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1 Summary 

 

One of the most important processes governing the life of multicellular organisms is the 

regulated cellular death. It is important for maintaining cellular homeostasis, helping in foetal 

development, underpinning the working of the immune system and other biological 

processes. Cell death has been divided into accidental (necrosis) and regulated. This latter 

category has traditionally been occupied by apoptosis, a death form governed by the 

proteolytic activity of cysteine-aspartic proteases termed caspases (Kerr et al. 1972). In the 

last decades, other forms of cellular demise have been identified as being under the control 

of cellular signal cascades, thus expanding our understanding of regulated cell death. 

The present work focuses on proteolytic processes underpinning a regulated cell death which 

is not under the control of caspases, specifically necroptosis. The name was created in 2005, 

by Degterev and colleagues to describe a form of cell death active even after suppressing 

caspase activity and being easily distinguishable from apoptosis on the morphological level 

due to distinct features: while apoptotic cells show membrane blebbing, nuclear 

fragmentation and cell shrinkage, this form showed the hallmarks of necrosis, cellular 

swelling, leading to bursting of the cells. 

Necroptosis is a form of caspase-independent cell death, characterised by the activation of 

RIPK3 and MLKL. Multiple publications demonstrate that this pathway can be activated by a 

host of different receptors, such as tumor necrosis factor receptor 1, Fas cell surface death 

receptor, toll-like receptor 3 and 4 and interferon receptor. The group of Prof. Dr. Adam 

previously demonstrated the importance of acid sphingomyelinase and the possible role of 

the high temperature requirement protein A2 (HtrA2, also called Omi) in necroptosis. 

The present works’ aim has been to gain further insights into the proteolytic mechanisms 

present in necroptosis via multiple routes: investigating an in-vivo model for necroptosis in 

DSS-induced colitis in mice with an extremely reduced expression of the sheddase ADAM17, 

investigating the role of the phosphoglycerate mutase family member 5 (PGAM5) in 

necroptosis, analysis of the function of the protease HtrA2/Omi and its possible substrates in 
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necroptotic cell death and investigating the proteolytic cleavage of acid sphingomyelinase  (A-

SMase) as a component of necroptosis. 

1.1 Zusammenfassung 

 

Einer der wichtigsten Prozesse die das Leben von multizellulären Organismen beeinflussen, ist 

der regulierte Zelltod. Es ist wichtig für die Aufrechterhaltung der zellulären Homöostase, 

Beihilfe in der fötalen Entwicklung, als Basis für die Funktion des Immunsystems und andere 

biologische Prozesse. Der Zelltod wird in zufällig (Nekrose) und reguliert unterteilt. Letztere 

Kategorie wurde traditionell der Apoptose zugeschrieben, eine Form des Zelltodes unter der 

Kontrolle der proteolytischen Aktivität von Cystein-Aspartase Proteasen, genannt Caspasen 

(Kerr et al. 1972). In den letzten Jahrzenten wurden andere Arten von Zelltod identifiziert, die 

unter der Kontrolle von zellulären Kaskaden liegen, womit unser Verständnis von reguliertem 

Zelltod expandiert wurde. 

Diese Arbeit konzentriert sich auf proteolytische Prozesse die die Basis für eine regulierte 

Form von Zelltod sind, die nicht unter der Kontrolle von Caspasen ist, konkret: Nekroptose. 

Der Name entstand 2005 als Degterev und Kollegen eine Arte des Zelltodes beschrieben, die 

sogar nach Unterdrückung von Caspase Aktivität verlief, und morphologisch leicht von 

Apoptose zu unterscheiden ist: während apoptotische Zellen Blasenbildung in der Membran, 

nukleare Fragmentation und Schrumpfen vorweisen, zeigte diese Art die charakteristischen 

Merkmale von Nekrose, Anschwellen bis zum Bersten der Zellen. 

Nekroptose ist eine Form von Caspase-unabhängigem Zelltod, die durch die Aktivierung von 

RIPK3 und MLKL charakterisiert. Eine Vielzahl von Publikationen haben gezeigt, dass der 

Signalweg von mehreren verschiedenen Rezeptoren aktiviert werden kann, wie 

Tumornekrosefaktor-Rezeptor-1, Fas-Zelloberflächen-Rezeptor, Toll-ähnliche Rezeptoren -3 

und -4 und der Interferon-Rezeptor. Die AG von Prof. Dr. Adam hat auch die Wichtigkeit der 

sauren Sphingomyelinase und die mögliche Rolle des Hohen Temperatur benötigendes 

Protein A2 (HtrA2 auch Omi genannt) in Nekroptose gezeigt. 
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Das Ziel dieser Arbeit war es weitere Einsichten von proteolytischen Prozessen in der 

Nekroptose zu gewinnen. Dieses Ziel wurde in mehreren Ansätzen verfolgt: die Untersuchung 

eines in-vivo Modells der Nekroptose in Mäusen mit einer extremen Reduktion der Expression 

der „sheddase“ ADAM17. Die Analyse einer möglichen Rolle der Phosphoglycerat Mutase 

Familienmitglied 5 (PGAM5) in Nekroptose, die Aufklärung der Funktion der Protease 

HtrA2/Omi und ihrer möglichen Substrate im nekroptotischen Zelltod, sowie die 

Untersuchung der proteolytischen Spaltung der sauren Sphingomyelinase (A-SMase) als 

Komponente der Nekroptose. 
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2 Introduction 

 

2.1 Caspase-dependent programmed cell death: Apoptosis 

Since the publication of the first paper describing the biochemical mechanisms underpinning 

its route (Kerr et al. 1972), apoptosis has quickly become the most studied and best 

understood form of cellular demise. 

At the morphological level, apoptosis is characterized by exposure of phosphatidylserine on 

the outer layer of the cytoplasmic membrane, nuclear condensation, membrane blebbing, cell 

shrinkage, DNA fragmentation and finally disintegration into so-called apoptotic bodies, which 

are then eliminated by phagocytes (Nagata et al. 2017, Poon et al. 2014). 

Figure 1  
Summary of the two apoptosis pathways. The intrinsic pathway can be triggered by oxidative stress and/or DNA damage. 
This promotes the activation of pro-apoptotic BCL-2 family members such as BAX or BAK, which mediate cytochrome C 
release from mitochondria. Cytochrome C is able to promote the formation of the apoptosome by oligomerizing caspase 9 
and Apaf-1, which then can activate the effector caspases 3, -6 and -7. The extrinsic pathway starts with the docking of 
death-inducing ligands to their receptor, leading to death-inducing signaling complex (DISC) formation, containing death-
domain proteins such as TRADD/FADD and pro caspase 8, which is then activated by autoproteolysis. Active caspase 8 is in 
turn able to activate the effector caspases 3, -6 and -7. In both cases, release of Smac from mitochondria inhibits IAPs, 
permitting the execution of apoptosis. 
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At the molecular level, apoptosis can be triggered by two distinct pathways (see figure 1). The 

extrinsic pathway is activated by external signals docking on death receptors such as tumor 

necrosis factor receptor (TNF-R), TNF related apoptosis-inducing ligand-receptor (TRAILR) and 

cluster of differentiation 95 (CD95, also known as Fas), initiating a cascade through 

downstream adapter proteins such as TNF-associated death domain (TRADD) and  Fas-

associated death domain protein (FADD), the activation of initiator caspases-8 and -10 and 

effector caspases-3, -6, and -7 (Nagata et al. 2017, Poon et al. 2014). The intrinsic pathway is 

under the control of members of the B-cell lymphoma-2 (Bcl-2) family and activates in 

response to stimuli such as DNA damage, hypoxia or oxidative stress (Galluzzi et al. 2012). In 

this scenario, intracellular stimuli can induce the release of cytochrome c from mitochondria, 

which recruits the apoptotic protease activating factor 1 (Apaf-1) and the initiator caspase-9, 

forming a complex called “apoptosome”. The apoptosome is then able to activate the effector 

caspases-3, -6, and -7 (Dai et al. 2015, Nagata et al. 2017). In both pathways, the simultaneous 

release of second mitochondrial-derived activator of caspases (Smac) from mitochondria 

inhibits the activity of inhibitor of caspase proteins (IAP, Fuchs and Steller 2015), which 

permits the apoptotic process by inhibiting a crucial apoptotic inhibitor. 

 

2.2 Caspase-independent programmed cell death 

In contrast to apoptosis, caspase-independent programmed cell death is less well described. 

The reason for this is found in the common morphological features of these different forms of 

cellular demise: extreme organelle and cellular swelling leading to bursting cells and 

immunological alert due to the high amount of damage-associated proteins disseminated in 

the surroundings. This morphology coincides with necrosis, a term historically used for 

accidental forms of cellular death (Vanden Berghe et al. 2014), and as such lead to the initial 

dismissal of instances of necroptosis as merely accidental. 

However, in recent years the search for and study of molecular mechanisms has led to the 

discovery of a host of different types of programmed cell death distinct from apoptosis such 

as necroptosis (Degterev et al. 2005), ferroptosis (Dixon et al. 2012), oxytosis (Tan et al. 2001), 
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pyroptosis (Cookson and Brennan 2001), pyronecrosis (Wilingham et al. 2007), mitochondrial 

permeability transition (MPT)-dependent necrosis (Baines et al. 2005), parthanatos (Andrabi 

et al. 2008) and NETosis/Etosis (Brinkman et al. 2004). 

 

2.3 Necroptosis 

The term necroptosis was coined in a study searching for a chemical compound able to inhibit 

a non-apoptotic form of cell death in a model of ischemic brain injury. While being 

morphologically necrotic, it was also triggered by the same stimuli as apoptosis, such as TNF 

(Degterev et al. 2005). An inhibitor was found and called necrostatin 1 (Nec1), and in a follow-

up study shown to inhibit the kinase activity of receptor interacting protein kinase 1 (RIPK1 or 

RIP1) (Degterev et al. 2008). 

Three further studies appearing in short succession showed that RIPK1 interacts with and 

phosphorylates receptor interacting protein kinase 3 (RIPK3 or RIP3) through their respective 

RIP homotypic interaction motif (RHIM) domains (Cho et al. 2009, He et al. 2009, Zhang et al. 

2009). This marked the first finding of a molecular component unique to necroptosis, since 

RIPK1 was already known to act e.g. in apoptosis and inflammation signaling (Lin et al. 1999, 

Kelliher et al. 1998). Coupled with the previous discovery that RIPK3-/- mice were viable 

(Newton et al. 2004). Finally, mixed lineage kinase domain-like protein (MLKL) was shown to 

be another protein unique to the necroptotic pathway (Sun et al. 2012), leading to the 

establishment of the term “Necroptosis” as referring to the type of regulated cell death 

mediated by RIPK3 and MLKL (Galluzzi et al. 2015). 

A debated topic to this day is the role of mitochondria in necroptosis. Phosphoglycerate 

mutase family member 5 (PGAM5) has been identified as a key mediator in necroptosis (Wang 

et al. 2012) via its effect on Dynamin related protein-1 (Drp1) and thus mitochondrial fission. 

Further studies dismissed the necessity of Drp1 (Moujalled et al. 2014) and even mitochondria 

for necroptosis altogether. 

This seminal work demonstrated the existence of an underlying molecular mechanism 

regulating a morphologically necrotic type of death, and opened the door to potential 
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therapeutic solutions to pathologic injuries that, up to that point, were believed to be the 

consequence of unregulated processes.  

 

2.3.1 The death receptor superfamily 

A lot of the work done in necroptosis, including this thesis, focuses on the pathway initiated 

by the TNF receptor 1 (TNF-R1), a member of the TNF receptor superfamily, which governs 

processes such as immune response, proliferation, hematopoiesis and cell death (Aggarwal 

2003). Two different TNF receptors are known, TNF-R1 is ubiquitously expressed, while TNF-

R2 has been shown to be expressed only by endothelial cells and some immune cells (Aggarwal 

and Natarajan. 1996).  

Some receptors of the TNF superfamily possess a cysteine-rich domain in the extracellular 

portion of the receptor (the death domain or DD) thus belonging to the subgroup of death 

receptors or DR (Aggarwal, 2003). DR have been shown to be able to induce both caspase-

dependent and -independent cell death (Leist and Jäättelä 2001) including TNF-R1, CD95, DR3, 

DR6 and TRAILR1/2 (Mahmood and Shukla 2010). 

2.3.2 The necroptotic pathway 

Once TNF-R1 is bound by the TNF ligand, it is able to recruit TNF-R1-associated death domain 

protein (TRADD), as well as TNF-R-associated factor (TRAF) 2/3/5/6, linear ubiquitin chain 

assembly complex (LUBAC) and cellular inhibitor of apoptosis protein 1 and 2 (cIAP1/2), which 

polyubiquitinate RIPK1, generating a stable complex called Complex I (Micheau and Tschopp 

2003). The complex I pushes the balance of cellular survival/death in favor of the NF-κB 

pathway and thus survival and cytokine production (Sun and Wang 2014). 

The auto-ubiquitination of cIAP1/2, coupled with the interaction of Smac, compromises cIAP 

activity and thus elicits the dissociation of RIPK1 from the plasma membrane (Du et al. 2000), 

followed by the removal of the K63-linked polyubiquitin chain on RIPK1 by either 

cylindromatosis (CYLD) and/or the ubiquitin-modifying enzyme A20 (Wertz et al. 2004, 

Moquin et al. 2013). RIPK1 can then bind to the Fas-associated death domain (FADD), through 

which it recruits procaspase 8. Together with RIPK3 they form the so-called Complex IIb, which 



Introduction  8 

 

 

Johaiber I. Fuchslocher Chico 

subsequently leads to the activation of caspases and apoptosis (Pasparakis and Vandenabeele 

2015). This can also happen under conditions initially compromising RIPK1 ubiquitination 

(Moquin et al. 2013). 

Interestingly, the apoptotic initiator caspase 8 acts as a necroptotic repressor. This is shown 

by the fact that the embryonic lethality of Casp 8-/- mice is rescued by concomitant 

homozygous deletion of RIPK3 (Kaiser et al. 2011, Oberst et al. 2011), because of the loss of 

caspase 8-triggered uncontrolled necroptosis being rescued. If caspase activity is 

compromised however, and given high enough cellular levels or RIPK3 and MLKL, necroptosis 

will ensue. RHIM-RHIM interactions between RIPK1 and RIPK3, lead to the phosphorylation of 

RIPK3 at Ser227 (Ser232 for mouse RIPK3) (Chen et al. 2013). Subsequently, its substrate MLKL 

is also phosphorylated at Thr357/Ser358 in humans and Ser345 in mouse (Rodriguez et al. 

2016), all three elements forming a complex called necrosome (Pasparakis and Vandenabeele 

2015).  

Phosphorylation destabilizes the monomeric structure of MLKL, pushing it to an oligomeric 

state which enables the N-terminal helix bundle to bind phosphatidylinositol phosphate lipids 

(PIPs) and the mitochondria-specific cardiolipin (CL) (Wang et al. 2014a, Dondelinger et al. 

2014). Oligomerized pMLKL then translocates to membranes, but the concrete mode of action 

of the pores formed by pMLKL is still debated, with Ca2+ influx (Murphy et al. 2014) and Na+ 

influx (Chen et al. 2013) being proposed, however, cells cultured in calcium and sodium-free 

media are still able to enter, a slightly delayed, necroptosis (He et al. 2011). 

In addition to TNF, necroptosis can be triggered by other signals and receptors, such as the 

aforementioned members of the DR family Fas, TRAILR1/2 (Holler et al. 2000) and DR3 (Bittner 

et al. 2017), Toll-like receptors (TLRs, Ch’en et al. 2008), intracellular RNA (Schock et al. 2017) 

and DNA (Upton et al. 2012) sensors, interferons (IFNs, He et al. 2011, Thapa et al. 2013), 

proteasome inhibitors (Moriwaki and Chan 2016), ionizing radiation (Schildkopf et al. 2010), 

reactive oxygen species (ROS, Zhang et al. 2017), calcium overload (Nomura et al. 2014) and 

ischemia-reperfusion injury (Wen et al. 2017). All these processes are schematically show in 

figure 2. 
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Figure 2 
Summary of the necroptotic pathway, in which, activated by its ligand, TNF-R1 recruits RIPK1 into complex I formed also 
by TRADD, TRAF2, IAPs, and LUBAC, leading to the polyubiquitination of RIPK1 and typically to the activation of NF-κB-
dependent survival signals. If IAP activity is compromised, the ubiquitin chains attached to RIPK1 are proteolytically 
removed by CYLD or A20, enabling RIPK1 to associate with FADD and pro-caspase-8 in complex IIb. Canonically, high 
caspase-8 activity within complex IIb leads to proteolysis and inactivation of RIPK1 and RIPK3, thereby inducing apoptosis. 
Under conditions that compromise or reduce caspase-8 activity, RIPK1 and RIPK3 become activated by phosphorylation (P), 
promoting the recruitment of MLKL into the necrosome as well as its phosphorylation and thus activation. The involvement 
of the necrosome with mitochondria and PGAM5 remains unclear, but activated MLKL translocates to plasma and 
intracellular membranes, disrupting them and causing necroptotic death. Downstream effector mechanisms such as 
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mitochondrial dysfunction, NOX1 and A-SMase further enhance necroptosis by triggering the production of ROS or 
ceramide.  
Necroptosis may also be triggered by stimuli other than TNF, such as triggers of the TCR, by the death ligands TRAIL and 
FasL, dsRNA or LPS via TLR3 and TLR4, respectively, or by interferons. Virus infections can directly activate RIPK3 (via the 
intracellular DNA sensor DAI), as can genotoxic stress and anti-cancer agents. 
Lightning symbols indicate proteolytic cleavage events. 

 

2.3.3 HtrA2/Omi and necroptosis 

HtrA2/Omi is a ubiquitously expressed serine protease located in mitochondria with a 

reported chaperone activity (van Loo et al. 2002). HtrA2/Omi is known to promote apoptosis 

via translocation to the cytosol and subsequent release of active caspases from IAPs (van Loo 

et al. 2002, Suzuki et al. 2001, and Yang et al. 2003). In addition, our group has shown that 

HtrA2/Omi acts in necroptosis, since pharmacologically inhibited L929Ts, HT-29 and Jurkat I42 

cells as well as HtrA2/Omi knock-out MEF are protected from TNF-induced necroptosis (Sosna 

et al. 2013). The concrete mode of action of HtrA2/Omi remains yet unknown. Since this 

enzyme doesn´t seem to exit mitochondria under necroptosis (van Loo et al. 2002, Blink et al. 

2004), the death signal must be relayed to and from the mitochondria via indirect means. 

One of the possibilities regarding signal transduction is a cysteine protease that functions as a 

deubiquitinase: ubiquitin C-terminal hydrolase 1 (UCH-L1, Meyer-Schwesinger et al. 2011). 

UCH-L1 was demonstrated to play a role in necroptosis in kidney podocytes, where it is 

activated via monoubiquitination by yet unknown means but clearly through the indirect 

action of HtrA2/Omi (Sosna et al. 2013). The problem with this proposed pathway lays in the 

relatively narrow tissue distribution of UCH-L1, which is mainly expressed in the brain, synovial 

membranes and cells of testis, ovaries and kidney (Meyer-Schwesinger et al. 2011). It can thus 

not be the only mechanism of signal relay available, to the broader cell population (see figure 

3 for the proposed mode of action of HtrA2/Omi and UCH-L1). 

In a proteome-wide analysis (Vande Walle et al. 2007), the group of P. Vandenabeele found 

certain proteins to be substrates of HtrA2/Omi during apoptosis: DBC1 (Deleted in Bladder 

Cancer protein 1), PDXDC1 (Pyridoxal Dependent Decarboxylase Domain Containing protein 

1) and VPS4B (Vacuolar Protein Sorting 4 Homolog B), the latter two identified in the study 

merely as fragments. These proteins are possible candidates for the role of signal transduction 

from mitochondria and were therefore studied in the present work. 
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Other candidates of interest are mitochondrial-processing peptidase subunit alpha (MPP-A, 

also called PMPCA), proteasome subunit alpha type-1 (PSA1) and the mitochondrial ATP-

dependent serine protease (LONP1), all proteins that were identified in a proteomic screen by 

Susann Voigt during her PhD thesis in the group of Prof. Dr. Adam. 

 

Figure 3 
Summary of the proposed involvement of HtrA2/Omi in necroptosis. Upon formation of the necrosome, the necroptotic 
signal is relayed to the mitochondria by yet unknown means. HtrA2/Omi then cleaves an as yet unidentified protein, which 
would be able to relay the signal to monoubiquitinate UCH-L1 in tissue in which it is available through indirect means. 
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2.3.4 Biological role of necroptosis 

Since the discovery that knock-out of either RIPK3 or MLKL has little effect on the development 

and fertility of mice, detailed analysis of the physiological and pathological roles of necroptosis 

has been possible (Sun and Wang 2014). 

The primary role of necroptosis seems to be in viral (Cho et al. 2009), bacterial (McComb et 

al. 2012, González-Juarbe et al. 2015, Pearson et al. 2017) and parasitic infection (Osborn et 

al. 2010) defence, since the release of damage associated molecular patterns (DAMPs) from 

the bursting necroptotic cells alerts and mobilizes the host immune response. Thus, 

necroptosis contributes to physiological immunosurveillance (Cho et al. 2009, Huang et al. 

2015, Pearson et al. 2017), although the conservation of several components of the pathway 

in the animal kingdom seems to be poor (Dondelinger et al. 2016). 

Nonetheless, there have been numerous publications addressing to the role of necroptosis in 

human and mice under multiple conditions, such as ischemia reperfusion injury (Rosenbaum 

et al. 2010, Zhang et al. 2016), sepsis (Linkerman et al. 2012), inflammatory bowel (Günther 

et al. 2011) and skin diseases (Bonnet et al. 2011), Gaucher´s disease (Vitner et al. 2014), 

Morbus Alzheimer (Qinli et al. 2013), Morbus Huntington (Zhu et al. 2011), retinal disorders 

(Trichonas et al. 2010, Sato et al. 2013), traumatic brain (You et al. 2008, King et al. 2014) and 

spinal cord injury (Wang et al. 2014b, Fan et al. 2016), stroke (Degterev et al. 2005, Zhu et al. 

2012), acute hepatitis (Deutsch et al. 2015), chronic alcoholic (Roychowdhury et al. 2013, 

Wang et al. 2016) and non-alcoholic liver diseases (Gautheron et al. 2014, Afonso et al. 2015), 

acute kidney injury (Linkerman et al. 2013), myocardial infarction (Luedde et al. 2014 and 

others) and atherosclerosis (Lin et al. 2013, Meng et al. 2015). 

Necroptosis also plays a role in cancer (Aaes et al. 2016, Seifert et al. 2016, He et al. 2013 and 

others), with special regard to a potentially ground-breaking publication showing that 

endothelial cells dying of necroptosis might promote metastasis (Strilic et al. 2016). 
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2.4 ADAM17 and necroptosis 

At least 10% of all cell surface proteins are suspected to be proteolytically cleaved leading to 

the release of soluble proteins (Fong et al. 2011, Kawahara et al. 2014). The first shedding 

protease to be molecularly described was a member of a family of disintegrin 

metalloproteases called ADAMalysins (Müllberg et al. 2000): a disintegrin and 

metalloprotease 17 (ADAM17). 

In the years since that seminal publication, the structure of ADAM17 has been unraveled (see 

figure 4): Starting with an N-terminal signal sequence, followed by a pro-domain which acts 

as a chaperone and is thought to inhibit the enzymatic activity of the protein (Wong et al. 

2015), a metalloproteinase or catalytic domain (Maskos et al. 1998), a disintegrin domain that 

recombinantly expressed is able to impair the interactions between fibroblasts and carcinoma 

cells (Trad et al. 2013), a membrane proximal domain shown to enable the protein to switch 

from an open to a closed conformation (Düsterhöft et al. 2013, Sommer et al. 2016), a short 

stalk sequence (highly conserved throughout the animal kingdom) called CANDIS (Conserved 

ADAM seventeen dynamic interaction sequence, Düsterhöft et al. 2014) and finally a 

transmembrane domain with a short cytoplasmic C-terminal tail (Black et al. 1997).  

ADAM17 seems to be a vital protein, having more 

than 80 substrates; amongst them cytokine 

receptors such as interleukin-6 receptor (IL-6R), 

cell adhesion molecules such as CD44 and 

important proteins in development and 

differentiation such as transforming growth factor 

alpha (TGFα) (Scheller et al. 2011).  

 

The importance of ADAM17 was confirmed after 

the finding that knock-out mice are not viable 

(Peschon et al. 1998). Nonetheless, ADAM17 

Figure 4 
Structure of ADAM17 showing its six domains (adapted 
from Zunke and Rose-John (2017)). 
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hypomorphic mice, called ADAM17ex/ex, could be generated (Chalaris et al. 2010). These mice 

show greatly reduced ADAM17 mRNA and protein levels. Phenotypically, ADAM17ex/ex mice 

show naked patches of skin and often blindness, impaired milk ducts, high susceptibility to 

dextran sulfate sodium (DSS)-induced inflammatory bowel disease (with impaired intestinal 

barrier and strongly reduced intestinal regeneration upon challenge) and a non-mendelian 

genotypical distribution due to higher pre- and post-natal mortality rate (Chalaris et al. 2010). 

Despite the difficulties in breeding ADAM17ex/ex mice, there is one fact that could turn them 

into an attractive model for the TNF-R1 activated necroptotic pathway in vivo: TNF is 

synthesized as a membrane protein that can be activated via proteolytical cleavage (Kriegler 

et al. 1988), shedding that was shown to be done by ADAM17 (Black et al. 1997, Moss et al. 

1997, Müllberg et al. 2000). 

 

2.5 Mouse model of DSS-Colitis 

Ulcerative colitis is a chronic and relapsing disorder with an immunological component, since 

it is present in inflammatory lesions affecting various parts of the intestine such as rectum and 

colon (Carter et al. 2004). It is characterized by severe diarrhea, rectal bleeding, abdominal 

pain and fluid and electrolyte loss (Rhandhawa et al. 2014). 

Dextran sulfate sodium (DSS)-induced colitis in mice and rats has long been used as a model 

for human ulcerative colitis, since it is easily reproducible, and courses with similar 

symptomatology and morphology as in humans (Gaudio et al. 1999, Jurjus et al. 2004). The 

direct toxic effect of DSS on epithelial cells manifests itself as erosions with complete loss of 

surface epithelium and a subsequent increase of the colonic mucosal permeability, allowing 

permeation of large molecules of up to 50 kDa (Ni et al. 1996). 

At the cellular level, DSS-induced colitis disrupts the metabolism of phospholipids, decreasing 

phosphocholine and glycerophosphocholine levels in the colon of mice, thus probably 

disrupting membrane integrity (Michel et al. 2006, Dong et al. 2013). At the molecular level, 

DSS-induced colitis causes an increase in the production of inflammatory cytokines in both 
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mid and distal colon (Andújar et al. 2012), in addition to a marked increase in TNF levels 

(Dharmani et al. 2011) which makes this an attractive model of TNF-R-activated necroptosis.  

The usual dosage for the study of acute colitis is of 3-5% DSS (w/v) in drinking water ad libitum 

for 5-8 days, followed by the same amount of days with unadulterated drinking water, 

whereas chronic colitis can be achieved by chaining 3-5 cycles of 1-2% DSS (w/v) in drinking 

water followed by the same amount of days with unadulterated drinking water (Rhandhawa 

et al. 2014). However, ADAM17ex/ex mice, which were used in the present work, show a 

significant susceptibility to DSS-induced colitis (Chalaris et al. 2010), the high mortality rate 

forcing a lower dosage as described in Materials and Methods. 

 

2.6 Acid sphingomyelinase and ceramide 

First found in rat liver tissue (Kanfer et al. 1966), acid sphingomyelinase (henceforth A-SMase) 

is an enzyme that cleaves sphingomyelin into ceramide. It took 25 more years before the locus 

for the gene encoding the human A-SMase (SMPD1) was mapped to the short arm of 

chromosome 11 (da Veiga Pereira et al. 1991), which is, interestingly, close to other lysosomal 

proteins such as cathepsin D and acid phosphatase 2 (Zeidan & Hannun 2010). With the mouse 

version having 82% identical sequence to the human sequence, the gene seems to be highly 

conserved in mammals (Newrzella et al. 1992). 

At a structural level, the A-SMase consists of two domains divided by a proline-rich region: an 

activator domain towards the N-terminus and a catalytic domain towards the C-terminus, the 

latter containing as much as 5 disulfide bonds (Lansmann et al. 2003), which can potentially 

serve as regulators depending on their oxidative status (Qiu et al. 2003). The enzyme can be 

found as a 75 kD precursor protein, that is cleaved within the Golgi to a 72 kD and a 57 kD 

form (Hurwitz et al. 1994), with heavy glycosylations being responsible for trafficking from the 

Golgi to the lysosome and protection from the lysosomal surrounding (Scheiffele et al. 2000). 

Although the cleaving activity of the enzyme normally takes place in the lysosome on 

sphingomyelin transported from the plasma membrane (Schuchman et al. 1991), A-SMase can 
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also translocate to the plasma membrane via vesicular transport, provided there are intact 

lipid rafts (Charruyer et al. 2005). 

At a functional level, A-SMase activity can be induced by a variety of signals, such as oxidative 

stress (Li et al. 2012), radiation, cytotoxic agents, pathogens (viral, bacterial and parasitic) and, 

relevant for the present work, ligation of death receptors such as TNF, FasL and TRAIL (Zeidan 

& Hannun 2010). In fact, our group and others have shown A-SMase-generated ceramide to 

be crucial for TNF-induced (Thon et al. 2005) and TRAIL-induced (Thon et al. 2006, Sosna et al. 

2016) necroptosis, as well as in TNF-induced apoptosis (Dumitru et al. 2007). 

A-SMase seems to be important in certain pathophysiological conditions, with a link found in 

ischemia (Soeda et al. 2004, Ohtani et al. 2004), possibly depression in mice (Gulbins et al. 

2013) and Niemann-Pink disease, a syndrome caused by mutations in the SMPD1 gene, with 

varying degrees of A-SMase deficiencies leading to disturbed sphingomyelin degradation and 

accumulation of lipids in the cells (Levran et al. 1991, Irun et al. 2013, Manshadi et al. 2015).  
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3 Materials and Methods 

 

3.1 Materials 

 

3.1.1 Equipment 

 

Company Equipment 

AGFA, Mortsel, Belgium AGFA CP1000 film processing machine 

BD Biosciences, Heidelberg, Germany FACSCalibur flow cytometer 

FACSAria sorter 

Software: BD CellQuest™ Pro V. 4.0.2 

5 mL polystyrene round-bottom FACS tubes 

Bio Rad, Munich, Germany GenePulser™ X Cell 

Mini PROTEAN® System Casting Stand and 

Mini PROTEAN® tetra system 

Mini PROTEAN® II  

Glass Plates 

mm 10-well comb 

Power Pack 3000 protein blotting cell 

SmartSpec™ 3000 spectrometer 

Biometra, Göttingen, Germany Rocking platform WT12 

Thermocycler T3000 

Standard Power Pack P25 

Black Diamond Technologies, Lower Hutt, 

New Zealand 

Mitsubishi P90 

Carl Roth, Karlsruhe, Germany Microscope slides 
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CORNING, Wiesbaden, Germany 10 CC Tissue Culture Dish 

Eppendorf, Hamburg, Germany Refrigerated centrifuge 5417R 

Bench-top Centrifuge 5415D 

Thermomixer compact 

Pipettes (10, 100, 200, 1000 µL) 

Excelitas Technologies, Waltham, MA, USA X-Cite® Series120 Mercury Lamp 

GE Healthcare, Munich, Germany Amersham Hyperfilm™ 

Hypercassette™ 18x24 cm 

GFL, Wunstorf, Germany Water Bath1003 

Gilson, Middletown, WI, USA Pipettes (10, 20, 1000 µL) 

Greiner Bio-One, Frickenhausen, Germany Serological pipettes (1, 2, 5, 10, 25, 50 mL) 

15 and 50 mL tubes 

6 and 12-Well Plates (transparent, flat 

bottom) 

96-Well Plates (White, round bottom) 

CRYO.S® PP with screw cap, sterile 

Heraeus, Osterode, Germany Megafuge 1.0 

Minifuge RF 

Lamin Air HA2472GS 

Hirschmann Laborgeräte, Eberstadt, 

Germany 

Pipetus-Akku 

IKA Labortechnik, Staufen, Germany RCT Basic magnetic stirrer 

Kaiser Fototechnik, Buchen, Germany Kaiser RT1 

KERN & SOHN, Balingen, Germany Scale 440-47N 

Kisker Biotech, Steinfurt, Germany Microcentrifuge 

Life Technologies, Carlsbad, CA, USA Horizon® 58 Gibco BRL Horizontal Gel 

Electrophoresis Apparatus 

Horizon® 11-14 Gibco BRL Horizontal Gel 

Electrophoresis Apparatus  

Lonza Group, Basel, Switzerland Amaxa® Nucleofector™ Device 
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PeqLab Biotechnologie, Erlangen, Germany NanoDrop® ND-1000 Spectrophotometer 

Software: ND-1000 v. 3.7.9 

Petra Electric, Ense, Germany Water heater 

Sarstedt, Nümbrecht, Germany Polystyrene cuvettes (10x4x45) 

Sartorius Analytic, Göttingen, Germany A120S Scale 

E2000D Scale 

Scientific Industries, Bohemia, NY, USA Vortexgenie2™ 

SI Analytics, Mainz, Germany Ph meter 

Sony, Tokio, Japan Black and White monitor SSM-S30CE 

Stuart, Staffordshire, UK SRT9 Analogue tube roller  

Tecan Group, Männedorf, Germany Infinite M200 ELISA Microplate Reader 

Software: i-Control 1.3 

Thermo Scientific HERAcell 150i CO2 Incubator 

SpeedVac Centrifuge 

Haake C1 thermo circulator 

96-Well plates (transparent, flat bottom) 

Molecular Probes® MitoTracker Orange 

UVP, Upland, CA, USA High Performance Transilluminator 

Wheaton, Millville, NY, USA 2 ml Tissue Grinder, Douncer 

Zeiss, Göttingen, Germany Axiovert 135 Microscope 

Axiovert 200M Laserscanning Microscope 

 

3.1.2 Reagents and chemicals 

 

Company Product 

Abcam, Cambridge, UK Cell fractionation Kit- Standard (ab109719) 

Bachem, Heidelberg, Germany zVAD-fmk 

BASF Bioresearch, Ludwigshafen, Germany hTNF 

Bemis Flexible Packaging, Oshkosh, WI, USA Parafilm® 
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Biochrom, Berlin, Germany PBS Dulbecco w/o Ca2+ w/o Mg2+ 

G418 

Trypsin/EDTA (10x) 

L-Glutamine 

McCoy´s SA Modified Medium 

Penicillin/Streptomycin 

Carl Roth, Karlsruhe, Germany Saponin 

Methanol ≥99% 

Hydrogen Peroxide 30% 

Ethanol 96% 

Ethanol ROTIPURAN®≥99,8% 

Cell Signaling Technologies, Danvers, MA, 

USA 

LumiGLO® chemiluminescent substrate 

Echelon Bioscience, Salt Lake City, UT, USA A-SMase Assay Kit 

Ecolab, Mannheim am Rhein, Germany Sekusept®forte 

GE Healthcare, Munich, Germany TEMED 

Invitrogen, Darmstadt, Germany/Carlsbad, 

CA, USA 

Agarose electrophoresis grade 

Zeocin™  

PCDNA 3.1 Vector 

T4 DNA Ligase 

Life Technologies, Darmstadt, Germany GIBCO® RPMI Medium 1640 (1x) 

GIBCO® Sodium Pyruvate 100nm (100x) 

GIBCO®StemPro®Accutase® Cell Dissociation 

Reagent 

GIBCO® Fetal Bovine Serum 

GIBCO® DMEM 

Lonza Cologne, Cologne, Germany Amaxa™ Cell Line Nucleofector™ Kit V, Kit T, 

Kit C, Kit R, Primary Fibroblast Kit 

Merck, Darmstadt, Germany Glycerol 85% 

SeccoSolv® Dimethyl sulfoxide 
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RIPK3 inhibitor GSK´872 

Paraformaldehyde 

MP Biomedicals, CA, USA Dextran Sulfate Sodium Salt (36000-50000 M. 

Wt) Colitis Grade 

New England Biolabs, Ipswich, 

Massachusetts, USA 

BsmBI endonuclease 

PshA1 endonuclease 

Qiagen, Hilden, Germany QIAGEN® Plasmid Maxi Kit (25) 

QIAprep Spin Miniprep Kit (250) 

RNeasy® Mini Kit (50) 

Roche, Basel, Switzerland Complete® Protease inhibitor cocktail 

Serva, Heidelberg, Germany Acrylamide/Bis Solution (40%) 

Sigma-Aldrich, Munich, Germany TWEEN®20 

Poly-L-Lysine 

Cycloheximide 

Propidium Iodide 

Ponceau S 

Stratagene, CA, USA QuikChange® Site-Directed Mutagenesis Kit 

Thermo Scientific, Waltham, USA Coomassie Blue Protein Assay 

Albumin Standard 

Mitochondrial Isolation Kit for Mammalian 

Cells 

PhireTissue Direct PCR Master Mix 

Pierce® BCA Protein Assay Kit 

PAGE Ruler Prestained Protein Ladder 

Mitotracker®Orange CMTMRos 

Vector Laboratories, Burlingame, CA, USA Vectashield® mounting medium with DAPI 

VWR Chemicals, Fontenay-seurs-Bois, 

France 

TechniSolv ethanol 70% 
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3.1.3 Antibodies 

 

Company Target Used 

dilution 

 Primary antibody (unless 

otherwise noted, for human 

and mouse both) 

 

Sigma Aldrich, Heidelberg, Germany Β-Actin (A1978) 

MLKL (human, SAB2103620) 

RIPK3 (PRS2283) 

1:10000 

1:1000 

 

Cell Signaling Technologies, Danvers, MA, 

USA 

COX IV (#4850) 

AsM Rabbit (#3687s) 

p65 NF-κB (#3033S) 

Cleaved Caspase3 (#9661L) 

1:10000 

1:1000 

1:1000 

1:1000 

Biomol, Hamburg, Germany PARP(SA-253) 1:1000 

Biorbyt, Cambridge, UK MLKL (mouse, orb32399) 1:1000 

Abcam, Cambridge, UK pMLKL (ab196436) 

pRIPK3 (ab195117) 

PGAM5 (ab126534) 

1:1000 

1:1000 

1:2500 

OriGene Europe-Acris Antibodies, Herford, 

Germany 

HtrA2 (15775-1-AP) 1:1000 

R&D Systems, Minneapolis, MN, USA HtrA2 (AF1458) 0.25µg/mL 

Invitrogen, Darmstadt, Germany V5 (PN 46-0705) 1:5000 

 Secondary Antibody  

Abcam, Cambridge, UK Alexa Fluor 488 donkey-anti 

rabbit IgG 

1:200 

Jackson ImmunoResearch Europe, Suffolk, 

UK 

Donkey anti-rabbit IgG 

peroxidase-conjugated 

1:10000 

Jackson ImmunoResearch Europe, Suffolk, 

UK 

Donkey anti-mouse IgG 

peroxidase-conjugated 

1:10000 
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3.2 Methods 

 

3.2.1 Cell lines and cytotoxicity assays 

The murine fibrosarcoma cell line L929sA was kindly provided by Peter Vandenabeele (Ghent 

University, Ghent, Belgium) and has been described previously (Vanhaesebroeck et al. 1992). 

A TRAIL-sensitive subset of those cells (L929Ts) was generated in the Laboratory of Dieter 

Adam (Christian-Albrecht University, Kiel, Germany), described earlier (Thon et al. 2005) and 

is the cell line being referenced throughout this work as L929. Murine embryo fibroblasts 

(MEF) and HtrA2 deficient MEF lines have been previously described (Martins et al. 2004). 

Hamster embryonic kidney cells constitutively expressing the simian virus 40 (SV40) large T 

antigen cells (HEK293T) and human colorectal cancer cells (HT-29) were obtained from the 

American Type Culture Collection (ATCC, Manassas, VA, USA), the latter being gifted to us by 

Holger Kalthoff (Christian-Albrecht University, Kiel, Germany). During the course of the 

present work, HtrA2/OMI deficient HT-29 and L929 were generated via CRISPR/Cas, as were 

A-SMase deficient L929. For further information on the media used in the cell cultures, see 

table 1. 

Every 2 to 4 days, cells were detached using phosphate buffered saline (PBS) containing 0.5% 

(v/v) trypsin and 0.2% (v/v) EDTA and re-seeded in fresh medium for passaging purposes. For 

long-term storage, cells were frozen in liquid nitrogen after resuspension in FCS containing 

10% (v/v) DMSO. 

For cytotoxicity assays, cell death was induced with TNF. If necessary, a pre-stimulation (30 

min before adding TNF) with cycloheximide (CHX), a eukaryotic protein synthesis inhibitor, 

was performed to sensitize the cells to the cell death stimulus. Since the purpose of this work 

was to examine necroptosis, the vast majority of experiments also included z-Val-Ala-DL-Asp-

fluoromethylketone (henceforth zVAD-fmk or zVAD). Being a pan-caspase inhibitor, it was 

used to prevent apoptosis, exceptions being made when explicitly comparing results with 

apoptosis. For further information on the concentrations used, see table 1. 
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3.2.2 Animal experiments 

3.2.2.1 Animal treatment 

Mice were kept under standardized conditions with a controlled temperature of 21 °C and 55-

65% relative humidity on a 12 h light/12 h dark cycle and housed individually in ventilated 

cages with free access to drinking water and standard diet. All experiments were performed 

in accordance with the German Regulations of Animal Welfare approved by the Ministerium 

für Energiewende, Landwirtschaft, Umwelt, Natur und Digitalisierung, Schleswig-Holstein 

(Kiel, Germany; V 312-7224.121-20 (18-1/13)). 

 

3.2.2.2 ADAM17 ex/ex and ADAM17 ex/ex – RIP 3 -/- mice 

ADAM17 ex/ex animals generated in Chalaris et al (2010) were used as basis, and crossed with 

RIPK3 -/- obtained from Genentech. 

 

Cell line System Medium Stimulation 

L929 (including 

HtrA2 and A-

SMase-/-) 

Mouse Click´s/RPMI 1640 (50/50% v/v) 

supplemented with 10% (v/v) FCS, 

2mM L-glutamine, 50 µg/L 

penicillin/streptomycin  

100 ng/mL TNF or 

TRAIL 

20 mM zVAD-fmk 

MEF 

(including 

HtrA2-/-) 

Mouse DMEM supplemented with 10% (v/v) 

FCS, 50 µg/L penicillin/streptomycin 

and 50 µg β-mercaptoethanol in 0,9% 

(w/v) NaCl 

100 ng/mL TNF or 

TRAIL 

20 mM zVAD-fmk 

1 µg/mL CHX 

HT-29 

(including 

HtrA2-/-) 

Human RPMI 1640 supplemented with 10% 

(v/v) FCS and 1 mM sodium pyruvate 

100 ng/mL TNF or 

TRAIL 

20 mM zVAD-fmk 

10 µg/mL CHX 

Table 1 
 Detailed breakdown of cell lines, media and stimulants used throughout the present work. 
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3.2.2.3 Mouse genotyping 

Mice tails were clipped at the central animal facility (UKSH, Kiel) according to the animal care 

guidelines of Kiel University. Afterwards, the DNA was extracted using the PhireTissue Direct 

PCR Mix according to the manufacturer´s instructions. PCR was performed with the same kit, 

using conditions as shown in Table 2. The PCR product was run on a 2% Agarose (w/v) gel 

electrophoresis and the genotype visualized via ethidium bromide under UV light. 

Table 2 
Breakdown of primers and PCR conditions used in the genotyping of ADAM 17ex/ex and ADAM 17ex/ex -RIPK3-/- mice. 

 

Gene of interest Primers PCR conditions 

Adam 17 1: CTTATTATTCTCgTggTC 
2: TATgTgATAggTgTAATg 

1: Preheating 98°C 5 min 
2: Denaturation 98°C 5 sec 
3: Annealing 46°C 5 sec 
4: Elongation 72°C 20 sec, back to 2 x40 
5: Final Elongation 72°C 1 min 
6: End 4°C infinite 

Ripk3 1: CgCTTTAgAAgCCTTCAggTTgAC 
2: gCCTgCCCATCAgCAACTC 
3: CCAgAggCCACTTgTgTAgCg 

1: Preheating 98°C 5 min 
2: Denaturation 98°C 5 sec 
3: Annealing 57°C 5 sec 
4: Elongation 72°C 20 sec, back to 2 x40 
5: Final Elongation 72°C 1 min 
6: End 4°C infinite 

 

3.2.2.4 DSS colitis 

Experiments were done on 14-20 weeks-old mice. Acute Colitis was induced by administration 

of 1,5% DSS (mol wt: 36000-50000; MP Biomedicals) in the drinking water for 5 d followed by 

5 d of regular drinking water. 

Chronic Colitis was induced by administration of 0,5% DSS in the drinking water for 5 days, 

followed by 5 days of regular drinking water. This cycle was repeated twice more using 0.75% 

DSS in each administration phase. 

In both cases a disease activity index (DAI) was measured by the sum of three scores each 

from 0-4 in ascending order of gravity assessing stool consistency, blood in stool and 

bodyweight. 

 



Materials and Methods  26 

 

 

Johaiber I. Fuchslocher Chico 

3.2.2.5 Organ and tissue sample handling 

Spleen, caecum, colon, small intestine and liver were harvested immediately after killing the 

animals according to the guidelines mentioned above. Organs were weighted and split in two, 

one part being shock-frozen in liquid nitrogen for further protein, DNA and RNA analyses, 

while the other was fixed in 4% formalin or 4% PFA (colon) and embedded in paraffin for 

further histological examination. 

 

3.2.2.6 Histological examination 

Kindly performed by Christoph Becker and Barbara Ruder from the University of Erlangen, 

samples prepared above that are shown in the thesis were stained with hematoxylin/eosin 

(H&E) and β-catenin as well as myeloperoxidase (MPO) in immunofluorescence. 

 

3.2.2.7 Organ lysates 

Tissue samples were homogenized in RIPA lysis buffer (150 mM NaCl, 1% Triton X-100, 0.5% 

Sodium Deoxycholate, 0.1% SDS, 50 mM tris-HCl, pH 8,0) containing 10 µg/mL Complete® 

protease inhibitor. Samples were centrifuged for 10 min at maximum speed and supernatant 

was stored for further use at -20°C. 

 

3.2.3 Cell lysates 

Supernatant and detached cells were collected in 50 mL tubes. Starting from here, the whole 

process was done at 4°C. Cells were centrifuged at 400 x g for 5 min. The cell pellets were 

transferred to 1.5 mL reaction tubes and washed once with PBS (centrifugation at maximum 

speed for 1 min). Cells were lysed for 10 min with TNE lysis buffer (50 mM Tris pH 8.0, 150 mM 

NaCl, 1% (v/v) NP-40, 3 mM EDTA) containing 10 µg/mL complete protease inhibitor. Samples 

were centrifuged for 10 min at maximum speed and supernatant was stored for further use 

at -20°C. 
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3.2.4 Protein quantification 

Lysate concentrations were measured depending on the amount of material at hand. A BCA-

Protein Assay Kit was used (according to the instructions of the manufacturer) if a low amount 

was present, due to the high sensitivity of the kit permitting it to detect low quantities. Having 

a medium or high amount of material, concentration was measured using Coomassie Blue 

Protein Assay. In this method, 1-5µg lysate was added to 1 mL reagent in a polystyrene cuvette 

and mixed thoroughly. Absorbance was measured at 595 nm with a spectrometer and 

compared to a previously done standard. 

 

3.2.5 SDS-PAGE and Western blot analysis 

12% SDS-PAGE gels were poured according to standard protocols (Laemmli, 1970). Whenever 

possible, 20 µg of lysate in 20 µL buffer were used in each case, further mixed with 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 25µL. After boiling for 5 min at 100°C, the 

samples were loaded into the gel, previously mounted on the mini PROTEAN® tetra system, 

and submitted to an electrical current of 25 mA per gel for an hour. 

The proteins were then transferred to a membrane via (wet) Western blotting, after which 

they were placed under constant gentle agitation for an hour in blocking solution: PBST (PBS 

with 0.1% v/v TWEEN 20) with 5% (w/v) milk-powder. The membranes were then placed in 

blocking solution containing primary antibody (see 3.1.3) over night at 4°C. Excess of primary 

antibody was washed with 3 cycles of 10 min PBST under constant gentle agitation, after which 

the secondary antibody (see 3.1.3) would be added, also diluted in blocking solution. The 

membranes would roll for an hour at RT, after which they were washed again. The membranes 

were developed using LumiGLO® reagent, the proteins being detected by exposure on an X-

ray film for 10 seconds up to 1 hour. 

In case of a re-blot, the peroxidase coupled to the secondary antibody was inactivated with 

H2O2 for an hour, followed by 30 min of PBST washing and incubation overnight with a new 

primary antibody, restarting the cycle. 
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3.2.6 Flow cytometry 

To analyze cell death via loss of membrane integrity, 5 x 105 cells were seeded in 6-well plates 

and left to attach for a minimum of 5 hours (usually overnight). After treatment (see Table 1), 

cells were detached with accutase and collected (including the supernatant). After 

resuspension, 1/3 of those cells were used to generate lysates as explained above. The rest 

were centrifuged at 400g for 10 min at 4°C. The cell pellet was washed once in ice-cold PBS/5 

mM EDTA, centrifuged again and finally resuspended in 200µL of PBS/5 mM EDTA containing 

2 µg/mL propidium iodide (PI). PI, being a fluorescent intercalating agent only able to 

penetrate the cells showing a compromised membrane integrity, was used to assess cell 

death. 

At this point the cells were analyzed on a FACSCalibur flow cytometer. Excluding cellular debris 

for the analysis, 10000 cells were examined for each measurement in triplicate. Values were 

calculated as [(100-PI negative cells) %]; to account for already disintegrated cells losing PI 

staining at the time of measurement. 

 

3.2.7 Transfection 

All constructs used for transfections are listed in table 2. The constructs were propagated in 

E. coli (XL Blue) and DNA was isolated via the Quiagen® Plasmid Maxi Kit following the 

manufacturer´s instructions with kind assistance by Parvin Davarnia. 

 

Table 3 
Constructs used throughout the present work. 

 

Company/source Vector Construct 

Sigma-Aldrich, Munich, Germany pCMV-GFP CRISPR/Cas HtrA2 CRISPR/Cas human 

HtrA2 CRISPR/Cas mouse 

PGAM5 CRISPR/Cas human 

PGAM5 CRISPR/Cas mouse 

Received from Dr. Edward 

Mocarski, Atlanta, GA, USA 

LNCX vMIA 
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Received from Dr. Edward 

Mocarski, Atlanta, GA, USA 

PCDNA 3.1 HtrA2 WT  

HtrA2 protease inactivated 

Received from Dr. Yusuf Hannun, 

Stony Brook, NY, USA 

pEF6/V5-His-TOPO® V5-tagged A-SMase WT  

Based on the previous V5-tagged 

A-SMase WT 

pEF6/V5-His-TOPO® V5-tagged A-SMase modified 

through overlap extension PCR 

 

3.2.7.1 Nucleofection 

Several Amaxa® Cell line Nucleofector Kits specific for the respective cell line were used, 

according to the recommendations of the manufacturers. 1 x 106 cells were harvested and 

resuspended in 100 µL solution, transferred into a cuvette (also part of the kit) and transfected 

with 5 µg DNA/ 150 pmol siRNA. After applying the corresponding program, cells were gently 

transferred into 10 cm3 plates containing prewarmed medium and cultured further. The 

downstream handling of the cells was performed as either of the options outlined below. 

 

3.2.7.2 Transient transfection 

After 24 hours, cells were detached and seeded into 6-well plates (5 x 105 cells per well), after 

which stimulation and, usually, FACS measurements would follow. 

 

3.2.7.3 Stable transfection 

After 24 hours, cells were detached and re-seeded in usually five 10 cm petri dishes, after 

which fresh medium and antibiotic was added to select transfected clones. In a period of 

usually 4-6 weeks, medium and antibiotic would be renewed every week until colonies were 

spotted, at which point individual ones would be picked and transferred to individual wells in 

6-well plates. After reaching 80-90% confluence, cells were harvested and portioned such 

that, 2/3rd were frozen, 1/3rd were used to generate lysates for screening purposes and a drop 

supplemented with medium remained in the individual wells for easy access in case of a 

positive screening result. 
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3.2.7.4 Transfection of CRISPR/Cas constructs 

After 48 hours, cells were selected using a FACSAria sorter, the GFP tag of clustered regularly 

interspaced short palindromic repeats / CRISPR-associated 9 (CRISPR/Cas) constructs being 

the marker. Single clones were seeded by the sorter in individual wells in 96-well plates 

containing 100 µL of prewarmed medium. After usually 4-5 weeks, colonies would form. Those 

colonies were transferred to individual wells in 12-well plates. Upon reaching 80-90% 

confluence, cells were harvested and portioned such that, 2/3rd were stored frozen and 1/3rd 

were used to generate lysates for screening purposes. A drop with additional medium 

remained in the individual wells for easy access in the event of a positive screening result. 

 

3.2.8 Gene modification and sequencing 

 

3.2.8.1 Overlap extension PCR 

To identify the cleavage site of A-SMase in necroptosis, an overlap extension PCR (OE-PCR) 

was performed on a previously generated pEF6/V5-His-TOPO® vector containing A-SMase. 

The OE-PCR starts with a first PCR, using two primer pairs, AB and CD, with B and C having 

overlapping endings. This generates two complementary sequences after annealing occurs. In 

a following ligation step, the sequence between them is ignored due to lack of complementary 

sequence on annealing, effectively deleting it. A second PCR provides enough of the gen with 

the desired deletion to use for further cloning experiments (see figure 5). In our setup, a 50-

amino acid region surrounding the suspected cleavage site of A-SMase in necroptosis was 

deleted, both completely and in 10 aa portions (primers were designed by myself while 

constructs were kindly generated by Parvin Davarnia). Furthermore, various 10 aa portions 

were combined, as shown in Results, to generate larger deletions (primers were kindly 

designed by Prof. Dr. Adam while constructs were kindly generated by Parvin Davarnia). 

With the OE-PCR completed, the newly mutated region was cut out with BsmB1 and PshA1 

endonucleases, and inserted back with a ligation into a new pEF6/V5-His-TOPO® vector 

containing A-SMase treated with BsmB1 and PshA1 endonuclease. Finally constructs were 
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expanded, extracted via a QIAprep spin Miniprep kit according to the manufacturer´s 

instructions and sequenced to verify the constructs and the newly mutated regions.  

 

 
 

3.2.8.2 DNA extraction, PCR and sequencing 

To assess the validity of the generated CRISPR/Cas clones and A-SMase mutants by 

sequencing, DNA was extracted: 

- In the case of the CRISPR/Cas clones, with the PhireTissue Direct PCR Mix according to 

the manufacturer´s instructions, and subjected to a PCR to amplify the sequence of 

interest for the CRISPR clones. When needed, DNA was re-extracted from PCR product 

after Agarose gel electrophoresis via Quiaquick® gel extraction Kit.  

- In the case of the A-SMase mutant constructs, a PCR was performed directly to expand 

the quantity. 

In both cases, DNA was measured using a Nanodrop® and sent to the Institute of Clinical 

Molecular Biology (IKMB, Kiel) for Sanger sequencing. 

Figure 5 
Schematic representation of the workflow of an overlap extension PCR. 
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3.2.9 A-SMase activity assay 

The assay was performed using the A-SMase Assay Kit (Echelon) according to the 

manufacturer´s instructions. The readout was performed on white flat-bottomed 96-well 

plates via a Tecan reader. 

 

3.2.10 Immunofluorescence 

To analyze the subcellular localization during cell death of HtrA2/OMI, 1.5x105 cells were 

seeded on cover slides in 12-well plates and left to attach for a minimum of 5 hours before 

being stimulated. 30 min before treatment end, mitotracker was added to the medium to 

300nM final concentration. Starting with the addition of mitotracker, the whole experiment 

was performed with lights in the room switched off in order to minimize bleaching effects. 

On treatment end, supernatant was discarded, and the individual wells washed thrice with 

PBS, after which 500 µL 4% (w/v) PFA was added for 15 min at RT. Alternatively, 500 µL 

supernatant was kept in the individual wells and 500 µL 8% (w/v) PFA were added for 10 min 

at 30°C, after which it would be discarded and the wells washed thrice gently with PBS, to 

avoid the loss of dying, detaching cells (for further information on the topic, see Results and 

Discussion). 

For permeabilization, the cells were washed thrice with PBS containing 0.5% (w/v) saponin 

(freshly made), followed by 10 min of incubation at RT and additional 10 min of incubation at 

RT with PBS/0.5% saponin containing 0.12% (v/v) glycerin to saturate possible free aldehyde 

groups left from the PFA. Afterwards, cells were washed once with PBS/0.5% saponin and 

blocked for an hour at RT with PBS/0.5% saponin/1% (v/v) BSA. At this point, primary antibody 

would be placed on parafilm, diluted in PBS/0.5% saponin/1% BSA according to the 

manufacturer´s recommended concentrations (usually around 1/200), and the cover slides 

with the cells placed face-down on it. This was then placed in a humid chamber, covered to 

protect it from light, and incubated for an hour on RT, followed by overnight incubation at 

4°C. 
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The next day, the cover slides were placed on new 12-well plates and washed thrice with 

PBS/0.5% saponin. Afterwards, secondary antibody was placed on parafilm, diluted in 

PBS/0.5% saponin/1% BSA (1/200), in a humid chamber for an hour at 37°C. After being placed 

again in a new 12-well, and washing thrice with PBS/0.5% saponin, the cover slides were 

placed face-down on a drop of DAPI placed on microscope slides and sealed with nail polish. 

Samples could be stored at this point for several months in a dark box at 4°C without 

bleaching, but were usually visualized within a week via confocal laser scanning microscopy 

(CLSM). 

 

3.2.11 Cell fractionation 

Cells were fractioned using the Cell Fractionation Kit- standard (Abcam, UK) following the 

manufacturer´s instructions. 
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4 Results 

 

4.1 Contribution of necroptosis to intestinal inflammation in ADAM17 ex/ex /RIPK3 -

/- mice 

To gain insight into the biological role of necroptosis, we collaborated within our CRC 877 in 

an established model system of proteolysis. ADAM17 ex/ex mice have been previously shown 

to be highly susceptible to DSS induced colitis (Chalaris et al. 2010) and thus necroptosis was 

blocked to assess whether the mice would fare better. To accomplish this, ADAM17 ex/ex mice 

were cross-bred with RIPK3 -/- mice. RIPK3 being a fundamental protein in the necroptotic 

pathway, its deletion generates mice unable to perform necroptosis as described in Cho et al. 

2009, He et al. 2009 and Zhang et al. 2009. After cross-breeding and selection, the mice were 

subjected to acute DSS-induced colitis (as explained in Materials and Methods). 

The experiment had to be interrupted prematurely due to the loss of more than 20% body 

weight in some mice, as prescribed by the German Animal Protection Act. In figure 6, the lack 

of significant difference between genotypes is shown as measured both by body weight loss 

percentage and Disease Activity Index (DAI). Similar results were obtained comparing the 

weight or length of various organs (intestine, colon, caecum, spleen and liver), except for slight 

significance in liver and colon (raw) that disappeared once the body weights of the individual 

mice were considered. 
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 Figure 6 
A) Bodyweight shift throughout the DSS-induced acute colitis experiment. 
B) Disease activity index as measured by the sum of scores for stool consistency, blood in stool and bodyweight. 
C) Comparison of lengths and weights of the indicated organs without and with bodyweight considered. 
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Histological analysis of colon distal samples showed no significant differences between 

genotypes (see figure 7) as measured by: 

- Haematoxylin/eosin (H&E) staining to assess the general status of the tissue. 

- β-catenin immunofluorescence staining to assess the structural integrity of the 

epithelial barrier. 

- Myeloperoxidase (MPO) immunofluorescence staining to detect lymphocyte 

infiltration and thus inflammatory response. 

 

Figure 7 
Kindly performed by Christoph Becker and Barbara Ruder from the University of Erlangen, DSS-induced acute colitis samples 
prepared above were stained with H&E and β-catenin as well as MPO in immunofluorescence. 

 

Western blot analysis of liver and colon samples yielded no necroptotic signal as measured by 

either pRIPK3 or pMLKL expression. Apoptosis could be shown, as measured by Caspase 3 

cleavage (see figure 8). Similar results could be observed in liver tissue, which was studied as 

an independent organ (see Appendix). 
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Figure 8 
Western blot analysis of lysates generated from colon tissue samples of the ADAM17 ex/ex RIPK3 -/- and ADAM17 ex/ex 
mice participating in the DSS-induced acute colitis experiment. Performed in separate gels to avoid overlapping of 
pMLKL/MLKL and pRIPK3/RIPK3. Western blots for actin were performed to verify equal loading. 
Positive control for necroptosis consists of lysates from MEF pre-stimulated with 1 µg/mL CHX and 20 µM zVAD for 
30 min, and then stimulated with 100 ng/mL TNF for 16 h. Positive control for apoptosis consists of lysates from 
MEF pre-stimulated with 1 µg/mL CHX for 30 min, and then stimulated with 100 ng/mL TNF for 16 h. 
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It was considered that the high susceptibility of the ADAM17 ex/ex phenotype in DSS-induced 

colitis could possibly lead to cellular and tissue damage onset before the hypothetical onset 

of necroptosis. Thus, a new experiment was started. This time chronic colitis was induced, as 

described in Materials and Methods, at lower DSS concentrations. However, as seen in figure 

9, there was no significant difference in body weight loss percentage between genotypes, and 

hardly any effect in the DAI from the treatment at all.  

Figure 9 
A)  Bodyweight shift throughout the DSS-induced chronic colitis experiment. 
B) Disease activity index as measured by the sum of scores for stool consistency, blood in stool and bodyweight. 
C) Comparison of lengths and weights of the indicated organs without and with bodyweight considered. 
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Histological analysis of colon distal samples showed no significant difference between 

genotypes again, as measured by H&E, β-catenin and MPO staining (see figure 10). In contrast 

to the histological examination of the acute colitis samples, these show less damage to the 

tissue overall.  

 

 

Western blot analysis of colon samples showed no necroptotic signal as measured by either 

pRIPK3 or pMLKL expression. Despite the relative lack of tissue damage compared to the acute 

colitis, apoptosis could still be shown, as measured by Caspase 3 cleavage (see figure 11). Here 

too, liver tissue was analysed, yielding similar results (see Appendix). 

  

Figure 10 
Kindly performed by Christoph Becker and Barbara Ruder from the University of Erlangen, DSS-induced chronic colitis 
samples prepared above were stained with H&E and β-catenin as well as MPO in immunofluorescence. 
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Figure 11 
Western blot analysis of lysates generated from colon tissue samples of the ADAM17 ex/ex RIPK3 -/- and ADAM17 ex/ex 
mice participating in the DSS-induced chronic colitis experiment. Performed in separate gels to avoid the 
overlapping of pMLKL/MLKL and pRIPK3/RIPK3. Western blots for actin were performed to verify equal loading. 
Positive control for necroptosis consists of lysates from MEF pre-stimulated with 1 µg/mL CHX and 20 µM zVAD for 
30 min, and then stimulated with 100 ng/mL TNF for 16 h. Positive control for apoptosis consists of lysates from 
MEF pre-stimulated with 1 µg/mL CHX for 30 min, and then stimulated with 100 ng/mL TNF for 16 h. 
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Intrigued by the results, Western blot analysis of DSS-induced colitis WT mice was performed. 

As shown in figure 12, necroptotic and apoptotic signals as measured by pRIPK3/pMLKL and 

Caspase 3 cleavage respectively, are indeed present. 

 

 

To further corroborate and analyse these results, previously generated MEF from ADAM17 

ex/ex mice (Chalaris et al. 2010) were used. Those cells were then analysed in a TNF-induced 

necroptosis assay. As seen in figure 13, ADAM17 ex/ex cells are protected against TNF-induced 

necroptosis. As in the DSS-colitis experiments, Western blot analysis showed neither pRIPK3 

nor pMLKL signal in ADAM17 ex/ex cells as opposed to WT MEF. 

4.1.1 Conclusion 

ADAM17 plays a role in necroptosis in vivo, since both ADAM17 ex/ex and ADAM17 ex/ex /RIPK3-

/- mice failed to show necroptotic signals that WT mice do display. The lack of necroptotic 

signals, tied with a protective effect, can be reproduced at a cellular level with external TNF 

stimulation. 

 

 

Figure 12 
Western blot analysis of lysates generated from colon tissue samples of C57BL/6 mice. Western blots were done in separate 
gels to avoid overlapping of pMLKL/MLK and pRIPK3/RIPK3. Western blots for actin were performed to verify equal loading. 
Positive control for necroptosis consists of lysates from MEF pre-stimulated with 1 µg/mL CHX and 20 µM zVAD for 30 min, 
and then stimulated with 100 ng/mL TNF for 16 h. Positive control for apoptosis consists of lysates from MEF pre-stimulated 
with 1 µg/mL CHX for 30 min, and then stimulated with 100 ng/mL TNF for 16 h. 
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Figure 13 
Functional assay to determine the effect of ADAM17 loss on necroptosis in MEF. Cells were pre-stimulated with 1 µg/mL 
CHX and 20 µM zVAD for 30 min, and then stimulated with 100 ng/mL TNF for 16 h to elicit necroptosis. Loss of membrane 
potential was measured via PI staining and FACS. Western blot analysis of the corresponding lysates, done in two separate 
gels to avoid overlapping of pMLKL/MLKL and pRIPK3/RIPK3 signals. Western blots for actin were performed to verify equal 
loading. 
Error bars represent the standard deviation from N=3 measurements. 
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4.2 Contribution of PGAM5 during necroptosis 

Involvement of PGAM5 in necroptosis has been a contentious topic in the literature. In our 

hands, we could show that the amount of PGAM5 increases during necroptosis in mouse and 

human cells, coupled in the latter case with a shift to the lower of the two bands (see figure 

14 A and B). It remained unclear whether this increase was a consequence of necroptosis or 

rather a necessary part of the necroptotic pathway, thus, to elucidate the matter, PGAM5 was 

downregulated on HT-29 cells via siRNA. As seen in figure 14 C, PGAM5 knock-down had no 

significant effect on necroptosis. 

Figure 14 
A) Western blot analysis of lysates corresponding to L929 cells showing the increase of PGAM5 during necroptosis. Cells 

were pre-stimulated with 20 µM zVAD for 30 min, and then stimulated with 100 ng/mL TNF for the indicated times to 
elicit necroptosis. Western blots for actin were performed to verify equal loading. 

B) Western blot analysis of lysates corresponding HT-29 cells showing the increase of PGAM5 during necroptosis. Cells 
were pre-stimulated with 10 µg/mL CHX and 20 µM zVAD for 30 min, and then stimulated with 100 ng/mL TNF for 
the indicated times to elicit necroptosis. Western blots for actin were performed to verify equal loading. Blots kindly 
performed by Sabine Mathieu-Grützmacher. 

C) PGAM5 downregulation with siRNA in HT-29 cells. 48 hours after the siRNA transfection, cells were pre-stimulated 
with 1 µg/mL CHX and 20 µM zVAD for 30 min, and then stimulated with 100 ng/mL TNF for the indicated times to 
elicit necroptosis. Western blot analysis of the corresponding lysates was done to determine the knock-down 
efficiency. Western blots for actin were performed to verify equal loading. Error bars represent the standard deviation 
from N=3 measurements. 
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Nonetheless, since the knock-down efficiency was low and even a small amount could still be 

sufficient to perform its function, PGAM5 -/- HT-29 and L929 were generated using CRISPR/Cas 

(figure 15). PGAM5 -/- L929 cells were preferred for further experiments due to the Western 

blots showing clear knock-outs, while the HT-29 Western blots still showed significant PGAM5 

signal. As seen in figure 15 in measurements kindly performed by Justus Hoyer, PGAM5 -/- L929 

cells show no significant difference in regard to TNF-induced necroptosis compared to WT 

L929 cells, and inconsistent or no effects under TRAIL-induced necroptosis. 

 

4.2.1 Conclusion 

PGAM5 doesn’t seem to play any significant role in necroptosis. 
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Figure 15 
A) Western blot showing lysates corresponding to HT-29 CRISPR/Cas clones for PGAM5. The names used for the clones 

are a combination of a letter and a number, corresponding to the respective place in the 12-well in which the clone 
grew. Western blots for actin were performed to verify equal loading. Not used in further experiments. 

B) Western blot showing lysates corresponding to L929 CRISPR/Cas clones for PGAM5. The names used for the clones 
are a combination of a letter and a number, corresponding to the respective place in the 12-well in which the clone 
grew. Western blots for actin were performed to verify equal loading. 

C) Flow cytometric analysis to determine the effect of PGAM5 loss on TNF-induced necroptosis in the L929 CRISPR/Cas 
clones for PGAM5 generated in B). Cells were pre-stimulated with 20 µM zVAD for 30 min, and then stimulated with 
100 ng/mL TNF for 4 h to elicit necroptosis. Loss of membrane potential was measured via PI staining. Measurement 
kindly performed by Justus Hoyer. Error bars represent the standard deviation from N=3 measurements. 

D) Flow cytometric analysis to determine the effect of PGAM5 loss on TRAIL-induced necroptosis in the L929 CRISPR/Cas 
clones for PGAM5 generated in B). Cells were pre-stimulated with 20 µM zVAD for 30 min, and then stimulated with 
100 ng/mL TRAIL for 16 h to elicit necroptosis. Loss of membrane potential was measured via PI staining. 
Measurement kindly performed by Justus Hoyer. Error bars represent the standard deviation from N=6 measurements 
across 2 experiments. 
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4.3 Contribution of HtrA2/Omi to necroptosis  

HtrA2/Omi has been previously reported to play an important role in necroptosis (Sosna et al. 

2013). The exact mechanism or position within the signalling pathway being unknown, both 

pMLKL and pRIPK3 were examined in HtrA2/Omi -/- MEF cells under necroptotic conditions. As 

seen in figure 16, these cells show an extremely delayed pMLKL and pRIPK3 signal compared 

to WT cells, correlating with the previously shown necroptotic death resistance. 

Figure 16 
Upper panel: Flow cytometric analysis of a time-course of necroptosis in HtrA2/Omi -/- and WT MEF. Cells were pre-
stimulated with 1 µg/mL CHX and 20 µM zVAD for 30 min, and then stimulated with 100 ng/mL TNF for the indicated times 
to elicit necroptosis. Loss of membrane potential was measured via PI staining. 
The lower panel shows the Western blot analysis of the corresponding lysates, which was done in two separate gels to 
detect pMLKL/MLKL and pRIPK3/RIPK3 signals that would otherwise overlap. Western blots for actin were performed to 
verify equal loading. Error bars represent the standard deviation from N=3 measurements. 
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To further corroborate and investigate this result, a four-pronged approach was used: 

1)  HtrA2/Omi -/- MEF stably re-transfected with WT HtrA2/Omi (“rescue”) were generated 

as described in Materials and Methods. HtrA2/Omi -/- MEF re-transfected with WT 

HtrA2/Omi showed a significant increase in cell death and pMLKL/pRIPK3 signal similar to 

WT MEF (see figure 17), confirming the causal relationship between the knock-out and 

the effect on pMLKL/pRIPK3.  

 

Figure 17 
The upper panel shows the flow cytometric analysis of a rescue assay; showing the effect on necroptosis of WT, HtrA2/Omi 
-/-, HtrA2/Omi -/- vector-transfected (A1), HtrA2/Omi -/- non-expressing WT transfected (F2), and two HtrA2/Omi -/- - WT 
transfected (D2 and D3) MEF. Cells were pre-stimulated with 1 µg/mL CHX and 20 µM zVAD for 30 min, and then stimulated 
with 100 ng/mL TNF for 16 h to elicit necroptosis. Loss of membrane potential was measured via PI staining. 
The lower panel shows the Western blot analysis of the corresponding lysates, which was done in two separate gels to 
detect pMLKL/MLKL and pRIPK3/RIPK3 signals that would otherwise overlap. Western blots for actin were performed to 
verify equal loading. Error bars represent the standard deviation from N=6 measurements across 2 experiments. 
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2) HtrA2/Omi -/- L929 cells were generated via CRISPR/Cas as described in Materials and 

Methods. As can be seen in figure 18, the HtrA2/Omi -/- clones C2 and C10 consistently 

showed the same phenotype as the HtrA2/Omi -/- MEF, unlike clone B9 who inconsistently 

shifted between phenotypes (sometimes showing HtrA2/Omi signal and sometimes not 

doing so). After sequencing the three clones, C2 was selected for further studies due to it 

having the earliest STOP codon inserted.  

 

Figure 18 
A) Western blot showing lysates corresponding to L929 CRISPR/Cas clones for HtrA2/Omi. The names used for the clones 

are a combination of a letter and a number, corresponding to the respective place in the 12-well in which the clone 
grew. Western blots for actin were performed to verify equal loading. 

B) Flow cytometric analysis to determine the effect of HtrA2/Omi loss on TNF-induced necroptosis in the L929 CRISPR/Cas 
clones for HtrA2/Omi generated in A). Cells were pre-stimulated with 20 µM zVAD for 30 min, and then stimulated 
with 100 ng/mL TNF for 4 h to elicit necroptosis. Loss of membrane potential was measured via PI staining. Error bars 
represent the standard deviation from N=3 measurements. 

C) Sequencing of the CRISPR/Cas clones generated in A), showing the nucleotide sequence and the corresponding amino 
acid sequence. 
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This final candidate (C2) was also stably re-transfected (“rescued”) with WT HtrA2/Omi. 

As shown in figure 19, the results are analogous to the ones in MEF cells, confirming that 

the protection observed is not limited to one cell line.  

Figure 19 
The upper panel shows the flow cytometric analysis of a rescue assay; showing the effect on necroptosis of WT, HtrA2/Omi 
-/- (C2), HtrA2/Omi -/- vector transfected (C2/D6), HtrA2/Omi -/- non-expressing WT transfected (C2/E1), and HtrA2/Omi -/- - 
WT transfected (C2/E12) L929. Cells were pre-stimulated with 20 µM zVAD for 30 min, and then stimulated with 100 ng/mL 
TNF for 5 h to elicit necroptosis. Loss of membrane potential was measured via PI staining.  
The lower panel shows the Western blot analysis of the corresponding lysates, which was done in two separate gels to 
detect pMLKL/MLKL and pRIPK3/RIPK3 signals that would otherwise overlap. Western blots for actin were performed to 
verify equal loading. Error bars represent the standard deviation from N=6 measurements across 2 experiments. 
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3) TRAIL-induced necroptosis with a selection of the clones generated in 1) and 2) was 

performed to assess whether the results seen in L929 cells and MEF could be reproduced 

under another kind of necroptotic stimulus. As can be seen in figure 21, similar results to 

the ones shown for TNF-induced necroptosis were obtained. 

Figure 20 
A) Flow cytometric analysis with L929 cells and MEF WT, HtrA2/Omi -/ (C2 for L929, KO for MEF)-, HtrA2/Omi -/- WT re-

transfected (C2E12 for L929 cells and KOD2 for MEF). L929 cells were pre-stimulated with 20 µM zVAD for 30 min, and 
then stimulated with Trail for 16 h to elicit Trail-induced necroptosis. MEF cells were pre-stimulated with 1 µg/mL CHX 
and 20 µM zVAD for 30 min, and then stimulated with Trail for 16 h to elicit Trail-induced necroptosis. Loss of 
membrane potential was measured via PI staining. Error bars represent the standard deviation from N=3 
measurements. 

B) Western blot analysis of L929 cell-lysates (corresponding to the flow cytometric analysis performed in A)) which was 
done in two separate gels to detect pMLKL/MLKL and pRIPK3/RIPK3 signals that would otherwise overlap. Western 
blots for actin were performed to verify equal loading. 

C) Western blot analysis of MEF lysates (corresponding to the flow cytometric analysis performed in A)), each done in 
two separate gels to avoid overlapping of pMLKL/MLKL and pRIPK3/RIPK3 signals. Western blots for actin were 
performed to verify equal loading. 
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4) HtrA2/Omi -/- HT-29 cells were generated via CRISPR/Cas as described in Materials and 

Methods, to assess whether the results seen in L929 cells and MEF could be reproduced 

in a human cell line. As can be seen in figure 20, and unlike in L929, we were unable to 

elucidate a consistent causal relationship between the amount of HtrA2/Omi signal and 

protection against TNF-induced necroptosis. This was due to inconsistent results, such as 

clones still expressing HtrA2/Omi and showing protection (e.g. A8) or not (e.g. B9) and 

clones without HtrA2/Omi signal showing protection (e.g. A12) or not (e.g. B2).  

 

Figure 21 
A) Western blot showing lysates belonging to HT-29 CRISPR/Cas clones for HtrA2/Omi. The names used for the clones 

are a combination of a letter and a number, corresponding to the place in the 12-well in which each clone grew. 
Western blots for actin were performed to verify equal loading. 

B) Flow cytometric analysis to determine the effect of HtrA2/Omi loss on TNF-induced necroptosis in the HT-29 
CRISPR/Cas clones generated in A). Cells were pre-stimulated with 10 µg/mL CHX and 20 µM zVAD for 30 min, and 
then stimulated with 100 ng/mL TNF for 20 h to elicit necroptosis. Loss of membrane potential was measured via PI 
staining. Error bars represent the standard deviation from N=3 measurements. 
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4.3.1 Conclusion 

HtrA2/Omi seems to act in some form upstream of RIPK3 (and thus also MLKL) 

phosphorylation in murine L929 cells and MEF necroptosis. 

 

4.4 Localization of HtrA2/Omi during necroptosis 

HtrA2/Omi is known to exit mitochondria during apoptosis, where it inhibits IAPs, thereby 

permitting cell death (van Loo et al. 2002). In contrast, HtrA2/Omi has been reported to stay 

in mitochondria under necroptotic conditions (van Loo et al. 2002, Blink et al. 2004). To 

confirm this in our system, a three-pronged approach was used. 

Figure 22 
A) Western blot showing lysates belonging to L929 clones stably transfected with Myc-tagged vMIA. Western blots for 

actin were performed to verify equal loading. 
B) Flow cytometric analysis to determine the effect of vMIA transfection on necroptosis. Cells were pre-stimulated with 

20 µM zVAD for 30 min, and then stimulated with 100 ng/mL TNF for 5 h to elicit necroptosis. Loss of membrane 
potential was measured via PI staining. Error bars represent the standard deviation from N=3 measurements. 
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1) Generation of clones stably expressing vMIA (cytomegalovirus Mitochondrial Inhibitor 

of Apoptosis) in L929 cells. vMIA is known to block the transit of various mitochondrial 

proteins into the cytosol, amongst them HtrA2/Omi (Goldmacher 2002). This protects 

cells against apoptosis, simultaneously protecting the virus from clearance. As shown 

in figure 22, the expression of vMIA does not protect cells from necroptosis. 

 

2) Immunofluorescence experiments in MEF and L929 cells were performed, in which the 

co-localization of HtrA2/Omi with MitoTracker® signal was confirmed. As shown in 

figure 23, the HtrA2/Omi signal seems to co-localize with the MitoTracker® signal 

before and after necroptotic stimulation in MEF and L929 cells, sometimes showing 

signal in and around the nuclei as well. 

 

This indicates that HtrA2/Omi, for the most part, does not leave the mitochondria. 

Under apoptotic stimulus (figure 23 C), the HtrA2/Omi signal is completely lacking from 

the mitochondria, being instead in or around the nucleus. The nuclear or perinuclear 

localization of the HtrA2 signal, especially in apoptosis, are in accordance with a 

publication showing that HtrA2/Omi cleaves the Wilms´ tumour suppressor protein 1 

(WT1) under apoptotic conditions, and does so in the nucleus and cytoplasm of M15 

cells (Hartkamp et al. 2010). Also, the NCBI entry for HtrA2/Omi mentions the nuclear 

localization of the protein (https://www.ncbi.nlm.nih.gov/gene/27429). 
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Figure 23 
A) Immunofluorescence of MEF cells, either left untreated or pre-stimulated with 1 µg/mL CHX and 20 µM zVAD for 30 

min, and then stimulated with TNF for 20 h to elicit necroptosis. 
B) Immunofluorescence of L929 cells, either left untreated or pre-stimulated with 20 µM zVAD for 30 min, and then 

stimulated with TNF for 3 h to elicit necroptosis. 
C) Immunofluorescence of L929 cells, either left untreated or pre-stimulated with 10 µg/mL CHX for 30 min, and then 

stimulated with TNF for 5 h to elicit apoptosis. 
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3) Fractionation experiments in MEF were performed. Despite difficulties in re-blotting 

membranes to show control signals, the results point towards HtrA2/Omi staying in 

the mitochondrial fraction (see figure 24). 

 

 

 

4.4.1 Conclusion 

Taken together, these results suggest that HtrA2/Omi doesn´t need to exit mitochondria 

during necroptosis to perform its function. 

 

4.5 Role of known substrates of HtrA2/Omi 

In a proteome-wide analysis (Vande Walle et al. 2007), the group of P. Vandenabeele found 

certain proteins to be substrates of HtrA2/Omi during apoptosis: DBC1 (Deleted in Bladder 

Cancer 1 protein), PDXDC1 (Pyridoxal Dependent Decarboxylase Domain Containing protein 

1); and VPS4B (Vacuolar Protein Sorting 4 Homolog B), the latter two identified in the study 

merely as fragments. 

Figure 24 
Western blot analysis corresponding to a fractionation experiment with WT MEF showing HtrA2/Omi signal and GADPH 
(localization control for cytosolic fraction) from the Mitochondrial Fraction Antibody cocktail (Abcam, UK). Neither ATP5 
nor Histone 3 could be detected (not shown). Cells were either left untreated or pre-stimulated with 1 µg/mL CHX and 20 
µM zVAD for 30 min, and then stimulated with 100 ng/mL TNF for 16 h to elicit necroptosis or pre-stimulated with 1 µg/mL 
CHX for 30 min, and then stimulated with TNF for 20 h to elicit apoptosis. After stimulation, cells were fractionated using 
the Fractionation Kit-Standard (Abcam, UK).  



Results  56 

 

 

Johaiber I. Fuchslocher Chico 

To investigate whether these proteins are also cleaved by HtrA2/Omi during necroptosis, 

HtrA2/Omi WT, HtrA2/Omi -/- and HtrA2/Omi -/- reconstituted with HtrA2/Omi, MEF and L929 

cells were analysed by Western blotting. As seen in figure 25, DBC1 showed a marked decrease 

under necroptotic conditions in MEF HtrA2/Omi WT and HtrA2/Omi -/- reconstituted with 

HtrA2/Omi but not in L929 cells. PDXDC1 shows no difference in either cell line, with the 

possibility of a cleavage band appearing under necroptotic conditions in MEF HtrA2/Omi WT 

and WT re-transfected. VPS4B shows multiple bands in both cell lines, opening the question 

whether there is some form of cleavage taking place, but here too the results differ between 

MEF and L929.  

Figure 25 
A) Western blot analysis of HtrA2/Omi WT, HtrA2/Omi -/- (KO) and HtrA2/Omi -/- reconstituted with HtrA2/Omi (KOD2) 

MEF. Cells were pre-stimulated with 1 µg/mL CHX and 20 µM zVAD for 30 min, and then stimulated with TNF for 16 h 
to elicit necroptosis. Western blots for actin were performed to verify equal loading. 

B) Western blot analysis of HtrA2/Omi WT, HtrA2/Omi -/- (C2) and HtrA2/Omi -/- reconstituted with HtrA2/Omi (C2E12) 
L929 cells. Cells were pre-stimulated with 20 µM zVAD for 30 min, and then stimulated with TNF for 3 h to elicit 
necroptosis. Western blots for actin were performed to verify equal loading. 
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To corroborate whether this effect is a direct consequence of a lack of cleavage by HtrA2/Omi 

in HtrA2/Omi -/- MEF or is indirectly caused by the necroptosis resistance of HtrA2/Omi -/- MEF, 

a siRNA knockdown control experiment was performed with MEF HtrA2/Omi WT. If either of 

DBC1, PDXDC1 or VPS4B were downstream effectors of HtrA2/Omi, we would expect a 

protective effect analogous to the one seen in HtrA2-/- MEF. As seen in figure 26, the knock-

down of either of DBC1, PDXDC1 or VPS4B has no effect on cell death, but the efficiency of 

the knock-down is too low to draw any conclusions regarding a direct cleavage by HtrA2/Omi.  

Figure 26 
A) Flow cytometric analysis of HtrA2/Omi WT MEF transfected with non-targeting siRNA or against DBC1, PDXDC1 and 

VPS4B. 48 hours after the transfection, cells were pre-stimulated with 1 µg/mL CHX and 20 µM zVAD for 30 min, and 
then stimulated with TNF for 16 h to elicit necroptosis. Loss of membrane potential was measured via PI staining. 
Error bars represent the standard deviation from N=3 measurements. 

B) Western Blot analysis lysates corresponding to A), comparing non-targeting control to siRNA transfected cells. 
Western blots for actin were performed to verify equal loading. 

Experiment kindly performed by Carina Saggau.  
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4.5.1 Conclusion 

DBC1, PDXDC1 and VPS4B do not seem to be downstream mediators of HtrA2/Omi during 

necroptosis. Alternatively, the downregulation performed was not sufficient to block the 

function. 

 

4.6 Role of acid sphingomyelinase in necroptosis 

The importance of acid sphingomyelinase as a possible downstream effector in necroptosis 

has previously been shown (Thon et al. 2005). Cleaving the inactive pre-form is a vital step to 

the activation of the A-SMase, and while the cleavage site as well as the responsible protease 

(caspase 7) have both been found for the proteolytic activation of A-SMase in apoptosis 

(Edelmann et al. 2011), those cannot - per definition, be the ones responsible during a caspase 

independent form of cell death such as necroptosis. As such, the localization of the cleavage 

site was attempted, while the identification of the activating protein is currently being 

researched by the group of Prof. Dr. Adam. 

 

4.6.1 Localization of the necroptotic cleavage site of acid sphingomyelinase 

In previous work, mass spectrometric analysis had not revealed the exact cleavage site due to 

limits of detection. However, peptides of cleaved A-SMase had been identified. Based on this 

information, deletion by overlap extension PCR was performed as described in Materials and 

Methods. Thus, A-SMase mutants were generated that span a region of 50 deleted amino 

acids upstream of the most N-terminally located peptide, as well as mutants spanning partial 

deletions of the suspected region. These constructs were then transfected into L929 cells and 

lysates analysed via western blotting. As seen in figure 27, changes in the cleavage bands could 

be shown, suggesting not a single cleavage site, but a compound one, since cleavage is 

abrogated only under deletion of a larger portion of the sequence.  
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Figure 27 
A) Starting at the location of the most N-terminal fragment previously identified via mass spectrometry (identified 

fragments are shown in green), groups of 10 amino acids were deleted via overlap extension PCR in the region N-
terminal to the peptide and called A-C and E-F (represented via the coloured boxes; clones containing deletion D could 
not be obtained). The region containing the cleavage sites is framed by a red box. 

B) Western blot analysis of lysates of L929 cells that were transfected with V5-tagged A-SMase containing deletions A-C 
and E-F plus deletion G, spanning the entire region covered by A-F.  48 hours after transfection, cells were pre-
stimulated 30 min with 20 mM zVAD and stimulated for 4 hours with TNF. Lysates were analysed with V5 antibody. 
Cells in which the cleaved form of A-SMase disappeared were considered to encompass the cleavage site. Western 
blots for actin were performed to verify equal loading. 

C) Since no D deletion could be produced, 3 further constructs containing deletions spanning 20 amino acids, called CD, 
DD and DE were generated. Stimulation and western blot analysis were performed as in B). 

D) V5-tagged A-SMase constructs containing combinations of previous deletions were generated via overlap extension 
PCR and called I-O. 

E) L929 cells were transfected with V5-tagged A-SMase generated in D). Stimulation and western blot analysis were 
performed as in B). 

 
Constructs were designed in collaboration with Prof. Dr. Adam, and the analysis of the deletion mutants was kindly 
performed by Parvin Davarnia. 
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To assess the functionality of the constructs generated in the above experiments via 

enzymatic activity assays, A-SMase -/- L929 cells were generated via CRISPR/Cas as described 

in Materials and Methods. As can be seen in figure 28, the results are inconclusive, since 

deletions in and around the cleavage region completely blocked the A-SMase activity, 

regardless of the cleavage status seen in figure 27. 

Figure 28 
A) Western blot analysis of generated L929 cells deficient for A-SMase by CRISPR/Cas. The δ3 clone was selected for 

further experiments. Western blots for actin were performed to verify equal loading. 
B) Flow cytometric analysis to determine the effect of A-SMase deletion on necroptosis in the L929 cells generated in A). 

Cells were pre-stimulated with 20 µM zVAD for 30 min, and then stimulated with 100 ng/mL TNF for 4 h to elicit 
necroptosis. Loss of membrane potential was measured via PI staining. Error bars represent the standard deviation 
from N=3 measurements. 

C) A-SMase activity assay measured in relative fluorescent units (RFU). Analysis was performed using L929 cells 
expressing WT A-SMase, A-SMase deficient L929 cells (δ3) and A-SMase deficient L929 cells (δ3) reconstituted with 
construct A and with construct G, or A-SMase deficient (δ3) reconstituted with V5-tagged A-SMase. Error bars 
represent the standard deviation from N=3 measurements. 
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4.6.1.1 Conclusion 

The cleavage site of A-SMase during necroptosis is probably a compound one, but the lack of 

enzymatic activity in the generated clones makes a definitive statement difficult. 
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5 Discussion 

 

5.1 The relationship between ADAM17, RIPK3 and necroptosis in DSS-induced 

colitis 

The aim of establishing an in vivo model for necroptosis using DSS-induced colitis was 

motivated by publications implicating necroptosis in intestinal inflammation in mice (Welz et 

al. 2011, Günther et al. 2011) and inflammatory bowel disease in children (Pierdomenico et 

al. 2013). Accordingly, some groups have tried a similar approach to the one we describe in 

the present work to investigate the role of necroptosis in bowel inflammation, namely the 

usage of RIPK3 -/- mice. 

In one work (Moriwaki et al. 2014), the knock-out of RIPK3 increased DSS-induced colitis 

damage. They suggested that the damage was independent of the necroptotic functions of 

RIPK3. The impairment of non-necroptotic functions of RIPK3 important for subsequent tissue 

repair (namely activating IL-23, IL-1β and IL-22) would then lead to the described situation. 

These non-necroptotic functions of RIPK3 in inflammation have just been recently described 

(Newton et al. 2016a, Moriwaki et al. 2017), and enhance the difficulty of analysing the 

obtained results. In contrast, the other work (Newton et al. 2016b) found no significant 

differences between RIPK3 -/- and WT mice under DSS-induced colitis. Differences in the exact 

treatment and microbiota of the mice have been posited as possible reasons for the disparity 

of results (Newton et al. 2016b, Moriwaki et al. 2016). 

All that being said, our own study was performed with ADAM17 ex/ex and ADAM17 ex/ex /RIPK3 

-/- mice as opposed to WT and RIPK3 -/- mice. As can be seen in this thesis, lack of ADAM17 

impairs necroptotic signalling, an unexpected result that adds another layer of complexity to 

the data analysis. The drastic phenotype of ADAM17 ex/ex mice under DSS-induced colitis makes 

it unclear whether non-necroptotic functions of RIPK3 are playing a role. Our results, however, 

align with the study of Newton et al, with no difference seen between ADAM17 ex/ex and 

ADAM17 ex/ex /RIPK3 -/- mice. 
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Necroptosis seems to be consequence rather than a cause in DSS-induced colitis, since both, 

ADAM17 ex/ex, and ADAM17 ex/ex /RIPK3 -/- mice suffered from colitis despite lacking the ability 

to perform necroptosis. Moreover, the consistent cleaved caspase 3 signal present in our 

experiments seems to point to apoptosis as a more probable cause for the observed tissue 

damage. In addition, our data shows that the necroptotic impairment of the ADAM17 ex/ex 

genotype is not limited to the colon, since similar results were obtained after examination of 

liver tissue; nor limited to DSS-induced colitis, since MEF isolated from ADAM17 ex/ex mice are 

indeed protected from necroptosis. 

This last result aligns to a certain extent with the work of Cai et al. 2016, in which ADAM9, 10 

and 17 were studied and implicated in necroptosis. The authors see an early activation of 

ADAMs downstream of MLKL promoting the shedding of various surface proteins. Notably the 

effects are readily apparent in adherent cells, but not in suspension cells, pointing to the 

shedding being effected on adherence proteins. Compared to our results, the clearest 

difference arises in the positioning of ADAM17 in a possible pathway, with our work pointing 

to a role upstream of RIPK3 and MLKL activation, whereas the work of Cai and colleagues place 

it downstream of MLKL. Further studies will have to elucidate the matter. 

Another question that arises is the mechanism by which ADAM17 participates in the 

necroptotic pathway. TNF is synthesized as a membrane protein that can be activated via 

proteolytical cleavage (Kriegler et al. 1988), which was shown to be done by ADAM17 (Black 

et al. 1997, Moss et al. 1997, Müllberg et al. 2000). Whether this is the mechanism by which 

ADAM17 influences the necroptotic pathway remains to be seen, although our data suggests 

that this is not the case, since externally added TNF still failed to induce necroptosis in 

ADAM17 ex/ex MEF. 

In any case, the relationship between ADAM17 and necroptosis seems to be a promising 

future target of study. 
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5.2 The role of PGAM5 in necroptosis 

PGAM5 has been described as being at the convergence point for necroptotic signaling (Wang 

et al. 2012). In Immunoprecipitation experiments using HeLa cells overexpressing Flag-tagged 

RIPK3, the group found associated bands under necroptotic conditions corresponding to 

RIPK1, MLKL and the upper band of PGAM5. PGAM5 had been previously shown to be 

associated with the mitochondrial membrane (Lo and Hannink 2008). In further experiments 

with two different siRNAs against PGAM5, HeLa cells showed some resistance to necroptotic 

cell death (between 60 and 70% cell death instead of 90%). HT-29 cells stably expressing 

shRNA against PGAM5 showed even more resistance against necroptotic cell death (between 

50 and 60% cell death instead of 90%). 

In contrast to the results obtained by Wang and colleagues, Moriwaki, Farias Luz et al. (2016) 

found no protection against necroptosis in their setting. They generated PGAM5 -/- mice, from 

which they generated PGAM5 -/- MEF. They then tested the response to various cell death 

inducers including TNF, zVAD and BV6 (a Smac mimetic) finding no difference compared to 

WT MEF. They also generated RIPK1 -/-, RIPK3 -/-   and PGAM5 -/- bone marrow-derived 

macrophages (BMDMs) and compared them to each other under LPS and zVAD-induced 

necroptosis, finding that the RIPK1 -/- and RIPK3 -/-   BMDMs were protected against cell death, 

while the PGAM5 -/- BMDMs were not. 

Wang and colleagues follow the lead of Lo and Hannink (2006) and describe a long and short 

form of PGAM5 (PGAM5L and PGAM5S respectively). These forms are only present in humans, 

while mouse cells only show the short form. Regardless, both forms show a double band. 

Using necrosulfonamide (NSA), Wang et al. showed necroptosis could be blocked in HeLa cells, 

specifically downstream of RIPK3 phosphorylation. This also blocked the interaction of 

PGAM5S with the rest of the complex (RIPK1/RIPK3/MLKL/PGAM5S) in immunoprecipitation 

experiments done in HeLa cells, which lead Wang and colleagues to conclude that PGAM5S is 

the downstream effector of the complex, and the next step in the necroptotic pathway. In 

contrast, Tait and colleagues (2013), testing the necroptotic route downstream of RIPK3, 

showed that mitochondria, and thus PGAM5 (in line with its mitochondrial localization), are 

not required for the induction of cell death.  
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Our results align with the results from Moriwaki, Farias Luz and colleagues, as well as the 

observations from Tait and colleagues. As seen in Results, neither siRNA knock-down of 

PGAM5 in HT-29 cells, nor CRISPR/Cas knock-out of PGAM5 in L929 cells provided any 

significant protection against necroptosis. 

5.3 The role of HtrA2/Omi in necroptosis 

The dramatic protection of HtrA2/Omi -/- MEF and L929 cells, and the partial reconstitution of 

a necroptosis-susceptible phenotype under re-transfection, point to a clear function of 

HtrA2/Omi in necroptosis in murine cells, comparable to the importance of RIPK3 and/or MLKL 

phosphorylation. Despite the dismissal of the importance of mitochondria in some of the 

literature (Tait et al. 2013), it must be pointed out that the authors themselves insist that this 

holds true downstream of RIPK3. Since RIPK3 phosphorylation is abrogated in HtrA2/Omi -/- 

MEF and L929 cells, it seems that HtrA2/Omi and thus mitochondria, do play a role upstream 

of RIPK3. 

The concrete point of action in which HtrA2/Omi acts is still unclear, but I would put forward 

the following options: 

Option 1: HtrA2/Omi cleaves RIPK1, releasing the RHIM homotypic domain, thus promoting 

the union with the RHIM domain of RIPK3. In favor of this hypothesis is a publication showing 

RIPK1 to be cleaved by HtrA2/Omi in caspase-independent death of Ba/F3 cells (Vande Walle 

et al. 2010), resulting in a 25 kDa band that is unable to induce NF-κB activation and instead 

permits cell death. Thus, HtrA2/Omi function is necessary for Ba/F3 cells to activate caspase-

independent cell death induced by IL-3 withdrawal, the suppression of HtrA2/Omi or its 

protease activity acting in a protective manner. 

Although the work of Vande Walle et al. shows in principle that RIPK1 can be cleaved by 

HtrA2/Omi, the case is very specific, with cells that enter into caspase-independent cell death 

through removal of growth factors and are thus not regulated by the TNF-R1. A preliminary 

attempt to replicate this result in our necroptotic system (MEF and L929 cells) showed no such 

cleavage, but this may be due to the time points selected (data not shown). Another difficulty 

that may be important down the line is that Vande Walle and colleagues observed the 

cleavage of RIPK1 by HtrA2/Omi only in mouse cells: unlike mouse, human RIPK1 was not 
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cleaved by recombinant HtrA2/Omi in vitro, suggesting that this cleavage might be species-

specific. 

Option 2: HtrA2/Omi inactivates cIAP1/2, abrogating the ubiquitination of RIPK1 and thus 

pushing the system into cell death. The capacity of HtrA2/Omi to bind and inactivate IAPs is 

well known (van Loo et al. 2002, Suzuki et al. 2001, Yang et al. 2003 and others). The question 

remains whether this holds true in this case and how exactly the death signal is relayed into 

mitochondria, with two possibilities:  

- Very early, and by an unknown relay mechanism, HtrA2/Omi is alerted of an 

incoming death signal and inactivates cIAP1/2. This mode of action, however, 

would not distinguish between apoptosis and necroptosis, and would entail that 

HtrA2/Omi -/- cells would be resistant to apoptosis. Apoptotic resistance has been 

shown in siRNA downregulation of HtrA2/Omi (Martins et al. 2002), but to my 

knowledge, studies with genetically deleted HtrA2/Omi have not been done. 

- A small amount of necrosome docking on mitochondria alerts HtrA2/Omi of the 

incoming death signal, promoting the inactivation of cIAP1/2 in a positive feedback 

loop. 

Option 3: HtrA2/Omi activates LUBAC and/or A20, promoting the deubiquitination of RIPK1 

and thus pushing the system into cell death. The importance of LUBAC and A20 in the 

deubiquitination of RIPK1 is well established (see Fuchslocher Chico et al. 2017 for an 

overview). Like in option 2, it is unclear how the death signal would relay into mitochondria, 

with two possibilities: 

- Very early, and by an unknown relay mechanism, HtrA2/Omi is alerted of an 

incoming death signal and activates LUBAC and/or A20. As in option 2, this mode 

of action would act equally in apoptosis and necroptosis. 

- HtrA2/Omi is reached by a small amount of necrosome arriving to the 

mitochondria, relaying the incoming death signal and promoting the activation of 

LUBAC and/or A20 in a positive feedback loop. 
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Option 4: HtrA2/Omi activates a yet unknown protein that is able to influence RIPK3 

phosphorylation in a positive feedback loop. 

Of all these options, and independently of the actual target of HtrA2/Omi, a positive feedback 

loop seems to be the most probable of the afore-mentioned possibilities (see figure 30). It 

would be specific to necroptosis and make use of oligomerized pMLKL´s affinity to cardiolipin 

containing membranes e.g. the mitochondrial membrane (Wang et al. 2014a, Dondelinger et 

al. 2014), and thus explain how the necrosome initially reaches the mitochondria. The 

necrosome however, would act only as a signal transductor and not destroy the mitochondria, 

since observation of the mitochondrial transmembrane potential (ΔΨm) show no loss until 

after the permeabilization of the plasma membrane (Tait et al. 2013). That being said, while a 

positive feedback loop is able to quickly amplify incoming signals, it may still be overridden by 

persisting death signaling. This would also explain the very late appearance of pMLKL and 

cellular demise in HtrA2/Omi -/- cells (see Results). 

 

However well established the importance of HtrA2/Omi is in mouse cells, the results are more 

modest in human cells. It is unclear why the removal of HtrA2/Omi with CRISPR/Cas showed 

such varied results. Two possibilities arise: 

- There is an inherent difficulty in transfecting HT-29 cells with CRISPR/Cas in our 

experimental setting, augmenting the chance of off-target effects, thus masking real 

effects. 

- HtrA2/Omi is not equally important for necroptosis in human cells and thus the varied 

results are due to off-target effects. 
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Finding out which of the possibilities is true will prove vital to the possible therapeutic value 

of HtrA2/Omi in a clinical setting. A refinement of the current CRISPR/Cas technology seems 

to be the key point, since as of now off-target and contradicting (Woo Cho et al. 2014 & Zhang 

et al. 2015) effects seem to mask at least some results. 

 

 

 

 

Figure 29 
Actualized mode of action of HtrA2/Omi in the necroptotic pathway. The death signal is relayed to mitochondria via 
unknown mechanisms. HtrA2/Omi is then able to enhance phosphorylation of RIPK3 via unknown mechanisms in a positive 
feedback loop in which pMLKL is also able to target mitochondria and thus HtrA2/Omi, further enhancing its signalling. 
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5.4 Identification of the cleavage site of acid sphingomyelinase in necroptosis 

 

We were able to define a region of 30 amino acids within the N-terminus of A-SMase that 

must contain at least two independent cleavage sites. The regulation of this cleavage seems 

to be rather complex, or tightly dependent on the three-dimensional structure of A-SMase, 

given that the results of this thesis show that any modification in and around the suspected 

site abrogates the activity of A-SMase. In the future, our group will study the effect of mutants 

containing stretches of randomized amino acids, rather than deletions, in the cleavage region 

on the activity of A-SMase. 

Bioinformatic analysis of the 3-dimensional structure of A-SMase might also help in answering 

both the question of the cleavage site and give an approximate idea of the protease involved. 

This will help pin-pointing the role of A-SMase in the necroptotic pathway, and thus open new 

possibilities in the treatment of conditions in which it plays a role. 
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9 Appendix 

Appendix figure 1 
Western blot analysis of lysates isolated from liver tissue samples of the ADAM17 ex/ex RIPK3 -/- and ADAM17 ex/ex mice 
participating in the DSS-induced acute colitis experiment. Performed in separate gels to avoid overlapping of pMLKL/MLKL 
and pRIPK3/RIPK3 signals. Ponceau S staining was performed as a loading control. 
Positive control for necroptosis are lysates from MEF pre-stimulated with 1 µg/mL CHX and 20 µM zVAD for 30 min, and 
then stimulated with 100 ng/mL TNF for 16 h to induce necroptosis. Positive control for apoptosis is made of lysates from 
MEF pre-stimulated with 1 µg/mL CHX for 30 min, and then stimulated with 100 ng/mL TNF for 16 h to induce apoptosis. 
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Appendix figure 2 
Western blot analysis of lysates generated from liver tissue samples of the ADAM17 ex/ex RIPK3 -/- and ADAM17 ex/ex mice 
participating in the DSS-induced chronic colitis experiment. Performed in separate gels to avoid overlapping of signals 
corresponding to pMLKL/MLKL and pRIPK3/RIPK3. Ponceau S staining was performed to serve as a loading control. 
Positive control for necroptosis consists of lysates from MEF pre-stimulated with 1 µg/mL CHX and 20 µM zVAD for 30 min, 
and then stimulated with 100 ng/mL TNF for 16 h to elicit necroptosis. Positive control for apoptosis consists of lysates 
from MEF pre-stimulated with 1 µg/mL CHX for 30 min, and then stimulated with 100 ng/mL TNF for 16 h to elicit apoptosis. 


