mutations affecting the function of caspase-8 in mice 

result in embryonic lethality (Sakamaki et al. 2002, Oberst et al. 2011), whereas humans with 

mutant caspase-8 only show a defect in activating lymphocytes resulting in 
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immunodeficiency (Chun et al. 2002), also leads to the assumption that caspase-10 can to 

some extent compensate caspase-8 in humans. An inhibiting function of caspase-10 on 

different forms of cell death was previously described. A study of Lamy and colleagues has 

demonstrated that caspase-10 inhibits autophagic cell death in myeloma cells (Lamy et al. 

2013) while Horn and colleagues demonstrated that a caspase-10 knockdown enhanced 

CD95L-induced cell death (Horn et al. 2017).  

In the literature, it is controversially discussed whether caspase-10 is able to substitute for 

the function of caspase-8 in death receptor signaling. In previous studies of Wang and 

colleagues and Kischkel and colleagues, it was shown that caspase-10 can promote ligand-

induced apoptosis independently of caspase-8 (Kischkel et al. 2001, Wang et al. 2001). These 

results were confirmed by a study of Milhas and colleagues showing induction of apoptosis 

in caspase-8-deficient Jurkat cells and parallel activation of caspase-10, suggesting that 

caspase-10 can act as an initiator caspase in Fas signaling leading to apoptosis (Milhas et al. 

2005). A study by Lafont and colleagues showed that FasL-induced cell death was blocked in 

cells double-deficient for caspase-8 and -10, but not in cells deficient only for caspase-8, 

indicating that caspase-10 is involved in FasL-induced death (Lafont et al. 2010). In contrast, 

the results of the siRNA knockdown experiments in caspase-8-deficient CRISPR/Cas cell 

clones obtained in the study presented here revealed that caspase-10 was not able to 

override the effect that was caused by the deletion of caspase-8 within the necroptotic 

signaling pathway, suggesting that, with regard to necroptosis, caspase-10 in humans cannot 

substitute the function that is held by caspase-8 in mice. This is in line with a previous study 

by Sprick and colleagues showing that caspase-10 cannot substitute the function of caspase-

8 within the apoptotic signaling pathway (Sprick et al. 2002). 

In the above mentioned study by Horn and colleagues, the authors demonstrated that 

caspase-10 acts as a negative regulator for caspase-8-mediated cell death (Horn et al. 2017). 

Within this study it was shown that knockdown of caspase-10 enhanced CD95L-induced cell 

death and that caspase-10 prevents DISC-mediated caspase-8 activation. Since a combined 

knockdown of caspase-10 and c-FLIP further increased sensitization to CD95L (Horn et al. 

2017), it was proposed that caspase-10 might, similar to c-FLIP, act as a second and 

independent inhibitor of caspase-8. Possibly, this might also be the case for TNF-induced 

necroptosis. c-FLIP is a key regulator of caspase-8 activity, thus determining signaling 

outcome in terms of cell survival or several forms of cell death (Hughes et al. 2016, Dillon et 

al. 2012, Oberst et al. 2011). Two main isoforms of c-FLIP have been described, namely c-

FLIPS and c-FLIPL (Hughes et al. 2016). Hughes and colleagues demonstrated that c-FLIPS 

functions exclusively as an inhibitor of caspase-8 by inhibiting caspase-8 oligomerization and 

pro-caspase-8 activation, thereby inhibiting apoptosis and promoting necroptosis. On the 

contrary, in case of c-FLIPL, the c-FLIPL-pro-caspase-8 ratio determines signaling outcome. 

Low levels of c-FLIPL cause pro-caspase-8 activation while high levels of c-FLIPL inhibit pro-

caspase-8 activation (Hughes et al. 2017). In the end, both ways of regulating caspase-8 and 

inhibiting cell death may be possible for caspase-10 as well. Caspase-10 may also either 

disrupt caspase-8 oligomerization or form inactive heterodimers with caspase-8 thereby 
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inhibiting necroptosis. It has been reported that caspase-10, like caspase-8, also forms 

heterodimers with c-FLIP (Raam and Salvesen 2012) and that the caspases-10 and -8 form 

inactive heterodimers as well (Humphreys et al. 2018), highlighting the possibility of 

caspase-10 being a regulator of caspase-8. The results of analyses of the necrosome 

formation by immunoprecipitation obtained during this thesis, revealed that caspase-8 and 

caspase-10 associate during TNF-induced necroptosis. Noteworthy, caspases-8 and -10 and 

c-FLIP are located at the same gene locus (Fischer et al. 2006) and co-regulated genes tend 

to be clustered in the same genetic neighborhood (Michalak 2008). Similar to c-FLIP, it has 

been reported that caspase-10 is overexpressed in tumor tissues (Qian et al. 2018). Within 

the study by Qian and colleagues it was demonstrated that caspase-10 is overexpressed in 

tumor tissues of clear cell renal cell carcinoma (ccRCC), suggesting that caspase-10 might be 

involved in the pathogenesis of ccRCC (Qian et al. 2018). Moreover, it has been described 

that loss of caspase-10 in cancer cells promotes a more effective mode of apoptosis upon 

usage of chemotherapeutic drugs and might therefore enhance effectiveness of cancer 

therapy (Mohr et al. 2018). All data concerning caspase-10 obtained within this thesis, hint 

to the possibility of using caspase-10 as a therapeutic target.  

Furthermore, data obtained within this thesis demonstrated that the enzymatic activity of 

caspase-10 is essential for the inhibitory function of caspase-10 within the necroptotic 

signaling pathway. HT-29 CRISPR/Cas caspase-10 -/- clones reconstituted with enzymatically 

active and inactive caspase-10, only showed an effect on cell death when reconstituted with 

active caspase-10.  

5.3 Identification of downstream mediators of the serine protease HtrA2/Omi 

The serine protease HtrA2/Omi is located in the mitochondrial intermembrane space and 

enzymatically inactive mutations of HtrA2/Omi are related to neurodegenerative disorders 

such as Parkinson’s disease and Alzheimer’s disease (Jones et al. 2003, Martins et al. 2004, 

Strauss et al. 2005, Westerlund et al. 2011). It has been described that, during apoptosis, 

HtrA2/Omi is released from the mitochondria into the cytosol, where it interacts with IAPs 

via N-terminal IAP-binding motifs and inactivates IAPs, leading to activation of caspases and 

the induction of apoptosis (Suzuki et al. 2001, Hedge et al. 2002, Martins et al. 2002, van Loo 

et al. 2002, Verhagen et al. 2002, Verhagen et al. 2007). In previous studies by Srinivasula 

and colleagues and Yang and colleagues, it was shown that HtrA2/Omi promotes proteolytic 

degradation of bound IAPs (Srinivasula et al. 2003, Yang et al. 2003). In addition, previous 

studies have reported that HtrA2/Omi mediates caspase-independent cell death through its 

own serine protease activity (Suzuki et al. 2001, Hedge et al. 2002, Blink et al. 2004). In 2013, 

the serine protease HtrA2/Omi was identified as key mediator regulating TNF-induced 

necroptosis (Sosna et al. 2013), but the underlying mechanism through which HtrA2/Omi 

regulates necroptosis is still unknown.  

Within the presented dissertation, several potential downstream mediators of HtrA2/Omi 

during TNF-induced necroptosis were therefore analyzed by Western blot and siRNA 
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knockdown experiments. The results obtained in this study demonstrated that LONP1, PSA1 

and PMPCA do not seem to be substrates of HtrA2/Omi, since downregulation of these 

proteins had no effect on cell death. However, as knockdown efficiency was very weak, 

further experiments will be needed to draw a final conclusion. For DBC1, PDXDC1, VPS4B 

and stathmin1, the results of Western blot experiments performed within this thesis showed 

at least for MEF that the deletion of HtrA2/Omi influences the cleavage of these proteins. 

Since subsequent siRNA knockdown experiments showed that the downregulation of DBC1, 

PDXDC1 and VPS4B had no effect on cell death, they do not seem to be downstream 

mediators of HtrA2/Omi. Again, knockdown efficiency was very weak and further 

experiments will be needed. Since a previous study by Sundararajan and colleagues 

demonstrated that DBC1 promotes mitochondrial clustering, matrix condensation and TNF-

mediated apoptosis (Sundararajan et al. 2005), this protein represents a promising candidate 

as substrate of HtrA2/Omi which is why it will be highly interesting to perform further 

analyses. The same applies to the mitochondrial protease LONP1, for which it has also been 

described that its stability is influenced by HtrA2/Omi and that HtrA2/Omi therefore might 

be an upstream regulator in maintaining mitochondrial homeostasis (Goo et al. 2014). 

Western blot analyses of moesin showed that there are no differences in protein expression 

between HtrA2/Omi wild type MEF and HtrA2/Omi-deficient MEF under necroptotic 

conditions, leading to the assumption that moesin can be excluded as substrate of 

HtrA2/Omi during TNF-induced necroptosis.  

Within his PhD thesis in the group of Prof. Dr. Dieter Adam, Johaiber I. Fuchslocher Chico 

showed that HtrA2/Omi seems to be linked to necroptosis upstream of RIPK3 and MLKL. A 

previous study of Vande Walle and colleagues demonstrated that HtrA2/Omi cleaves RIPK1 

during apoptosis in mice, but not in humans, and that HtrA2/Omi-generated RIPK1 cleavage 

fragments were not able to activate NF-κB, thus increasing apoptosis (Vande Walle et al. 

2010). This might also be one possibility how HtrA2/Omi regulates TNF-induced necroptosis. 

As mentioned above, HtrA2/Omi has been described to regulate apoptosis through 

inactivation of IAPs (Suzuki et al. 2001, Hedge et al. 2002, Martins et al. 2002, van Loo et al. 

2002, Verhagen et al. 2002, Verhagen et al. 2007). This represents another possibility how 

HtrA2/Omi regulates TNF-induced necroptosis. 

Western blot analyses regarding IAPs performed within this thesis showed the most 

promising results. There were differences in the protein expression of cIAP1 between 

HtrA2/Omi wild type MEF and HtrA2/Omi-deficient MEF under necroptotic conditions, but it 

is hard to explain why the signal for cIAP1 was less pronounced in HtrA2/Omi-deficient cells, 

since these cells were protected from TNF-induced necroptosis and therefore the signal for 

cIAP1 should have been more pronounced in comparison to wild type counterparts. 

Recently, a study by Annibaldi and colleagues demonstrated that cIAP1-mediated 

ubiquitylation inhibits RIPK1 kinase auto-activation and targets it for proteasomal 

degradation (Annibaldi et al. 2018). As a consequence, lower amounts of cIAP1 would lead 

to accumulation of active RIPK1 and induction of cell death in response to TNF. Another 
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study by Dondelinger and colleagues demonstrated that the depletion of cIAP1/2 promoted 

TNF-induced necroptosis upon inhibition of caspase activity (Dondelinger et al. 2013). Both 

studies are inconsistent with the results obtained in the study here, where lower amounts of 

cIAP1 in HtrA2/Omi-deficient cells correlated with protection from TNF-induced necroptosis. 

At present, it cannot be excluded that these inconsistencies are due to technical issues, i.e., 

specificity problems of the antibody against cIAP1 in mouse cells. 

The results of Western blot analyses of XIAP were more conclusive, since it was shown in this 

study that XIAP was only cleaved in HtrA2/Omi wild type cells but not in HtrA2/Omi-deficient 

MEF under necroptotic conditions and that this effect was even more prominent when the 

Smac mimetic birinapant was added, indicating that XIAP is a substrate of HtrA2/Omi during 

TNF-induced necroptosis. This is in line with former studies showing that HtrA2/Omi binds to 

XIAP during apoptosis (Suzuki et al. 2001, Martins et al. 2002, van Loo et al. 2002). Besides, a 

former study by Wicki and colleagues demonstrated that loss of XIAP promoted TNF-induced 

cell death and that it facilitated the switch to TNF-induced necroptosis in mouse neutrophils 

(Wicki et al. 2016). Additionally, results of flow cytometric analyses obtained in this study 

revealed that the protection of HtrA2/Omi-deficient cells against TNF-induced necroptosis 

could be neutralized upon usage of the Smac mimetic birinapant indicating once more that 

HtrA2/Omi may mediate TNF-induced necroptosis by proteolytic cleavage of IAPs. If 

HtrA2/Omi promotes cell death by inactivating IAPs, this would presume that HtrA2/Omi-

deficient cells are resistant against apoptosis and necroptosis, since the inactivation of IAPs 

promotes cell death via both, apoptosis or necroptosis. Within the presented dissertation, it 

was demonstrated that HtrA2/Omi-deficient cells were protected from necroptosis. Two 

former studies additionally demonstrated that the downregulation of HtrA2/Omi via siRNA 

caused significant reduction of apoptosis in U20S cells (Martins et al. 2002) and 

staurosporine-induced cell death in HeLa cells (Kuninaka et al. 2005), suggesting once more 

that IAPs are substrates of the serine protease HtrA2/Omi. 

Within the presented dissertation, several potential substrates of HtrA2/Omi were identified 

by mass spectrometry from mitochondrial fractions of necroptotic wild type and HtrA2/Omi-

deficient MEF (see Table 3). The experiment has to be repeated in the future due to 

production issues of employed material which may compromise the obtained results. 

Nevertheless, one of the proteins listed in Table 3, named mitochondrial carrier homologue 

2 (MTCH2), might be a promising candidate. In a study by Zaltsman and colleagues, it was 

demonstrated that MTCH2 facilitates tBID recruitment to mitochondria (Zaltsman et al. 

2010). In addition, a former study of van Loo and colleagues showed that tBID is essential for 

the release of HtrA2/Omi from mitochondria (van Loo et al. 2002). Combining both findings, 

MTCH2 might be a potential downstream mediator of HtrA2/Omi during TNF-induced 

necroptosis, promoting the release of HtrA2/Omi from mitochondria. 
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5.4 Biological relevance of the obtained results of this thesis and future 
perspectives 

As described above, necroptosis has been associated to the pathogenesis of various human 

diseases like inflammatory bowel disease (Pierdomenico et al. 2014), Gaucher’s disease 

(Vitner et al. 2014), sepsis (Linkermann et al. 2012) or cancer (He et al. 2013, Seifert et al. 

2016). There exist different approaches to cancer treatment and classical cancer therapies 

include surgery, radiation and chemotherapy (Urruticoechea et al. 2010). To date, the 

common adjuvant strategy for cancer treatment of patients is the induction of tumor cell 

apoptosis by chemotherapeutic drugs like cisplatin or 5-fluorouracil (Dasari and Tchounwou 

2014, Holohan et al. 2013, Gaijar et al. 2018). Since many cancer cells have primary or 

acquired resistance to apoptosis, available cancer therapies are currently limited in their 

effectiveness (Holohan et al. 2013). Various cancer cell lines are reported to have the 

components of the necroptotic cell death machinery and thus are able to undergo 

necroptosis (Su et al. 2016). Therefore, necroptosis has become a promising alternative as a 

target for cancer therapy. A study of Han and colleagues demonstrated that necroptosis was 

induced by shikonin in breast cancer cells that were resistant to proapoptotic drugs (Han et 

al. 2007). Moreover, a study by Metzig and colleagues showed that colorectal cancer cells 

being resistant to the proapoptotic drug 5-fluorouracil underwent necroptosis upon 

treatment of pancaspase inhibitors (Metzig et al 2016). Several other studies also reported 

cases where necroptosis was triggered to kill cancer cells resistant to proapoptotic cancer 

therapy (Bonapace et al. 2010, Laukens et al. 2011, McCabe et al. 2014). Necroptosis is not 

only a promising approach to eliminate cancer cells but it has recently also been described 

that at least in mouse models the survival in neonatal sepsis is increased and that lung 

injuries are decreased when necroptosis is inhibited (Bolognese et al. 2018). Besides, it has 

been reported that targeting necroptosis might be an attractive therapeutic strategy to 

reduce plaque formation and the development of atherosclerosis (Coornaert et al. 2018). 

Therefore, it is essential to gain further insight into the necroptotic signaling pathway. The 

results obtained within this thesis regarding caspase-8 have revealed that there are 

differences between mouse and human caspase-8 and that the deletion or downregulation 

of caspase-8 protects human cells from TNF-induced necroptosis instead of enhancing cell 

death. This might be decisive regarding the use of caspase-8 as a target to trigger 

necroptosis in cancer cells. Moreover, the findings of the presented dissertation indicate 

that caspase-10 either partially substitutes the function of caspase-8 or acts as a regulator of 

caspase-8. Therefore, caspase-10 might be a new, promising target for cancer therapy. In 

general, findings of the presented dissertation regarding caspase-8 and -10 and the serine 

protease HtrA2/Omi provide new opportunities for more specific manipulation of 

necroptosis regarding the development of new therapeutic strategies.  
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