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Summary

1. Summary

Regulated necrosis is important in many (patho)whygical settings. In contrast to apoptosis, the
molecular mechanisms of the induction and executbmegulated necrosis are only marginally
understood. This thesis therefore presents detailatyses of different aspects of regulated nesrosi
the characterization of distinct routes to regulateecrosis, the identification of novel proteins
involved in the execution of necroptosis and thalgtof the applicability of tumor necrosis factor
(TNF)-related apoptosis inducing ligand (TRAIL)-irzkd regulated necrosis in clinically relevant

systems.

In the first part of the thesis, it is shown thaiFFinduced necroptosis and induction of the poly
(ADP-ribose)-polymerase (PARP) pathway by DNA-daimggagents such as MNNG represent
distinct and independent routes to regulated nexrdde interruption of the PARP pathway by

PARP-1 inhibitors prevented MNNG- but not TNF-inddcnecroptosis and the genetic interference
with JNK kinases and the protease cathepsin D raseflucomponents of the PARP pathway did not
affect TNF-induced necroptosis. Likewise, the ifgsnce with components important for TNF-

induced necroptosis such as the kinase RIPK3 diprevent regulated necrosis through the PARP

pathway.

In the course of the work of this doctoral thesiew components of the execution signaling
mechanisms of TNF-induced necroptosis could beodeed. Experiments aimed at the identification
of serine protease(s), which appear to be crucitlis pathway, found the serine protease HtrA2/Omi
as a promising candidate. Pharmacological inhibitiogenetic deletion of HtrA2/Omi protected from

TNF-induced necroptosis, further substantiatingfutsctional impact on necroptosis. In addition to
HtrA2/Omi, the proteases Lon protease 1, PSA1 avitP®A were identified as further potential

components of the TNF-induced necroptotic pathvy.RNA interference screens using siRNAs
targeting all proteases encoded by the human genbdf@roteases were identified whose down-
regulation affects necroptosis in HT-29 cells. Tim@act of the candidate proteases CYLD, CASPS8,
DESC, GGT1, DPYL4, PRPF8, MMP3 and CFLAR on TNFueced necroptosis could be also

verified in U-937 cells. Additionally, the compaois of the proteomes of healthy cells or cells
undergoing TNF-induced necroptosis via 2D-DIGE ambination with mass spectrometry revealed
differentially expressed proteins (TUBA1B, PKM, GEL IMPDH2, PHGDH, CAT) and possible

substrates for proteolytic cleavage during necrgipt@moesin, stathmin). Furthermore, it was shown
that acid sphingomyelinase (A-SMase) is proteciyiyc cleaved and activated in TNF-induced

necroptosis. Besides the proteolytic regulation Ae6Mase, it could be demonstrated that the
potentially pro-necroptotic protein PGAMS is condiively degraded by yet unknown proteases in

healthy cells and that this degradation is blockgbn induction of TNF-induced necroptosis.
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Additionally, presenilins, which are parts of thatalytic core of the-secretase protease complex,

were found to be involved in the execution of nptoeis.

In the third part of the thesis, new and additioimébrmation on the potential of TRAIL-induced
necroptosis in clinically relevant tumor cell lineswide-ranging origin was obtained. Eight outldf
tumor cell lines were spontaneously sensitive toAlLRnduced regulated necrosis and Smac
mimetics could further enhance TRAIL-induced retgedanecrosis. Clonogenic survival was reduced
in all sensitive and even one resistant cell litested and TRAIL synergized with chemotherapeutics
in killing resistant cell lines by regulated nedso#\t the molecular level, the obtained data p&ona
relation of the kinases RIPK3 and MLKL as primaaygets for resistance or susceptibility of the
analyzed tumor cells to regulated necrosis. Findlg pharmacological inhibition of the ceramide
generating-enzyme A-SMase showed protection agdiR#tlL- and TNF-induced necroptosis in
multiple tumor cell lines, extending the previoushgtablished role of ceramide as a pivotal
downstream mediator of death receptor-induced atgdlinecrosis and thus as a potential target for

future therapy of cancer patients.

Altogether, the data presented in this thesis aunliste the hypothesis that there are several
independent pathways to regulated necrosis. Thiy giovides a more detailed picture of necroptosis
with newly identified proteins involved in the exgion of necroptosis and it provides evidence that
TRAIL-induced regulated necrosis represents albéasipproach for the elimination of tumor cells. In

the long term, a better understanding of necroptasd the distinct pathways of regulated necrosis
may help to define potential targets for futurerdéipées for diseases that arise from deregulated

necrosis.



Zusammenfassung

1.1 Zusammenfassung

Die regulierte Nekrose stellt einen wichtigen Meadbemus in physiologischen und
pathophysiologischen Szenarien dar. Im Gegensatz Apoptose sind die Induktions- und
Wirkungsmechanismen der regulierten Nekrose nuataneise erforscht. Die vorliegende Arbeit
prasentiert daher detaillierte Analysen Uber relevaAspekte der regulierten Nekrose: die
Charakterisierung verschiedener Wege zur regutiedekrose, die Beschreibung neuer Proteine, die
an der Ausfuhrung der TNF-induzierten Nekroptostibgt sind und die Untersuchung ob TRAIL-

induzierte Nekroptose auch in klinisch relevantgst&men angewendet werden kann.

Die Ergebnisse aus dem ersten Teil dieser Arb&ere dass die TNF-induzierte Nekroptose und die
Induktion der PARP-vermittelten regulierten Nekrasgch DNA-schadigende Agenzien wie MNNG

zwei verschiedene und voéllig voneinander unabhangigge der regulierten Nekrose darstellen. Die
Blockierung der PARP-vermittelten regulierten Nedgodurch PARP-1 Inhibitoren verhinderte die
MNNG-vermittelte, jedoch nicht die TNF-induziertegulierte Nekrose. Die genetische Deletion
nachgeschalteter Komponenten der PARP-vermittektgulierten Nekrose (JNK Kinasen oder die
Protease Cathepsin D) hatte keinen Effekt auf tdNE-ihduzierte regulierte Nekrose. Gleichermallen
hatte eine Inhibition der TNF-induzierten Nekrogtaturch die Blockierung der fur die Nekroptose
essentiellen Proteinkinase RIPK3 keine Auswirkung die Aktivierung der PARP-vermittelten

regulierten Nekrose.

In der vorliegenden Arbeit konnten neue Komponemtenexekutiven Signaltransduktion der TNF-
vermittelten Nekroptose identifiziert werden. Expwnte zur Identifizierung von Serinproteasen,
welche wichtig fur die Weiterleitung des nekroptotien Signals zu sein scheinen, konnten
HtrA2/Omi als vielversprechenden Kandidaten idézigfen. Ein Aktivitatsverlust von HtrA2/Omi
durch die pharmakologische Inhibition oder gendtisdblation blockierte die TNF-induzierte
Nekroptose, was als ein weiterer Beleg fur einehtige Rolle von HtrA2/Omi in der Nekroptose
gewertet werden kann. Neben HtrA2/Omi konnten aiddardie Proteasen Lon protease 1, PSA1 und
PMPCA als weitere potentielle Komponenten der TNdfazierten Nekroptose identifiziert werden. In
einem komplementaren Ansatz wurden alle im humaBenom kodierten Proteasen mittels eines
»small interfering” siRNA Screens auf ihre Relevanzder TNF-induzierten Nekroptose untersucht.
In humanen HT-29 Zellen konnten 16 Proteasen eziniierden, deren Inhibition Effekte auf die
TNF-induzierte Nekroptose zeigte. Die Bedeutungtitvester Proteasen (CYLD, CASP8, DESC,
GGT1, DPYL4, PRPF8, MMP3 und CFLAR) konnte aucleiimem weiteren Zellsystem, humanen U-
937 Zellen, bestatigt werden. Zusatzlich konntehrneid des Vergleiches der Proteome von gesunden
und nekroptotischen Zellen im 2D-DIGE Verfahren undchfolgender Massenspektrometrie
differenziell exprimierte Proteine (TUBA1B, PKM, CHA, IMPDH2, PHGDH, CAT) und mégliche
Substratproteine flr proteolytische Spaltung (MogsBStathmin) in nekroptotischen Zellen
3



Zusammenfassung

nachgewiesen werden. Weiterhin konnte eine pratisohe Spaltung und die damit verbundene
Aktivierung der sauren Sphingomyelinase (A-SMas&hmend der TNF-induzierten Nekroptose
erstmals beschrieben werden. Neben der protedigiscAktivierung der A-SMase wurde eine
proteolytische Degradierung des potentiell Nekrepteermittelnden Proteins PGAMS5 in gesunden
Zellen durch noch unbekannte Proteasen nachgewiBseser Abbau von PGAMS5 wird durch die
Einleitung der Nekroptose gehemmt. Weiterhin wurdehaltspunkte gefunden, dass Praseniline, die

einen Tell deg-Sekretase-Komplexes bilden, in der Nekroptose Rwige spielen.

Im dritten Teil dieser Arbeit wurden neue und vehkprechende Informationen lber die Induktion
von nekroptotischen regulierten Zelltod durch TRAIh klinisch relevanten Tumorzelllinien
gewonnen. Acht der 14 untersuchten Zelllinien zxigtine Sensibilitat fir nekroptotischen TRAIL-
vermittelten Zelltod. Diese Reaktion konnte dureéd Augabe von Smac-nachahmenden Molekulen
noch verstarkt werden. Die Behandlung der Tumdmiglh mit TRAIL ging einher mit dem Verlust
der Klonogenitat der sensitiven Tumorzelllinien umriber hinaus auch einer resistenten
Tumorzelllinie. Des Weiteren konnte gezeigt werddgiss die gemeinsame Behandlung mit TRAIL
und Chemotherapeutika in den meisten resistentenonzelllinien in Synergie regulierte Nekrose
induziert. Auf molekularer Ebene zeigten die gesréen Daten, dass RIPK3 und MLKL primére
Faktoren fiir die Resistenz oder Empfindlichkeitzelner Zelllinien darstellen. Die pharmakologische
Inaktivierung des Ceramid-produzierenden EnzymsMease flhrte ebenfalls zu einer Blockierung
der TRAIL- und TNF-vermittelten Nekroptose. Schfoégernd stellt Ceramid damit ein
Schlusselmolekdl in der Todesrezeptor-vermitteltegulierten Nekrose dar und kann somit als

potentielles Zielmolekdil fur eine zukinftige Theilmpon Krebspatienten angesehen werden.

Zusammenfassend untermauern die Ergebnisse deéegemtlen Arbeit die Existenz verschiedener,
voneinander unabhéngiger Signalwege der reguliddekrose. Die vorliegende Studie liefert ein
detaillierteres Bild Uber neu identifizierte Proi die in die Prozesse der regulierten Nekrose
eingebunden sind und liefert Belege, dass die TRAdimittelte regulatorische Nekrose einen
sinnvollen Ansatz fir die Eliminierung von Tumoleal darstellt. Langfristig kann ein verbessertes
Verstandnis der Nekroptose und der verschiedergmaBiege der regulierten Nekrose dabei helfen,
neue Zielmolekile zu identifizieren, welche fur diatwicklung zukinftiger Behandlungsstrategien

von Krankheiten wichtig sein kénnten, die durchedgtierten Zelltod verursacht werden.



Introduction

2. Introduction

The balance between cell survival and cell death fisndamental concept in biology, regulating the
development and homeostasis of every organismadirén 1842, the process of natural cell death
was described by Carl Vogt. While studying tadpales their metamorphosis, he realized that the
resorption and replacement of the notochord by wbdebrae must be a physiological process
involving the death of certain cells (Vogt, 184Pyogrammed cell death (PCD), first described in
1964 by Lockshin and Williams, was defined as apdrtant regulated cellular mechanism (Lockshin
and Williams, 1964), likely involved in many humarathologies from viral infections to tumor
formation or neurodegenerative diseases. PCD rgtiwituences development: it is also involved in
regulating tissue homeostasis by eliminating uned@nd harmful cells (Degterev and Yuan, 2008).
Experiments usingCaenorhabditis elegans unraveled, amongst others, the genetic program of
apoptosis (Ellis and Horvitz, 1986). Apoptosis sfided by the induction of PCD through the
activation of caspases (Galluztial. 2012a), which is the classical and most studiédany route to
death in most cell types. Historically, apoptosisswegarded to be the only form of PCD, whereas
necrosis was considered to be an accidental, uradiedt cell death as a consequence of extreme
physicochemical stress. However, in the last 20syénacreasing evidence has accumulated showing
that PCD can also occur independent from caspaskthat different regulated types of necrosis exist
For example, it was shown that caspase inhibiteom switch the toxic response evoked by TNF from
apoptosis to necrosis (Vercamnetral. 1998a). In 2000, Holler and coworkers reported tia death
receptor CD95 is, in some cell types, able to &iggecrotic-like cell death. This process is
independent of caspases but dependent on bothd#moa protein Fas-associated protein with death
domain (FADD) and receptor-interacting serine-thiae kinase 1 (RIPK1; Hollest al. 2000). The
discovery of chemical inhibitors of necrosis ledhie accumulation of additional lines of evidenoe f
regulated types of necrosis (Degtestwal. 2005; Suret al. 2012). The mechanisms of necrosis have
been intensively investigated, revealing the ewisteof multiple pathways of regulated necrosis
(discussed in detail in chapter 2.2). In the fut@detter understanding of these pathways could be
directly translated into improved therapies, fog.gecancer, stroke or neurodegenerative diseases
(Degterev and Yuan, 2008; Vandenabetk. 2010).

2.1 Caspase-dependent programmed cell death — apopt  osis

The first study on the biochemical mechanisms ajpégsis was published in 1972 (Ketral. 1972)

and opened the way to explore the relevance ofntieide of PCD in fundamental processes such as
tissue remodeling, homeostasis and the developraéntnulti-cellular organisms. Apoptosis is
characterized by the activation of cysteine-asparnpaioteases (caspases). Caspase-dependent PCD
(apoptosis) is defined by an ensemble of morpholidgfeatures, including membrane blebbing,

chromatin condensation and DNA cleavage, resultmghe fragmentation of dying cells into
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apoptotic bodies (Taylaat al. 2008). These apoptotic bodies can be phagocyligadacrophages or

neighboring cells, resulting in the uptake of aptiptcorpses without the release of intracellular
material into the environment, thereby avoidingirffammatory response (Savill and Fadok, 2000).
In the absence of a phagocytic system, apoptotitebdose their integrity which leads to the re¢eas
of their content into the extracellular microenvineent, resulting in an inflammatory answer. This

process is called secondary necrosis.

There are two main pathways of apoptosis, i.e. ék&insic apoptosis pathway triggered by
extracellular inducers and the intrinsic apoptgsshway initiated mainly by stress factors. In the
extrinsic apoptotic pathway, activation of caspasesurs through stimulation of death receptors
(DRs) which belong to the TNF-receptor (TNF-R) stgmily. Upon binding of the corresponding
ligand and stimulation of the DR, trimerizationtb& receptor molecules is induced with clusterihg o
their cytoplasmic death domain (DD) and the foromatof the death-inducing signaling complex
(DISC). Distinct adaptor proteins e.g. TNF-R1-ass@al protein with death domain (TRADD) and
FADD are recruited to the receptor and this inteoacresults in the recruitment of pro-caspase-® an
-10 to the DISC and subsequently to their autohgtidal activation. Caspase-8 and -10 in turn
proteolytically activate effector caspases suclcaspase-3 (Figure 1; Galluzei al. 2012a) and
initiate subsequent steps of proteolytic cleavalgdoo example, substrate proteins that participate
cellular blebbing (gelsolin, Rho-associated, coited containing protein kinase 1 (ROCK-1), p21
activated kinase 2 (PAK2)), determine cell shapdofe@ratin-18, vimentin, growth arrest-specific
protein 2 (Gas2) and plectin, fodrin, focal adheskinase, cellular apoptosis susceptibility (Cas)
proteins or paxillin) or influence nuclear archttge. This altogether leads then to the orderedstem
of the cell (Fischeet al. 2003). Downstream of caspase-8 activation, ap@&tan occur via two
distinct mechanisms. In so-called type | cells, shasauto-proteolytic activation of caspase-8 ldads
sufficient activation of subsequent effector caspas.g. caspase-3, whereas in type Il cells ondfls
guantities of cleaved, active caspase-8 are pradacéhe DISC. To ensure apoptosis in type Il ¢cells
apoptosis is in part dependent on the cleavagheofrtitochondrial protein Bid to its truncated form
tBid by caspase-8 (Figure 1; Scaffetial. 1998).

The intrinsic pathway is mainly initiated in resgento non-receptor stimuli, including DNA damage,
cytokine deprivation, hypoxia, oxidative stress antider types of severe cell stress (Galluzal.
2012b). Proteins of the B-cell CLL/lymphoma-2 (BYlprotein family which exhibit pro-survival and
pro-apoptotic features control the intrinsic patiiway aggregation of pro-apoptotic Bcl-2 family
members (e.g. BAX and BAK). Activated BAX and BAKitiate mitochondrial outer membrane
permeabilization (MOMP) which leads to the swellin§ mitochondria and to the loss of the
mitochondrial inner transmembrane potential. Subeetly, this results in the release of
mitochondrial intermembrane space proteins likeadytome ¢, Smac (second mitochondria-derived

activator of caspase)/DIABLO (direct inhibitor op@ptosis protein (IAP) binding protein with low
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pl), HtrA2/Omi (high temperature requirement protéd2), apoptosis inducing factor (AlF) and

endonuclease G into the cytoplasm. Cytoplasmic ctytome c together with deoxyadenosine
triphosphate (dATP) and the adaptor protein apapjmibtease activating factor 1 (Apaf-1) form a
protein complex named apoptosome (Figure 1). Theptagome activates the initiator caspase-9
resulting in the cleavage and activation of theefir caspases-3, -6 and -7 (Galltal. 2012a).

Extrinsic Apoptosis Pathway Intrinsic Apoptosis Pathway

Lo Foon] ——

v
APAF1 ve,
L ]
Apoptosome Cytochrome ¢
formation release

" ey

L HtrA2/Omi

v

Apoptosis
Figure 1: Apoptosis, the caspase-dependent prograned cell death pathway Apoptosis can be induced by two distinct
routes: the extrinsic and the intrinsic apoptosithpyay. The extrinsic apoptotic pathway is indutgdbinding of cell
surface death receptors (TNF-R1, CD95 (or Fas), TRRL/R?) to their respective ligands. This leads toat#vation of
initiator caspase-8, which in turn activates thfectbr caspase-3. Activation of caspase-3 resultddavage of intracellular
proteins and the ordered demise of the cell. Orother hand, the intrinsic apoptotic pathway isuicetl by UV-irradiation,
growth factor deprivation or various other stre@sigli and results in the activation of pro-apomd®H3-only Bcl-2-family
members. The BH3-only proteins inhibit their anteptic Bcl-2-family members and release or direettjivate the pro-
apoptotic proteins BAX and BAK. Once activated, thmteins BAK and BAX promote MOMP and the release of
cytochrome ¢ from the mitochondria. The apoptosontéch activates caspase-3, is built by associatioaytochrome c,
Apaf-1 and caspase-9. In addition to cytochromelease and MOMP, the factors Smac/DIABLO and HtEx@i are also
released from the mitochondria. These proteins ptenapoptosis by inhibiting the action of IAPs. thpe Il cells, the
intrinsic and the extrinsic apoptotic pathway argeticonnected by Bid. Bid is cleaved by caspasedi&ttruncated form
tBid, translocates to the mitochondria where it ratés directly with BAX to promote MOMP and finallgpoptosis.
Abbreviations: apoptotic protease activating factor 1 (Apaf-1ycédl CLL/lymphoma-2 (Bcl-2), high temperature
requirement protein A2 (HtrA2/0Omi) inhibitor of gpimsis proteins (IAPs), mitochondrial outer memlergermeabilization
(MOMP), second mitochondria-derived activator ofase / direct IAP binding protein with low pl (Ssfi2l ABLO), tumor
necrosis factor-receptor 1 (TNF-R1), TNF-relatedmpsis inducing ligand-receptor (TRAIL-R)
(Scheme was taken from Brenner and Mak (2@$8) Opin Cell Biol 21, p. 872)
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To circumvent the accidental activation of the dgadspase cascade under conditions favoring cell
survival, caspases are suppressed by inhibitor poiptasis proteins (IAPs). During apoptosis,
mitochondrial factors are released into the cytdeople.g. interfere with IAPs or to trigger DNA
fragmentation. The proteins Smac/DIABLO and HtrA@i(bind to and neutralize IAPs and thereby
release the caspases from the IAPs (Figure 1;etWal. 2000). Upon induction of apoptosis, the
mitochondrial factors AIF and endonuclease G taak to the nucleus and trigger there large-scale

DNA fragmentation in a caspase-independent mar8eur{oukova, 2011).

Both apoptotic pathways, extrinsic and intrinsiae &unctionally linked. Caspase-3 and -8,
components of the extrinsic apoptotic pathway, \&ethe pro-apoptotic protein Bid (Scaffieli al.,
1998). The truncated form tBid causes then theaseleof cytochrome c from mitochondria, an
important component of the intrinsic pathway, ahe@ tsubsequent activation of caspase-9 and

caspase-3 (Figure 1).

2.2 Caspase-independent programmed cell death —reg  ulated necrosis

While caspase-dependent apoptosis (described abepmsents the major physiologic pathway by
which PCD is mediated, regulated necrosis canset lzackup system when the apoptotic machinery
fails or is inactivated (Leist and Jaatteld, 20@ytoplasmic granulation and cellular swelling whic
culminate in the breakdown of the plasma membra@er@rphological features of regulated necrosis.
Different cellular stimuli (e.g. TNF, CD95 ligandRAIL, double-stranded (ds)RNA, interfergn-
(IFN-y), ATP depletion, ischemia-reperfusion injury anathmgens) have been shown to induce
necrotic PCD (Vanlangenakketral. 2012).

Several modes of regulated necrosis have beerdglidefined based on their underlying signaling
pathways, such as ferroptosis, NETosis, ETosiygigsis, pyronecrosis, parthanatos and necroptosis
(Vanden Berghet al. 2014). All these processes share morphologicéinagks but are characterized
by individual aspects of cell death. For exampkydptosis depends on intracellular iron and is
typically observed in the context of cancer androdegeneration (Vanden Berghbteal. 2014). The
lethal small molecule erastin triggers this unigoen-dependent form of cell death which is
morphologically, biochemically and genetically dist from apoptosis, necrosis and autophagy
(Dixon et al. 2012). NETosis is a specialized form of neutroplgiith occurring with the release of
neutrophil extracellular traps (NETs). These NETes eomposed of DNA associated with histones,
granular, and cytoplasmic proteins enabling netitsgo immobilize and kill bacteria (Remijseh

al. 2011). In addition to neutrophils, other cell tgpesuch as eosinophils, mast cells, and
macrophages, can also die by NETosis (Remigseh. 2011). Therefore, NETosis was re-named as
the more generalized term ETosis (Wartha and HeasidNormark, 2008). Pyroptosis has been
described as an atypical death of macrophages andritic cells but may also occur in other cell

types. Pyroptosis appears as a result from osmpoggsure generated by caspase-1 (but not caspase-3,

8



Introduction

the central executioner of apoptosis)-dependemdton of membrane pores and is characterized by
the rapid release of cytosolic contents (von Molkkeal. 2013). Another necrosis-like cell death
process is pyronecrosis and has been describezspomse téhigella flexneri. Pyronecrosis occurs
independently of caspase-1 and -11, but is depématethe inflammasome-adaptor ASC (apoptosis-
associated speck-like protein containing a CARD) toe lysosomal protein cathepsin B (Willingham
et al. 2007). Parthanatos was named after Thanatos etisempfication of death in Greek mythology,
and describes a particular mode of regulated niscimgolving the DNA damage-responsive enzyme
PARP-1, in particular the (hyper)activation of PARRGalluzziet al. 2014a). Regulated necrosis is
considered as parthanatic when cell death dependsady PARP-1 activation and depletion of
nicotinamide adenine dinucleotide (NAD which has a dramatic bioenergetic impact (Chjaru
2005). Furthermore, PARP-1 dependent regulatedosiscrelies on the release of AIF from the
mitochondrial intermembrane space and its transtot#o the nucleus (Yet al. 2002; Andrabkt al.
2008). Finally, necroptosis represents the culyebttst understood and molecularly most well
characterized form of regulated necrosis. Necraptis defined as a RIPK-dependent molecular
cascade promoting necrotic-like cell death (VanBergheet al. 2014; see 2.2.1) and will be the main

focus of the study presented here.

Currently, regulated necrosis is intensively stddénd in the focus of scientific interest because
induction of regulated necrosis plays a significan in both physiological settings (e.g. embryoni
development) as well as in pathological scenaeas. heurodegeneration). Therefore, the modulation
of regulated necrosis may result in novel or addal options for the treatment of patients affedigd

disorders related to regulated necrosis (Galleizai. 2014a; see 2.2.2).

2.2.1 Necroptosis

The term “necroptosis” was introduced in 2005 teatibe a mode of regulated necrosis induced by
TNF when caspase activity was blocked (Degtesteal. 2005). Later, necroptosis was redefined as
being dependent on RIPK1 activity (Degteeval. 2008). In the following years, necroptosis was
classified as a PCD pathway mediated by signaliojmponents that depend on the functional
interactions of RIPK1 with its homolog RIPK3 (Chbal. 2009; Heet al. 2009; Zhanget al. 2009).
RIPK3 was proposed to be the major initiator of roptosis because RIPK3 can also trigger
necroptosis independent from RIPK1 (Zhasgl. 2009; Uptonet al. 2010). Later on, in 2012, the
substrate of RIPK3 mixed lineage kinase domain{Mé&KL) was discovered as a crucial mediator of
necroptosis downstream of RIPK3 (Sairal. 2012). The induction of necroptosis can be inbibiby
the RIPK1 inhibitor necrostatin 1 (Nec-1) or thaibitor necrosulfonamide (NSA) which acts only on
human, but not mouse MLKL (Figure 2; Degteatal. 2008; Suret al. 2012).
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2.2.1.1 Initiation of necroptosis

The induction of necroptosis can be exemplifiedthy TNF signaling pathway. Under caspase-
inhibitory conditions (e.g. in the presence of @spinhibitors or virally expressed proteins), TNF
induces the recruitment of RIPK1 to the TNF-R1 cterp (described in detail in 2.3.3) where RIPK1
is deubiquitinated by deubiquitinating enzymes (BYBuch as cylindromatosis (CYLD), A20 or
cezanne (Hitomiet al. 2008; Shembadet al. 2010; Enesat al. 2008). The inhibition of RIPK1
ubiquitination by DUBs or Smac mimetics leads te fbrmation of a protein complex containing
RIPK1 and its homolog RIPK3 which is termed “necmog” (Figure 2; Declercet al. 2009; Vanden
Bergheet al. 2014). Both kinases possess an N-terminal kinaseaoh and a C-terminal RIPK
homotypic interaction motif (RHIM) which appearstie critical for the activation of the necrosome
(Sunet al. 2002; Galluzziet al. 2014a). Recently, it was reported that the RIPKRK3-necrosome
aggregates in microfilament-like complexes medidigdthe RHIMs of RIPK1 and RIPK3. These
heterodimeric filamentous structures exhibited sitad characteristics off-amyloids and the
inhibition of the formation of RIPK1-RIPK3 amyloiike structures represses the signal transduction
of necroptosis (LEt al. 2012). The finely regulated crosstalk between RIRIKd RIPK3 is regulated
by phosphorylation of RIPK1 and RIPK3. For example autophosphorylation of RIPK1 at serine
161 (S161) and the direct and indirect RIPK3-mediaphosphorylation of RIPK1 generate pro-
necroptotic signals (Chet al. 2009; Degtereet al. 2008; Heet al. 2009). The phosphorylation site at
S199 of RIPK3 was reported to be a pro-necroptoicsphorylation target site (Cheb al. 2009).
Phosphorylation of RIPK3 is crucial for the recnuéint of MLKL (Chenet al. 2014), a pseudokinase
that binds ATP but is catalytically inactive (Sanal. 2012). RIPK3-dependent phosphorylation of
MLKL results in c-Jun N-terminal kinase (JNK) acttion, reactive oxygen species (ROS) production
and the execution of necroptosis (Zhetoal. 2012). Human MLKL is phosphorylated by human
RIPK3 at threonine 357 (T357) and S358 (®ual. 2012), whereas mouse MLKL is phosphorylated
at positions S345, S347, S352 and T349 by mous&R(Figure 2; Xieet al. 2013). Wang and
coworkers proposed that the phosphorylation of Mbmotes the activation and association of the
mitochondrial protein phosphatase phosphoglyceratase family member 5 (PGAMS5). PGAMS5 in
turn recruits the mitochondrial fission factor dymia-1-like protein (Drp-1) leading to the execution
of necroptosis (Wangt al. 2012). However, accumulating evidence indicates tioth PGAM5 and
Drp-1 may be dispensable for the pro-necroptofiectes of MLKL (Galluzziet al. 2014a). Recently,
two independent studies demonstrated that MLKL apgp# form oligomers upon phosphorylation by
RIPK3 and that this results in the re-localizatadrMLKL to the plasma membrane in the course of
necroptotic cell death (Figure 2; Gaial. 2014; Cheret al. 2014). However, the existing data are still
inconsistent regarding the molecular events of WKL regulates necrotic plasma membrane

permeabilization and the execution of necroptdsali(izziet al. 2014b; see 2.2.1.2).
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Figure 2: TNF-R1-mediated necroptosisNecroptosis is induced by TNF (inducer) when caspare inhibited, e.g. by the
pan-caspase inhibitor zVAD-fmk. The signal trangiurc starts with the assembly of the TNF-R1 compleand the
subsequent deubiquitination of RIPK1 by SMs or DUBshsas CYLD leads to the formation of the necrosofftee
necrosome contains phosphorylated and activated RIRKd RIPK3 associated in amyloid-like structurehie T
phosphorylation of RIPK1 and RIPK3 leads to the ridorent of MLKL. MLKL is phosphorylated by RIPK3 arnfdrms
oligomers resulting in the re-localization of MLKb the plasma membrane where it interferes with brame integrity and
induces necroptosis. The assembly of the necrostutminates in multiple executioner pathways whidh lead to
necroptosis (outcome). Necroptosis can be blockedNéc-1 which inhibits RIPK1, and by NSA which bleckuman
MLKL. Abbreviations: cylindromatosis (CYLD), deubiquitinating enzymesUBs), mixed-lineage kinase domain-like
(MLKL), necrostatin 1 (Nec-1), necrosulfonamide @&Sphosphorylation (P), receptor-interacting pnotkinase (RIPK),
Smac mimetic (SM), tumor necrosis factor (TNF), Fid€eptor 1 (TNF-R1).

(Modified from Moriwaki and Chax2013)Cytokine Growth Factor Rev 25, p. 170)
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Necroptosis, triggered by the ligation of TNF te fhNF-R1 (Figure 2), is also the most extensively
investigated model which will be the main focus tble thesis presented here. Nevertheless,
necroptosis can also be triggered by other mentfetse TNF receptor family, e.g. CD95 (Holleir

al. 2000); TNF-R2 (Chaet al. 2003) and TRAIL-R1 and -R2 (Vercammetnal. 1998b; Thoret al.
2006; Voigtet al. 2014) as well as by Toll-like receptors (TLR) 3lah(Holleret al. 2000; Charet al.
2003) and DNA and/or RNA sensors (Kaczmaeeid. 2013).

2.2.1.2 Execution of necroptosis

The list of mechanisms implicated in the executdrregulated necrosis is constantly growing, but
detailed insights into these mechanisms, and espethose involved in the execution of necroptosis
downstream of MLKL are sparse. It is currently wacl whether the execution mechanisms are
exclusive for necroptosis or whether they also iggdte in other modes of regulated necrosis
described above (see 2.2). Therefore, this chagéscribes common execution mechanisms of

regulated necrosis, which may also turn out togbevant for necroptosis.

The signals required for necroptotic cell death dsineam of MLKL remain uncertain. Recent reports
show that MLKL forms trimers and translocates te pfasma membrane to facilitate calcium influx in
response to TNF-induced regulated necrosis éCal. 2014). The transient receptor potential cation
channel, subfamily M, member 7 (TRPM7) seems toesgnt the central voltage-sensitive channel
facilitating calcium influx, because blockade of HRR7 inhibited regulated necrosis (Ghial. 2014).
Consequently, the influx of calcium ions into thgoplasm disrupts osmotic homeostasis leading to
the death of the cell (Caet al. 2014). Furthermore, the generation of ROS may bethar
consequence in response of MLKL activation prongptiecroptotic cell death (Moriwaki and Chan,
2013).

The accumulation of ROS during necrotic cell dea#is discovered even before the discovery of the
necrosome (Schulze-Osthadf al. 1992). The kinase RIPK3 links TNF-R1 signalingnietabolic
enzymes and the production of ROS by building apterwith glycogen phosphorylase (PYGL),
glutamate-ammonia ligase (GLUL), glutamate dehydmage 1 (GLUD1), fructose-1,6-
bisphosphatase 2 (FBP2), fumarate hydratase (Fhgogyltransferase 25 domain containing 1
(GLT25D1), and isocitrate dehydrogenase 1 (IDHYMGER, GLUL and GLUD1 can directly interact
with RIPK3. The knock-down of any of these enzymeduced TNF-induced accumulation of ROS,
correlating with reduced cell death (Zhagigal. 2009). GLUL, a cytosolic enzyme that condensates
glutamate and free ammonia into glutamine, and GLUB mitochondrial enzyme converting
glutamate intar-ketoglutarate, are hyperactivated by RIPK3. Tlyigdnactivation results in increased
glutaminolysis and excessive generationuedetoglutarate and lactate overproduction (Madeal.
2009). PYGL catalyzes one step of glycogenolydig breakdown of glycogen into glucose-1-
phosphate and subsequent conversation to glucphedphate (G6P). G6P stimulates glycolysis
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contributing to ROS production and generation abtmxic methylglyoxal (Van Herreweghat al.
2002). Altogether, there are several mechanisma/tigh enhanced glycogenolysis, glycolysis and
glutaminolysis can contribute to the respiratorysbuhat characterizes necrotic cell death. A non-
mitochondrial source of ROS is the plasma membeaseciated NADPH oxidase-1 (Nox1). The
activation of TNF-R1 signaling rapidly activatesXahrough RIPK1-dependent signaling, leading to
a burst of Nox1-derived ROS (Morganal. 2008).

Profound depletion of ATP levels triggered by owssumption of NAD in ADP ribosylation
reactions (e.g. by PARP-1 hyperactivation) is dntmalk of some forms of regulated necrosis. In
addition to ROS production, mitochondria also cibatie to the abrupt decrease in ATP. Temkin and
coworkers reported that binding of TNF to TNF-R&de to the RIPK1-mediated inhibition of the
mitochondrial adenine nucleotide translocase (AN€&mkin et al. 2006) which is an ATP/ADP
antiporter. ANT was shown to interact with othetonhondrial proteins like voltage-dependent anion
channel (VDAC) and cyclophilin D (CypD) leading ttee assembly of a permeability transition pore
complex (PTPC; Vanlangenakkeral. 2008). Pro-apoptotic and anti-apoptotic memberthefBcl-2
family were also shown to interact with the PTPQCefiheret al. 2000). In response to cytotoxic
stimuli such as ROS and cytosolic’Caverload, the PTPC rearranges its conformatidawalg the
entry of unwanted solutes and water into the mivochial matrix, the so-called mitochondrial
permeability transition leading to the rupture leé mitochondria and to cell death (Vanlangenakker
al. 2008). Mitochondria appear to be important activatof regulated necrosis signals; however,
recent studies claimed that mitochondria are disglele for the execution of necroptosis in response
to MLKL activation (Taitet al. 2013).

Lysosomal membrane permeabilization (LMP) was dmad to contribute to the execution of
regulated necrosis (Vanlangenakker al. 2008). During this process, excess ROS production
overcomes the antioxidant defenses of the cellingatb the destabilization of other intracellular
membranes, e.g. of the endoplasmatic reticulum ,(BRfochondria or lysosomes. LMP can be a
conseqguence of the activation of several signgathways. For example, TNF-R1 engagement leads
to the activation of cytosolic phospholipase (RLA,). PLA; is known to generate arachidonic acid
which is transformed by lipoxygenase into lipid roeroxides. These lipids are characterized by a
high membrane-damaging potential (Burke and Der2189). Another signaling pathway following
after TNF binding to TNF-R1 results in the actieatiof the lysosomal enzyme acid sphingomyelinase
(A-SMase) and membranous neutral sphingomyelina@é¢sSMase). Both enzymes convert
sphingomyelin into ceramide. Ceramide is a sulesti@t ceramidases, producing sphingosine as an
inducer of LMP (Kageda#t al. 2001). Of note, ceramide is implicated to playaaditional, much
more important role in mediating necroptosis edidiby TNF or TRAIL (Strelovet al. 2000; Thoret

al. 2005, Thonet al. 2006) which will be the focus of chapter 2.4. Meante destabilization at the

mitochondrial level has multiple consequences likaibition of ATP synthesis, inner membrane
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permeabilization and altered abuffering (Galluzziet al. 2011). Destabilization of the ER
membrane promotes the accumulation of cytosolit’.Q%s additional inducers of LMP, cytotoxic
hydrolases such as Calependent calpains (calcium activated neutrakjpisis) destabilize lysosomal
membranes. Calpain-triggered LMP results in theas# of cytotoxic lysosomal cathepsins leading to
the cytoskeletal protein breakdown and cell deddn{angenakkeet al. 2008).

Proteolysis of regulatory proteins, leading to @ithctivation or inactivation of downstream signgli
cascades is a further potential critical executiethanism during regulated necrosis and especially
necroptosis. During apoptosis, hundreds of protanmesspecifically cleaved by proteolysis as part of
the apoptotic program. The family of caspasesvslued in many of these proteolytic events which
are essential for the cleavage of substrate pstaiitiation and execution of PCD and thus for the
survival and homeostasis of multicellular organisfidegterev and Yuan, 2008). During regulated
necrosis, proteolysis appears to be equally imparteor example, necroptosis is negatively regdlate
by caspase-8 which cleaves and inactivates RIPKdcéxkkiet al. 2011). During regulated necrosis,
alternative proteolytic molecules such as lysosopnateases (calpains, cathepsins and granzymes),
serine proteases, the proteasome and metallopeste@ght substitute for caspases (Leist and Jaattel
2001; Schradest al. 2010). The ability of non-caspase proteases tavelat least some of the classic
caspase substrates implicates that non-caspasagestmight be essential for regulated necrosis. Fo
example, cathepsins are responsible for the treastm of Bax to the mitochondrion in the complete
absence of caspase activation (Bidgtral. 2003). The cleavage and translocation of Bid dbagehe
cleavage and release of AIF are cathepsin-mediatemts which do not need caspase activity
(Lorenzo and Susin, 2007). Similar to cathepsirdpains can also cleave AIF in the absence of
caspases (Lorenzo and Susin, 2007). Moreover dtieesprotease granzyme B was shown to cleave
and activate Bid to its truncated product gtBid.ribg regulated necrosis, gtBid translocates to the
mitochondrion, integrates into the mitochondrial nmbeane and thereby releases cytochrome c¢
(Heibein et al. 2000). Furthermore, the proteolytic activity ofetimitochondrial serine protease
HtrA2/Omi has been implicated to mediate necrake-tell death of human neutrophils (Bliekal.
2004).

Taken together, the above described events like B¥@8roduction, mitochondrial dysfunction and
proteolysis may play a major role in the executidrregulated necrosis. Besides its suggested role
during healthy development, regulated necrosis baen described to additionally trigger
pathophysiological alterations, e.g. in stroke, h&iimer’'s, Huntington’s and Parkinson’s disease
(Vandenabeelet al. 2010).

2.2.2 Regulated necrosis in health and disease

Regulated necrosis has physiological and pathoploggcal consequences. Regulated necrosis occurs

in vital processes such as regulation of bone drdwtparticipating in the physiological cell death
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chondrocytes (Roach and Clarke, 2000) and in aéhdtie homeostasis where colonocytes in the
lower regions of intestinal crypts undergo necratell death (Barkla and Gibson, 1999). The
homeostasis of T-cell populations is another pHggioal relevant response (Jaattela and Tschopp,
2003). Furthermore, regulated necrosis is repottecde relevant for the negative selection of
lymphocytes, embryonic removal of interdigital websulation, termination of immune responses,
hyperacute shock in response to TNF, or the autonsndeath of activated T-cells (Festjetsl.
2006).

As described above, regulated necrosis plays armal@ as a backup cell death mechanism, when
apoptosis is disabled. For example, viral and bbettg@roteins can efficiently suppress caspase
activity and thus the cell initiates regulated s as an alternative mechanism to limit viral and
bacterial infections (Kaczmarek al. 2013). Studying RIPK3-deficient mice revealed tieise mice
are more susceptible to viral infection than thald-type counterparts (Chet al. 2009). In addition,
Upton and coworkers demonstrated that the muritenoygalovirus M45 protein interferes with the
necrosome (Uptomt al. 2010). In summary, these findings support thevaati and antibacterial

properties of necroptosis.

In addition, regulated necrosis has been shownldg p role in many human pathologies like
hyperacute shock (Cauwedsal. 2003), pancreatitis (Het al. 2009; Zhanget al. 2009), cerebral and
myocardial ischemia-reperfusion injury (Linkermadanal. 2013), Crohn’s disease (Gunthetral.
2011), Alzheimer’s disease (Lin and Beal, 2006) phdtoreceptor cell loss (Viringipurampestral.
2014). Moreover pathogens such as HIV, vacciniasyihigella and Salmonella (Festjenal. 2006;
Choet al. 2009) can destruct cells in a caspase-indepemdanber. Rapid plasma permeabilization
due to necrotic triggers leads to the release ofagge associated molecular patterns (DAMPS) from
the cell. These necrosis-dependent DAMPs can &omdri to sensitization of necroptosis in

neighboring cells or modulate the fate of inflamimatKaczmarelet al. 2013).

Genetic studies of knock-out mice revealed thatkRHdeficient mice are not viable, whereas kinase-
dead mutant RIPKE*®N mice are viable (Newtoet al. 2014). The pharmacological inhibition of
RIPK1 with Nec-1 or geldanamycin showed cytoproteceffectsin vitro (Vandenabeelet al. 2010).
Moreover, the inhibition of RIPK1 activityn vivo attenuates neurodegenerative diseases (¥uan
2003), adult brain ischemia (Degteret al. 2005), myocardial infarction (Linet al. 2007) and
photoreceptor degeneration of retina disordersclibmaset al. 2010; Viringipurampeeet al. 2014).
The genetic deletion of RIPK1 functionally complerted the impaired lymphocyte proliferation in
FADD-deficient mice (Zhangt al. 2011). This and the above findings are consistétiit a critical
role for the kinase activity of RIPK1 in pathologiccell death. RIPK3 deficient mice displayed
reduced pancreatitis (Hat al. 2009; Zhanget al. 2009). The absence of any phenotypic change in
unchallenged RIPK3-deficient mice suggests thatKRIRs not involved in embryogenesis and

homeostasis (Newtoe al. 2014). However, genetic deletion of RIPK3 rescoaspase-8-deficient
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mice from early embryonic death, revealing thairtydevelopment apoptotic regulatory mechanisms
counteract RIPK3-dependent necroptosis (Kagset. 2011). Genetic deletion of both caspase-8 and
RIPK3 lead to progressive lymphoaccumulative diseasadult mice (Oberstt al. 2011). These
studies clearly demonstrate that apoptotic mechaniblock the necrotic pathway in diverse

physiological ways.

2.3 Death receptors
2.3.1 The TNF superfamily

As outlined above, members of the TNF superfamily eentral inducers of necroptosis. Cellular
processes such as immune responses, cell prabferdiematopoiesis and cell death are regulated by
the family of TNF receptor-related molecules (Aggal, 2003). So far, 19 different ligands belonging
to the TNF superfamily have been identified. Th&#8digands mediate their cellular response via 29
different receptors all belonging to the TNF receguperfamily. These receptors have a cysteirre-ric
domain in the extracellular portion of the recef#dggarwal, 2003). Within the members of the TNF-
receptor superfamily, DRs have been shown to induath caspase-dependent as well as caspase-
independent pathways leading to PCD (Leist andelaaP001). At present, eight members of the DR
family have been identified: TNF-R1 (also known D8MD120a/p55/p60), CD95 (named also Fas-
receptor, DR2, or APO-1), DR3 (also termed as AR®#Mphocyte-associated receptor of death
(LARD), TNF-R-related apoptosis-mediating proteiRARD), WS-1, TNF-receptor-like 3 (TR3),
TNF receptor superfamily member 25 (TNFRSF25)), TIR#ceptor 1 (TRAIL-R1; or APO-2 and
DR4), TRAIL-R2 (also known as TRICK2, TNFRSF10B, BRKILLER), DR6 (or TNFRSF21),
ectodysplasin A receptor (EDAR) and nerve growtttdareceptor (NGFR) (Mahmood and Shukla,
2010).

With focus on regulated necrosis, members of thefdRlly are able to induce cell death independent
of caspases. For example, Holler and coworkers stidiat activated primary T cells were killed by
CD95 ligand in the absence of caspases (Hellal. 2005). Human and murine TRAIL-receptors
(TRAIL-R) are also able to induce regulated nea@siolleret al. 2000; Gucet al. 2005; Thoret al.
2006). TNF-R1 is as well capable of inducing netwsjs as described above (see 2.2.1.1) and the
most extensively investigated model of necroptissisiggered by the activation of TNF-R1 signaling
(Figure 2 and 3).

2.3.2 The death receptor TNF-R1

Two different types of TNF receptors have been attarized. TNF-R1 (also referred to as type | or
p55 or p60) is expressed by almost all cell typesreas TNF-R2 (also known as type Il or p75 or
p70) was shown to be expressed by endothelial esllsvell as by cells of the immune system
(Aggarwal and Natarajan, 1996). TNF-R1 belongshe DR subgroup of the TNF superfamily,

whereas TNF-R2 contains no DD. The latter interagith the adaptor protein TNF receptor-
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associated factor-2 (TRAF2) leading to the protesdalegradation of TRAF2 and inhibition of TNF-
R1-induced activation of nuclear factds- (NF«B; Wu et al. 2005). In 2009, TRAF1 was shown to
inhibit TNF-R2-induced proteasomal degradation ®AF2 and thereby modifies TNF-R1-TNF-R2
cooperation shifting signaling from apoptosis toipflammatory NF«B signaling (Wicovskyet al.
2009). Typically, cells expressing TNF-R2 also egsr TNF-R1 and thereby regulate the balance
between cellular survival and cell death. TNF-Riinstation usually induces cytokine generation,
inflammation, and cell survival, unless the cytatopotential of TNF-R1 is unmasked by inhibiting
these survival pathways. However, the potentiafulisess of TNF in clinical oncology is severely

limited by its strong side effects.

2.3.3 The complex signaling pathways of TNF-R1

The balance between pro-survival and pro-cell de@hals depends on intracellular interactors of
TNF-R1. Additionally, the existence of differentopein complexes is very critical to determine which
signaling pathway will be induced upon TNF ligationTNF-R1 (Figure 3). Binding of TNF to TNF-
R1 can, for example, induce the formation of a mmmé-proximal supra-molecular complex termed
“TNF-R1 complex I". Complex | is responsible foretlctivation of pro-survival signals favoring the
canonical pathway of activation of the transcriptiactor NFkB and up-regulating anti-apoptotic
genes such as A20 and FLICE-like inhibitory protking isoform (FLIR) (Micheau and Tschopp,
2003). The ligand-bound TNF-R1 trimers recruit TRADRIPK1, cellular (c)IAP1 and clAP2,
TRAF2 and TRAF5 (Micheau and Tschopp, 2003). Th&einediated polyubiquitination of RIPK1
(Bertrandet al. 2008) recruits downstream adaptors such as tnansfg growth facto3-activated
kinase 1 (TAK1), TAK1-binding protein 2 (TAB2) andAB3 as well as inhibitor of NikB kinase
(IKK) complex which together trigger the canonidéf-«xB activation (Figure 3a). The activation of
NF-kB is enhanced by recruitment of the linear ubiquithain assembly complex (LUBAC). LUBAC
activity results in linear ubiquitination of RIPKdnd the NFR<B essential modulator (NEMO) protein
(Walczak, 2011).

Upon endocytosis of TNF-R1, the TRADD-dependent FFRIL complex lla” is generated by a
rearrangement of the molecular composition of cempkFigure 3b). Here, the dissociation of RIPK1
from TNF-R1 by CYLD-mediated deubiquitination (O’'Beell et al. 2007; Hitomiet al. 2008) is
crucial for the transition from complex | to thehal complex Il which has also been termed DISC.
Complex lla is composed of pro-caspase-8 and FhHerodimers as well as TRADD and FADD.
Upon activation of caspase-8 several substratdadimg Bid and caspase-3 are activated. RIPK1,
RIPK3 and CYLD are cleaved by the caspase-8/FlHBterodimer leading to their inactivation,
thereby preventing necroptosis (léhal. 1999; Fenget al. 2007) and instead leading to execution of

caspase-dependent apoptosis (Figure 3b and see 2.1)
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When clAPs are inhibited, through for example Sm&BLO, a distinct signaling cascade occurs
(Vanlangenakkeet al. 2011a). Here, the degradation of clAPs reducesdhenical NF<B activation

of complex | (Bertrandtt al. 2008). This leads to an up-regulation of dB-inducing kinase (NIK)
and facilitates non-canonical NEB signaling (Figure 3d; Varfolomeest al. 2007). Moreover, a
TRADD-independent cytosolic complex is supposedb® formed between non-ubiquitinylated
RIPK1, RIPK3, FADD and the caspase-8/FLIPL hetermii This second lethal complex Il is
referred to as RIPK1-dependent complex llb or ‘pigsome” (Figure 3e; Feoktistowh al. 2011).
The ripoptosome is necessary but not sufficieninttuce cell death because caspase-8 activity is
controlled by c-FLIP (Feoktistovet al. 2011). Similar as described for complex lla, RIP&id
RIPK3 are inactivated through cleavage mediateddspase-8/FLIPheterodimers, leading to the

induction of apoptosis by the release of caspdsen@odimers.

However, the deletion of FADD or caspase-8 as aglinhibition of caspase-8 by cytokine response
modifier protein A (CrmA), a potent viral inhibitaf caspase-8 or pharmacologically with zZVAD-fmk
can lead to the formation of the necrosome, a payatic complex (Vercammest al. 1998a; Holler

et al. 2000). This complex is comprised of and dependardctive RIPK1-RIPK3 and MLKL (Figure
3c and Figure 2; Vandenabeaeal. 2010; see chapter 2.2.1.1). Whether FADD or TRAB®

strictly required to assemble the necrosome remainkear.
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Figure 3: TNF-R1-mediated signaling pathwaysStimulation of TNF-R1 by the TNF ligand results(a) the recruitment
of TRADD, RIPK1, clAP1, clAP2, TRAF2 and TRAF5 andtie assembly of complex I. clAP1 and clAP2 in tpoly-
ubiquitinylate RIPK1, allowing recruitment of the KA-TAB2/3 complex as well as the IKK/NEMO complexh&
assembly of this complex leads to the activatiothefcanonical NkB pathway which is enhanced by the recruitment ef th
LUBAC. (b) TRADD-dependent complex lla is built after de-ubtmation of RIPK1 by CYLD, allowing RIPK1 to
dissociate from the plasma membrane. Here, RIPKetants with TRADD, FAAD, pro-caspase-8 and FLIP.-Paspase-8
and FLIR cleave and inactivate RIPK1, RIPK3 and CYLD (dasbedls) to inhibit necroptosis. Homodimerized, agetiv
caspase-8 in turn activates executioner caspaseitimg in apoptosigc) When caspase-8 is inactive, the RHIM domains of
RIPK1 and RIPK3 associate in RIPK1-RIPK3 amyloid-likerofilaments (necrosome). The phosphorylatioRBFK1 and
RIPK3 leads to the recruitment of MLKL which can ibaibited by NSA. The RIPK3/MLKL-dependent complaitiates
regulated necrosigd) However, when clAPs are inhibited by Smac mimeti$K1 is not ubiquitinated. This leads to an
up-regulation of NIK and the activation of the ncemonical NF<B pathway.(e) In the absence of clAPs, a RIPK1-
dependent complex IIb (ripoptosome) comprised ofkRIFRIPK3, FADD and FLIP-caspase-8-homodimers is formed. As
in (b) RIPK1 and RIPK3 are inactivated and apoptosis isidad. Abbreviations: clAP (cellular inhibitor of apoptosis
protein), CYLD (cylindromatosis), FADD (Fas-assoettdeath domain), FLIP (FLICE-like inhibitory praotgi IKK
(inhibitor of NF«B), LUBAC (linear ubiquitin chain assembly complex),LKL (mixed lineage kinase domain-like),
NEC1s (necrostatin 1), NEMO (NEB essential modulator), NEB (nuclear factokB), NIK (NF-kB-inducing kinase, NSA
(necrosulfonamide), RHIM (RIP homotypic interactiomtif), RIPK (receptor-interacting protein kinas&VAC (second
mitochondria-derived activator of caspase), TABAKL binding protein 2), TAK (transforming growthdtr--activated
kinase), TRADD (TNF receptor-associated death dojaiRAF (TNF receptor-associated factor), TNF (Gwmecrosis
factor), TNF-R1 (TNF-receptor 1).

(Adapted from Vanden Bergletal. (2014)Nat Rev 15, p. 138)
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2.3.4 The death receptors TRAIL-R1 and TRAIL-R2

The ligand TRAIL was first cloned and characterired 995 (Wileyet al. 1995). TRAIL is a type Il
transmembrane protein belonging to the TNF supelfarRive receptors are able to bind TRAIL
(Wang and El-Deiry, 2003). In humans, TRAIL-R1 anRAIL-R2 are capable of inducing PCD
through their DD. Both receptors have cysteine-rebeats facilitating TRAIL binding. TRAIL also
binds to the decoy receptor TRAIL-R3 (also knowba®1, LIT, TRID) and TRAIL-R4 (also termed
as DcR2, TRUNDD). However, in their cytoplasmic dons, both receptors completely or partially
lack a DD and are therefore unable to induce ap@ptBor this reason, TRAIL-R3 and TRAIL-R4 are
regulators rather than inhibitors of TRAIL-mediate€CD (Merinoet al. 2006). Osteoprotegerin
(OPG), the fifth and soluble receptor, has a ralbwraffinity to the ligand TRAIL. It was suggested
that the function of OPG and TRAIL is linked to leometabolism (Emersgt al. 1998). To date, only
one mouse receptor is known, which is homologodkéduman TRAIL-R2 (Wt al. 1999).

In contrast to TNF, TRAIL has emerged as a mosimsimg molecule for cancer therapy due to its
ability to selectively induce apoptosis in tumotlceavithout affecting normal cells (Walczak al.
1999). For example, the treatment of patients withman agonistic TRAIL-R antibodies
Mapatumumab and Lexatumumab can induce apoptoditiare been employed for selective cancer
therapy (Pukaet al. 2005; Ashkenazi and Herbst, 2008). Similar to TRIE-TRAIL-R1 and TRAIL-

R2 are able to induce regulated necrosis indepdiydeintheir apoptotic capabilities when apoptosis
induction fails or is inhibited (Holleet al. 2000; Guoet al. 2005; Thonet al. 2006). In contrast to
TNF-R1 induced necroptosis, a comprehensive piafitke signaling pathways of regulated necrosis
induced by TRAIL-R1 or TRAIL-R2 is currently lackgn In 2006, the capacity of mTRAIL-R2 to
induce necroptosis has been demonstrated (Ehah 2006). Moreover, cells over-expressing acid
ceramidase, an enzyme which degrades the secondemges ceramide, showed an increased
resistance to regulated necrosis elicited by TRAThon et al. 2006). TRAIL-induced necroptosis
results in the increase of intracellular ceramigleels in murine L929, NIH3T3 and human Jurkat T
cells (Voigt, Bachelor Thesis, 2009). To this etia induction of regulated necrosis by TRAIL may
represent a novel and additional option for thenielation of tumor cells, and the second messenger
ceramide seems to play a crucial role in regulatsdtosis distinct from apoptosis signaling elicibgd
TRAIL and TNF (see below).
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2.4  Acid sphingomyelinase and its product ceramide
2.4.1 Biological role and function of ceramide

As described above, the lipid ceramide plays aiafuole in mediating regulated necrosis. Ceramide
is an important second messenger and a structwealbmane component and involved in multiple
biological processes, such as apoptosis, diffeagoti and cell growth, or bacterial and viral
pathogenesis (Kolesnick and Kronke, 1998). Thisgpoptotic mediator is generated in response to
various stimuli including ionizing radiation, chetherapy and by the DRs TNF-R1, CD95 and
TRAIL receptors (Figure 4). Ceramide can be produicemammalian cells either by thie novo
synthesis in the ER, by the hydrolysis of sphingelmyto ceramide mediated by sphingomyelin-
specific forms of phospholipase C, called sphingelmpses (SMases) or by the activity of
cerebrosidases. The activity of ceramidases, sphigglin synthases or glucosylceramide synthases
is required for further processing of ceramide. Tabolic pathway of ceramide is controlled by the
activity of SMases which hydrolyze the phosphodiebbnd of sphingomyelin yielding ceramide and
phosphocholine. The cleavage of ceramide at theaindnd resulting in sphingosine and a free fatty
acid is catalyzed by ceramidases and the revebgi@meramide synthases (Figure @gramide and its
metabolites have been shown to influence variodtulae processes, including angiogenesis,
apoptosis, autophagy, differentiation, infectiomflammation, migration, proliferation, protein
trafficking and senescence (Petiisal. 2002; Gulbins and Li, 2006). For example, cerannidie
membrane domains may serve as sorting locationgmmbrane receptors, inhibitors and other
membrane components involved in signaling (Gulleinal. 2004). At present, the molecular details,
involved in preferential sorting and receptor cdustg at the ceramide-rich membrane domains,
remain unknown. The concept of temporal organipatd the signaling platform by a specific
receptor was first shown for CD95. Clustering of3Bat the plasma membrane amplifies the initial
signaling and activation of caspase-8 (Grassmél. 2003). In addition, ceramide also directly
interacts with and regulates cathepsin D (Heinetlal. 1999), phospholipase ,AHuwiler et al.
2001), kinase suppressor of Ras (Zhatgal. 1997), ceramide-activated protein phosphatases
(Saddoughet al. 2013), and protein kinase C isoforms (Huw#eal. 1998). Furthermore, ceramide
regulates the activity of the potassium channel .B\Gulbinset al. 1997) and calcium release-
activated calcium channels (Samapeitial. 2012). Apart from this, ceramide molecules cammfor
channels in the outer mitochondrial membrane, whigght contribute to the induction of cell death
(Siskind and Colombini, 2000).
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Figure 4: Regulation of ceramide levels and its blogical role. Ceramide levels are controlled by the activity eaiety
of enzymes that synthesize and catabolize cerandide. breakdown of sphingomyelin to ceramide is biyded by
sphingomyelinases. SM synthase clears ceramidgriliesizing sphingomyelin. The condensation ofreeand palmitoyl-
CoA by serine palmitoyltransferase initiates tfeenovo pathway. 3-ketosphinganine is then reduced, Nyktetl and
desaturated by addition of a 4#%ns double bond in a series of enzymatic steps, lieguih the generation of ceramide.
Ceramidases cleave ceramide at the amide bondnte&mlisphingosine and a free fatty acid. Sphingodisphosphate is
generated by sphingosine kinase. A number of stican induce the production of ceramide and itsaimelites (upper
boxes) and results in biological effects (lower é)xAbbreviations: sphingomyelin (SM), sphingosine (SPH), sphingosine
1-phosphate (S1P)

(Modified from: Pettust al. (2002)Biochim Biophys Acta 1585, p. 115, and Hannun YA and Obeid LM (2088) Rev Mol
Cell Bial 9, p. 140)

2.4.2 Biological functions and activation of acid s phingomyelinase

SMases are considered to be the most importantneegyin the pathway of ceramide signal
transduction (Kolesnick and Kronke, 1998). Ther fare types of SMases known, all are defined by
their pH optimum: plasma membrane-bound neutraingpimyelinase (N-SMase-1), N-SMase-2, N-
SMase-3, and endo-lysosomal acid sphingomyelindsaMase) and a secreted form of A-SMase (S-
SMase).

Acid sphingomyelinase (A-SMase) is an endo-lysodgonatein that hydrolyzes sphingomyelin to
ceramide and phosphocholine at an acidic pH optim8everal A-SMase isoforms have been
identified, although only one transcript has besported to be catalytically active (Rheiral. 2012).
Two types of the metallo-enzyme A-SMase are desdritmsed on the common protein precursor and
direct activation by zinc ions (Schisgtlal. 1998). The lysosomal A-SMase is partially depegdin
Zn*, because the enzyme is exposed to cellulat diring trafficking to lysosomes and in lysosomes.
Hence, lysosomal A-SMase is zinc ion-saturateddaras not require exogenous’Zions. In contrast

to lysosomal A-SMase, the secretory A-SMase (S-8Masquires exogenous Zrfor full activity

and is released extracellularly (Schisgedl. 1998).
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Maturation of A-SMase from its initial 75-kDa pregpform involves multiple proteolytic processing
steps (Hurwitzet al. 1994). Using pulse-chase labeling experimentsptagiration of A-SMase was
unraveled. The processing of the initial 75-kDapre form of A-SMase to the 72-kDa pro-form was
seen within 3 h of chase and the formation of tregume 70-kDa form was apparent after 4 to 8 h
(Hurwitz et al. 1994). The primary mechanism of targeting A-SMiasthe lysosome is the mannose-
6-phosphate (M6P) receptor system (Ferletzal. 1997) because fibroblasts with mutations in
enzymes of the M6P machinery showed enhanced A-&Bkaetion (Takahasétial. 2006).

In humans, mutations in theMPD1 gene (the gene product is A-SMase) result in yisedomal
storage disorder Niemann-Pick disease type A oP&ients suffering from type A exhibit rapid
neurodegeneration that leads to early death opé#tent (2-3 years of age). In contrast to type A,
Niemann-Pick disease type B is a milder form ancharacterized by hepatosplenomegaly, pulmonary
insufficiency and cardiovascular disease (Simpeoal. 2010). The different clinical outcome of
Niemann-Pick disease types A and B are likely dugifferences in the amount of residual, functional
A-SMase activity (Schuchmann, 2010). Patients wiliemann-Pick disease accumulate
sphingomyelin and other lipids, including cholesteand gangliosides, leading to many cellular
abnormalities (Scandrogle al. 2008).

The regulation of A-SMase and the underlying mdcmechanisms involving post-translational
modifications as well as proper trafficking signafe only partially characterized. It was showrt tha
addition to initial cleavage, the enzyme can behfer processed to a protein with a size of 57 kDa
(Hurwitz et al. 1994). Here, proteases, in particular caspase& heen suggested to regulate A-
SMase activity (Brennest al. 1998; Edelmanmt al. 2011). Brenner and coworkers demonstrated in
initial studies that caspase inhibition (by ac-YVA&DIoromethylketone or transient CrmA
transfection) prevents A-SMase activation by CDBBefineret al. 1998). Further studies reported
that TNF triggers the interaction of the TNF-R1witaspase-7. This interaction results in receptor
internalization and rapid formation of endosomede(fannet al. 2011). The receptor containing
endosomes fuse with lysosomes resulting in mulitvéar bodies bringing lysosomal A-SMase into
close contact with caspase-7. Caspase-7 was slooglaave the 72-kDa pro-form into the 57-kDa A-
SMase fragment and thereby activating the enzynuelf@annet al. 2011). Similar activation
mechanisms of A-SMases by stimuli other than TN @esently unknown. Additionally, cytosolic
protein kinase C (PKG)-mediated phosphorylation of A-SMase at serine &fi8cause activation of
A-SMase (Zeidan and Hannun, 2007). Furthermoreséoend messenger diacylglycerol (DAG) was
shown to be able to activate PKC as well as A-SM8sétzeet al. 1992). The activity of A-SMase

is also dependent on glycosylation, as there argraidicted N-glycosylation sites in the A-SMase
polypeptide chain. However, only five are useddlycosylation (asparagine 86 (N86), N175, N335,
N395, N520; Ferlinzt al. 1997). Mutation of N520 caused the impaired semmetf S-SMase in

addition to a complete loss of activity, presumatglyulting from defective trafficking (Hurwit al.
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1994; Ferlinzt al. 1997). The glycosylation pattern also determinaiicking of the enzyme because
only M6P glycosylation permits binding to M6P rettep. The M6P receptors target then the enzyme
to lysosomes (Schissetlal. 1998).

The translocation of A-SMase to the plasma membiantiggered, for example, by CD95 and
TRAIL-R2, or by infection withPseudomonas aeruginosa, Neisseria gonorrhoeae, Saphylococcus
aureus or rhinovirus (Stancevic and Kolesnick, 2010)wks demonstrated that A-SMase resides in
secretory lysosomes that are mobilized upon stitiaunldo fuse with the cell membrane and that the t-
SNARE protein syntaxin-4 is required for the tracsition of A-SMase (Perrotgtal. 2010). Another
study showed that dysferlin is required for tranatmn of these vesicles (Ha al. 2012). The
translocation of A-SMase leads to the fusion ofraecy lysosomes with the plasma membrane
resulting in exposure of A-SMase to the membrarieaeallular leaflet of the cell. The hydrolysis of
sphingomyelin to ceramide at the plasma membrasdtsein the formation of lipid microdomains as
described in 2.4.1.

Apart from receptor-mediated activation, A-SMase ba activated by receptor-independent stimuli,
like irradiation, UV-light, heat, oxidative stress chemotherapeutic agents (Hannun and Obeid,
2008). Irradiation induces A-SMase activation itagt bovine aortic endothelial cells (Haimovitz-
Friedmannet al. 1994). Experiments with A-SMase-deficient mice revealedt tendothelial cells
lacking A-SMase were entirely resistant to apoptoéll death. Moreover, lymphoblasts from patients
with Niemann-Pick disease were completely resistantadiation-induced apoptosis (Santahal.
1996). In Jurkat cells, it was shown that theretaedistinct mechanisms for A-SMase activation. On
the one hand, caspases were required and on the lmdhd, UV-C and ionizing radiation induced
caspase-independent A-SMase activation (Ratbld. 2005). This then leads to the accumulation of
ceramide-rich platforms, indicating that these meamb platforms may be responsible for irradiation-
induced cell death. Howevet, present it is still not known how these stimwhcexactly activate A-
SMase.

It is generally accepted that A-SMase plays a eéntite in cellular responses, including non-reoept
mediated signals, infection with various pathogdigsition of DRs to their respective ligands, and
chemotherapeutic drugs (Gulbins and Li, 20@¥ramide, generated by A-SMase, appears to be also
involved in necroptosis. It was shown that ceramgdé@volved in necroptosis induced by the DR
TNF-R1 in murine L929 fibrosarcoma cells, NIH3TBrfiblasts and human Jurkat T-cells (Stre@w

al. 2000; Thonet al. 2005). Furthermore, it could be shown that cerangthys a role in TRAIL-
induced necroptosis in murine L929, NIH3T3 fibradttaand human Jurkat T cells, but that it is less
pronounced than in necroptosis induced by the ayoRNF (Thonet al. 2006; Voigt, Bachelor
Thesis, 2009). Furthermore, TRAIL-induced necroigtds effective to eliminate various types of
human-derived tumor cells mediated by ceramideymtion (Voigtet al. 2014).
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Despite the multitude of studies implicating theSAtase and ceramide pathway in apoptosis, many
important questions regarding the roles and reigmabf A-SMase during necroptosis remain
unanswered. For example, the molecular mechanigsh@&)SMase regulation under caspase blocking
conditions, as well as the cellular pathways inediin regulating A-SMase trafficking, localization

and activity, are at present unresolved.
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3.  Aims of the presented dissertation

The specific and detailed knowledge of apoptotgnaling has resulted in the targeted design and
development of new drugs. This suggests that a amabfy detailed functional and structural analysis
of regulated necrosis signaling pathways holdslaimtiierapeutic potential. To this end, the wordapl

for this thesis was divided into three major paitsling with different aspects of regulated ne&osi
and especially necroptosis. The main goals wermtavel different molecular aspects of the distinct
induction (1; chapter 5.1) and execution (2; chaf@®®) mechanisms of regulated necrosis and
necroptosis, thereby providing a basis for furttranslation into new therapeutically options (3;
chapter 5.3) for, e.g. the elimination of tumorlgear for diseases that are caused by inappropriate

induction of regulated necrosis.

D As described above, it has been proposed dmtlated necrosis can be induced by several
molecular pathways. One key question was thereftiether individual pathways such as necroptosis
and PARP-1-induced regulated necrosis depend ormrmooimexecution mechanisms as part of an
interacting network. First, the induction of regelh necrosis by TNF or DNA-alkylating agents such
as 1-methyl-3-nitro-1-nitrosoguanidine (MNNG) ortimg@ methanesulfonate (MMS) will be analyzed
morphologically and at the molecular level condugtcaspase activity assays and measurements of
intracellular ATP levels in different model celhés for necroptosis. These model cell lines were
either described earlier or will be characterizedhie course of the study. Second, the interrupgfon
the PARP pathway by PARP-1 inhibitors and genetierference with JNK and cathepsin proteases
as further components of the PARP pathway will lmEressed to understand the molecular
mechanisms underlying both modes of regulated secrdhird, the role of the kinase RIPK3 for
initiation and execution of both pathways will méstigated. This will give an overview on potehtia
differences between signaling in necroptosis andRPA-induced regulated necrosis and thus may
provide first answers to the recently raised qoestvhether there is one core program or several
independent pathways of regulated necrosis whiehmportant for the future design of therapeutic

strategies targeting components of regulated niscros

(2) Moreover, exploring in more detail the conttibn of common executioner mechanisms in
regulated necrosis and especially necroptosis cealidiate, challenge and disentangle the current
view of the different execution mechanisms of raged necrosis (see 2.2.1.2). In apoptosis, cleavage
of proteins by caspases is essential for the fiutiaZand execution of PCD and thus for the survival
and homeostasis of multicellular organisms (Degtea@d Yuan, 2008). As described above,
proteolysis appears to be equally important in leggd necrosis, but the underlying mechanisms rely
on alternative and yet marginally characterizedqwiytic events. The second and main purpose of the
dissertation aims to further define the role oftpodysis in the regulation of death receptor-mextiat
regulated necrosis/necroptosis. High throughpuirtiggies as well as proteomic approaches will be
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employed to identify known or unknown proteases Hradr substrates participating in necroptosis.
One aim will be the identification of new or knowarine proteases and their substrates that appear t
be crucial in necroptosis by employing affinity-4dibng of potential candidates with an active-site-
directed inhibitor derivate. As a complementary rapph, it is planned to screen all 585 proteases
encoded by the human genome using an RNA intederéRNAI) approach to define their relevance
in necroptosis. Subsequently, the immunomagnetieclement of necroptotic TNF-R1-containing
vesicles in combination with proteomic technologiel be conducted to isolate proteolytic substsate
and to further examine the signaling pathway ofrogtosis within the cell. Then, it is planned to
characterize the proteases and potential substid¢esified with the above utilized methods with
regard to their relevance in TNF- and TRAIL-induaedulated necrosis. As a secondary goal, the
proteolytic maturation and activation of A-SMasellwhbe investigated during TNF-induced
necroptosis by conventional Western blot analysésenzymatic activity measurements. Furthermore,
it is planned to identify the exact cleavage sitemature, active A-SMase to provide information

about the so far unknown protease that possibbvele A-SMase in a caspase-independent manner.

(©)) The third part of the thesis will provide newdaadditional information on the potential of
ceramide-mediated necroptosis in clinically relévamor cell lines. A panel of tumor cell lines il

be analyzed with regard to their sensitivity tovgartecroptotic stimuli. Successively, the role of
possible effector proteins of the signaling cascaiebe investigated by pharmacological inhibitor
studies of relevant signaling components. Since [LRgelectively eliminates tumor cells without
affecting normal cells, the effectiveness of thauiction of necroptosis through TRAIL will be in the

focus of this part of the study.

In summary, the study should provide a better wtdading of the initial and subsequent steps of
regulated necrosis and especially necroptosis, With intention to provide a basis for further
translation into new therapeutic options for, @lgmination of apoptotic-resistant tumors or digsas

that are caused by inappropriate induction of ratgul necrosis.
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4. Materials and Methods

4.1 Materials
4.1.1 Technical equipment

Company Equipment

AB SCIEX, Darmstadt, Germany AB SCIEX GPS softwafetsion 3.6, build 332
MALDI targets (Opti-TOF, 384 Well Insert)
MALDI-TOF/TOF 5800, 4000 Series Explorer Software

BD Biosciences, Heidelberg, Germany FACSCalibuwvfaytometer
Software: BD CellQuest™ Pro V. 4.0.2
PRIMARIA™ cultureware
5 mL polystyrene round-bottom FACS tubes
Plastipak™ 1 ml syringe

Beckman Coulter, Krefeld, Germany TL-100 Ultraceéatre, SW32 rotor
Ultra centrifuge XL-800, SW60Ti rotor
Ultra clear™ Centrifuge Tube, 11 x 60 mm

Biometra, Gottingen, Germany Rocking platform WT12

Bio-Rad, Munich, Germany Gene Pulser™ X Cell
Mini PROTEAN® System Casting Stand
Glass plates

1.0 mm, 10-weltomb
Power Pac 3000 protein blotting cell
Smart SpecTM 3000 spectrometer

Branson Ultrasonics, Danbury, CT, USA W-450 somicatievice

Carl Roth, Karlsruhe, Germany Microscope slides

Dionex, Idstein, Germany Acclaim PepMap100 C-1&icwoi
UltiMate 3000 RS Nano/Cap System

Duran Group, Mainz, Germany Conical glass tubes

Eppendorf, Hamburg, Germany Bench-top centrifugd D)

Refrigerated centrifuge (5417R)
Thermomixer compact

GE Healthcare, Munich, Germany Ettan DALTSsix lavgetical electrophoresis system
HiTrap™ Protein G HP 1mL columns
Hyperfilm™
Hypercassette™ 18 x 24 cm
Molecular Dynamic Personal Densitometer Sl
Software: PDSI Scanner Control V5.03
Typhoon Trio imager
Software: Image Master 6.0, DeCyder 6.5
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Company
GFL, Wunstorf, Germany

Gilson, Middleton, WI, USA

Equipment
Water bath 1003
Shaker 3033
Minipuls 3 casing pump
Pipettes (10, 20, 200 and 1000 pL)

Greiner Bio-One, Frickenhausen, Germany  Serolbgipattes (1, 5, 10, 25 and 50 mL)

Heraeus, Osterode, Germany

Hirschmann Laborgeréte, Eberstadt,
Germany

HOOCK, Kiel, Germany

Lonza Group, Basel, Switzerland
Merck, Darmstadt, Germany

MSE, London, UK

Nerbe Plus, Winsen/Luhe, Germany
Nikon, Dusseldorf, Germany
Panasonic, Wiesbaden, Germany

PegLab Biotechnologie, Erlangen,
Germany

Sarstedt (DESAGA), Numbrecht,
Germany

Sigma Zentrifugen, Osterode, Germany

Sterilin, Caerphilly, UK

Tecan Group, M&nnedorf, Germany

Thermo Scientific, Waltham, MA, USA

VWR International GmbH, Darmstadt,

Germany

15 and 50 mL tubes

Drying oven T6760
Lamin Air HA2472GS
Megafuge 1.0 (R)
Minifuge RF

Pipetus-Accu

Magnetic device: HOKImag 1
Amaxa® Nucleofe®tddevice
High-performance thiretaghromatography plates
Soniprep 150 (ultrasonic disintégra
‘V’ bottom 96-wptltes
DS-5M-L1 Digital SighatGera System
Lumix DMC-FS10 digitanera

NanoDrof photospectrometer ND-1000
Software: ND-100 v. 3.7.9

Chromatography chamber
1 mL non-pyrogenic serological pipette

Refrigeragedrifuge (6K10)
40 x 6 mm round base tette (RT15)

Freedom Evo 206tioplatform
Infinite M200 ELISA Microplate Reader,
Software: i-Control 1.3

Cell culturecubator 3336
Multidrop cell dispenser
Orbitrap LTQ Velos mass spectrometer
Proteome Discoverer software (version 1.3 and 1.4):
Sequest, Mascot and MS Amanda
SpeedVac centrifuge

1.5 x 3 mm silicone tubing
4 x 6 mm silicone tubing
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Company Equipment
Wheaton, Millville, NY, USA 15 mL tissue grinderpdnce
Zeiss, Gottingen, Germany Axiovert 10 microscope

Axiovert 135 microscope
Axioskop 510 laserscanning microscope
Software: AIM LSM Image Browser

4.1.2 Chemicals and reagents

Unless otherwise stated all basic chemicals werehgged by Merck (Darmstadt, Germany) and

Sigma-Aldrich (Munich, Germany).

Company Product
Alexis Biochemicals, Lorrach, Germany Sugidler TRAIL™

AppliChem, Darmstadt, Germany Click-RPMI cell cuumedium
Axon, Groningen, The Netherlands Olaparib (PARRHiKiItor)
Bachem, Heidelberg, Germany zZVAD-fmk
ac-zDEVD-AFC
ac-zIETD-AFC
BASF Bioresearch, Ludwigshafen, hTNF
Germany
BD Biosciences, Heidelberg, Germany Streptavidin-PE
Bacto-tryptone
Biochrom, Berlin, Germany 10 X Trypsin/EDTA
L-glutamine
PBS
FCS
Biomol, Hamburg, Germany N-[L-3-trans-(propylcarlmm)-oxirane-2-carbonyl]-L-

lle-L-Pro methyl ester (CA-074 Me)

Bio-Rad, Munich, Germany Flamingo™ Fluorescentggain
Mini-PROTEAN TGX Precast Gels

Cambrex, East Rutherford, NJ, USA Sea Plaque agarose

Cell Signaling Technology, Danvers, MA, LumiGLO® chemiluminiscent substrate
USA

ChemieTek, Indianapolis, IN, USA Birinapant (Smaaoetic)
Fermentas, St. Leon-Rot, Germany PageRuler™ protaiker
GE Healthcare, Munich, Germany CyDyes

DeStreak Rehydration solution
GammaBind G-sepharose

30



Materials and Methods

Company Product
Granovita, Heimertingen, Germany Milk powder

Hartmann Analytic GmbH, Braunschweig, N-methyl-[*"C]-sphingomyelin
Germany

ICT, Bloomington, MN, USA FLISP™ Serine Proteasadation Assay Kit
Imgenex, San Diego, CA, USA FAM-Phe-CMK SerPase™ Ki
Invitrogen, Darmstadt, Germany GIBE®PMI 1640 and

DMEM cell culture medium

Freestyle™ 293 Expression Medium
Lysotracker® Red DND 99

ProLong® Gold antifade reagent with DAPI
Protein G, Alexa Fluor® 488 conjugate

Life Technologies, Darmstadt, Germany Opti-MEM® noeal
siPORT™ Amine Transfection Agent

Lonza Group, Basel, Switzerland Amaxa® Cell linecofector™ Kit V
Macherey-Nagel, Diren, Germany Porablot nitroceflalmembrane
Miltenyi Biotec, Bergisch-Gladbach, Protein G micro beads

Germany Streptavidin micro beads

PAA Laboratories, Pasching, Austria Accutase

Sodium pyruvate
G418-sulphate

PeptaNova, Sandhausen, Germany (Zs4etone

PegLab Biotechnologie, Erlangen, peqGOLD agarose

Germany

Promega, Madison, WI, USA Cell Titer-Glo® Luminest€ell Viability Assay
Qiagen, Hilden, Germany Plasmid Maxi Kit

R&D Systems, Minneapolis, MN, USA Fluorokine® Bimglated Human TNFe: Kit

Roche, Mannheim, Germany Complete Mini and Maxietgase inhibitor cocktail
Pefabloc SC®

Serva, Heidelberg, Germany Acrylamide/bis-Solution
TEMED
Trypan blue solution
Albumin bovine fraction V, pH 7.0
Sequencing-grade trypsin
Yeast extract

TCI, Zwijndrecht, Belgium 1-methyl-3-nitro-1-nitroguanidine (MNNG)
3-aminobenzamide (3-AB; PARP-1 inhibitor)
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Company Product
Thermo Scientific, Waltham, MA, USA BCA Protein AgsKit
BSA standard

Coomassie based reagent
Zeba™ Spin Desalting Columns 7K

Tocris Bioscience, Ellisville, MO, USA PJ-34 (PARHRIbitor)

Zinsser Analytic, Frankfurt a.M., Germany Liquidrgdlator fluid Aquasafe 300 plus

4.1.3 Plasmids and siRNAs

The plasmid pEF6.V5/His.aSMd&dreferred to as V5-A-SMase throughout this thes@)ing for a
human V5-tagged version of full-length A-SMase wasained from Yusuf A. Hannun (Department
of Biochemistry and Molecular Biology, Charlest&€C, USA) and described previously (Zeidan and
Hannun, 2007). The transfection vector BMGneo hamigoa neomycin resistance cassette was
described earlier (Karasuyama and Melchers, 1988) was used for stable transfection of
PEF6.V5/His.aSMasé into L929Ts cells (see 4.2.2.4). Plasmids codimgHc-tagged TNF variants
based on the expression vectors pCR™ 3 (TNF60-/d)palgl05 (TNFwt-Fc) were obtained from
Harald Wajant (University Wirzburg, Germany) anédiso produce the fusion proteins TNF60-Fc
and TNFwt-Fc (see 4.2.14.3). The transfection-rdady of a myc-DDK-tagged ORF clone bfomo
sapiens phosphoglycerate mutase family member 5 (PGAM5,: @ML170543.1) in a pCMV6-entry
vector was purchased from OriGene (catalog numR&201678, Rockville, MD, USA), used for
stable transfection of L929Ts cells and is refetieds PGAM5S-FLAG throughout this thesis. The
expression plasmids pPBtand pPPI E90A were a gift from Christoph Becker-Pauly (Glian-
Albrechts-University, Kiel, Germany) and describeaklier (Elderinget al. 1997). These plasmids

were used to transiently express wild-type meprim an inactive meprifi mutant (E9QOA).

Table 1: List of all siRNAs used.

Product Description Catalogue Company
number

SIGENOME HumarCASP8 mixture of four SIRNAs M-003466-05 | Thermo Scientific,
targeting caspase-8 Waltham, MA, USA

SIGENOME HumarCFLAR mixture of four SIRNAs M-003772-06 | Thermo Scientific,
targeting caspase 8 and FADD- Waltham, MA, USA
like apoptosis regulator
(CFLAR) (also known as c-
FLIP, I-FLICE)

SIGENOME HumarCYLD mixture of four SIRNAs M-004609-01 | Thermo Scientific,
targeting cylindromatosis Waltham, MA, USA
(turban tumor syndrome)
protein

Silencer® Select Human individual siRNA targeting S19560 Life Technologies,

DNM1L dynamin 1-like protein (alias Darmstadt, Germany
DRP1)

Silencer® Select Mousenm1l | individual sSiRNA targeting S92135 Life Technologies,
dynamin 1-like protein (alias Darmstadt, Germany
DRP1)
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Product Description Catalogue Company
number

SIGENOME HumarDPYSL4 | mixture of four sSiRNAs M-008504-00 | Thermo Scientific,
targeting dihydropyrimidase- Waltham, MA, USA
like 4 (other known aliases:

Crmp3, Drp-4)

SIGENOME HumarGGT1 mixture of four SiRNAs M-005884-02 | Thermo Scientific,
targeting gamma- Waltham, MA, USA
glutamyltransferase 1

Silencer® Select Human validated siRNA targeting HtrA| S654 Life Technologies,

HTRA2 (high temperature requirement Darmstadt, Germany
protein A) serine peptidase 2 o
Omi stress-regulated
endoprotease (HtraA2/0Omi)

Silencer® Human Druggable | Version 3 covering 23,349 4391844 Life Technologies,

Genome siRNAibrary human genes with 3 individual Darmstadt, Germany
siRNAs targeting 7,783 human
genes

SIGENOME HumarLONP1 individual siRNA targeting Lon| D-003979-01 | Thermo Scientific,
protease 1 Waltham, MA, USA

SIGENOME HumarMEP1B individual siRNA targeting D-005942-01 | Thermo Scientific,
meprin A beta alias PPH beta or Waltham, MA, USA
Mep1B

Silencer® Select Human individual siRNA targeting 42942 Life Technologies,

MLKL mixed lineage kinase domain- Darmstadt, Germany
like protein

Silencer® Select Mougd Ikl individual siRNA targeting S92950 Life Technologies,
mixed lineage kinase domain- Darmstadt, Germany
like protein

SIGENOME HumarMMP3 mixture of four SiRNAs M-005968-03 | Thermo Scientific,
targeting matrix Waltham, MA, USA
metalloproteinase 3
(stromelysin 1)

Silencer®Negative Control control #1 siRNA with no AM4611 Life Technologies,
significant sequence similarity Darmstadt, Germany
to mouse or human genes

SiGENOMENon-Targeting pool of 4 non-targeting siRNAs|, D-001206-13 | Thermo Scientific,

SiRNA Pool # 1 control for experiments with Waltham, MA, USA
SiIGENOME reagents

Silencer® Select Human individual siRNA targeting S46938 Life Technologies,

PGAM5 phosphoglycerate mutase family Darmstadt, Germany
member 5 (serine/threonine
phosphatase)

Silencer® Select Moudegam5 | individual siRNA targeting S91079 Life Technologies,
phosphoglycerate mutase family Darmstadt, Germany
member 5 (serine/threonine
phosphatase)

SIGENOME HumarPMPCA individual siRNA targeting D-008734-02 | Thermo Scientific,
mitochondrial processing Waltham, MA, USA
peptidase alpha

SIGENOME HumarPRPF8 mixture of four SiRNAs M-012252-02 | Thermo Scientific,
targeting pre-mRNA processing Waltham, MA, USA
factor 8

SIGENOME HumarPSMA1 individual siRNA targeting D-010123-01 | Thermo Scientific,

proteasome subunit,
alpha type-1

Waltham, MA, USA
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Product Description Catalogue Company
number

Silencer® Select Human validated siRNA targeting S16653 Life Technologies,

RIPK1 receptor-interacting Darmstadt, Germany
serine/threonine kinase 1

SIGENOME HumarRIPK3 validated siRNA targeting D-003534-01 | Thermo Scientific,
receptor-interacting Waltham, MA, USA
serine/threonine kinase 3

Silencer® Select Human individual siRNA targeting S21741 Life Technologies,

RIPK3 receptor-interacting Darmstadt, Germany
serine/threonine kinase 3

SIGENOME Human mixture of four SIRNAs M-005847-02 | Thermo Scientific,

TMPRSS11E targeting transmembrane Waltham, MA, USA
protease serine 11E (DESC1)

Silencer® Select Human validated siRNA targeting TNF: S14266 Life Technologies,

TNFRSF1A R1 Darmstadt, Germany

SIGENOME HumaryME1L1 individual siRNA targeting D-006103-02 | Thermo Scientific,
YME1-like ATPase (presenilin Waltham, MA, USA
associated metalloprotease)

4.1.4 Antibodies

Table 2: List of all applied primary and secondary anibodies and their working dilutions.

Target and clone Used Article number Company
dilution

primary antibodies:

a-Actin, C-11 1:10,000 | sc-1615 Santa Cruz Biotecbgy)
Heidelberg, Germany

B-Actin, AC-15 1:10,000 | A1978 Sigma-Aldrich, MunidBgermany

A-SMase 1:1,000 #3687 Cell Signaling Technologynas,
MA, USA

Caspase-7, E22 1:1,000 Ab32522 Abcam, Cambridge, UK

cleaved Caspase-7, D198 1:1,00Q #9491 Cell Signa@thnology, Danvers,
MA, USA

Caspase-8, IC12, human 1:1,000 #9746 Cell Signaling Technology, Danvers

Caspase-8, murine 1:1,000 #4927 MA, USA

COXIV 1:10,000 | #4850 Cell Signaling Technology, bers,
MA, USA

Drp-1, H-300 1:1,000 sc-32898 Santa Cruz Bioteabg|
Heidelberg, Germany

FLAG, M2 1:1,000 035K6196 Sigma-Aldrich, Munich, Geny

HtrA2/0Omi, E55 1:1,000 ab32092 Abcam, Cambridge, UK

IgG; fluorescence control 15 349040 BD Biosciencesdélberg,
Germany

JNK1, G151-333 1:1,000 554286 BD Biosciences, Hbétg,
Germany

INK2, A-7 1:1,000 sCc-271133 Santa Cruz Biotechnglog
Heidelberg, Germany

Lamp-1 1:500 611043 BD Biosciences, Heidelberg,
Germany

Lamp-1, supernatant 1:100 1D4B DSHB, lowa City, USA

Lamp-2, CD107b, H4B4 1:1,000 SBA-9840-01 Southeiotégh, Birmingham, AL,
USA

MLKL 1:1,000 SAB2103620 Sigma-Aldrich, Munich, Geanry

34




Materials and Methods

Target and clone Used Article number Company
dilution
primary antibodies:
PARP-1 1:1,000 #9542 Cell Signaling Technology, s,
MA, USA
PGAMS5, K-16 1:1,000 sc-161156 Santa Cruz Biotechggl
Heidelberg, Germany
Rab5 1:1,000 #3547 Cell Signaling Technology, Dasve
MA, USA
Rab5 1:300 sc-598 Santa Cruz Biotechnology,
Heidelberg, Germany
RIPK1 1:1,000 | 610459 BD Biosciences, Heidelberg,
or Germany
1:100
RIPK3, human 1:1,000 PAB0287 Abnova, Heidelbergntay
RIPK3, murine 1:1,000 PRS2283 Sigma-Aldrich, MuniGermany
TNFa 1:1,000 sc-8301 Santa Cruz Biotechnology,
Heidelberg, Germany
TNF-R1 1:1,000 sc-8436 Santa Cruz Biotechnology,
Heidelberg, Germany
TRAIL-R1, HS101 1:100 ALX-804-297 Alexis BiochemlsalL6rrach,
Germany
TRAIL-R2, HS201 1:100 ALX-804-298 Alexis BiochemlsalL6rrach,
Germany
V5 1:5,000 P/N 46-0705 Invitrogen, Darmstadt, Geryna
secondary antibodies:
biotin rat anti-mouse 1gG 1:50 553441 BD Biosciences, Heidelberg,
Germany
donkey anti-rabbit Alexa Fluor® 5551:200 A-31572 Life Technologies, Darmstadt,
IgG (H+L) Germany
goat anti-mouse Alexa Fluor® 555 | 1:200 A-31572 Life Technologies, Darmstadt,
IgG (H+L) Germany
goat anti-mouse IgG2b-horseradish 1:2,500 sc-2062 Santa Cruz Biotechnology,
peroxidase (HRP) Heidelberg, Germany
secondary antibodies, alkaline 1:10,000 Jackson Immuno Research
phosphatase (POD)-coupled Laboratories, West Grove, PA, USA

4.1.5 Celllines

The murine fibrosarcoma cell line L929Ts is a TRAknNsitive sub line of the L929 cell line derived

in the laboratory of Dieter Adam (Christian-AlbréstUniversity, Kiel, Germany) and has been
described earlier (Thost al. 2006). L929sA cells were kindly provided by Petandenabeele

(Ghent University, Ghent, Belgium) and have beescdbed previously (Vanhaesebroeekal.

1992). Wild-type and RIPK3-deficient mouse embryofibroblasts (MEFs) as well as murine

NIH3T3 cells naturally expressing RIPK3 have besvipusly described (Sosna, Vogtal. 2014).

Cells deficient for RIPK3 expression and transfetsastably expressing murine green fluorescent
protein (GFP) fusions to wild-type or kinase-deffiezimurine RIPK3 in the vector pEGFP-N1 (Takara

Bio Inc., Mountain View, CA, USA) were generateddaprovided by Francis Ka-Ming Chan
(University of Massachusetts Medical School, WaieedVA, USA), together with human Jurkat 142
acute leukemia T cells deficient for FADD but adhtlly stably transfected with TNF-R2 (Chein
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al. 2003). Hamster embryonic kidney cells constilinvexpressing the simian virus 40 (SV40) large
T antigen (HEK293T), MCF-7, HelLa, L929ATCC and wiigpe Jurkat cells (clone E6-1) were
obtained from the American Type Culture Collect@&TCC, Manassas, VA, USA). Immortalized
MEFs deficient for caspase-7 expression and théd-twpe counterparts were kindly provided by
Stefan Schutze (Christian-Albrechts-University, IKi&sermany). These MEFs were originally
generated by Richard Flavell (Yale School of Maukci New Haven, CT, USA). MEFs lacking
SPPL2a or SPPL2b or SPPL2a/b and wild-type celtoatol were generated and kindly provided by
the group of Bernd Schrdder (Christian-Albrechtsvdrsity, Kiel, Germany). Presenilin-1/2-deficient
MEFs were a gift from Paul Saftig (Christian-Albnés-University, Kiel, Germany) and have been
described (Herremast al. 1999). Immortalized wild-type and JNK1/IJNK2 doudkficient MEF
were a kind gift from Roger Davis (University of B&achusetts Medical School, Worcester, MA,
USA). Wild-type, cathepsin D-deficient, and cathiepd-deficient MEF stably transfected with the
pro-cathepsin D cDNA have been previously descr{btinrichet al. 2004). Primary lung fibroblasts
from JNK1- and JNK2-deficient mice and their wilgpe littermate controls were prepared in the
laboratory of Dieter Adam (Christian-Albrechts-Ueisity, Kiel, Germany). Human gall bladder
adenocarcinoma (Mz-ChA-1), pancreatic adenocarcnd@olo357, PancTu-l, Panc89, A818-4,
Pt45P1), gastric adenocarcinoma (MKN-28) and noahlscoell lung carcinoma (KNS-62) cell lines
have been described (Egbestal. 2007; Sipogt al. 2003; Kurdowet al. 2005; Juhkt al. 1997). The
leukemia-derived U-937, CCRF-CEM, pancreatic BxR@dorectal HT-29, ovary adenocarcinoma
SK-OV-3 and malignant melanoma-derived SK-MEL-28a= cells were originally obtained from
ATCC and were, as well as Mz-ChA-1, Colo357, PantTRanc89, A818-4, Pt45P1, MKN-28 and
KNS-62, a gift from Holger Kalthoff (Christian-Albchts-University, Kiel, Germany). HEK293T and
all MEFs were cultivated in DMEM supplemented with % (v/v) FCS, 50 pg/mL penicillin and
streptomycin each and 50 ppAmercaptoethanol in 0.9 % (w/v) NaCl. Mz-ChA-1, K{§3, U-937
and HT-29 were maintained in RPMI 1640 medium semgnted with 10 % (v/v) heat-inactivated
FCS and 1 mM sodium pyruvate. L929, NIH3T3 and dudells were cultivated in a mixture of
Click’'s/RPMI 1640 medium (50/50 % (v/v)), supplerteshwith 10 % (v/v) heat-inactivated fetal calf
serum (FCS), 2 mM L-glutamine, 50 pg/mL peniciind streptomycin. All described cell lines were

maintained in a humidified incubator containing §W#v) CQ, at 37 °C.

For passaging, cells were detached, using phosphaffered saline (PBS) supplemented with
0.5 % (v/v) trypsin and 0.2 % (v/v) EDTA every tumfour days and re-seeded in fresh medium. For
functional assays (to preserve the integrity of &eiface molecules), cells were alternatively die¢al
with accutase. For long-term storage, cell linesewe-suspended in FCS with 10 % (v/v) DMSO and

frozen in liquid nitrogen.
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4.2 Methods

4.2.1 Cytotoxicity assays

4.2.1.1 Trypan blue staining

To determine the amount of dead cells (when meagweramide levels), cells were pelleted and re-
suspended in PBS. An aliquot of the cell suspensias added to the same volume of 0.4 % (v/v)
trypan blue staining solution and applied onto aidier counting chamber. Live cells with an intact

cell membrane did not absorb trypan blue and wewees separately from dead (blue) cells.

4.2.1.2 Measurement of intracellular ATP levels

The loss of intracellular ATP was measured as &endpr cell death. Intracellular ATP content was

determined with the Cell-Titer GLO® Assay Kit folling the instructions of the manufacturer.

4.2.1.3 Crystal violet staining

For determination of cell viability by crystal vailstaining, cells were seeded onto flat-bottonn@d-
plates. After stimulation as indicated in the figlegends, adherent cells were washed twice with PB
and stained with crystal violet solution (0.5 % \{v/crystal violet, 4 % (w/v) formaldehyde,
30 % (v/v) ethanol, and 0.17 % (v/v) NaCl) for 1thmat 37 °C. The staining solution was carefully
washed away with tap water and the cells were driggD °C for 1 h. Stained cells were dissolved in
33 % (v/v) acetic acid and the absorbance of thaisg was measured in a microplate reader at
570 nm.

4.2.1.4 Propidium iodide staining

For flow cytometric analysis of cell death (e.gsdmf membrane integrity), cells were seeded in 12-
well plates at 70 % confluence. Suspension cedislifU-937 and Jurkat T cells) were stimulated
immediately whereas adherent cells were left t@achttover night. After treatment, adherent
(detachment with accutase) and detached cells eadierted followed by centrifugation at 400 x g for
5 min at 4 °C. The cell pellet was washed onceoid BS/5 mM EDTA, resuspended in PBS/EDTA
containing 2 pg/mL propidium iodide (PI), and anrag for loss of membrane integrity on a

FACSCalibur flow cytometer at red fluorescence.

For every flow cytometric measurement, 10,000 cgéise examined and cellular debris was excluded
from the analysis. All values for loss of membrantegrity were calculated as 100 % minus PlI-
negative intact, alive cells to account for disgntged dead cells that have lost their Pl staimiggin

due to diffusion.
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4.2.2 Clonogenic survival assays

The analysis of clonogenic survival of cells wasried out as described by Franken and coworkers
(Frankenet al. 2006). Briefly, after treatment, 1,000 viable selere re-suspended in RPMI 1640
supplemented with 10 % FCS and 1 mM sodium pyrugatk plated into 6-well plates, cultured for
7 days, and stained with crystal violet stainindguson (see 4.2.1.3) for 10 min at 37 °C. The
remaining staining solution was washed away andeglavere dried at 50 °C. Colony formation
(>10 cells) was determined from pictures taken aitigital camera (Lumix DMC-FS10, Panasonic,
Wiesbaden, Germany). Non-adherent U-937 cells wakeenatively analyzed for their ability to form
colonies in soft agarose by mixing treated cellh\@ mL of 0.4 % (w/v) Sea Plaque agarose in RPMI
1640 supplemented with 10 % FCS and 1 mM sodiunuyate. This cell suspension was then
transferred into a 6-well plate containing 3 mL afl % (w/v) peqGOLD agarose underlayer in
complete medium in each well. Cells were incubdted’ days at 37 °C. Again, colony formation
(>10 cells) was determined from pictures taken witdigital camera. For this purpose, cells were
stained with 1 mL of 3-[4,5-dimethylthiazol-2yl]|22diphenyltetrazolium bromide (MTT; 2.5 mg/mL
in PBS) for 2 h at 37 °C to allow metabolizationT T to blue MTT-formazan.

4.2.3 Transfection

All used constructs and siRNAs are listed in 4.1.3.

4.2.3.1 Nucleofection

L929Ts cells were transfected with 150 pmol siRNsing the Amaxa® Cell line Nucleofector™ kit

V according to manufacturer’s instruction. Brieflyx 10 cells per transfection were pelleted and re-
suspended in 100 pL room temperature (RT) solutiorThe cell suspension was combined with
either 150 pmol siRNA or 10-20 pg DNA and transgddrinto a cuvette. The transfection was applied
with Nucleofector® Program T-20 and cells were betransferred into 6-well plates containing pre-

warmed media for 24-72 h.

HT-29 cells were transfected as above using thexam®eCell line Nucleofector™ kit R according to

the manufacturer’s standardized protocols.

4.2.3.2 Electroporation

U-937, HEK293T and L929Ts cells were transfectemhgi®lectroporation with an electroporation
device from Bio-Rad. Depending on the purpose efttansfection, 2-10 x $@ells were pelleted and

dissolved in 200 pL cell specific medium withoupplements and mixed with the desired siRNA
(150 pmol) or DNA (10 pg). The mixture was transdéer into a 0.2 um pre-warmed cuvette and
placed into the electroporation device. The pararsdor electroporation were optimized for each cel

line and depicted in table 3.
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Table 3: Electroporation settings for U-937, HEK293T ad L929Ts cells.

Cell line Settings

U-937 155V

1000 pF
resistance(]: «
HEK293T 110V

pulse length: 25 ms
L929Ts 280V

960 uF
resistance(]: «

4.2.3.3 Reverse transfection with sSiPORT™ Amine Tra nsfection Agent

The transfection with sSiPORT™ Amine TransfectioneAgis polyamine-based and was utilized for
HT-29 cells. For reverse transfections, 3 X @élls were utilized per transfection reaction Gxeell
plates. For 12-well plates, 3 x“1€ells were used per transfection. For each 96-plate transfection
reaction, 9.4 uL OptiMEM® reduced serum media adu. sSiPORT™ Amine solution (1:16 (v/v))
was incubated for 10 min at RT. Meanwhile, 2 uMMNMR(1 pL) was diluted in 9 pL OptiMEM®.
After incubation, diluted siRNA and siPORT™ Aminalwion were mixed and incubated for further
10 min and thereafter placed in 96-well (for vidpilassay; see 4.2.1.2) or 12-well plates (volumes
were ten times multiplied respectively; for furtiétestern blot analysis see 4.2.11) before the cell
suspension was added. After 72 h post-transfeatitimer cellular extracts were prepared or cellsewe

stimulated as indicated.

For each transfection reaction, the efficiency le# down-regulation was analyzed by Western blot

analysis either for the protein of interest or colh$iRNAS.

4.2.3.4 Stable transfection of L929Ts cells

Stable transfection of L929Ts cells with pEF6.VS/ldSMasé or myc-DDK-tagged PGAM5 was
performed either by nucleofection or electroporatisee 4.2.3.1 and 4.2.3.2). The expression plasmid
of PGAMS already contains a neomycin resistanceattes whereas pEF6.V5/His.aSMisioes not.
Cells were transfected with 10 pg PGAM5-FLAG or ixtore of 2 pg of BMGNeo and 20 pg of V5-
A-SMase plasmid. The transfected cells were traresiénto fresh complete media over night. Further
cultivation of transfected cells was performed 4cin cell culture plates at 1:5 (v/v) dilution mre$h
media supplemented with 1 mg/mL G418 to selectstasi transfectants. After approximately two
weeks of cultivation with routine media change| celonies were visible. These sub clones were
detached with sterile filter paper pieces soaket WBS supplemented with 0.5 % (v/v) trypsin and
0.2 % (v/v) EDTA and transferred into 6-well plat&fe cell clones were expanded and analyzed via

Western blot for stable expression of the desiretem.
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4.2.4 High-throughput RNA interference screen proce  dure with HT-29 cells

For a high-throughput RNA interference (RNAI) sere¢he Silencer Human Druggable Genome
siRNA Library V3 was used. From this siRNA libratlye respective 560 genes encoding protease
siRNAs were selected and transferred to 96-welieplg@enerating a human protease siRNA library.
HT-29 cells (3,000 cells per well in 96-well platesere reverse-transfected with three individual
siRNAs per target gene (final concentration: 20 niging siPORT™ Amine Transfection Agent (see
4.2.3.3) and a multidrop cell dispenser (Freedora E®0 robotic platform). After 72 h, cells were
stimulated for 20 h with TNF, zVAD-fmk and cyclohimide (CHX) or left unstimulated and

intracellular ATP levels were measured (see 4.2.T12 experimental set up is depicted in Figure 5.

A
1 2 &l 4 )
A
B
c
2 40 genes (siRNA)
F
G
H
siRNA controls siRNA controls
[ unstimulated
B siRNA druggable library: 560 genes encoding proteases
three different siRNAs/gene = 1680 reactions
control siRNA (siRNA RIPK1, RIPK3, TNF-R1, HTRA2)
=0 reverse transfection in HT-29 cells
)
v
@
Er” stimulation of transfected cells with 100 ng/mL TNF,
20 uM zVAD-fmk, 5 pg/mL CHX
92 intracellular ATP level measurement = viability assay

\/

Figure 5: High-throughput siRNA screen for proteass participating in necroptosis.(A) The pipetting scheme for a
Tecan Freedom Evo 200 robotic device @dythe schematic diagram of the first screen is shd¥iiR29 cells were reverse
transfected with protease siRNA. After 72 h, nearsjst was induced by 100 ng/mL TNF, 20 uM zVAD-fmmideb pg/mL
CHX. ATP levels were measured 20 h after stimulatitile complementary siRNA screen was performed liaforation
with the group of Philip Rosenstiel (Christian-Albines-University, Kiel, Germany).

Abbreviations: adenosine-5'-triphosphate (ATP), cycloheximide (GHXigh temperature requirement protein A2
(HTRAZ2), receptor-interacting serine-threonine piotkinase (RIPK), tumor necrosis factor (TNF), ThN#eptor 1 (TNF-
R1), benzyloxycarbonyl-Val-Ala-Asp-fluoromethylke®iizVAD-fmk).
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For data analysis, values of all plates were cotmted and manually inspected for systematic bias
(e.g. row or rim effects) and/or inappropriate Kadown efficiency (i.e. the viability of either RKB

or TNF-R1 siRNA-transfected controls was less thraofold of the overall median calculated for each

plate). Plates that did not meet these criteriaewepeated before further analysis. Stimulation
intensities (fold induction) were calculated by idimg unstimulated through stimulated treatment.

Individual fold inductions were normalized to thesdin of the corresponding 96-well plate. Genes

with normalized fold-induction values1.5 or< -1.5 were considered to be candidate genes (hits).

The described RNAI screen was performed in collatiamn with Gunnar Jacobs (PopGen, Kiel,

Germany) and the group of Philip Rosenstiel (ClaisAlbrechts-University, Kiel, Germany).

4.2.5 Staining of cell surface molecules
4.2.5.1 Internalization studies of TNF-R1

The cell surface expression of TNF-R1 was detebiefluorescence based labeling of the receptor
and flow cytometric analysis. U-937 cells were céiged at 100 x g for 10 min and washed twice
with PBS. Cells were re-suspended in PBS to a fisaicentration of 4 x facells/mL and cooled
down to 4 °C. 50 pL of the washed and cold celpsuasion was pre-incubated with zZVAD-fmk or
dynasore as indicated in the figure legends. Afterincubation, cells were incubated with 400 ng
ligand TNF60-Fc for 1 h on ice. InternalizationTofiF60-Fc bound TNF-R1 complexes was achieved
by incubation of the cell suspension at 37 °C fariaus time-points. The reaction was stopped by
immediately cooling down on ice. To stain the rdogpigand complexes still retained at the cell
surface, the cell suspension was incubated witly bfuProtein G-Alexa Fluor® 488 for at least
30 min at 4 °C in the dark. Thereafter, cells weeshed twice with 1 x RDF1 buffer (provided by the
TNFa Kit from R&D) to minimize background staining amd remove unreacted Protein G-Alexa
Fluor® 488. Cells were fixed in 0.2 mL of 3 % (w/paraformaldehyde (PFA) in PBS for final flow

cytometric analysis at green fluorescence.

For control, the fluorescence of cells was measuvbith were incubated with Protein G-Alexa
Fluor® 488 alone.

4.2.5.2 Cell surface staining of TRAIL receptors

To detect cell surface expression of TRAIL recep(@R4 and DR5), a total of 4.5 x10-937 cells
were collected in a ‘V'-bottom 96-well assay plateashed once with washing buffer containing
1 % (w/v) bovine serum albumin (BSA) and 0.1 % JMdaN; in PBS and centrifuged at 200 x g for
4 min at 4 °C. The cells were incubated with 10npig/anti-TRAIL-R1 or anti-TRAIL-R2 mouse
monoclonal antibodies in washing buffer for 1 M&C in a humidified chamber, washed twice with
ice-cold washing buffer and incubated with anti-s®biotin-conjugated secondary antibodies for one

additional h at 4 °C. After two washing steps, €ellere incubated with phycoerythrin-conjugated
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streptavidin for further 15 min at 4 °C, washedcevand fixed in 150 uL PBS containing 1 % (w/v)
PFA and transferred into 0.6 mL flow cytometric égsbSamples were stored at 4 °C for further flow

cytometric analysis.

For control, the fluorescence of cells was measuvhith were incubated with iso-type matched
antibodies Ig@ and incubated with anti-mouse biotin-conjugateccoadary antibodies and

phycoerythrin-conjugated streptavidin.

4.2.6 Caspase activity assay

Measurement of caspase-3 and -8 activities waslb@sehe reaction of the enzymes with a specific
fluorogenic substrate. Following treatment, adheesrd detached cells were collected and lysed in a
lysis buffer (10 mM HEPES pH 7.4, 142 mM KCI, 5 midpCl,, 1 mM EGTA, 0.2 % (v/v) NP40,

1 mM dithiothreitol (DTT), 2 mM Pefabloc). Cytosolextracts equilibrated with 1 mM dATP and
10 pM cytochrome c for 1 h at 30 °C (to activatepaesses) served as positive control. To measure
caspase-3 activity, 100 uM ac-zDEVD-afc (benzyl@ponyl (ac)-Asp-Glu-Val-Asp-7-
aminotrifluoromethylcoumarin (afc)) diluted in 1@ caspase buffer containing 20 mM Pipes pH
7.2, 100 mM NaCl, 10 mM DTT, 1 mM EDTA, 0.1 % (WQHAPS and 10 % (w/v) sucrose was
added to 10 pL cytosolic extracts (5-20 pug protelepending on the enzymatic activity) and
incubated at 37 °C for distinct time-points. Forasaring caspase-8 activity, 100 uM ac-z-IETD-afc
(ac-lle-Glu-Thr-Asp-afc) was added to the caspastfieh The release of afc was measured as
emission at 505 nm upon excitation at 405 nm usinfiuorimeter equipped with a thermo stated

microplate reader.

4.2.7 Intracellular ceramide quantification

For measurement of ceramide generation, 1céls per treatment and time-point were seeded ont
14 cm culture plates. After treatment, the supamtaand already detached cells were collected and
the reaction was stopped by washing cells withcmd- PBS. Adherent cells were detached by
treatment with accutase, collected, and pooled with supernatant followed by centrifugation at
400 x g for 5 min at 4 °C. The cell pellet was vsgended in PBS and the cell number was counted
(see 4.2.1.1). After counting, cells were washeideévwn PBS and pelleted for either storage at @0 °

or immediate processing.

Lipid extraction with methanol/chloroform was perfeed at 4 °C according to the method of Bligh
and Dyer (1959). Briefly, the cell pellet was resgended in 2 mL autoclaved Milli-Q water and 4 mL
methanol (1:2 (v/v)) and transferred into a 14 nanical glass tube. Subsequently, the mixture was
homogenized with an ultrasonic disintegrator for L& sec with 10 sec intervals between each
sonication step. After sonication, 2 mL chlorofonvere added and the samples were again

homogenized for 16 x 5 sec as described above. IBamgre centrifuged for 10 min at 2,800 x g.
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The upper phase was transferred into a 40 mL cbglaas tube with 3 mL autoclaved Milli-Q water
and 6 mL chloroform (1:2 (v/v)). For re-extractidhe lower and interphase were supplemented with
1 mL autoclaved Milli-Q water and 4 mL methanol4{v/v)), immediately sonicated for a second
cycle as described above and centrifuged at 2,8@0for 10 min. The resulting supernatant was
pooled with the separately stored upper phase filoenprevious step and again centrifuged at
2,800 x g for 10 min. After centrifugation, the ugg lower organic phase - containing the exteéct
lipids - was transferred to a new glass tube amghenated under 1 bar,Mt 37 °C. Dried lipids were
re-suspended in a mixture of chloroform/methandl (9/v); recommended amount: 50 pL for a total
of 1 x 10 cells). In parallel, for chromatographic sepamatid the lipids, thin layer chromatography
plates were pre-run with chloroform/methanol (2/4/)) and dried for at least 30 min at 80 °C. The
chromatography chamber was equilibrated with a esdlvcontaining dichloromethane/acetic
acid/methanol (100:5:2 (v/v)) for 1 h at RT. 50 pf. each sample and ceramide standards (1 nM,
2.5 nM and 5 nM; mostly composed of N-stearoylsgbgine) were diluted in chloroform/methanol
(9:1 (v/v)), and applied onto the plate. The platas run in the chromatography chamber with
dichloromethane/acetic acid/methanol until the atign front had arrived at 1 cm below the upper
end of the plate. After chromatography, the plages dried for 10 min at 180 °C. For charring of the
resolved lipids, the plate was submerged into & lb&t10 % (v/v) copper sulphate and 8 % (v/v)
ortho-phosphoric acid for 15 sec at RT, dried faonid at 100 °C and charred by heating to 180 °C
until lipid bands became visible. The plate wasmsed and analyzed using the Molecular Dynamic
Personal Densitometer Sl and the program ImageQaZntDifferent ceramide species containing
ester-linked fatty acids with 16 and 18 carbon @&awmere identified by comparison with the applied

co-migrating ceramide standards.

4.2.8 A-SMase activity assay

The measurement of A-SMase activity in cell lysates described previously (Edelmasnal.

2011). Briefly, cells were detached with accutasmled down with cold medium and pre-incubated
with zZVAD-fmk and various stimuli indicated in tHegure legends. After pre-incubation, the cell
suspension was incubated with 100 ng/mL TNF foraht internalization was induced by switching
the temperature from 4 °C to 37 °C for a specifitetkinetic. Internalization was stopped by washing

cells twice with ice-cold PBS. Cell pellets werered at -80 °C.

Prepared samples were kindly analyzed for A-SMaseity by Supandi Winoto-Morbach (Christian-
Albrechts-University, Kiel, Germany). Concisely]lqeellets were washed twice with PBS and diluted
in A-SMase assay buffer (250 mM sodium acetate MLEDTA, 0.1 % (v/v) Triton X-100, pH 5.0)
and lysed by sonication for 4 x 1 sec on ice. ThEMase activity was measured using N-methyl-
[**C]-sphingomyelin (0.5 pCi/mL, 0.55 Ci/mmol) as alicactively labeled substrate. A range from
0.5-2 ug of protein was incubated with the substfat 2 h at 37 °C in a total volume of 50 uL.
Radioactivity of enzymatically liberated radioa€tivphosphocholine was extracted with
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750 pL chloroform/methanol (2:1 (v/v)) and 250 pt autoclaved Milli-Q water. The radioactive

aqueous phase was mixed with liquid scintillatog@asafe 300 plus) and measured fRcaunter.

4.2.9 Preparation of cellular extracts

After removal of the supernatant, adherent cellsewwashed once with pre-warmed PBS and
harvested after detaching with trypsin/EDTA in PBSaccutase. Detached cells were pelleted by
centrifugation at 400 x g for 5 min at RT and wakkwice with cold PBS. Suspension cells were
immediately pelleted by centrifugation as describddve and washed twice with cold PBS. Cells
were lysed for 10 min on ice in cold TNE lysis @f{50 mM Tris pH 8.0, 150 mM NacCl, 1 % (v/v)
NP-40, 3 mM EDTA) supplemented with 10 pg/mL of mtpase inhibitor cocktail. Lysates were
centrifuged at 20,000 x g at 4 °C and the supentsatevere stored at -20 or -80 °C until further

analysis.

4.2.10 Protein quantification

Protein concentrations were measured using eitieesénsitive BCA-Protein Assay Kit according to
the manufacturer’s instructions or alternativelyeady to use Coomassie Blue G-250 based reagent.
Here, 1 mL of staining solution was mixed with 1tb cellular extracts and incubated for 5 min in a
polystyrene cuvette (10 x 4 x 45 mm). Absorbance maasured at 595 nm with a spectrometer. BSA

was used as a standard (working range = 0.2 tm@/fL).

4.2.11 SDS-PAGE and Western blot analysis

For one-dimensional separation of proteins by suodidodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), gels were either pwethaready-to-use from Bio-Rad or poured
according to standard protocols (Laemmli, 1970)m@@8as were diluted in 5 X sample buffer
(20 % (v/v) p-mercaptoethanol, 125 mM Tris-HCI| pH 6.8, 4 % (W&PS, 20 % (v/v) glycerol,
0.02 % (w/v) bromophenol blue) to a final volume 2% uL and denatured by boiling for 3 min at
100 °C. After loading the samples onto the geloastant electric current of 25 mA per gel was
applied for 1 h at RT. The separated proteins Wee transferred by wet blotting at 4 °C according
standard procedures (Harlow and Lane, 1988). Atieite; the blotted membrane was placed in
blocking buffer (5% (w/v) milk-powder in PBS and1® (v/v) Tween 20) for 1 h at RT under
constant gentle agitation. Proteins were detectethtubation with specific primary antibody (see
table 2) over night at 4 °C. Excess of primary laodly was removed washing with PBST (PBS with
0.1 % (v/iv) Tween 20). Subsequently, POD or HRHwmated secondary antibodies (1:10,000
diluted in blocking buffer) were added for 60 minRal under constant rocking. Followed by further
washing steps with PBST, the membrane was develogiad LumiGLO™ Western blotting reagent.
The reactive proteins were detected by exposuraroiX-ray film for 10 seconds to 60 min. For
densitometric analysis, the X-ray film was scanaad analyzed using the program ImageJ (Wayne

Rasband, National Institutes of Health, Bethesd2, MSA).
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4.2.12 Two-dimensional PAGE (2D-PAGE)

To increase the resolution of a one-dimensional BA@oteins were alternatively separated in two
dimensions by isoelectric focusing (IEF) prior tongentional SDS-PAGE. After harvesting, cells
were lysed as described before (4.2.9). If neegeakein precipitation was done by addition of
10 % (v/v) trichloroacetic acid (TCA) to the pratdysate and incubation for 30 min on ice, followed
by centrifugation at 10,000 x g at 4 °C for 20 miiter removal of the supernatant, the pellet was
washed with ice-cold acetone and the sample was agatrifuged. The supernatant was removed,
the pellet was air dried and re-suspended in 2B3-lpsffer (7 M urea, 2 M thiourea, 30 mM Tris

pH 8.5, 4 % (w/v) CHAPS).

The two-dimensional gel electrophoresis was pribiperformed as described (O'Farrel, 1975) with
technical assistance by Melanie Nebendahl and Benj&chdnbeck (Christian-Albrechts-University,
Kiel, Germany). Briefly, the supernatant containitige solubilized proteins was recovered after
centrifugation for 20 min at 20,000 x g at 4 °Cotems (250 pg) were centrifuged at 180,000 x g,
4 °C for 20 min, diluted in 2D-lysis buffer, andmied by cup-loading onto 24 cm non-linear pH 3-11
IPG gel strips (re-hydrated in DeStreak Solution I6 h at RT) for approximately 65 kVh. The
second dimension, separating the proteins by theiss, was performed on 26 x 20 cm large
12.5% (w/v) SDS gels after reduction and alkylatiosing the Ettan DALTsix large vertical
electrophoresis system. The gel was mounted oméaacked gel frame and scanned on a Typhoon
Trio imager. Subsequently, the gels were fixed wido (v/v) ethanol and 10 % (v/v) acetic acid for
at least 5 h and stained for proteins over nighih Wilamingo™ Fluorescent gel stain and scanned at
red fluorescence. The obtained images were analyzied) Image Master 6.0 software. Protein spots
were selected depending on the experimental setdpvare picked using the Ettan spot picker unit
equipped with a 2 mm picking head and further preghdor mass spectrometry (MS) analysis (see
4.2.14).

4.2.13 Two-dimensional difference gel electrophores  is (2D-DIGE)

The 2D-DIGE method was utilized to compare two dasplabeled with fluorescent dyes, to see
changes in protein abundance, expression and dtitiat cleavage within one gel. This technique is
based on the above described 2D-PAGE and was beddiist in 1997 (Unligt al.). For 2D-DIGE

analysis, either whole cell lysates or magneticaltyiched receptor containing vesicles were used

whose preparation is described in section 4.2.15.4.

The 2D-DIGE technique was kindly performed by M&ahebendahl and Benjamin Schénbeck
(Christian-Albrechts-University, Kiel, Germany) egfially as described before (Schmatial. 2009).

Protein samples prepared in other buffer systeme wither de-salted using Zeba™ Spin Desalting
Columns (74 kDa MWco) or immediately diluted in &3is buffer. The supernatant was removed

after centrifugation for 20 min at 20,000 x g atCGl The same amount of protein per sample
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(maximum 50 ug) was labeled with 400 pmol of thaiofescent dyes Cy3 or Cy5 in

dimethylformamide (DMF, pH 8.5) for 30 min in thexwr# on ice. The reaction was stopped by
guenching the labeling reaction with 1 pL 10 mMirgsfor 10 min on ice. The differentially labeled

samples were pooled with the same amount of urddbptotein of each sample, centrifuged at
180,000 x g, 4 °C for 20 min and further processedescribed in 4.2.12.

The in-gel fluorescence was scanned on a Typhoom ifirager to detect Cy 3 and Cy 5 specific
emission. The detection of differentially labelattgin spots was performed usimgsilico analyses
tools included in the DeCyder 6.5 software. Torstelole separated proteins, the gel was staindd wit
Flamingo™ Fluorescent gel stain and again mountedaonon-backed gel frame, scanned and
analyzed using Image Master 6.0 software. Diffeadlgtlabeled spots were picked using the Ettan
spot picker unit equipped with a 2 mm picking heendl further processed as described in the next

section.

In order to verify that the picked spots had beiekgu from their correct locations, all 2D-gels wer

scanned again after the picking procedure.

4.2.14 In-gel tryptic digestion and MALDI-TOF/TOF M S analysis

Picked gel spots were washed with ultra-pure wad@mM ammonium bicarbonate (ABC) in
50 % (v/v) methanol, 70 % (v/v) acetonitrile (ACNInd dehydrated in pure ACN. The gel pieces
were dried by evaporation of ACN in a SpeedVac rifeige and rehydrated with 100 ng porcine
sequencing-grade trypsin in 25 mM ABC at 37 °C oweght. For peptide extraction, 20 pL of
0.1 % (v/v) trifluoroacetic acid (TFA) in ACN waslded and the samples were sonicated for 15 min.
The supernatant was collected and the gel spots again incubated with 20 pL of 0.1 % (v/v) TFA
in ACN for 10 min. Both supernatants were combiradl dried in a SpeedVac centrifuge. The
samples were reconstituted in 0.8 uL MALDI matriglusion containing 3.2 mg/mlo-cyano-4-
hydroxycinnamic acid in 65 % (v/v) ACN/0.1 % (V/¥FA and spotted onto MALDI targets (Opti-
TOF; 384 Well Insert).

MS measurements and analysis thereof was perfobpedembers of the Systematic Proteomics and
Bioanalytic Unit of the Christian-Albrechts-Univéss (Kiel, Germany), especially by Bart van den

Berg, Tomas Koudelka and Andreas Tholey.

Spectra were acquired on an AB SCIEX MALDI-TOF/TG800 mass spectrometer in positive ion
mode. For MS measurements, 2,000 shots were acateduh the mass range of 800 — 4,000 m/z.
Default calibration was performed using 4700 Protes Analyzer Standard Kit, while MS
measurements were calibrated internally using tnypsiatrix and contaminant peaks (842.509,
877.034 and 2,807.315 m/z) and smoothed using aFeiSon-Denoise algorithm. Precursor selection
for tandem MS/MS analysis was achieved using ti &eries Explorer Software (AB SCIEX) with
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acquisition of the 20 most intense precursors (520) beginning with the strongest first. All MS/MS
spectra were acquired with 1 KV collision energgaibient air (CID medium: 1.25 x £ orr) using
3,000 laser shots per precursor. MS/MS post progggsvolved smoothing using the Savitsky-Golay
algorithm with 7 points across the peak and a pwtyial order of 4. For peptide identification,
MALDI-TOF/TOF MS/MS raw files were searched usingd ASCIEX GPS software (Version 3.6,
build 332) with the following pre-filter settingenly peaks within a mass range from 60 Da to the
precursor mass minus 35 Da and S/N ratio above i@ wsed. Spectra were searched with Mascot
against the Swissprot database (downloaded 1510P) 2@sing eitheHomo sapiens as a taxonomy
filter (20,254 sequences) with precursor toleraot80 ppm orMus musculus as a taxonomy filter
(16,345 sequences) and precursor tolerance of B0gpyl the following parameters for both: MS/MS
tolerance - 0.3 Da; two missed cleavages allowedddiion (M) was set as variable modification,
while carbamidomethylation (C) was set as fixed fifiwation. Proteins were considered identified
when either two peptides were identified with afence intervak 99 % (p < 0.01) or three peptides
> 95 % (p < 0.05).

4.2.15 Protein enrichment and analysis

4.2.15.1 Immunoprecipitation

For immunoprecipitation, 1 mg cellular extractsnfrgtimulated L929Ts cells over-expressing V5-A-
SMase were incubated with 2 pg anti-vV5 monoclondlbadies over night on ice. The immune
complexes were incubated with 20 uL GammaBind Gxargse for 1 h at 4 °C with constant shaking
and were washed three times with TNE lysis buffer480 x g for 5min at 4 °C. The
immunoprecipitated proteins were diluted in 2 X plerbuffer (see 4.2.11) and boiled for 3 min at
100 °C and analyzed by SDS-PAGE. The gel was fixigd 40 % (v/v) ethanol and 10 % (v/v) acetic
acid for at least 5 h and stained for proteins aught with Flamingo™ Fluorescent gel stain and
scanned at red fluorescence on a Typhoon Trio imfageed fluorescence. The obtained image was
analyzed using Image Master 6.0 software. Proteindd were labeled with the help of the spot
picking device for selecting native and cleavedgirobands for further MS analysis via electrospray

ionization (ESI; see below).

4.2.15.2 Electrospray ionization

The method described below was kindly performed Tmmas Koudelka (Christian-Albrechts-

University, Kiel, Germany).

For in-gel labeling and digestion, bands correspuntb native and cleaved A-SMase were excised

from the Flamingo™ stained SDS-PAGE gel, cut intonr®® gel pieces and de-stained using

50 mM HEPES (pH 8.0), 30 % (v/v) ACN in 50 mM HEPE&h shaking. Gel pieces were dried

down after incubation with ACN using vacuum ceniggétion for 15 min. The samples were reduced

using 10 mM DTT in HEPES for 45 min at 56 °C ane finee cysteine residues alkylated using
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55 mM iodoacetamide in HEPES for 30 min in the datkRT. Prior to labeling, gel pieces were
washed with 50 MM HEPES and then dehydrated bybiug samples for 15 min with ACN
followed by 15 min of vacuum centrifugation. Fremimo groups (N-terminus and lysine residues)
were labeled by incubating samples with 30 mM fddelyde and 15 mM sodium cyanoborohydride
at 25 °C over night. Any excess reagent was quehblgehe addition of 100 mM ABC for 30 min.
Gel bands were further de-stained as describedeabowwith HEPES exchanged for ABC. Samples
were digested with either trypsin or chymotryp$0 (g) at 37 °C over night. Digested peptides were
extracted using 1 % (v/v) formic acid (FA), 50 %vjvACN in 1 % (v/v) FA and 100 % (v/v) ACN.
Samples were dried in a vacuum centrifuge and speswded in 3 % (v/v) ACN in 0.1 % (v/v) TFA.
To eliminate potential protein carryover sampleseagequired by running the lower molecular weight
protein bands first followed by the higher moleculgeight bands. In addition, 1-2 wash runs were

performed between measurements.

Nano-high performance liquid chromatography (HPIn@ss spectrometry was performed on a
Dionex U3000 nano-LC system coupled online to aittap LTQ Velos mass spectrometer. Samples
were desalted for 6 min (Acclaim PepMap100 C-1& @t I.D. x 5 mm, 5 um, 100 A) at a flow rate
of 30 pL/min using 3 % (v/v) ACN, 0.1 % (v/v) TFAn Acclaim PepMap100 C-18 column (75 pm
I.D. x 150 mm, 3 um, 100 A) was used for analytaparation at a flow rate of 300 nL/min using
buffers A (0.05 % w/v FA) and B (80 % (v/v) ACN afd4 % (w/v) FA). The elution used gradient
steps of 5-12 % B (6-7 min), 12-55% B (7-42 mimdab5-90 % B (42-47 min) followed by an
isocratic wash (90 % B, 47-57 min) and column ra##aration (5 % B, 57-70 min). MS scans were
acquired in the mass range of 300 to 2000 m/zras@lution of 60,000. The five most intense signals
were subjected to collision-induced dissociationD)Cand higher-energy collisional dissociation
(HCD) fragmentation using a dynamic exclusion o $2c and a repeat count of 3 MS/MS. For this,
the following parameters were applied: minimum algmtensity: 1000, isolation width: 3.0 Da,
charge statex2, HCD resolution: 7500, normalized collision eneod 35 and 40 for CID and HCD,

respectively.

For database searching, HCD and CID MS spectra s@aeched separately using various database
search algorithms via the Proteome Discoverer soétvfversion 1.3 and 1.4): Sequest, Mascot and
MS Amanda against the reviewed and canonical maladabase (downloaded 13.03.2013) with
common contaminants  (http://www.thegpm.org/crap/peptide-N-glycosidase F (P21163),
ribonuclease (P61824), and human A-SMase (P174f®raled to the database (16,737 sequences).
Data were searched with 7-10 ppm MS tolerance a@d ®a and 0.02 Da fragment tolerances for
CID and HCD spectra, respectively. For samplesslege with trypsin, spectra were searched with
semi-Arg-C specificity with a maximum of two-missettavages allowed, while samples digested
with chymotrypsin were searched with either senyirobtryptic specificity (three-missed cleavages

allowed) or no-enzyme specificity. Carbamidomethgla of cysteine residues (+ 57.021 Da) and
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dimethylation on lysine (+28.031 Da) were set asdi modifications while oxidation (+ 15.995 Da)
on methionine residues and dimethylation (+28.08) Bn the N-terminus were set as dynamic

modifications.

4.2.15.3 Purification of TNF ligands

For the production of TNF ligands, 2 x ®1BIEK293T per transfection cells were transiently
transfected with 10 pug TNF-ligand DNA via electromtion (see 4.2.3.2). After electroporation, cells
from three parallel transfections were pooled ih@ mL pre-warmed antibiotic free FreeStyle®
medium and cultivated over night in an incubatothws % (w/v) CQ at 37 °C. The next day,
50 pg/mL penicillin and 50 pg/mL streptomycin weadded. After two days of cultivation, the
supernatant was collected, sterile filtrated anppgmented with 10 pg/mL of a protease inhibitor
cocktail. The cells were further cultivated with esh FreeStyle® medium containing
50 pg/mL penicillin and streptomycin each and 1mig/G418 to select for transfected cells. After
three more days of cultivation, the supernatant eddiected, sterile filtrated and supplemented with
10 pg/mL of a protease inhibitor cocktail. Both sumtants were pooled and stored at 4 °C until
further enrichment of the soluble ligands with aTHap™ Protein G HP 1 mL column. The ligands
were purified according to the manufacturer's ptote. The protein concentration of the purified
ligands was measured using BCA Protein Assay amtitiiogical activity of TNFwt-Fc or TNF60-Fc

was always tested in cytotoxicity assays using I92ells (see 4.2.1.4).

4.2.15.4 Preparation of magnetically labeled TNF re  ceptors and isolation of TNF receptor
magnetic fractions

A system based on ligand-specific immunomagnebellag of cell surface receptors for purification
and characterization of TNF receptor magnetic ibast was utilized via a free-flow magnetic
chamber (HOKImag 1, invented by Tchikov and Schiu2@08; now manufactured by HOOCK
GmbH, Kiel). The method was recently described {Hah et al. 2014). This immunomagnetic
separation was continuously advanced throughost dbctoral thesis and therefore three different
homogenization procedures were used (A-C, see DelBweparations were either analyzed by
Western blot or by 2D-DIGE analysis with technieakistance from Vladimir Tchikov and Jirgen
Fritsch (Christian-Albrechts-University, Kiel, Geamy; contributions are indicated in the figure

legends).

For the cultivation and preparation of cells, huni&937 and murine L929Ts cells were grown to
70 % confluence. For detachment, adherent L929Tswere incubated with PBS/3.5 mM EDTA for
10 min at 37 °C. Subsequently, cells were collegtid a cell scraper, pooled, centrifuged at 409 x
for 5min at 4 °C and 1 x f@ells per time-point were diluted in 1 mL ice-cddBS. U-937 cells
(1 x 1) were washed once with cold PBS at 100 x g fomi®at 4 °C and diluted in 1 mL PBS. The

following preparation was performed permanently &C unless otherwise stated. U-937 cells were
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pre-treated with 50 uM zVAD-fmk for 30 min. TNF egators on the surface of L929Ts or U-937 cells
were labeled either with 100 ng/mL TNFwt-Fc (L929Tslls) or TNF60-Fc (U-937 cells) by
incubation for 20 min. Thereafter, 25 pL of prot@magnetic beads was mixed with 1 mL of the cell
suspension for another 1 h (for preparation of whedll lysates for 2D-DIGE analysis this step was
excluded). Unbound magnetic beads were washedOax 85with PBS. Synchronized internalization
of the TNF receptors was induced by adding 5 ml-vpmemed media without supplements, shifting
the incubation temperature from 4 °C to 37 °C fold by incubation at 37 °C for indicated time-
points. The reaction was stopped by adding 30 ratcald PBS. Cells were pelleted by centrifugation
at 250 x g for 4 min and washed once with homoggiua buffer (HB; 15 mM HEPES, 250 mM
sucrose and 0.5 mM MggCht pH 7.4). For homogenization, three differenttirods were used:
(A) ultra-sonication, (B) mechanical homogenizatiging a douncer device and subsequent removal
of mitochondria from the samples by iodixanol dgnbiarrier centrifugation (done with the help of

Jurgen Fritsch) or (C) mechanical homogenizatiah giass beads (done by Viadimir Tchikov).

A) The cell pellets were re-suspended in 1 mL HB spphted with 10 pg/mL protease
inhibitor cocktail and 12.5 units benzonase, lyaed °C using a Branson W-450 sonication
device equipped with a cup-resonator. The cellsewssnicated for 15 sec (duty cycle:
constant, output control: 2.5) and centrifuged 4amin at 600 x g. The supernatant was
collected and the pellet was again sonicated awealamd pooled with the collected
supernatant. The homogenate was centrifuged at 60 for 5 min. Subsequently,
approximately 850 yuL of the supernatant were eitbaded to the HOKImag 1 device or
further prepared without magnetic particles as wihuall lysates for 2D-DIGE analysis.

B) Alternatively, homogenization was performed mecbally using douncer devices to induce
shear forces. The cell pellets were re-suspendedl mL HB supplemented with
10 pg/mL protease inhibitor cocktail and transfeérte two 15 mL dounce tissue grinders
performing mechanical homogenization with 5 strokash. The homogenate was centrifuged
at 1,500 x g for 5 min, the supernatant was catband the remaining pellet was again
homogenized. The supernatant and homogenate weoéedpaand centrifuged. After
centrifugation, the resulting post-nuclear supemiatwas carefully overlaid on top of
750 pL of a 16 % (v/v) iodixanol solution on thettoon of a 4 mL centrifuge tube.
Subsequently, samples were centrifuged at 150,09k 1 h in a swing-out rotor (SW60T1)
without brake. The fraction with light organellemilky ring) was collected for magnetic
separation as described below and the fractiorhatbbttom of the tube (referred to as
mitochondrial fraction) was collected for furtheedtern blot analysis.

C) Homogenization using a homogenization device wldsg beads was described previously
(Tchikov and Schiitze, 2008). The samples were gteabwith glass beads on a vortex device

for 5min before the homogenate was centrifuged dhne remaining pellet again
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homogenized. After repeating the homogenizatiorcgaare three times, supernatants were

collected, pooled and subjected to magnetic sdparat

The post-nuclear supernatant obtained by eithgh@fabove methods was submitted to magnetic
separation of TNF-R1 magnetic fractions in the nedignseparation device HOKImag 1. Hereby, the
magnetically labeled material was soaked in freelplastic tubes of 5 mm in diameter and

0.1 mm thin walls which were placed in the magngétip serving as column connected to a peristaltic
pump. After incubation of the lysate in the magndigld for 1-2 h, the column was washed with

approximately 30 mL HB. This flow-through suspemsiwas collected and is referred to as non-
magnetic fraction throughout this doctoral thesifie magnetic TNF-R1-containing membrane

fractions were eluted using 0.5 mL HB and a plurgfea 1 mL syringe and sedimented at 20,000 x g
for at least 30 min. The subsequent analysis ofntieenbrane fractions was either conducted by
conventional Western blot or 2D-DIGE analysis falilog MALDI-TOF/TOF analysis.

4.2.16 Microscopy

4.2.16.1 Documentation of cell morphology

For visualization of cell morphology, images fromfixed cells were taken using an Axiovert 10

microscope and a DS-5M-L1 digital sight cameraesyst

4.2.16.2 Immunofluorescence analysis of suspension cells

For immunofluorescence (IF) analysis of TNF recefoalization in human cells, U-937 cells were
attached onto coverslips and surface receptors stareed with a ligand/Protein G-Alexa Fluor®
488-complex. For this, HCl-pre-treated glass cdiygrsvere washed twice with PBS and coated with
a 1:5 (v/v) dilution of poly-L-lysine/PBS for 30 miat 37 °C. The coverslips were again washed twice
with PBS and 1 x 10U-937 cells were seeded onto the coated covetslipdow adherent growth for
30 min at 37 °C. The coverslips with attached ce#se pre-incubated with 50 uM zVAD-fmk for
30 min at 37 °C. After pre-incubation, coverslipsrescooled down on ice and washed once with ice-
cold PBS. Meanwhile, 400 ng TNF60-Fc was incubatéti 0.5 pL/slide Protein G-Alexa Fluor®
488 in the dark at RT for 1 h. For surface labelaigTNF-R1, 100 ul of the ligand/fluorochrome
mixture was incubated with one coverslip in a hufidd dark chamber at 4 °C for 1 h. Then, the
coverslips were washed twice with cold PBS. To perateptor internalization, the coverslips were
incubated at 37 °C for indicated times in 2 mg/mRITC-Dextran diluted in RPMI 1640 media
without supplements. After stopping internalizatianith cold PBS, the cells were fixed with

4 % (w/v) PFA for 40 min at 4 °C. After two washsigh PBS, coverslips were mounted in ProLong
Gold Antifade plus DAPI mounting medium onto slid&lides were dried and kept dark at RT until

analysis by confocal laser scanning microscopy.
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4.2.16.3 Immunofluorescence analysis of adherentce s

For IF analysis of TNF-R1 localization in murinellsg 1 x 16 L929Ts cells were attached to
coverslips over night. Coverslips with attachedscetkre placed on ice to cool down and washed once
with ice-cold PBS. In parallel, 400 ng TNFwt-Fcdigd was incubated with 0.5 pL Protein G-Alexa
Fluor® 488 in the dark. Further processing wasqgreréd as described in 4.2.16.2.

For analysis of the co-localization of TNF-R1 witither proteins of interest, L929Ts cells were
seeded onto HCI pre-treated glass coverslips tawalldherent growth over night. The cells were
incubated with 100 ng/mL biotinylated TNF in comdiion with 240 ng/mL streptavidin Alexa

Fluor® 488 (Kit from R&D Systems) for 1 h on iceo &llow receptor internalization, coverslips were
transferred into pre-warmed media and incubatios earied out at 37 °C for defined times indicated
in the figure legends. The reaction was stoppedédmpacing medium with ice-cold PBS and the
coverslips were washed twice with ice-cold PBS. fé@tion, coverslips were incubated with freshly

prepared 4 % (w/v) PFA in PBS for 30 min on icexéléi cells were washed with PBS, permeabilized
20 min with 0.1 % (w/v) saponin/ 0.2 % (w/v) BSARBS and washed again with PBS. The specific
primary antibodies (see table 2) were diluted irSRid incubated with the coverslips for 1 h in a
humidified chamber at 4 °C. Coverslips were thershvea two times with PBS and incubated with
Alexa Fluor® 555-conjugated specific secondarykaties (1:200 in PBS) for 1 h at 4 °C in the dark.
After two washes with PBS, the coverslips were ntedrin mounting medium as described before

(4.2.16.2), dried and kept dark at RT until anaysi confocal laser scanning microscopy.

4.2.17 Transformation of E. coli and plasmid purification

For the transformation of a plasmid into bacteti@) puL chemically competefischerichia coli XL1
blue (prepared in the laboratory of Dieter Adamrigran-Albrechts-University, Kiel, Germany) and
10 ng of plasmid DNA were incubated on ice for 38.m\fter a temperature shift to 42 °C for 45 s,
cells were transferred into 1 mL pre-warmed SOC iomed2 % (w/v) Bacto-tryptone, 0.5 % (w/v)
yeast extract, 10 mM sodium chloride, 0.25 mM psitas chloride pH 7.0) and incubated at 37 °C
for 45 min with continuous shaking at 250 rpm. Aftaerds, cells were plated on lysogeny broth (LB)
agar plates (1% (w/v) Bacto-tryptone, 0.5% (wMBacto-agar, 1.5% (w/v) yeast extract,
10 mM sodium chloride) with 1 mg/mL ampicillin or akamycin. Cells containing the
ampicillin/kanamycin resistance-encoding plasmidevable to grow over night at 37 °C. Colonies
visible on the plates were inoculated in 5 mL LBdmen (1 % (w/v) Bacto-tryptone, 0.5 % (w/v)
yeast extract, 170 mM sodium chloride pH 7.2) witmg/mL ampicillin/kanamycin at 37 °C and
250 rpm for approximately 4 h. This pre-culture waansferred to 200 mL fresh LB medium
containing 1 mg/mL antibiotic over night at 37 °@da250 rpm. Plasmid purification was conducted
using the Qiagen Plasmid Maxi Kit according to nfanturer’'s instructions. Quantification of

plasmid DNA was performed using a NanoDrop® spectter.
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4.2.18 Statistical analysis

When experiments were performed at least with tkeebnical replicas, results are shown as means
+/- standard deviation. For determination of st significance (at least three independent

experiments), Student’s t-test was employed whenpeaoing controls versus one treatment regime

assuming differences in standard deviation (stegisanalysis program: Excel 2010).FRAvalue of<

0.05 was considered statistically significant.
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5. Results

New model cell lines to study regulated necrosis: U -937 and HT-29 cells

The most extensively studied model cell line fagulated necrosis initiated by the ligands TNF or
TRAIL is the murine fibroblast cell line L929 (Stogv et al. 2000; Thoret al. 2005, 2006; Sosha and
Voigt et al. 2013; Sosnha, Voigit al. 2014). In addition, cell systems such as murinel3V3 and
human Jurkat T cells have been previously chalaetgtrregarding their ability to undergo regulated
necrosis (Thomt al. 2005, 2006; Sosha and Vomtal. 2013; Sosna, Voigit al. 2014). To extend the
repertoire of characterized human cell lines undiegyregulated necrosis, two further cell lines,-HT
29 and U-937 were studied with regard to theirigbtb undergo necroptosis elicited by TNF or
TRAIL. Subsequently, it was intended to use thenmaslel systems in studies to identify proteases

and protease substrates which protect from or e@h@NF- and TRAIL-induced regulated necrosis.

In a first set of experiments, U-937 cells werelyred for the presence of the corresponding cell
surface death receptors TRAIL-R1, and TRAIL-R2. dresponding analysis for TNF-R1 was not
performed, since almost every cell type in the huinady, with the exception of red blood cells, is
known to express TNF-R1 (Aggarwal and Natarajar§6)19As shown in Figure 6A, U-937 cells
highly express TRAIL-R2. TRAIL-R1 was only margihyakxpressed, similar to results obtained in
HT-29 cells which also express high levels of TRARR and low levels of TRAIL-R1 (Voigt, Master
Thesis, 2010). Furthermore, the ability of TNF adlvas TRAIL to induce regulated necrosis was
determined in HT-29 and U-937 cells. Cell death waesasured by flow cytometric analysis of
propidium iodide (PI) fluorescence, an indicatar lfwss of membrane integrity. Since treatment with
both cytokines, TNF and TRAIL, activates caspaggeddent apoptosis in most cell systems, the
inhibition of caspases is required when studyingrowosis. Therefore, TNF or TRAIL was always
used in combination with the broad spectrum casp#dsbitor zZVAD-fmk to suppress any caspase
activity. If required, the protein biosynthesisititor cycloheximide (CHX) was added to additiogall
sensitize the cells towards cell death (Hodteal. 2000). As shown in Figure 6B, both U-937 and HT-
29 cells showed a clear sensitivity to TNF/zZVAD/CHdr TRAIL/zVAD/CHX-induced cell death.
The pharmacological inhibition of necroptosis bycMNe (Degterewet al. 2008) protected both cell
lines from TNF- and TRAIL-induced cell death, derswating that U-937 and HT-29 cells indeed
undergo necroptosis when treated with TNF/zZVAD/CI8K TRAIL/zZVAD/CHX. Morphological
analysis revealed that both cell lines displayedeadusively necrotic cellular morphology when
treated with TNF/zVAD/CHX or TRAIL/zZVAD/CHX, in cotnast to the apoptotic membrane blebbing
seen in controls for apoptosis (TNF/CHX or TRAIL/Ekreatment, Figure 6C).
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Figure 6: Treatment with TNF/zVAD/CHX or TRAIL/zVAD/CHX elicits necroptosis in U-937 and HT-29 cells. (A)
Flow cytometric analysis of cell surface expressidMRAIL-R1 and TRAIL-R2. Blue lines: specific monookal antibodies
for the respective receptors, red lines: isotypeched control antibodies. Representative resultord out of two
experiments performed are shown. 10,000 cells weatyzed for each measuremdi) Cells were treated with 100 ng/mL
TNF or TRAIL in combination with 20 uM (HT-29) or 50M (U-937) zVAD-fmk and non-toxic concentrationfs@HX (U-
937: 0.1 pg/mL; HT-29: 5ug/mL). After 24 h, lossmE&mbrane integrity was measured as a marker fodeath by flow
cytometric analysis of Pl-negative and -positivdlsceThe error bars represent the standard dewia(®D) of two
independent experiments with three measurements. éaf Micrographs show the necrotic cellular morpholdgjack
arrows). U-937 and HT-29 cells were stimulated&dr with TNF/zZVAD/CHX or TRAIL/zVAD/CHX to induce neoptosis
as in(A) or as a control without zZVAD-fmk to induce apopso&vhite arrows). The micrograph of U-937 cellgnsilated
with TRAIL/CHX was taken after 5 h stimulation besawf the high cell death rate. Scale bar: 100 pum.

Subsequently, further hallmarks of necroptosis wakestigated in U-937 cells. During caspase-
dependent apoptosis, the mature 116-kDa PARP-leipras inactivated by caspase-3-mediated
cleavage, resulting in an 89-kDa PARP-1 cleavagedymt (Lazebniket al. 1994). To provide
additional evidence that TNF/zVAD/CHX elicits neptosis rather than caspase-dependent apoptosis,
U-937 cells were left untreated or stimulated witiF/zVAD to induce necroptosis. As a positive
control to induce apoptosis, cells were treatedh WiNF alone. As shown in Figure 7A, the 89-kDa
cleavage product was not detected in U-937 celtiergoing necroptosis in response to TNF/zVAD,
only in TNF-treated, apoptotic cells. To furtherrifye that caspases were not activated during
TNF/zVAD treatment, activation of caspase-3 andw#s determined directly by measuring the
cleavage of the fluorogenic substrates zDEVD-af@sipase-3 substrate) or zIETD-afc (caspase-8
substrate). As can be seen in Figure 7B, TNF/zVADrobt activate caspase-3 and -8, whereas the
TNF-treated apoptotic control did (black triangl&€gure 7B), demonstrating that PCD induced by

55



Results

TNF/zVAD was caspase-independent. For HT-29 cdédlentical results had been obtained during
independent studies in the laboratory (Sosna, \@igit 2014; Voigtet al. 2014).
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Figure 7: Characterization of necroptosis elicitecoy TNF in U-937 cells.(A) Cellular extracts were prepared after U-937
cells were treated with 100 ng/mL TNF and 50 uM D4Ank or with TNF alone (to induce apoptosis) foetindicated
time-points. Western blots were generated from wiall lysates incubated with an antibody detectimg full length
(116 kDa) and the apoptotic cleavage fragment dRPA (89 kDa). Arrows indicate the position of théd-fength protein
and the 89 kDa cleavage product (present only mptgic lysates treated with TNF alon€) U-937 cells were left
untreated or were stimulated for 4 h as above. &uently, activation of caspases-3 and -8 was méted in 1 pug cellular
extracts by measuring cleavage of the fluorogemissates (zDEVD-afc and zIETD-afc) over 120 min.

Since in previous studies ceramide had been idestifs an important mediator of regulated necrosis
(Thon et al. 2005), the impact of ceramide on TNF- and TRAIlddoed necroptosis was also
investigated in U-937 and HT-29 cells. As shown Rigure 8, TNF/zZVAD/CHX as well as

TRAIL/zZVAD/CHX treatment resulted in an accumulatiof intracellular ceramide in both cell lines.
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Figure 8: Intracellular ceramide levels of U-937 ad HT-29 cells increase in response to treatment whit
TNF/zVAD/CHX or TRAIL/zVAD/CHX. Cells were left untreated or stimulated with 100mig TRAIL or TNF with
20 uM (HT-29) or 50 uM (U-937) zVAD-fmk and 0.1 mg/ (U-937) or 5 ug/mL (HT-29) CHX for 8 h (U-937) @4 h
(HT-29) before intracellular ceramide levels wertedmined in duplicate by means of thin layer chatography with
subsequent charring. Original data from the chrograiphy plate (C16 and C18 ceramide species) arershelow the
diagram. Trypan blue staining was in parallel penfed to measure loss of membrane integrity antigsvs above the bar
graphs. Data show representative results of twegaddent experiments.
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Conclusion: U-937 and HT-29 cells can undergo necro  ptosis

The above described observations implicate thatamuidT-29 cells as well as U-937 cells can
undergo necroptosis elicited by either TNF or TRAIWL-937 cells showed typical hallmarks of
necroptosis, similar to previous studies in HT-2lsc(Sosna, Voiget al. 2014; Voigtet al. 2014).
Furthermore, U-937 and HT-29 cells showed an irsgem ceramide levels when treated with
TNF/zVAD/ICHX and TRAIL/zZVAD/CHX, suggesting that nide may act as a mediator of
necroptosis also in these human tumor-derivedlioels. Because of the results obtained here, U-937

and HT-29 cells were used for further experimemtsughout this thesis.

5.1 TNF and PARP-1 elicit distinct routes to regula  ted necrosis

TNF and MNNG can kill cells by regulated necrosis

Murine fibrosarcoma L929 cells die exclusively bggulated necrosis when treated with TNF
(Vercammenet al. 1998a; Strelowet al. 2000; Thonet al. 2005). In response to DNA-alkylating
agents such as MNNG, it was reported that L92% adfio die by necrosis rather than by apoptosis
(Yu et al. 2002; Xuet al. 2006). To validate that TNF and MNNG do not elicitspase-dependent
apoptosis in L929 cells, caspase-3 activity measents were conducted as an indicator for caspase-
dependent apoptosis through both the extrinsicthadntrinsic pathway. As shown in Figure 9A,
three L929 sublines (TRAIL-sensitive L929Ts cell929 cells obtained from ATCC (L929ATCC)
and TNF-hypersensitive L929sA cells) did not dig@ay caspase-3 activity after treatment with TNF
or MNNG. Accordingly, unlike TNF/CHX-treated posi¢i controls, none of the three L929 sublines
showed membrane blebbing after TNF or MNNG stimafgtwhich is a morphological hallmark of
apoptosis (Figure 9B). Therefore, both TNF and MNMN@uce cell death through necrotic pathways
rather than through apoptosis in the three L929iceks utilized for the study presented here.
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Figure 9: TNF and MNNG elicit regulated necrosis inL929 cells. (A)L929Ts, L929ATCC and L929sA cells were left
untreated or were treated with 100 ng/mL TNF fdr, ®r were treated with 0.5 mM MNNG for 15 min amgre then
incubated with fresh medium without MNNG for anattseh. Cells treated with 100 ng/mL TNF and 2 pg/@HX served
as a positive control for induction of apoptosisb&equently, activation of caspase-3 was determimeldpg of cellular
extract by measuring cleavage of the fluorogeniissate zDEVD-afc over 120 mi{B) Micrographs show the morphology
of the cells treated as above for the indicate@-oints. White arrows mark cells that show apaptosiembrane blebbing
after treatment with TNF/CHX. Black arrows indicaiecrotic-like morphology of cells in response toFfdf MNNG. Scale
bar: 100 um.

MNNG but not TNF causes rapid activation of the PARP pathway

The activation but not the cleavage of PARP-1 ggimed for necroptosis (Sosna, Vogjtal. 2014).
Interestingly, observations that had been obtathathg independent studies in the laboratory show
that TNF and MNNG activate PARP-1 with distinct d&fics (Sosna, Voigtet al. 2014).
Hyperactivation of PARP-1 results in a rapid deptebof intracellular NAD levels (Yuet al. 2002)
and, as a direct consequence, also in the deplefiantracellular ATP levels (Vandenabeedeal.
2010). Therefore, ATP levels were compared to tognession of cell death after treatment with TNF
or MNNG. In the three L929 sublines, MNNG treatmeatised a rapid depletion of intracellular ATP
levels within 1 h. Furthermore, the rapid loss of A clearly occurred earlier than the loss of
membrane integrity (which was measured as a mdokearell death), proving that MNNG treatment
induces a rapid activation of PARP-1 (Figure 10R)is was in contrast to TNF-induced necroptosis,
where ATP levels decreased at later time-points @maturrently with cell death (Figure 10A),
suggesting that the depletion of ATP levels is eathn accompanying factor of TNF-induced cell
death than an initial inducer of necroptosis. Tadhfer corroborate the distinct activation of PARP-1
after MNNG or TNF treatment, the repertoire of deles was extended to Jurkat and HT-29 cells,
yielding essentially the same results as in theetti929 sublines (Figure 10B).
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Figure 10: MNNG but not TNF(/zVAD/CHX) induces rapid ATP depletion. (A) L929Ts, L929ATCC and L929sA cells
were stimulated with 100 ng/mL TNF, or with 0.5 mMMNNG for 15 min and subsequent incubation with Hiresedium
without MNNG for the indicated time-points. Subsenqtly, their intracellular ATP content and lossnoémbrane integrity
(as a marker of cell death) were analyz@®l) HT-29 and Jurkat cells were stimulated with MNN& above, or with
100 ng/mL TNF with addition of 20 uM (HT-29) or pM (Jurkat) zVAD-fmk and 2 pg/mL (Jurkat) or 5 pd/rgHT-29)
CHX. Subsequently, intracellular ATP levels and loBmembrane integrity were measured at the indétéitne-points. For
better comparison and for clarity of presentatithe percentage of intact, large Pl-negative cdi still retain their
membrane integrity is shown. Representative data ine out of two experiments are shown and errww indicate the SD
from three measurements.
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In summary, the late depletion of intracellular AlERels during TNF-induced necroptosis implicates
that individual components of the PARP pathway asevated as a secondary consequence during
necroptosis rather being the cause of necroptetlalar disintegration. This is in contrast to ttagid
depletion of ATP following PARP-1 activation by DN#kylating agents such as MNNG, suggesting
that TNF-induced necroptosis and the hyperactimatb PARP-1 represent two distinct routes to

regulated necrosis.

Inhibition of the PARP pathway does not protect from TNF-induced necroptosis

To unravel the role of the PARP pathway in TNF-icelth necroptosis, the impact of pharmacological
inhibitors of PARP-1 was analyzed in L929Ts calsirine NIH3T3 fibroblasts, and in human Jurkat
and HT-29 cells. The PARP-1 inhibitors 3-AB, PJ&8%l olaparib impaired MNNG-induced regulated
necrosis, but not TNF-induced necroptosis in anythef four cell lines analyzed (Figure 11),

suggesting that inhibition of PARP-1 activation slosot protect from TNF-induced necroptosis.
However, PJ-34, as the only exception, reduced ifdBeed necroptosis in L929Ts cells. This effect
was not seen with any other PARP-1 inhibitor usethis study. Moreover, two independent studies
reported unspecific activities of PJ-34 (Madisral. 2011; Antolinet al. 2012), indicating that the

observed effect in L929Ts cells is most likely uersfic.

In the laboratory, additional results were obtairsetbstantiating that the inhibition of the PARP
pathway does not protect from TNF-induced necraptd=or example, PARP-1 down-regulation by
RNA interference in L929Ts and Jurkat cells reglite reduced MNNG-induced regulated necrosis
whereas TNF-induced necroptosis was not affecteateblver, PARP-1-deficient MEFs displayed a
clear protection from MNNG-, but not TNF-induceduéated necrosis (Sosna, Voajtal. 2014).
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Figure 11: PARP-1 inhibitors affect MNNG-induced regulated necrosis but not TNF-induced necroptosis.
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Figure 11: continued. Necroptosis was induced in L929Ts, NIH3T3, Judkad HT-29 cells in the absence or presence of
the PARP1-inhibitors 3-AB (2.5 mM), olaparib (L929uM; NIH3T3, Jurkat: 50 nM; HT-29: 2 uM) or PJ-320(uM) by
treatment with 100 ng/ml TNF for 24 h (L929Ts, H¥}216 h (NIH3T3) or 20 h (Jurkat) with addition 20 uM (NIH3T3,
HT-29) or 50 uM (Jurkat) zVAD-fmk and 2 pg/ml (Jatk or 5 pg/ml (HT-29) CHX. In parallel, cells wetreated with

1 mM MNNG for 15 min and further incubated for 16vth fresh medium with or without addition of 3-AB|aparib or
PJ-34. Subsequently, loss of membrane integrity amadyzed by flow cytometry. Representative datenfane out of two
experiments are shown. The error bars represef@hef three parallel measurements.

The hyperactivation of PARP-1, the resulting deptetof intracellular NAD and ATP pools,
mitochondrial dysfunction and AlF translocationaaisvolves the activation of JINK (Vandenabegtle
al. 2010). To further elucidate the involvement of JiMKnecroptosis, TNF-induced necroptosis was
analyzed after pharmacological inhibition of JNKiora direct genetic approach using primary lung
fibroblasts from JNK1- or INK2-deficient and immadized MEFs from JNK1/JNK2 double-deficient
mice. The inhibition of JNK with the specific JNKHibitor 11l did not protect L929Ts cells from
TNF-induced necroptosis, even at concentrationsvisith the JNK inhibitor 1l itself induced
cytotoxicity (Figure 12A). Similar to the pharmaacgical inhibition, in the direct genetic approach,
neither primary lung fibroblasts from JNK1- or JNK&ficient nor MEFs from JNK1/IJNK2 double-
deficient mice were protected from TNF-induced oetwsis (Figure 12B). The obtained results
suggest that JNK do not participate in TNF-indunedroptosis, which is in contrast to their reported
role in the PARP pathway (Xt al. 2006).
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Figure 12: JNK do not participate in TNF-induced necoptosis. (A) L929Ts were left untreated or were treated with
100 ng/mL TNF for 16 h in the presence of incregginncentrations of JNK inhibitor 1ll. Loss of merahe integrity was
analyzed by flow cytometry in triplicate¢B) Left panel: Primary lung fibroblasts (LF) from wild-type (WTJNK1-
(INK17) and INK2-deficient (JNKZ) mice or immortalized MEFs from JNK1/JNK2 doublefidient (JNK1/2") mice
were left untreated or were treated with 100 ng/fhlF and 20 uM zVAD-fmk in the presence or abserfc2 og/mL CHX

for 18 h. Loss of membrane integrity was analyzgdibw cytometry. The error bars represent the SRhoee parallel
measurementsRight panel: Control Western blots were performed to verify pree or absence of endogenous JNK1
and/or JNK2. Actin served as a loading control.

Cathepsin and calpain proteases are further compod the PARP pathway (Artue al. 2010).
During TNF-induced necroptosis, caspase inhibittke zVAD-fmk, but neither individual nor
combined application of inhibitors for calpain oatltepsin proteases affect the death response
(Vercammeret al. 1998a, Thoret al. 2005, 2006). This is in line with results obtainadhe study
presented here analyzing proteolytic events dumggoptosis, because treatment of U-937 cells with
inhibitors of the cysteine proteases cathepsinRF{mk), cathepsin B/L (zFA-fmk) as well as the
broad spectrum calpain/cysteine protease inhikit64 did not protect from TNF-induced necroptosis
(see 5.2.1; Figure 15A). Furthermore, wild-type acathepsin D-deficient MEFs showed no
differences in the necroptotic response to TNF/zY@BX (Figure 13). Cathepsin D-deficient MEFs
were not protected from MNNG-induced regulated osisr;, identical to their wild-type counterparts
or to cathepsin D-deficient MEFs ectopically re+s@gsing cathepsin D (Figure 13), suggesting that
cathepsin D plays no role in either TNF-inducedroptosis or the PARP pathway.
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Figure 13: Cathepsin D plays no role in either TNFfiduced necroptosis or the PARP pathwayWild-type (WT),
cathepsin D-deficient (CD), and CD’” MEFs stably retransfected with the pro-cathepsitINA (CD"CatD) were
incubated for 14 h with 100 ng/mL TNF in combinatiwith 20 uM zVAD-fmk and 5 pg/mL CHX or with 1 mMINNG
for 30 min and further incubated for 16 h with framedium without MNNG. Subsequently, loss of membrantegrity was
determined by flow cytometry. Representative dedanfone out of three experiments are shown and bexs indicate the
SD from three measurements.

Altogether, the experiments obtained in the studgg@nted here suggest that TNF-induced necroptosis
is not affected by inhibition of PARP-1 and compatseof the PARP pathway.

Inhibition of necroptosis does not protect from PARP-1-induced regulated necrosis

In a reverse approach, the effect of the inhibitmwih one crucial component of TNF-induced
necroptosis on the PARP pathway was analyzed. RIPKBch a crucial mediator of necroptosis. For
this purpose, L929Ts, NIH3T3 cells naturally expreg RIPK3 and HEK293T, MCF-7 and HelLa
cells which lack endogenous RIPK3 expression werayaed for their ability to undergo TNF-
induced necroptosis and PARP-induced regulatedarscin line with the crucial functions of RIPK3
in necroptosis, L929Ts and NIH3T3 were sensitiveTtdF/zZVAD-induced necroptosis whereas
HEK293T, MCF-7 and HelLa cells were resistant to TAVAD/CHX treatment (Figure 14). In
contrast to necroptosis, both MNNG and MMS, a datiDNA-alkylating agent and activator of
PARP-1 (Gassmana al. 2012), uniformly induced loss of membrane intggnit all analyzed cell
lines (Figure 14). Further results obtained in léd@oratory substantiate that RIPK3 and also RIPK1
have no essential functions in the PARP pathwagr{&oVoigtet al. 2014).
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Figure 14: RIPKS is a crucial mediator of TNF-inducel necroptosis, but not in the PARP pathwayRIPK3-positive
(L929Ts, NIH3T3) or RIPK3-negative (HEK293T, MCF-7¢kh) were treated with 100 ng/mL TNF with addit@i20 pM
(NIH3T3) or 50 uM (293T, MCF-7, HeLa) zZVAD-fmk andnfy/mL (293T) or 0.25 pg/mL (MCF-7, HelLa) non-toxi¢iX
for 24 h or with 0.5 mM MNNG or 25 mM MMS for 15 miand further incubated for 16 h with fresh mediaithout
MNNG or MMS. Treatment with zZVAD/(CHX) alone served a control. Loss of membrane integrity was datexchby
flow cytometry. Representative data from one out of three expersname shown and error bars indicate the SD froeethr
measurements.

Conclusion: TNF and PARP-1 induce distinct routest o regulated necrosis

In this part of the study, the two most extensivelydied models of regulated necrosis (necroptosis
and PARP-induced regulated necrosis) were analgnddrevealed that TNF and MNNG can induce
regulated necrosis in L929 sublines, HT-29, Jurdit{3T3, HeLa, HEK293T and MCF-7 cells. The
depletion of intracellular ATP levels occurs lateridg TNF-induced necroptosis, implicating that
individual components of the PARP pathway are atéd as a secondary consequence during
necroptosis rather being the cause of necropteticlar disintegration. This was in contrast to the
rapid depletion of ATP following PARP-1 activatiog MNNG. Moreover, PARP-1 inhibition did not
alter TNF-induced necroptosis, whereas the MNNGied PARP pathway was blocked. The
interference with further components of the PAREhway revealed that JNK as well as cathepsin D
have no role in TNF-induced necroptosis. On thesiothend, interference with components of the
necroptosis pathway (e.g. RIPK3) did not alter BBRP pathway, suggesting that TNF-induced
necroptosis and PARP-1-mediated regulated necrepresent two distinct routes to necrotic PCD.

Further results performed in the laboratory suligtenthis hypothesis (Sosna, Voejal. 2014).

64



Results

5.2 Proteolysis is crucial for the regulation of TN F-induced necroptosis

In regulated necrosis, proteolysis of regulatortgirns appears to be an important execution
mechanism among others as described in sectiod.2,.2out the participating proteases and the
underlying molecular mechanisms are only margineltigracterized. Therefore, in work described in
this chapter, the focus was put on the identificatof new proteins participating in the proteolytic
regulation during necroptosis primarily induced ByYF/(zVAD/(CHX)). To this end, three different
approaches were utilized: (a) identification of tpeses whose inhibition blocks necroptosis,
especially serine proteases sensitive to TFCK @yHb-phenylalanine chloromethyl ketone; formerly
abbreviated TPCK; section 5.2.1), (b) RNAi scre¢asidentify proteases which, when down-
regulated, affect TNF-induced necroptosis (sechidh2) and (c) detection of new or known proteins
cleaved during necroptosis by immuno-magnetic énrent of TNF-R1-containing magnetic vesicles
in combination with proteomic technologies, e.g-RIGE and MALDI-TOF/TOF analyses (section
5.2.3). Furthermore, the analysis of the proteolytegradation of the potentially pro-necroptotic
protein (d) PGAMS5 and the characterization of thetgolytic maturation/activation of (e) A-SMase
during necroptosis was addressed and describegtiioss 5.2.4 and 5.2.5. In the last section ($.2.6
of this part of the presented thesis, the investgeaof the role of other peptidases such as pitsen
and the presenilin homologue signal-peptide-pepéidi&ke (SPPL) during TNF-induced necroptosis

was investigated.

5.2.1 Identification of HtrA2/Omi, PSALl, PMPCA and Lon protease as TFCK-sensitive
proteases mediating necroptosis

Inhibition of serine proteases, but not metalloproteases, cathepsin or calpain/cysteine
proteases protect cells from TNF-induced necroptosis

In order to investigate which class of proteasdsstiute for caspases during regulated necrosgs, th
effects of different protease inhibitors on TNFuieed necroptosis were investigated in murine
(L929Ts, NIH3T3) and human cell lines (U-937, HT-2arkat ATCC and Jurkat 142). In line with
previous findings(Thon et al. 2005, Sosna and Voigt al. 2013; Sosna, Voigtt al. 2014) and as
shown inFigure 15A, inhibitors of the cysteine proteasdbepsin L (zFF-fmk), cathepsin B/L (zFA-
fmk) as well as the broad spectrum calpain/cystpigease inhibitor E-64 did not protect U-937 gell
from TNF-induced necroptosis. Surprisingly, thehegisin B inhibitor Ca-074Me showed protection
from necroptotic cell death in U-937 cells. Thiswever, was not observed in other cell lines (Sosha
and Voigtet al. 2013) or with any of the other cysteine protdabkéitors studied here. It was shown
that the inhibitor Ca-074Me abrogated staurospendeced necrotic cell death in leukemia cells and
that this is independent of its inhibitory effeat oathepsin B (Mihalilet al. 2004). Moreover, the
same group reported that the inhibitor Ca-074Meaheathepsin B-independent target that plays a role
in necroptosis upstream of lysosomal breakdown éDetral. 2012) which may explain the protective

effect of Ca-074Me on TNF-induced necroptosis i83F-cells.
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Furthermore, pharmacological inhibition of acidteases (aspartyl peptidases) by pepstatin A showed
no decrease in the death response to TNF but rattemced necroptosis (Figure 15A). In summary,
these results demonstrate that calpain/cysteine aspdrtate proteases are not required for TNF-
induced necroptosis. Treatment of U-937 cells wheh proteasome inhibitor MG-132 did not prevent
the cells from TNF/zVAD-induced necroptosis (Figl®A). It was also investigated whether TNF-
induced necroptosis is regulated by metalloprotssa The broad-spectrum inhibitors of matrix
metalloproteinases, GM6001 and marimastat, nejphetected murine L929Ts cells, NIH3T3 cells
nor human U-937 cells from TNF-induced necropt¢Bigure 15B), additionally arguing against a

role of metalloproteinases as well as the proteasamd in this form of PCD.
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Figure 15: Inhibition of cathepsin or calpain/cysténe proteases and metalloproteases does not protedt937 cells
from TNF-induced necroptosis.(A) U-937 cells were pre-incubated for 2 h with 1 pNFR=fmk, 5 uM zFA-fmk or in
separate experiments with 1 uM Ca-074Me, 20 uM B6%# UM MG-132 in combination with 50 uM zVAD-fmk dn
subsequent addition of 100 ng/mL TNF for 24 h befoell death was analyzed. For pepstatin A incobatells were pre-
incubated for 24 h with or without 100 uM pepstafinfollowed by incubation with or without 100 ng/mLNF and

50 uM zVAD-fmk for 24 h. Subsequently, loss of meaite integrity was measured by flow cytometf) L929Ts,

NIH3T3 and U-937 cells were pre-incubated for 2ithveM6001 and marimastat as indicated and subseqdslition of
100 ng/mL TNF and 20 pM (L929Ts, NIH3T3) or 50 uM-937) zZVAD-fmk before cell death was analyzed. Thegrams
show the percentage of 10,000 analyzed cells lo#ieg membrane integrity. Representative data fmma out of two
experiments are shown and error bars indicate Ehr@n three measurements.
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In a next set of experiments, the effect of TFCKjrenibitor of chymotrypsin-like serine proteases,
TNF-induced necroptosis was investigated. As shawifrigure 16, TFCK significantly protected
murine L929Ts and NIH3T3 cells from TNF-induced mogtosis. Moreover, TFCK significantly
protected Jurkat cells and its subline 142 as e®MHT-29 and U-937 cells from necroptosis elicligd
TNF (Figure 16). Similar results were obtained wtith treatment of Nec-1, suggesting that TFCK can
block TNF-induced necroptosis (Figure 16). Takegetber, these results show clearly that serine
proteases participate in TNF-induced necroptosisa icell type- and species-independent manner,
whereas inhibition of metalloproteinases, calpaisifeine and aspartate proteases had no major impact

in this specific form of regulated necrosis.
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Figure 16: TFCK-specific serine proteases have an pact on TNF-induced necroptosisCells were stimulated with or
without 100 ng/mL TNF for 5 (L929Ts), 6 (Jurkat 426 (NIH3T3, HT-29), 20 (Jurkat) or 24 h (U-93®jth optional
addition of 20 (L929Ts, NIH3T3, HT-29, Jurkat 14@) 50 uM (Jurkat, U-937) of the pan-caspase inbibdVAD-fmk,
2 (Jurkat) or 5 pg/mL (HT-29) CHX and 50 (L929TsHSIT3, U-937) and 25 uM (Jurkat, Jurkat 142, HT-ZHCK, or
50 uM necrostatin 1 (Nec-1; to inhibit necroptasi&)bsequently, the cells were analyzed for logaerhbrane integrity by

means of Pl staining and flow cytometry. Asterigkdicate statistical significance (t-test), * < 0.001. Representative
data from three experiments are shown and erraribdicate SD from three parallel measurements.

Identification of HtrA2/Omi, PSA1 and PMPCA as TFCK-sensitive proteases mediating
necroptosis

To identify the TFCK-sensitive serine protease¢sponsible for TNF-dependent regulated necrosis, a
previously employed approach aiming to affinitygalonly a subset of proteases and subsequent
identification of proteins by means of MS (Eggeal. 2007) was adapted. In an initial experiment,
L929Ts cells were treated with TNF/zVAD in the mese of cell-permeable active-site-directed
fluorescently labeled TFCK-derivative (FFCK) to mdiéy serine proteases activated during TNF-
induced necroptosis. Micrographs in Figure 17A shbes necrotic-like morphology of cells treated
with TNF/zVAD in comparison to TNF/zZVAD/FFCK-treatecells, the latter being protected from
necroptosis induced by TNF. Already after 30 mimnaibation with FFCK, all cells were completely
labeled with FFCK (Figure 17B). After 5 h of incuioa (a timeframe expected to be sufficient to
activate the relevant serine protease(s)), lydates the cells were prepared and separated by SDS-
PAGE. Fluorescence analysis revealed bands ordytiacts from cells treated with FFCK but not in
extracts from control cells demonstrating succeéssfCK-labeling of the treated cells and no

background staining in untreated cells (Figure 17C)
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Figure 17: Labeling of L929Ts cells with a fluorescenactive-site-directed serine protease inhibitor (FEK). L929Ts
cells were either left untreated, treated with 24gOmL TNF and 20 uM zVAD-fmk or additionally withO5uM fluorescent
TFCK-derivate (FFCK) for 5 h(A) Micrographs show the morphology of unstimulated atimulated cells. Scale bar:
100 um. Black arrows mark necroptotic ce{B) Flow cytometric analysis of L929Ts cells. Red li@zlls stimulated with
TNF/zVAD/FFCK as in(A), black line: untreated control cells. 10,000 ceMsre analyzed for each measurement.
(C) Cytosolic extracts of cells treated as (i) were separated with technical assistance by JiFgisch (Christian-
Albrechts-University, Kiel, Germany) on a 6 - 15(%v) gradient SDS gel, and bands (black arrow)engsualized with a
scanner at green fluorescence. M: protein size enark

To increase the resolution of the FFCK-labeled bdodnd in the one dimensional SDS gel (Figure
17), cellular extracts labeled with FFCK were amalty by 2D-PAGE. L929Ts cells were treated with
TNF/zVAD and CHX (to enhance necroptosis) for Smthe presence of FFCK. Lysates were
separated by 2D-PAGE. Subsequent scanning for eflgent signals revealed 128 fluorescently
labeled protein spots (Figure 18). The labeledginospots were analyzed by MS, 80 were identified
with high and 28 with lesser confidence. As desatiln 4.2.14 proteins were considered identified
when either two peptides were identified with afwence intervak 99 % (p < 0.01) or three peptides
> 95% (p < 0.05). Due to non-specific backgrounddinig of FFCK, most of the 108 identified
proteins turned out to be non-proteases. Howenehjs first screen, the mitochondrial serine paste
high temperature requirement protein A2/Omi stneggilated endoprotease (HtrA2/Omi; Q9JIY5)
was identified with high confidence (Figure 18).eTidentification of HtrA2/Omi met strict criterid o
the MASCOT database search. Therefore, and beddws2/Omi has been associated with both
caspase-dependent apoptosis as well as caspapesideat regulated necrosis (Vande Watleal.
2010), this serine protease was considered a prayéandidate.
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Furthermore, in the same experiment, the mitochiahdrocessing peptidase subunit alpha (PMPCA;
Q9DC61) was identified which did not meet the hi@ginfidence criteria, but at least met the first
filtering criteria. Experiments to determine theolbgical relevance of PMPCA and its potential
association with necroptosis are described in @edii2.2. The remaining identified proteins were
non-proteases (data not shown). This might be dubd reported variety of pro- and anti-apoptotic
effects of the chymotrypsin-like serine proteaskiliiior TFCK (King et al. 2004; Rokhlinet al.
2004).
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Figure 18: HtrA2/Omi is a candidate serine proteaseinvolved in necroptosis.L929Ts cells were stimulated with
100 ng/mL TNF, 20 uM zVAD-fmk and 2 pg/mL CHX in cbmation with 50 uM fluorescent TFCK-derivate (FFCig)

5 h. Subsequently, cell lysates were separatedbye? electrophoresis and analyzed for proteinsfadieled by FFCK (left
panel, green), or for all separated protein spgtsthining with Flamingo™ Fluorescent gel stairglfti panel, red). The
protein spots were subsequently identified by nspestrometry. HtrA2/Omi is indicated by arrows. Tgreparation of the
2D gel was performed in collaboration with the graaf Ottmar Janssen (Christian-Albrechts-Universitigl, Germany)
and MALDI-TOF/TOF analyses of the isolated fluorsity labeled protein spots were performed in @alfation with the
group of Andreas Tholey (Christian-Albrechts-UnivgtsKiel, Germany).

To additionally identify candidate proteases whicly be activated at earlier time-points, the screen
with murine L929Ts cells was repeated and cellakdracts of cells treated with TNF/zZVAD/FFCK

for 30 min were additionally analyzed. The 2D gehf lysates after 30 min stimulation revealed 157
fluorescently labeled spots which were isolated idedtified by MS. In this screen, 71 proteins were
identified with high and 20 proteins with lessenfidence. From the proteins with lesser confidesce

part of the multicatalytic proteinase complex pasteme was identified with 9 peptide counts. This
proteasome subunit alpha type-1 (PSMAL or PSAL; IP3R was recently described to be involved in
sensitization of bortezomib-resistant leukemiascéfanget al. 2012) and was therefore considered a
promising candidate for further research purposes 6.2.2). The remaining identified proteins were

non-proteases (data not shown).
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Identification of the ATP-dependent Lon protease as a TFCK-sensitive protease

mediating necroptosis

The screen for serine-proteases was extendedetb lane of human origin, i.e. Jurkat 142. This Katr
subline is deficient for FADD and stably transfecteith TNF-R2 (Chanet al. 2003) and thus
susceptible to TNF-mediated cell death in the atxsef CHX. Cells were treated with TNF/zVAD to
induce necroptosis and labeled with FFCK for 30 ama 5 h. MS analysis of 145 proteins labeled
with FFCK from 30 min and 5 h lysates revealed B&gns with high and 16 with lesser confidence.
In this screen, the mitochondrial ATP-dependentgaree Lon (LONM; P36776) was identified in
lysates from cells treated with TNF/CHX/zVAD/FFCHBrf30 min, albeit with low confidence (Figure
19). The remaining identified proteins from lysatdgained after 30 min and 5 h stimulation were
non-proteases (data not shown). Since the mitoct@dnATP-dependent Lon protease has been
already associated with tumorigenesis mediatedhéygeneration of ROS (Chergal. 2013), it was

further analyzed as well (see section 5.2.2).
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Figure 19: Identification of the mitochondrial ATP-dependent protease Lon as a candidate serine protedseolved in
necroptosis.Jurkat 142 cells were stimulated with 100 ng/mLHA;X0 uM zVAD-fmk in combination with 50 uM FFCK for
30 min. Subsequently, lysates from cells were sapdrby 2D gel electrophoresis and analyzed foteprepots labeled by
FFCK (green). The labeled protein spots were sulesghyuisolated and identified by mass spectrometgn protease
(LONM) is indicated by the white arrows. The righitture shows the protein load (Flamingo™ stainfimgproteins; red)
after excision of green fluorescent protein spote preparation of the 2D gel was performed inadxtation with the group
of Ottmar Janssen (Christian-Albrechts-UniversityielK Germany) and MALDI-TOF/TOF analyses of the laded
fluorescently labeled protein spots were perforamedollaboration with the group of Andreas Thol&h(istian-Albrechts-
University, Kiel, Germany).
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The TFCK-sensitive serine protease HtrA2/Omi regulates necroptosis

As described above, the identification of HirA2/Omet strict criteria of the MASCOT database
search. Therefore, and because HtrA2/Omi has besmtiated with both caspase-dependent apoptosis
as well as caspase-independent regulated neckmisi¢ Walleet al. 2010), this serine protease was
considered a promising candidate. To investigatetidr HtrA2/Omi was indeed involved in the
execution of TNF-induced necroptosis, the activfyHtrA2/0Omi was blocked by pharmacological
inhibition with the specific inhibitor Ucf-101 (Ghtiet al. 2003). Treatment with Ucf-101 resulted in
protection of L929Ts, NIH3T3, Jurkat ATCC, Jurkat?2land U-937 cells from TNF-induced
necroptosis (Figure 20A). However, HT-29 cells shdwonly marginal protection from
TNF/zZVAD/CHX treatment when incubated with Ucf-1(Higure 20A). This might be explained by
the fact that other serine proteases might substitr HtrA2/Omi in a cell-type-specific manner.
Notably, in L929Ts cells treated for 5 h with TN¥#AD, the combination of Ucf-101 and TFCK did
not confer a stronger protection from necroptoBigure 20B). This observation suggests that both
inhibitors (Ucf-101 and TFCK) were acting via thearge signaling pathway or even both may target
HtrA2/Omi.

Since pharmacological inhibitors might have norefpe effects, MEFs derived from HtrA2/Omi-
deficient mice were used for further charactera@atf HtrA2/Omi in necroptosis. MEFs deficient for
HtrA2/Omi were fully protected from TNF-induced meptosis (Figure 20C), validating the results
with Ucf-101. Taken together, the above describbdeovations confirm that the serine protease
HtrA2/Omi is indeed a key mediator of TNF-inducestroptosis.
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Figure 20: The serine protease HtrA2/Omi mediates TNfnduced necroptosis.(A) Cells were left untreated, or were
pretreated for 2 h with 25 pM (Jurkat ATCC, Jurk&)ldr 50 pM (L929Ts, NIH3T3, HT-29, U-937) of UcB1 and further
incubated for 5 (L929Ts, U-937), 6 (Jurkat 142), (NH3T3, HT-29), 20 (Jurkat ATCC) or 24 h (U-937)til00 ng/mL
TNF, 20 pM (L929Ts, NIH3T3, HT-29) or 50 uM (Jurk&TCC, Jurkat 142, U-937) zVAD-fmk and 2 pg/mL (Jatk
ATCC, U-937) or 5 pug/mL (HT-29) CHX before cell deatlas analyzed by measuring loss of membrane ingegrit
(B) L929Ts cells were left untreated or were pretatith either 50 uM Ucf-101, 50 uM TFCK or a comkina of both as
above, followed by stimulation with TNF/zVAD/CHX asutlined above. At the end of the incubation tinedlsc were
analyzed as above(C) Wild-type (WT) and HtrA2/Omi-deficient MEFs weretiraulated with 100 ng/mL TNF,
20 uM zVAD-fmk and 1 pg/mL CHX or with zZVAD/CHX alorfer 16 h before cell death was measured by flotometry.
The diagrams show the percentage of 10,000 analyeksilosing their membrane integrity. Represewmtatiata from one
out of two experiments are shown and error barigdtel the SD from three measurements.

Conclusion: HtrA2/Omi is a key component of TNF-med  iated necroptosis and PSAL,
PMPCA and Lon protease are TFCK-sensitive proteases  potentially mediating
necroptosis

Using multiple murine and human cell systems, itldde shown that inhibition of serine proteases
by TFCK, but not inhibition of metalloproteasesthegpsin or calpain/cysteine proteases protects from
TNF-induced necroptosis, suggesting that serineepses are crucial for TNF-induced necroptosis. To
identify the corresponding TFCK-sensitive serinet@ase(s), necroptosis was induced in L929Ts or
Jurkat 142 cells to activate the relevant proteasesthe presence of an active-site-directed
fluorescently labeled TFCK-derivative. The labepedteins were resolved by 2D-PAGE, followed by
analysis via MALDI-TOF-MS and HtrA2/Omi was ideméfl as the most promising candidate (see
Sosna and Voigtt al. 2013). The importance of HtrA2/Omi in necroptosiss validated by showing
that pharmacological inhibition or genetic deletionHtrA2/Omi fully protects from TNF-induced
necroptosis. In the proteomic screen for TFCK-demsproteases that participate in necroptosigethr
further candidates were identified: Lon proteasePSA1 and PMPCA. These proteases were

investigated with regard to their exact functiorthie signaling pathways of necroptosis after manual
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transfection of HT-29 and U-937 cells with the dfiecsiRNA which is shown in the following

section of the study.

5.2.2 RNAI screen to identify proteases that regula  te necroptosis

Identification of candidate proteases participating in necroptosis in a robotic high-
throughput RNAI screen

To identify proteases which protect from or enharnegulated necrosis, a complementary siRNA
screen of all proteases encoded by the human gemasi@erformed in collaboration with the group
of Philip Rosenstiel (Christian-Albrechts-UniveysiKiel, Germany), who provided the siRNA library

as well as the instrument-based structure, expeatisl performed the robotic part of the screens.

The screen was performed using the human colorad&iocarcinoma cell line HT-29. The setup of
the screen was related to previous work from Liging al. (2012) identifying mediators of

intracellular nucleotide-binding oligomerizationrdain-2 (NOD2) receptor signaling. The Silencer
Human Genome siRNA library, Version 3 covering 8%,6luman genes with 3 individual sSiRNAs per
gene (65,061 siRNAs in total) was used to idenpifgteases potentially involved in TNF-induced
necroptosis. The experimental set up is depictddgare 5A and 5B and is described in section 4.2.4
For control of transfection efficacy, control siRElAargeting known regulators of necroptosis
(i.,e. RIPK1, RIPK3 as well as TNF-R1) were addedhe screen. The down-regulation of these
control proteins significantly reduced the sengigivof HT-29 cells to TNF-induced necroptosis
(Figure 21A). Down-regulation of HtrA2/Omi served an internal negative control, since it was
shown that down-regulation of HtrA2/Omi does ndeaff TNF-induced necroptosis (Sosnha and Voigt
et al. 2013; Figure 21A). Of note, the importance of HI@mi in necroptosis was validated by
showing that pharmacological inhibition or genetaletion of HtrA2/Omi fully protects from TNF-

induced necroptosis (see 5.2.1).

In the initial screen, 21.25 % of all single siRM#s passed the threshold (normalized fold-indunctio
values> 1.5 or< -1.5). To further narrow down the list and to miige false positives, the effects of
down-regulation of the three individual siRNAs mmne were compared. The following rules for
positive candidate genes were defined: (a) gerssatbre represented by two or three siRNAs above
the fold-induction threshold, and (b) genes witlirgle siRNA above the fold-induction threshold and
with two other siRNAs pointing in the same direntias the single siRNA passing the threshold.
Using these rules, 7 proteases were found thabooefd to criterion (a), with the strongest effestor
being caspase-8, cylindromatosis (CYLD) and CFLARELIP). Furthermore, 33 proteases met the
criteria for (b). In total, the first robotic screédentified 40 proteases which, when down-regdlate
caused increased (37 %) or reduced sensitivity4h30 TNF-induced necroptosis (Figure 21B and

Supplementary Table S1).

73



Results

A second robotic screen was performed using thea#@idates meeting the described criteria (Figure
21B and Supplementary Table S1) and the same ysitid negative controls. After analysis of the
results, the list of candidates was narrowed dawhOtproteases with pronounced (and six candidates
with less pronounced) effects, again identifyingSE8, CYLD and c-FLIP as the strongest effectors
(Table 4).

A
12 potentiation of
@ = necroptosis
3 g 1.04  (negative regulators)
= pmtection_from
o necroptosis
S ‘Z: 0.8+ (positive regulators)
4
e g 067
° -
g g 0.4
-
T =
5 2 0.2+
=
0.0-
- M = ™
¥ ¥ X é
oo
xEzh
» T e
TNF/zVADICHX
B
l. screen Il. screen

40 candidate proteases
whose down-regulation protects from
or enhances necroptosis

-
»

Figure 21: High-throughput siRNA screen for proteags participating in necroptosis.(A) Exemplary control experiment
using HT-29 cells transfected with either positbantrol siRNA (RIPK1, RIPK3, TNF-R1) or HTRA2 siRNA (&D nM).
After 72 h, necroptosis was induced by additiod@® ng/mL TNF, 20 uM zVAD-fmk and 5 pg/mL CHX. ATEvkls were
measured 20 h after stimulation. Fold inductiorueal were calculated by means of normalization ability to control
siRNA of HTRAZ2.(B) In the first screen, a total of 40 candidates tietfold induction threshold and were re-screemedl i
second screen yielding 16 candidate hits. Candide¢es divided into positive (down-regulation deses cell death after
TNF/zVAD/CHX stimulation compared to control transtied cells) and negative regulators (enhancemetelbtleath after
down-regulation). The complementary siRNA screen pagormed in collaboration with the group of RhiRosenstiel
(Christian-Albrechts-University, Kiel, Germany).
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Table 4: Proteases identified to have a positive aregative effect on TNF-induced necroptosiShese 16 proteases meet
the criteria for candidate proteases. Citationsiigkhese proteases to programmed cell death (P@Dljsted in the last
column. For all proteases identified, the relatetenence sequence number from the National Cent&iaiéchnology
Information and their individual accession numbrer lested.

Protease Abbreviation Reference sequence Accession Number Link to PCD
A disintegrin and metalloproteinase with
thrombospondin motifs 18 ADAMTS18 NM_199355 Q8TE60
Aminopeptidase Q AP-Q NM_173800 Q6Q4G3
ATP-dependent zinc metalloprotease
YME1L1 YME1L1 NM_139312 Q96TA2 Stiburek et al. 2012
Carboxypeptidase Q CBPQ NM_016134 Q9Y646 -
Caspase-8 CASP8 NM_001228 Q14790 Kaczmarek et al. 2013
CasperFLIP CFLAR NM_003879 015519 Kaczmarek et al. 2013
Cylindromatosis protein CYLD NM_015247 QINQC7 Kaczmarek et al. 2013
Dihydropyrimidinase-related protein 3 DPYL3 NM_001387 Q14195 -
Dihydropyrimidinase-related protein 4 DPYL4 NM_006426 Q14531 Kimura et al. 2011
Dipeptidyl peptidase 8 DPP8 NM_197960 Q6V1X1 -
Gamma-glutamyltranspeptidase 1 GGT1 NM_005265 P19440 Boonyanugomol et al. 2012
Insulysin DIE NM_004969 P14735 -
Meprin 1 beta MEP1B NM_005925 Q16820 Carmago et al. 2002
Pre-mRNA-processing-splicing factor 8 |PRPF8 NM_006445 Q6P2Q9 Tapia-Vieyra et al. 2005
Stromelysin-1 MMP3 NM_002422 P08254 Sternlicht et al. 1999
Transmembrane protease serine 11E DESC NM_014058 Q9UL52 Viloria et al. 2007

Manual validation of candidate proteases and TFCK-sensitive proteases in HT-29 cells

Subsequently, candidates with a published link@®DRTable 4) were selected and analyzed for their
potential to enhance or decrease TNF-induced ntsisp The third screen was performed manually
using newly obtained and independent siRNA pooldndividual siRNAs (see Table 1) for the

10 candidates to exclude off-target effects offtlmmerly utilized siRNAs.

Again, positive (RIPK3, TNF-R1) and negative cofgr¢gcommercial non-targeting siRNA and
HTRAZ2 siRNA) were present in every experiment. Bfaoted HT-29 cells, where RIPK3 and TNF-
R1 was down-regulated showed decreased TNF-indneedoptosis whereas cell death was not
prevented by HTRAZ2-specific siRNA transfection (g 22A). Moreover, lysates of SiRNA-
transfected HT-29 cells were analyzed by Westeoh &hd showed successful down-regulation of
representative positive (RIPK3), negative (HTRABhtrols and exemplarily the candidate protease
caspase-8 (CASP8; Figure 22B).

The list of candidate siRNA genes was extendedhipget further candidates (PMPCA, PSAl and
LONM; see section 5.2.1) which were identified dgrithe proteomic screen for TFCK-sensitive
proteases participating in regulated necrosis. Deegulation of the proteases DESC, GGT1, PRPF8
and CFLAR resulted in increased cell death. Dovwguiation of CASP8 and CYLD on the other hand
resulted in decreased cell death (Figure 23). Tdmaming candidates from the siRNA screen
(MMP3, MEP1B, YME1L1) showed only marginal effe¢tavards TNF-induced necroptosis when
compared to control transfected and treated HT-@B.cLikewise, the transfection of HT-29 cells
with siRNAs for LONM, PSA1 and PMPCA did not resuitenhanced or decreased TNF-induced
necroptosis (Figure 23). This lack of effects maguit from an insufficient reduction of proteolytic

activity by incomplete down-regulation which mighot yet be sufficient to inhibit or enhance the
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death response. To further analyze the effectbefcandidate proteases, pharmacological inhibitory

studies and direct genetic approaches will be redui
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Figure 22: Exemplary control experiment for the vaidation of candidate proteases in HT-29 cell§A) Intracellular
ATP measurement of HT-29 cells transfected with $iRNpecific for either human RIPK3, TNF-R1 (intermalsitive
control), HTRA2 (negative control) or control siRNA&IiCtr). After 72 h, cells were treated with 100 nb/fNF, 20 uM
zVAD-fmk and 5 pg/mL CHX before intracellular ATPvis were determined after 20 h of stimulationoEbrars show the
respective SD from five parallel measureme(®3.Control Western blots of transfected (siRIPK3, siAiPRand siCASP8)
but untreated cells were performed to verify dowgulation of the endogenous proteins. Detectiomabdin served as a
loading control. Here, the diagram and Western afalysis show one representative experiment wivieh performed for
each siRNA transfection independently.
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Figure 23: Validation of 13 candidate proteases iT-29 cells. The specific SIRNA of the 10 candidates identifiexin
the siRNA screen (two separate experiments) ankeofiiree candidates from the TFCK-screen were watesf into HT-29
cells and stimulated with 100 ng/mL TNF, 20 uM zVAmRk and 5 pg/mL CHX for 20 h. Data show relativahility units
of HT-29 cells normalized to cells transfected wéthntrol sSiRNA. Experiments were repeated three qi@ASP8, DESC,
MMP3, CYLD, GGT1, PRPF8, DPYL4, CFLAR) or four timedEP1B, YME1L1, LONM, PSA1l, PMPCA).Values above
the grey line indicate candidates whose down-réiguigootentiates necroptosis or below the grey lirdicate candidates
that possibly protect from necroptosis when dowgutated.
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Manual validation of candidate proteases and TFCK-sensitive proteases in U-937 cells

The validation of candidate proteases was extetwlad additional human cell line (U-937 cells) and
flow cytometry was performed in parallel to ATP éévmeasurements to measure loss of membrane
integrity as an additional read-out for cell de@fgure 24A,B). Control transfections (RIPK3, TNF-
R1 and HTRA2 as negative control siRNAs) were prese every experiment and revealed
essentially the same trends as observed in HT-B® @egure 24C,D). The transfection of siRNAs
targeting the candidate proteases DESC, MMP3, CFlad@ PMPCA showed increased loss of
intracellular ATP indicating increased cell deakig(re 24A). In addition, these cells showed an
increased loss of membrane integrity as measurekiebincorporation of Pl (Figure 24B). U-937 cells
transfected with siRNA targeting GGT1, PRPF8, DPYdrid PSAL likewise showed an increase in
cell death compared to cells transfected with negatontrol siRNA (Figure 24B). Remarkably, an
increase in ATP level was detected in cells trastetewith PRPF8 siRNA which is in contrast to the
flow cytometric measurement (Figure 24A,B). As gossible explanation for this result, the increase
in ATP levels might be due to cell death unrelatffécts because two independent studies reported
that intracellular levels of ATP can vary in respero cell death unrelated stimuli (Hahn-Windgassen
et al. 2005; Galluzziet al. 2011). As a result, measurement of loss of menabiategrity was
additionally performed to validate the effects afh-regulation of candidate proteases. Cell death
levels of cells with down-regulated CASP8, CYLD avi&P1B were decreased when determined by
detection of ATP levels (Figure 24A). This was alage for CYLD siRNA transfected U-937 cells
determined by PI-staining (Figure 24B). However,SBX8 and MEP1B siRNA transfected U-937 cells
showed no decrease in loss of membrane integntygesting that the measured ATP depletion
occurred earlier than the onset of cell death. Dosgulation of LONM and YME1L1 showed no
effect in both approaches (Figure 24A,B).

A
ATP levels:
TFCK-
candidates obtained from the siRNA screen candidates
E 2-
c©
on
‘c"__.:S 1.5
o
28
zs 11
S E
©
L, 0.5
O_moﬂgrwﬂ-mm‘-E‘—q:
A ¢pp @ O k- L Jd g« Jd 5 g 0
2GS 58EEi8E32¢8
o o s 00 e 05 s = - E
>.
[siRNA]

77



Results

B
Loss of membrane integrity:
TFCK-
95 candidates obtained from the siRNA screen candidates
T 2-
c8
gm
*gs 1.5
°
23
s 11
L 0.5
O_MQMQFmﬁsz - <
ﬂ.mn._||—u._|<p_lgtto
"2"”5>’°&Ed&50‘£“‘
>
[siRNA]
Cc D
120 b 2 2
3 3 3
— _‘ T C= P — o~ s -]
g 18 g . K g LB g .3
G £ 8z £ 8k £ 83
% 80 S % % kD S % @ kD S % & kD
s
= 60 WB:RIPK3 === 3 H{A? e 36 Caspase-8 == s - 57
2
i’ 804 WB: ACtIN e 42 ACHN e = 42 Actin e 12
-
< 204
0
EESEY
0 O ¢
w e Low E
rZzT
n ==
n w
TNFEVADICHX

Figure 24: Validation of 13 candidate proteases itJ-937 cells. (A-B)siRNAs of the 10 candidates identified from the
SiRNA screen were transfected into U-937 cells f8rh4 Subsequently, cells were stimulated with 1G@mh TNF,
50 uM zVAD-fmk and 0.1 pg/mL CHX for 24 h. Data shaelative viability units of U-937 cells normalized cells
transfected with control siRNA eith¢A) measured by intracellular ATP levels @) by flow cytometry measuring PI-
positive cells. Experiments were repeated twice $€8, DESC, MMP3, CYLD, GGT1, PRPF8, DPYL4, CFLAR) luree
times (MEP1B, YME1L1, LONM, PSA1l, PMPCA). Values abahe grey line indicate candidates whose downietign
potentiates necroptosis or below the grey line cati candidates that possibly protect from necmiptavhen down-
regulated.(C) Exemplary control experiment showing intracellulsfP measurement of U-937 cells transfected with
siRNAs specific for either human RIPK3, TNF-R1 (int@rpositive control), HTRA2 (negative control) orntml siRNA
(siCtr). After 48 h, cells were treated with 200mg/TNF, 50 pM zVAD-fmk and 0.1 pg/mL CHX before iatellular ATP
levels were determined after 24 h of stimulatiom:oE bars show the respective SD from five paraffedasurements.
(D) Control Western blots of transfected (siRIPK3, siHPR#&nd siCASP8) but untreated cells were performedetdy
down-regulation of the endogenous proteins. Dairatif actin served as a loading control. Here,dilagram and Western
blot analysis show one representative experimeithviras performed for each siRNA transfection incejeatly.
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The role of meprin B8 during TNF- and TRAIL-induced necroptosis

Meprin B (MEP1B), as among 4 other metalloproteases (DPY®RPF8, MMP3, YME1L1), was
identified during the siRNA screen as a candidatetgase possibly involved in TNF-induced
necroptosis (Table 4). In initial experiments totlier investigate the role of MEP1B in necroptosis,
HT-29 cells were transiently transfected with plasrencoding wild-type MEP1B or a proteolytically
inactive MEP1B mutant (E90A). Cells were stimulatgth TNF/zVAD/CHX or TRAIL/zZVAD/CHX

to induce necroptosis. Measuring loss of membrategiity as well as ATP levels revealed that
transient overexpression of MEP1B in HT-29 cellsde to increased cell death rates after treatment
with TNF/zZVAD/CHX when compared to non-transfecteells (Figure 25). This effect was only
marginally seen in cells treated with TRAIL/zVAD/GH suggesting differences in the signal
transduction pathways of TNF- and TRAIL-induced noptosis. Treatment of cells with
TNF/zVAD/CHX or TRAIL/zVAD/CHX in combination withNec-1 was performed as a control and
verified that transfected HT-29 cells indeed undergecroptosis (Figure 25). Interestingly, cells
expressing the inactive MEP1B mutant also showerkased cell death levels after stimulation with
TNF as well as TRAIL/zZVAD/CHX (Figure 25). In comdlion, the analysis of MEP1B function
suggests that the catalytic activity of MEP1B hastgrtive effects in TNF-induced necroptosis.
Nevertheless, these preliminary data should betauotisted by loss of gene function studies and by

studying the effects of MEP1B-specific inhibitorsfuture experiments.
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Figure 25: Role of MEP1B during necroptosis.HT-29 cells were transiently transfected with wijgpe MEP1B or an
inactive MEP1B mutant (MEPT8") for 72 h before cell death was induced by treatmeth either 100 ng/mL TNF or
TRAIL in combination with 20 uM zVAD-fmk and 5 pgImCHX. The addition of 50 uM Nec-1 to TNF/zVAD/CHX+ o
TRAIL/zZVAD/CHX-treated cells served as a control fegcroptosis. After 20 h, cell death was analyzgdneasuring loss
of membrane integrity (left) and decrease of irgHatar ATP levels (right). One out of three expeents is shown. Error
bars indicate the SD from three parallel measurésnen
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Conclusion: Five novel proteases enhance necroptosi s upon down-regulation

In a complementary siRNA screen of all proteaseso@ed by the human genome, caspase-8
(CASP8), CYLD and c-FLIP (CFLAR), proteins that regent key regulators of necroptosis, were
identified, confirming the functionality of the s@mn. Subsequently, a second robotic screen was
performed using the siRNAs of the 40 best candidated again identifying CASP8, CYLD and
CFLAR as the strongest effectors. The second scregrowed down the list of candidates to
10 proteases with pronounced and six candidatds legis pronounced effect. In a third, manually
performed screen, it could be confirmed that thedkates (CASP8, CYLD, CFLAR, DESC, MMP3,
GGT1, PRPF8 and DPYL4) affect necroptosis upon dmgulation in HT-29 as well as U-937 cells
as two independent human systems for necroptosisektr, the precise role of these proteases in cell
death, and in particular, in necroptosis is stikinown. The down-regulation of MEP1B did not affect
necroptosis in HT-29 and U-937 cells, but studiedD-29 cells transiently transfected with plasmids
encoding MEP1B showed increased cell death ratédlfrinduced necroptosis, suggesting a possible

role of MEP1B during TNF-induced necroptosis.

5.2.3 Identification of new proteins that are cleav  ed or differentially expressed during
necroptosis as potential candidate regulators of ne croptosis

After binding to its ligand TNF, the internalizatiof the activated TNF-R1 is an essential preréguis
for recruiting the DISC to the TNF-R1 and the wiitbn of pro-apoptotic signaling. Subsequently,
TNF-R1-containing vesicles fuse with endosomal cartipents containing further signaling
molecules, leading to the formation of multivesazubodies which are capable of mediating apoptosis
(Schneider-Brachest al. 2004). To analyze such TNF-R1-containing vesjcd@simmuno-magnetic
separation procedure has been utilized in prevstudies (Tchikot al. 2014). In order to enrich and
identify proteins recruited to or cleaved in theinity of the TNF-R1, this immuno-magnetic
separation procedure was adapted for the isolatiofiNF-R1-containing vesicles under necroptotic

conditions.

The ligands TNF60-Fc and TNFwt-Fc can induce necroptosis in U-937 and L929Ts cells

Before TNF-R1-containing vesicles can be enrichath ihe above described immuno-magnetic
separation, the TNF-R1 must be prelabeled with aggeéd TNF-ligands coupled to Protein G
magnetic nanoparticles (see 4.2.15.4). In ordéesbthe biological activity of the purified Fc-tey
TNF-ligands (Figure 26A; see 4.2.15.3), loss of romme integrity was measured using murine
L929Ts and human U-937 cells treated either witmmercially available TNF or TNFwt-Fc or
TNF60-Fc in combination with zZVAD-fmk to induce meptosis (Figure 26B). Although human TNF
and murine TNF are very homologous, human TNF by to murine TNF-R1 (Ameloogt al.
2001). Therefore, the human TNFwt-Fc ligand waslusetrigger necroptosis via TNF-R1 in murine
L929Ts cells. Because TNFwt-Fc would bind to botiman TNF-R1 and TNF-R2 (Tartaglé al.
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1993) in human U-937 cells, these cells were aedlyasing the ligand TNF60-Fc which binds

exclusively to the human TNF-R1. As shown in FigRé®, both cell lines displayed the same levels
of cell death after treatment with either TNF og 8pecific TNF-Fc ligands. Therefore, the Fc-tagged
ligands were used for further studies analyzing IRIFinternalization and magnetically enriched

TNF-R1-containing vesicles.
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Figure 26: Biological activity of TNF ligands. (A)HEK293T cells were transfected with plasmids efmgpdor TNFwt-Fc
or TNF60-Fc and the TNF-ligands were purified ascdibed in 4.2.15.3. The supernatant of transfebtE&293T cells
(input), the different elution fractions (#1-#4)tlithe respective TNF ligand and the flow-throudhhe Protein G column
were separated on a 10 % SDS-gel. The Westernshtws either TNFwt-F¢upper panel) or TNF60-Fc(lower panel)
protein levels detected with anti-TNF antibodi®). Loss of membrane integrity was measured after @4gtimulation with
either commercially available TNF (100 ng/mL) or Oly/mL TNFwt-Fc or TNF60-Fc in combination with
20 uM (L929Ts) or 50 uM (U-937) zVAD-fmk using flomytometry. Representative data show three paralgsurements
and the experiment was repeated three times. Bamsrindicate the SD from three parallel measurésnen

TNF-RL1 is internalized upon induction of necroptosis

Next, it was analyzed whether TNF-R1 internalizatigopon induction of necroptosis occurred in the
same manner as after induction of apoptosis. Fsr gbrpose, U-937 cells were incubated with
TNF60-Fc with (to induce necroptosis) or withoutAY-fmk (to induce apoptosis) either on ice to
block endocytosis or at 37 °C for various time-p®ito permit internalization. After the time-points
indicated in Figure 27A, cell surface-associatgands were labeled and the fluorescence intensity
was measured by flow cytometry. Increasing the tapre to 37 °C resulted in a decrease of
fluorescence intensity first detected after 5 mid groceeding for up to 60 min (Figure 27A,B;
apoptosis). Cells pre-incubated with zZVAD-fmk altowed a loss of fluorescence intensity (Figure
27A,B; necroptosis). To confirm that the loss & fluorescence signal was due to the internalimatio
of the TNF-R1, cells were incubated with TNF60-FXD and an inhibitor of dynamin-dependent
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endocytosis (dynasore). As shown in Figure 27Cderease in fluorescence intensity and therefore
the internalization of TNF60-Fc was almost compiebtocked by dynasore, confirming that TNF-R1
is internalized during necroptosis.
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Figure 27: Determination of TNF-R1 internalization by flow cytometry. (A) U-937 cells were treated with 100 ng/mL
TNF60-Fc without (induction of apoptosis) or witregreatment with 50 uM zVAD-fmk (to induce necrogis). Cells were
kept on ice (0 min; black) or internalization wasluced by shifting the cells to 37 °C for 5, 10, (2&d), 30 and 40 min
(blue) of internalization. TNF-R1 remaining on thall surface of U-937 cells was labeled using Pro@iAlexa Fluor®
488. The fluorescence intensity was measured hy égtometry. The graphs representing cells measaifted 5, 10, 30, 50
and 60 min are not shown for clarity of presentatiB) The entire time kinetic was used for calculation tbé
internalization rate normalized to cells kept oe {6 min). The graph compares the internalizatate of cells undergoing
necroptosis (white bars) or apoptosis (black b&&)U-937 cells were pre-treated with 50 uM zVAD-frrk @ove with or
without 50 uM dynasore. Cells were subsequentlyteéctavith 100 ng/mL TNF60-Fc to induce necroptofis 20 and
40 min respectively. In all experiments, 10,000scefere analysed for each measurement. One repaéiserexperiment out
of four is shown.

Subsequently, the internalization capacity of marifNF-R1 after induction of necroptosis was

analyzed in L929Ts cells by confocal microscopy.r Fois purpose, cells were labeled with
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biotinylated TNF in combination with streptavidinlea Fluor® 488 and counterstained for the
endosomal marker Ras-related protein 5 (Rab5). d,n.929 cells die exclusively by regulated
necrosis when treated with TNF (Vercamnetral. 1998a; Strelowet al. 2000; Thonet al. 2005),

therefore, no addition of zZVAD-fmk was required.ll€&ept on ice (0 min) showed clear labeling of
TNF-R1 on the cell surface, and no TNF-R1 appetoduke internalized. After 15 min incubation at
37 °C and induction of necroptosis, a small fractid Rab5-positive endocytic vesicles also conthine
labeled TNF-R1. The number of Rab5 positive, TNFeRftaining vesicles increased further at later
time-points (Figure 28), confirming the internatioa of TNF-R1 during TNF-induced necroptosis.

Biotin-TNF Rab5 DAPI Merge

[min]
0

Figure 28: TNF-R1 is internalized upon induction of necroptosis. L929Ts cells were incubated with Biotin-TNF
(100 ng/mL) in combination with streptavidin Alekéuor® 488 (green) at 37 °C for the indicated tinméAps. Subsequently,
cells were stained with rablitRab5 antibodies followed by Alexa Fluor® 555-donkesabbit antibodies to stain Rab5
(red) and the nuclei was stained with DAPI (blug)dascribed in section 4.2.16.3. A co-localizai®indicated by yellow

staining and representative events were markedwiite arrows. Scale bar: 100 um.
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Furthermore, the interaction of internalized TNF-&1d RIPK1 as a crucial mediator of necroptosis
was analyzed by intracellular co-localization sésdiln L929Ts cells, RIPK1 was localized in the
cytoplasm. After internalization of the TNF-R1 l3dxk with Biotin-TNF/streptavidin Alexa Fluor®
488, intracellular co-localization with RIPK1 (1dmmFigure 29) was observed, suggesting that after
internalization, the TNF-R1 gets in close contawtRIPK1 as a requirement for induction of

necroptosis.

Biotin-TNF RIPK1 DAPI Merge

[min]
0
10 . . . !

Figure 29: Stimulation with TNF leads to co-localiation of internalized TNF-R1 with RIPK1. L929Ts cells were
stimulated with 100 ng/mL biotinylated TNF (BiotilNF) in combination with streptavidin Alexa Fluor@®& (green)for
10 min at 37 °C. Nuclei were stained with DAPI (§laed RIPK1 was stained using mowsB{PK1 antibodies and goat-

mouse Alexa Fluor®555 (red) as described in secti@il6.3. White arrows indicate intracellular oadlization which is
indicated by yellow staining (merge). Scale baBspin.

To investigate the localization of TNF-R1 after Thgand induced necroptosis with the above
described TNF-Fc ligands, L929Ts cells were lab&#d TNFwt-Fc in combination with Protein G-
Alexa Fluor® 488. The internalization was perfornieanedium with the fluid phase marker TRITC-
Dextran to study endocytosed vesicles. Before rialeration was started (0 min), cells showed clear
labeling of TNF-R1 on the cell surface, and no TRIF-appeared to be internalized. After
internalization was started (37 °C), simultaneaumunofluorescence detection of endocytic vesicles
and TNF-R1 revealed a time-dependent appearandeRBFC-Dextran-labeled endocytic vesicles
containing labeled TNF-R1 (Figure 30A). The obstoraof TRITC-Dextran vesicles containing
labeled TNF-R1 confirmed that TNFwt-Fc treatmend dinus induction of necroptosis leads to the

internalization of murine TNF-R1 into endocytic ie#ss.

In U-937 cells, the simultaneous detection of egtlowesicles (TRITC-Dextran positive) and labeled
TNF-R1 was not possible because the labeling db aeith TRITC-Dextran revealed no signal.
Nevertheless, before internalization was startemi(), cells showed clear labeling of TNF-R1 on the

cell surface. After internalization was started {8, the intensity of labeled TNF-R1 was increased
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within the cell (Figure 30B). These clusters of FRE were present already after 10 min of
internalization and at later time-points, indicgtithat TNF-R1 is also internalized into endocytic
vesicles in U-937 cells.

The above results demonstrated the biological iactof the TNF-Fc ligands and that TNF-R1 is
internalized upon induction of necroptosis into @ndic vesicles, providing the basis for subsequent
isolation of the, necroptotic TNF-R1-containing ibss with the described immuno-magnetic
separation procedure, and thus for the identificatif proteins recruited into or cleaved at theniig

of the TNF-R1 during necroptosis.
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B U-937:
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Figure 30: Immunofluorescence of TNF-R1-localization(A) L929Ts cells were pre-incubated with 20 uM zVADkKffor
30 min and further 1 h with TNFwt-Fc/Protein G-Ate¥luor® 488 (green) on ice. Cells were kept on (izenin) or
internalization was induced by incubating cell8at°C in the presence of the fluid phase marker TRDEQtran (red) for
the indicated time-points. White arrows indicatsiéins of endocytosed vesicles with labeled TNF-Riclis indicated by
yellow staining (merge)(B) U-937 cells were pre-incubated with 50 uM zVAD-fnfir 30 min and followed by
1 h incubation with TNF60-Fc/Protein G-Alexa FluodB8 (green) on ice. Cells were kept on ice (0O mminternalization
was induced by incubating cells at 37 °C in the gmes of the fluid phase marker TRITC-Dextran for iti#icated time-
points. The labeling of U-937 cells with TRITC-Deatrrevealed no signal and is therefore not showatldilwere stained
with DAPI (blue). Scale bar: 10 pum.
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Characterization of necroptotic TNF-R1-containing vesicles in L929Ts cells

As a prerequisite for the identification of pro®ideaved during TNF-mediated necroptosis by 2D-
DIGE analysis, the magnetically isolated vesiclad first to be characterized at the protein lewel t
confirm the successful enrichment of TNF-R1-contajrvesicles. For this purpose, the TNF-R1 of
L929Ts cells was labeled with TNFwt-Fc and magnélmotein G-coupled micro-beads in the
presence of zZVAD-fmk on ice. TNF-R1 internalizatiwas induced for 10 to 40 min and lysates were
prepared as described in 4.2.15.4. Subsequently, nlagnetic fractions containing potential
internalized TNF-R1 vesicles were isolated, subjgdb SDS-PAGE and analyzed by Western blot
(Figure 31). As shown in Figure 31A, the commelgialvailable antibody directed against human
TNF-R1 detected the receptor in the fractions froarine cells only poorly. Since detection of TNF-
R1 is essential for quantification of the magnétactions, densitometry analyses were performed to
guantify the enrichment of TNF-R1-containing vesscl(Figure 31A, lower panel). Western blot
analysis additionally revealed that the adaptortgimoRIPK1 was accumulated in the receptor
containing vesicles after 10 min of internalizatiomline with the necroptotic character of the TNF
R1-containing vesicles. Moreover, vesicles fromfaddnt time-points of TNF-R1 internalization
contained the marker protein of early endosomeb5Ras well as the lysosome-associated membrane
glycoprotein 1 (LAMP-1; Figure 31A), showing thdtet TNF-R1 was localized in multivesicular
bodies. As an independent verification of thesdifigs, Figure 31B shows a time kinetic of magnetic
fractions prepared and measured by means of caomahtWestern blot which was performed by
Vladimir Tchikov (Christian-Albrechts-University, i&l, Germany). In this experiment, Western blot
analysis of TNF-R1 demonstrated the successfutiement of internalized magnetically labeled TNF-
R1-containing vesicles, because isolated magnetations contained increasing amounts of Rab5 and
accumulated the lysosomal protein LAMP-1 with iragieg time. As shown in Figure 31B, TNF
stimulation accumulated both RIPK1 and RIPK3 to TidF-R1-containing magnetic vesicles with
rapid and transient kinetics, as expected afteinihaction of necroptosis. Furthermore, no cleawaige
caspase-7 and -8 was detected (Figure 31B), censigiith the fact that caspases are not activated
(and thus not cleaved) during necroptosis. Dueatwsistently low protein yield during large scale
isolation and enrichment of TNF-R1 magnetic fratsio2D-DIGE analyses of magnetic TNF-R1-

containing vesicles from L929Ts cells were not aartdd.

87



Results

A £ | nFR1 magnetic fractions B € | TINFR1 magnetic fracﬁons
K = 40 Time [min] K = 40 Time [min]
* *
RN MM
12 e [t e Sl D et < RIPKA
2 o i - — — - RIPK1
T e [ - - <+ RIPK3
25 e —— — am— %+ Rab5 25 . — i — w4 Rab5
110 A D - v
1o R e e
T § SRR <+ pro caspase-8
6 TNF-R1 45 - - membrane-bound
i' = = — | e cleaved caspase-8
3 '] : ' ’
s 1
S = 04
3] 26
s RIPK1 | -
E o g: . cleaved caspase-8
E 3 3: ﬁ .' ' 'I 0 i =
5o 2 { e -
a8
E= 4 ¥
© Rab5 35 |71 ' i
2 g & a - | = pro caspase-7
c 6 2
S e 4]
b — -
ST 21
S 5 1
Em O
3= LAMP-1
S 6
< E:
3‘-‘-_IJ_I_I;
24
7]
0

Figure 31: TNF-dependent accumulation of proteins tamecroptotic TNF-R1 magnetic fractions.(A) Magnetic fractions
harboring TNF-R1-containing vesicles were derivaarfrL929Ts cells after stimulation with 100 ng/mL FM-Fc for the
indicated times. 3 pg of protein were immunobloti@dpresence/accumulation of endogenous TNF-R1, RJRK well as
Rab5 and LAMP-1 as endosomal and lysosomal markespectively. Untreated protein cell extracts wesed as control
(lysate). A quantitative analysis of the x-fold aswlation of the above analyzed proteins is showlovw. Values are
normalized to 0 min(B) In an independent experiment, the magnetic frastiwere prepared and measured by means of
conventional Western blot by Vladimir Tchikov (Chigs-Albrechts-University, Kiel, Germany). Hereopin load was
adjusted to achieve equal signal intensity of TNFeRd thus of equal amounts of TNF-R1-containingolesi The TNF-
R1-containing vesicles were immunoblotted for accatimn of endogenous RIPK1, RIPK3, as well as Rab5LakidP-1

and presence of endogenous pro-caspase-7 and eBeavdd caspase-8. Asterisk: unspecific band.

Characterization of necroptotic TNF-R1-containing vesicles in U-937 cells

In addition to L929Ts cells, magnetic fractionsnfréuman U-937 cells were analyzed. To this end,
TNF-R1-containing magnetic fractions were isolatgd a two-step procedure including negative
selection against mitochondria (described in Tchileb al. 2014), to enhance the purity of the
preparation. U-937 cells were pre-incubated witPABMmK to inactivate caspases together with
TNF60-Fc and Protein G-coupled micro beads for d&h °C prior to internalization at 37 °C.
Internalization was stopped immediately (O mingfier 5 to 60 min. Preparation of mitochondria-free
TNF-R1 magnetic fractions was performed with théphef Jirgen Fritsch (Christian-Albrechts-
University, Kiel, Germany). Isolated magnetic TNE-Bomplexes were analyzed by Western blot for

signature proteins of distinct intracellular contpaents.
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Consistent with the above results from L929Ts c#fis protein Rab5 as a marker for early endosomes
showed low expression levels at 0 min but was actated to the magnetic TNF receptor fractions at
20 min and remained there up to 60 min (the latest-point measured; Figure 32). The lysosome-
associated membrane protein LAMP-2 was detectdidady at 0 min and showed increased protein
levels after 20 min, indicating that the TNF-R1-oning vesicle fuse early with lysosomal
compartments. Likewise, RIPK3 accumulated to théTR\L-containing vesicles at 20 min in parallel
to increased Rab5 and LAMP-2 protein levels (Fig2F As a consequence of the negative selection
against mitochondria, the mitochondrial marker @rotytochrome c oxidase subunit 4 (COXIV) was

not present in the magnetic fractions (Figure 32).
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Figure 32: TNF-dependent accumulation of proteins to the necraptic TNF-R1 magnetic fractions isolated from U-
937 cells.Magnetic fractions harboring TNF-R1-containing etes were derived from U-937 cells after stimulatisith
100 ng/mL TNF60-Fc and 50 uM zVAD-fmk for the indied times. A two-step procedure to separate cangimg
mitochondria was performed as described in 4.2.45d with technical assistance of Jurgen Fritschri¢@an-Albrechts-
University, Kiel, Germany). Subsequently, 3 pg oftpins were immunoblotted for presence/accumuiatibendogenous
TNF-R1, RIPK3, as well as Rab5, LAMP-2 and COXIV adasomal, lysosomal and mitochondrial markers, retspey.
Untreated protein cell extracts were used as cb(iygate). A quantitative analysis of the x-foldcamulation of the above
analyzed proteins is shown below. Values are ndzedlto protein levels at 0 min.
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Proteome analysis of soluble proteins after induction of necroptosis

To identify proteins differentially expressed oeaved during TNF-induced necroptosis, a 2D-DIGE
approach was used. This form of gel electrophoresiercomes limitations in traditional
electrophoresis because changes in protein abuadsetween untreated and treated samples can be
compared simultaneously. In an initial experimeatt,soluble proteins were extracted from U-937
cells stimulated with TNF60-Fc and zVAD-fmk on i@ min) and 20 min at 37 °C. Protein extracts
from cells stimulated for 20 min were labeled witle fluorescent dye Cy 3, and control extracts were
labeled with the fluorescent dye Cy 5 and separhyedD-PAGE. After gel electrophoresis, the gel
was scanned and the detection of differentiallyeledy protein spots was performed usingsilico
analysis tools as described in 4.2.13. A total4# dlifferentially expressed protein spots witheatst
1.2-fold increased or decreased protein levels wdratified. The appropriate threshold was set and
calculated by the utilized software. After 20 minTNF60-Fc/zVAD stimulation, 77 (3.8 % of total
spots) protein spots showed a higher expressioereas 65 protein spots (3.2 % of total spots)
showed a lower expression than in control cellebdracts. All differentially expressed protein spot
were analyzed by means of MALDI-TOF/TOF, and 30tgirs were identified with high confidence.
The identified proteins were classified based ogirtl-fold increased or decreased protein levels
(Appendix Table S2). In the repetition of the ab@xperiment, 89 differentially expressed protein
spots were detected. For 29 protein spots (1.5 %taf spots) an increased expression after 20 min
TNF/zVAD stimulation was detected whereas 60 pnsiaipots (3 % of total spots) showed decreased

levels compared to untreated samples.

Furthermore, comparing these two independent 2DEDé&periments, one protein, hamely cofilin-1
(CFL-1; P23528) was consistently found to be inseekin cellular extracts isolated from cells trdate
for 20 min with TNF60-Fc/zZVAD. Protein spots whiatere consistently decreased were tubulin
alpha-1B chain (TUBA1B; P68363) and pyruvate kinsezymes M1/M2 (PKM; P14618). Several
proteins were found to have inconsistently incrdase decreased protein levels in the two
experiments. These include stathmin (STMN1; P16948)erogeneous nuclear ribonucleoprotein K
(HNRNPK; P61978), cAMP-dependent protein kinaseetypalpha regulatory subunit (PKR2;
P13861), heterogeneous nuclear ribonucleoproteidBlA (HNRNPA2B1; P22626) and Al
(HNRNPAZ; P09651), Rho GDP-dissociation inhibito @DIA2; P52566) and heat shock protein
beta-1 (HSPB1; P04792). The proteins HSPB1, HNRPK BKM showed alterations in their
isoelectric points, possibly a result of post-titatisnal modification or the presence of different

isozyme species.
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As the most promising candidate, although havimpmsistently increased or decreased protein levels
in the two experiments, the protein stathmin wasitfied in one experiment in two distinct protein
spots of different molecular weight. One of thetsplaad a molecular weight corresponding to the
predicted molecular weight of the full-length piatevhereas the other spot had a smaller molecular
weight (Figure 33; Table S2), pointing to a possiioteolytic cleavage during necroptosis.
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Stathmin (-1.44) Stathmin (2.33)

Figure 33: Stathmin was identified by 2D-DIGE analys and is potentially cleaved during TNF-induced neaoptosis.
Example of the protein stathmin identified in twamts with different mass potentially indicating f@olytic cleavage events.
3D views of stathmin are shown (individual spotgked by a violet boundary; average ratio of expoess brackets). The
2D-DIGE experiment was performed with technicalistasce of Melanie Nebendahl and Benjamin Schonk@bkistian-
Albrechts-University, Kiel, Germany). The mass spmuetry analysis of isolated proteins was perfaniy Tomas
Koudelka (Christian-Albrechts-University, Kiel, Geamy).

Proteome analysis of isolated TNF-R1-containing vesicles after induction of

necroptosis

To identify additional candidate proteins that eleaved in U-937 cells after induction of necrofos
with TNF60-Fc/zVAD, a second 2D-DIGE approach wasied out, this time with enriched magnetic
TNF-R1-containing vesicles to enrich and identifgtpins accumulated into or cleaved merely at the
vicinity of the TNF-R1. For this purpose, in a firexperiment, magnetically enriched TNF-R1-
containing vesicles of U-937 cells stimulated witNF60-Fc/zVAD for 0 and 20 min were isolated
without depletion of mitochondria and compared ByRIGE as described above for soluble proteins.
An initial Western blot of total cell lysates, magic TNF-R1 fractions and the remaining non-
magnetic flow through showed increased proteinléewé the marker proteins Rab5 and LAMP-1 in
the magnetic fraction, demonstrating the successfuichment of TNF-R1 endocytic vesicles
(Figure 34). Furthermore, no caspase-7 was deta@tfENF-R1 magnetic fractions, but caspase-7 was
detected in the non-magnetic flow through, consisiégth the fact that caspases are not activated an
thus not recruited to the TNF-R1 during necroptoEig lipase A-SMase was shown to be involved in
necroptosis (Thowet al. 2005) and therefore, the presence of cleavedtargldctivated A-SMase was

also investigated. However, cleaved A-SMase wasfoohd in the TNF-R1 magnetic fractions
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(Figure 34) but in the non-magnetic flow throughggesting that A-SMase is not a part of the TNF-

R1 signaling complex in necroptosis.

TNF-R1zVAD
TNF-R12ZVAD non-
magnetic magnetic

& fractions & flow-through
Time[min] 2 0 20 £ 0 20 kp
TNF-R1 5 = e - _55
Rab5 -» — _25
N R —— 110
Pro caspase-7 - === — s 32
cleaved . 57

A-SMase . S

Figure 34: Characterization of magnetically isolatd TNF-R1-containing vesicles prior to 2D-DIGE analys. Magnetic

fractions harboring TNF-R1-containing vesicles weeeived from U-937 cells after stimulation with 16@/mL TNF60-Fc

and 50 puM zVAD-fmk on ice (0 min) or for 20 min 3 °C. Subsequently, 3 pug of protein of each magredttion were

immunoblotted for presence/accumulation of endogenbNF-R1, Rab5, LAMP-1, pro caspase-7 and cleav&Mase.

Rab5 and LAMP-1 were detected as endosomal anddysianarker, respectively. Untreated protein ceiteets were used
as control (lysate). The non-magnetic flow-througds also analyzed.

In the subsequent 2D-DIGE analysis, 252 differdigtiexpressed protein spots with at least 1.2-fold
increased or decreased protein levels were idedtiffrotein spots which showed decreased/increased
intensities of either Cy 3 or Cy5 (Figure 35) weapalyzed by MALDI-TOF/TOF. The mass
spectrometric analysis identified 21 proteins viittreased and 25 with decreased protein levelsen t
fraction of U-937 cells treated with TNF60-Fc/zVAr 20 min (Table S3). The protein moesin
(MSN; P26038) was identified as differentially eggsed in magnetic TNF-R1 fractions of both
experiments and one of the spots analyzed had acmial weight smaller than the theoretical
molecular weight of the full length protein (FiguB®), suggesting that moesin is cleaved during

induction of necroptosis.

A search of the Swissprot database revealed th#i 87the identified proteins were of mitochondrial
origin, indicating that the membranes containetheénmagnetic fractions might form contact sitedwit
mitochondria and thereby interact with each otfigre resulting heterogeneous membrane fractions
might interfere with the identification of non-mdoondrial regulated candidate proteins of lower
protein abundance. Therefore, prior to a new 2D kXperiment, the magnetic TNF-R1 fractions
were subjected to density-gradient centrifugatien avoid mitochondria contaminations (with
technical assistance of Jirgen Fritsch, Christiborekhts-University, Kiel, Germany). A Western blot
analysis of the TNF-R1/zZVAD magnetic fractions wpsrformed to validate the purity of the
preparations and showed no mitochondrial proteitX™3expression (Figure 36A). The mitochondria
free preparations were also subjected to 2D-DIGHyars as described above. The 2D-DIGE analysis
resulted in 112 spots with differentially expresgedteins. The spots with at least 1.5-fold inceelas
or decreased protein levels were identified (Fig888). The protein spots were again analyzed by

MALDI-TOF/TOF. The mass spectrometric analysis tifesd 6 proteins with increased
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and 4 proteins with decreased levels in the fractiontaining TNF-R1 vesicles which were isolated
from cells stimulated with TNF60-Fc/zVAD for 20 mifiable S3).

Comparing these two different 2D-DIGE experiment&gre 35 and 36B; Table S3), two
dehydrogenases (inosine-5’-monophosphate dehydasgen2 (IMPDH2; P12268) & D-3-
phosphoglycerate dehydrogenase (PHGDH; 043175)¢ wensistently found to be increased in
TNF-R1 fractions isolated from cells treated 20 mith TNF60-Fc/zZVAD. The peroxisome enzyme
catalase (CAT; P04040) showed lower expressioroth BD-DIGE experiments (Table S3). Protein-
disulfide-isomerase A6 (PDIA6; Q15084) and alphatese (ENO1; P06733) showed differential
expression patterns in the two independent 2D-Dé&jgeriments, possibly due to inter-gel variations.
The protein spots of ENO1 showed alterations inr tis®electric points, possibly a result of post-
translational modification or the presence of d#fe isozyme species. The above identified proteins
are involved in either regulating the energy melisboof a cell (IMPDH2, PHGDH, PDIAG6, CAT) or
they are components of the cytoskeleton (ENO1, MShggesting that during necroptosis, a change

in the energy metabolism as well as a reorganizatidghe cytoskeleton occurs.

TNF-R1 magnetic fraction

Cy5(0min) Cy 3'{20 min)
(without organelle exclution) ] g/

25
20

Moesin (1.24)

15

pH 3 pH 11

Moesin (-1.20)

Figure 35: 2D gel and examples of spots identifiedfter TNF60-Fc/zVAD stimulation in isolated TNF-R1 manetic
fractions. Left panel: 2D gel analysis of magnetic fractions harboring=FRI1-containing vesicles were derived from U-937
cells after stimulation with 100 ng/mL TNF60-Fc a6@ uM zVAD-fmk on ice (O min, labeled with Cy 5djeor for 20 min
(labeled with Cy 3, green) at 37 °C. The threshold st to 1.2 (change in protein expression). Simitatein spots (yellow
in the overlay): 1189 (82.5 %), increased protgiats (green): 149 (10.3 %) and decreased proteits gped): 103 (7 %).
Differentially expressed proteins were isolated andlyzed by mass spectrometry. The white squdiedtes the position of
the enlarged pictures on the rigRight panel: Example of the protein moesin identified in twatspwith different mass
potentially indicating proteolytic cleavage ever3® views of Moesin are shown (individual spots kear by a violet
boundary; average ratio of expression in brackdisg 2D-DIGE experiment was performed with technassistance of
Melanie Nebendahl and Benjamin Schonbeck (Christitme&hts-University, Kiel, Germany). The mass speoetry
analysis of isolated proteins was performed by ToKwaudelka (Christian-Albrechts-University, Kiel, @gany).
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Figure 36: Western blot of mitochondria-free necropotic TNF-R1 magnetic and non-magnetic fractions ad 2D-
DIGE analysis of the magnetic fractions. (AMagnetic fractions harboring TNF-R1-containing eéss were derived from
U-937 cells after stimulation with 100 ng/mL TNF&@-and 50 uM zVAD-fmk on ice (0 min) or for 20 nah37 °C. A two-
step procedure to remove contaminating mitochonaés performed as described in 4.2.15.4 and withrteal assistance
of Jurgen Fritsch (Christian-Albrechts-Universil§iel, Germany). Subsequently, 3 pg of proteinsaifremagnetic fraction
were immunoblotted for presence/accumulation ofbgedous TNF-R1, LAMP-1, and COXIV. LAMP-1 and COXIV nge
detected as lysosomal or mitochondrial marker,getsypely. Untreated protein cell extracts were uagdontrol (lysate). The
non-magnetic flow-through was analyzed in para(B).2D gel analysis of magnetic fractions harboring=fRI1-containing
vesicles were derived from U-937 cells after statioh with 100 ng/mL TNF60-Fc and 50 uM zVAD-fmk @re (0 min,
labeled with Cy 5, red) or for 20 min (labeled willy 3, green) at 37 °C. A two-step procedure to rmmmontaminating
mitochondria was performed as described in 4.2. 854! with technical assistance of Jurgen Fritschrig@an-Albrechts
University, Kiel, Germany). The threshold was setlt5 (change in protein expression). Similar progpots (yellow):
1116 (90.9 %), increased protein spots (green)(456 %) and decreased protein spots (red): 559%d.5Differentially
expressed proteins were isolated and analyzedhiair origin by mass spectrometry. The 2D-DIGE ekpent was
performed with technical assistance of Melanie Mela@l and Benjamin Schénbeck (Christian-Albrechtsversity, Kiel,
Germany). The mass spectrometry analysis of isblpteteins was performed by Tomas Koudelka (Chrisfiiorechts-
University, Kiel, Germany).

All proteins identified in this study are listedtime appendix (Table S2 and S3).

Conclusion: Proteins are differentially expressed a nd cleaved during the execution of
necroptosis

Taken together, the 2D-DIGE analysis of solubletgine and magnetically enriched TNF-R1-
containing vesicles identified new proteins withassible participation in the proteolytic regulatiof

necroptosis. The analysis resulted in differentiagkpressed proteins (TUBA1B, PKM, CFL-1,
IMPDH2, PHGDH, CAT) whose up- or down-regulatiosults in the regulation or breakdown of the
energy metabolism during necrotic cell death. Farrtiore, components of the cytoskeleton (MSN,
STMN1) were identified as possible substrate pnstefor proteolytic cleavage, suggesting a

proteolytically induced reorganization of the cyeleton during necroptosis.
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5.2.4 The potentially pro-necroptotic protein PGAM5 is constitutively degraded in
healthy cells

Necroptosis critically relies on the signaling nwlle mixed lineage kinase domain-like (MLKL; Sun
et al. 2012, Wuet al. 2013). It was proposed that MLKL promotes regulateecrosis upon
phosphorylation by RIPK3 by PGAM5 and Drp-1, leadio mitochondrial fragmentation (Wamy

al. 2012). To clarify whether the proteins MLKL, PGAM#&nd Drp-1 are also involved in TNF-
induced necroptosis, the murine cell line L929Td #re human cell line HT-29 were analyzed after
down-regulation of the above mentioned proteindRBIAi. Down-regulation of PGAMS and Drp-1
had no effect on TNF-induced necroptosis althougbiefn expression was clearly decreased in
Western blots (Figure 37). In contrast, the dowgufation of MLKL reduced TNF-induced necrotic
cell death, although the down-regulation could lp@tconfirmed by Western blot due to specificity
problems of the antibody used for this experimémtsummary, the results shown in Figure 37
identified MLKL as a mediator of TNF-induced necrogis. This is in line with recent studies
(Galluzzi et al. 2014b). Based upon the obtained results, an éssenlie of Drp-1 and PGAMS in
necroptosis could not yet be confirmed. As one ips®xplanation, the reduction of PGAM5 and

Drp-1 protein levels may have been insufficienaffect TNF-induced necroptosis.
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Figure 37: MLKL is a mediator of TNF-induced necroptosis. Left panel:HT-29 and L929Ts cells were transfected with
siRNAs specific for human or murine PGAMS5, Drp-1 afdKL, respectively. As a negative control, cellens transfected
with non-targeting siRNA. After 24 h (L929Ts) or RAHT-29) of transfection, cells were left untrehter were incubated
with 100 ng/mL TNF in combination with 20 pM (L929)Tor 50 uM (HT-29) zZVAD-fmk and 5 pg/mL (HT-29) CHXfter

5 h (L929Ts) or 20 h (HT-29), necroptosis was anedlyby measuring the decrease of intracellular felels as a marker
for cell death. ATP levels are shown relative tatcol-transfected cells. Error bars indicate the f8@n five parallel
determinationsRight panel: Control Western blots of transfected but untreatelis were performed to verify down-
regulation of the endogenous protein levels. Dateaif actin served as a loading control.
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Wang and coworkers (2012) suggested that upon pbogdation of MLKL by RIPK3, the long splice
variant PGAMS5L binds to the necrosome followed bwyding of the short form of PGAMS
(PGAMSS). Furthermore, they proposed that PGAMSIghhibe proteolyzed before binding to
PGAMSS which then leads to a possible dephosphimoyplaand activation of Drp-1 and subsequent
mitochondrial fragmentation (Wareg al. 2012). To further study a possible role of PGAMSTINF-
induced necroptosis in cells with strong expressibRGAMS, L929Ts cells were stably transfected
with a PGAMS5-FLAG construct. After induction of ¢e&leath by TNF/zVAD, all stably transfected
clones showed similar cell death rates, when coetp&r wild-type L929Ts cells (Figure 38). The
treatment with TNF/zVAD/Nec-1 blocked cell death all clones, confirming the induction of
necroptosis. In Western blots, the strongest PGAUAG expression was detected in clones B11 and
C47. Therefore, clone C47 (further named L929Ts RIGALAG cells) was used for all further

experiments which aimed to characterize the rolR@AMS5 in necroptosis.
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Figure 38: L929Ts cell lines overexpressing PGAMS5-FLAGLeft panel: Five different L929Ts cell lines from isolated
cell clones harboring and expressing the proteiAl& coupled to a FLAG tag were treated with 20 pWAD-fmk alone
or in combination with 100 ng/mL TNF as well as 5@ necrostatin 1 (Nec-1) for 5 h and loss of memebrategrity was
compared to non-transfected wild-type L929Ts c@lge out of two experiments is shown. Error bamsthe SD of three
parallel measurements of 10,000 cells e&ibht panel: Western blot of the stably transfected L929Ts cklhes, wild-
type L929Ts and a positive control (HEK293 celansient over-expressing PGAM5-FLAG (pos.)) shovesekpression of
PGAMS5-FLAG either detected with anti-FLAG or anth8M5 antibodies at 35 kDa. Detection of actin sdras a loading
control. Asterisk: nonspecific band.

Time kinetics of PGAMS5 expression during necroposi wild-type L929Ts cells and L929Ts
PGAMS-FLAG cells showed that both endogenous aretexpressed PGAM5-FLAG protein levels
increased upon induction of necroptosis with TNEABV (Figure 39A). This observation clearly
demonstrated that the increased expression of PGiMiot due to transcriptional or translational
modifications because expression of PGAMS-FLAG eslion a different promoter than the
endogenous PGAMS gene. Rather, the increase of P& pidtein levels is possibly caused by an
inhibition of proteolysis. This possible regulatioh PGAMS5 by proteases was substantiated by the
observation that increased levels of PGAM5 wereeplesi when cells were treated with a protease
inhibitor cocktail alone or in combination with zZ\DAfmk to avoid unspecific activation of caspases
by the inhibitors (Figure 39B). The treatment oflceavith the proteasome inhibitor MG-132 and
ZzVAD also showed increased PGAM5 levels in Westblots (Figure 39B). This suggests a

constitutive degradation of the potentially pro+mgtotic protein PGAM5 by unknown proteases in
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healthy cells, which is blocked upon induction @&croptosis (elevating PGAM5 levels and thus
possibly facilitating mitochondrial fragmentatior§onsistent with this assumption, the TNF/zVAD-
induced increase of PGAMS5 was diminished when n@osis was blocked by Nec-1 (Figure 39B).
Induction of apoptosis (TNF/CHX treatment) resulédsb in an increase of PGAMS5 levels indicating
similar mechanism of the inhibition of the congiita degradation of PGAMS after induction of
apoptosis (Figure 39B). To further narrow down palss protease candidates involved in the
constitutive degradation of PGAMS5, cells were tegatvith serine protease inhibitors (AEBSF and
TFCK; Figure 39C) alone or in combination with zVABK. Western blots of PGAMS5 revealed a
similar increase in PGAMS5 protein levels when serprotease as well as caspase activity was
inhibited. Since the mitochondrial serine prote&teA2/Omi was shown to be crucial for TNF-
induced necroptosis, PGAM5 expression was also/aedlin the presence of the HtrA2/Omi inhibitor
Ucf-101 alone or in combination with zZVAD-fmk. Wesh blot analysis revealed a similar increase in
PGAM5 protein levels when HtrA2/Omi was inhibited/ hJcf-101 or Ucf-101/zZVAD as in
TNF/zVAD-treated cellular extracts (Figure 39C)ditating that HtrA2/Omi might be a potential
physiological regulator of PGAMS5.

A L929Ts PGAM5-FLAG B
<
Time [h] 0 1 2 3 4 5 - o s
Q o N
[TNF/zVAD] g £ <. %3 g3
g8 o N F ¢ 9 § 8 a e
PGAMS5-FLAG e E @ Tl L .82 o
WB: antiFLAG T = = = s S . E R EEY - S25E =
Acti . PGAMS-FLAG T e — — — — ——
ctin T e o ", ! — — —
WB: anti-FLAG — -— =.‘
PGAM5-FLAG ¥ — 1 .
WB: anti-PGAM5 > —_— == Actin - — —
Actin P T e s e — PGAMS5-FLAG
WB: anti-PGAM5 =

L929Ts wild-type

Actin P ——— e e

[TNF/zVAD]
‘ .
PGAM5 = 1 ——
WB: anti-PGAM5 |
Actin e T e— —— — —

97



Results

o o
<L
- a g e - a 2
k] < N > 2 < - =
s N5 6 2 3 X 2 2
£ 2 @ 5 5 g a N < %
£ £ 5 0 8 g 8 E £S5 5 %
3 N F € <« - S N 2 2
PGAM5-FLAG T I = e e PGAMS-FLAG .
WB:anti-FLAG F = ~=SB====Ue Wb ati.FlAc B =
Actin P T R — — —— — Actin P — — — — —
PGAM5-FLAG — — PGAMS-FLAG
WB: anti-PGAM5 s == WB: anti-PGAMs —
Actin P e — — — - Actin B m

Figure 39: Serine proteases (HtrA2/Omi) and the preasome are physiological regulators of PGAMS5. (AL929Ts
wild-type cells and cells stably expressing thet@roPGAMS5 coupled to a Flag tag were treated Wb ng/mL TNF and
20 uM zVAD-fmk for the indicated time-points. Westeblots show the expression of PGAM5-FLAG and PGAKt
35 kDa.(B) L929Ts PGAMS5-FLAG cells were left untreated oratedd as above for 4 h with TNF/zVAD, TNF/zZVAD and
50 puM necrostatin 1 (Nec-1) or TNF and 2 pg/mL CHeirthermore, cells were treated for 24 h witheitR0 uM zVVAD-
fmk alone, 10 pg/mL protease inhibitor cocktailof@ase inh.), with a combination of zZVAD and pre&@nhibitor cocktail,
or the proteasome inhibitor MG-132 (50 uM) in cordtion with zZVAD-fmk. (C) L929Ts PGAMS5-Flag cells were left
untreated or were treated with zVAD or TNF/zVAD as (B). Stimulation with 100 uM AEBSF/(zVAD), 50 uM
TFCKI/(zVAD), or 50 uM Ucf-101/(zVAD) was stopped &ft24 h. Western blots of cellular extracts werdquened using
anti-FLAG and anti-PGAMS5 antibodies. Expressioractin served as a loading control. Asterisk: unsigdzand.

Conclusion: Serine proteases (e.g. HtrA2/Omi) andt  he proteasome are physiological
regulators of PGAM5

In the study presented here, it could be demomstréttat the potentially pro-necroptotic protein
PGAMS is constitutively degraded by yet unknowntpases in healthy cells. The levels of both
endogenous and overexpressed PGAMS increased mgoation of necroptosis. A similar increase in
PGAMS levels was induced by treatment of cells vitbtease inhibitors such as AEBSF, TFCK and
MG-132, pointing to serine proteases and the psot@a as physiological regulators of PGAMS.
Moreover, Ucf-101-treated cells also showed ina@daBGAMS5 levels, suggesting that HtrA2/Omi
may be involved in the constitutive degradation REAMS5 in healthy cells. Furthermore, the
important role of MLKL during necroptosis could leenfirmed and was further analyzed during

TRAIL-induced regulated necrosis in clinically redat tumor cell lines (see 5.3).
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5.2.5 Acid sphingomyelinase is proteolytically acti vated during TNF-induced
necroptosis

Activation of A-SMase by TNF/zVAD correlates with the appearance of a 57-kDa

proteolytic cleavage fragment in L929Ts cells

Unlike in apoptosis, where caspase-7 and -8 aponaible for the activation of A-SMase (Edelmann
et al. 2011), the proteolytic maturation and activatidnrAeSMase in necroptosis must by definition
occur in a caspase-independent manner and mustfdreerbe mediated by distinct non-caspase
proteases. In an initial experiment, murine L929YB13T3 and human Jurkat 142 and U-937 cells
were stimulated with TNF/zVAD to induce necroptogiterwards, cells were immediately placed on
ice and cellular extracts from each time-point werepared and analyzed for their levels of
endogenous A-SMase protein (Figure 40A). As a &tion of the analysis, commercially available
antibodies for A-SMase were only able to detectAaBMase fragment of approximately 57 kDa
which corresponds to the cleaved, active form @Mase (Ferlinzt al. 1994). Western blot analysis
revealed a time-dependent increase of the acti&Mase fragment in L929Ts cells (Figure 40A),
providing first hints that A-SMase cleavage mayaiscur during necroptosis. Treatment of NIH3T3,
Jurkat 142 and U-937 cells with TNF/zZVAD, showedalkffects on endogenous cleaved A-SMase
levels (Figure 40A), confirming that A-SMase cleg@aoccurs during necroptosis in a cell-type

unrelated manner.

In order to test whether this detected 57-kDa A-S8l&dragment was derived from proteolytic
cleavage of the 72 kDa A-SMase pro-form, murine 982 cells were stably transfected with a
construct coding for a V5-tagged version of thel-tehgth A-SMase. Figure 40B shows that
overexpression of A-SMase had no positive or negatnpact on TNF/zVAD-induced necroptosis.
Furthermore, stimulation of stably transfected LB2%ells with TNF/zZVAD also revealed a time-
dependent processing of overexpressed A-SMasel{@pth a cleaved 57-kDa form in Western blots
(Figure 40B).
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Figure 40: A-SMase is cleaved after TNF/zVAD stimulgon. (A) Cells were incubated with 100 ng/mL TNF and 20 uM
(L929Ts, NIH3T3) or 50 uM (Jurkat 142, U-937) zVAIrk on ice and stimulation was stopped immedia{@ynin)
(control) or were stimulated at 37 °C for the indéchtime-points. Cell lysates were analyzed for gedous A-SMase by
means of Western blot using anti-A-SMase antibqdvesich however only recognize the 57-kDa A-SMaseavage
product. (B) Left panel: Untransfected and L929Ts cells expressing recoambir/5-A-SMase were stimulated with
100 ng/mL TNF and 20 pM or in combination with 58 mecrostatin 1 (Nec-1, to inhibit necroptosis) foh before loss of
membrane integrity was measured by flow cytomett®y000 cells were analyzed in triplicates. Thereloars show SD from
one out of three independent experimeRtght panel: Cells were stimulated as () and a Western blot was performed
using anti-V5 antibodies, detecting pro-A-SMase-at572 kDa and the cleavage product of A-SMase-V57dtDa. Actin
served as a loading control.

To analyze if the appearance of the cleaved fragrokverexpressed as well as endogenous A-
SMase was an indicator for activation of A-SMasd| lysates were analyzed in parallel by Western
blot for A-SMase cleavage and for A-SMase activity.stably transfected (V5-A-SMase L929Ts
cells) as well as untransfected L929Ts cells, itidacof necroptosis with TNF/zVAD led to a time-
dependent processing of either overexpressed A-8Masndogenous pro-A-SMase to a 57-kDa
fragment (Figure 41; upper panel), which was acangd by a corresponding increase in enzymatic
activity (Figure 41, lower panel), suggesting thihe proteolytic cleavage after induction of

necroptosis results in the activation of the A-S&las
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Figure 41: Proteolytic activation of A-SMase in nemptosis. V5-A-SMase L929Ts cells (left) or untransfected R92
cells (right) were treated with TNF/zVAD to indunecroptosis for the indicated time-poirtfie upper panelsshow anti-
V5 Western blots for both tagged full length forprq-A-SMase) and the cleaved active A-SMase fgleft). Parallel
Western blot of endogenous A-SMase from untransfet829Ts cells showed only the cleaved, activenfof endogenous
A-SMase at 57 kDé&ight) . Lower panels: In parallel, A-SMase activity was measured. Thiaddown were obtained from
three experiments each performed in triplicatesoryars show the respective SD. Protein levels fome representative out
of three experiments are shown. A-SMase activitpsueements were performed by Supandi Winoto-Morlf@ttristian-
Albrechts-University, Kiel, Germany).

Treatment of untransfected L929Ts cells with Ne&f;39 (an A-SMase-specific inhibitor; Roéh
al. 2009; Samapatt al. 2012), as well as with TFCK inhibited the protemyprocessing as well as
the activation of A-SMase during necroptosis (FegdR).
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Figure 42: TNF/zVAD-induced A-SMase cleavage and awgation occurs downstream of RIPK1.L929Ts cells were
stimulated with TNF/zVAD or in combination with %M necrostatin-1 (Nec-1), 10 uM Arc39 or 50 uM TF@K the
indicated time-points. Cell lysates were analyzedAeSMase activity using N-methytC]-sphingomyelin as substrate.
Data were obtained from four independent experimpetformed in triplicates. Error bars show SD. $hme lysates were
analyzed for endogenous cleaved A-SMase proteialdelty Western blots. Western blots were perforteedetect the
cleaved, active A-SMase at 57 kDa. Detection dhasztrved as a loading control. Protein levels fame representative out
of four experiments are shown. A-SMase activity saeaments were performed by Supandi Winoto-Morl@itristian-
Albrechts-University, Kiel, Germany).
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In further experiments to extend the inhibitor mpiee, L929Ts cells were treated with NSA, a
pharmacological inhibitor of MLKL (Wt al. 2013), or with the internalization inhibitor dymas in
combination with TNF/zVAD. Both inhibitors fully btked the activation of A-SMase. Parallel
Western blots to detect the active, cleaved A-SMmeduct revealed an inhomogeneous distribution
pattern (Figure 43). To rule out that this was tuéhe solvent the inhibitors were dissolved iflsce
were treated with TNF/zVAD in combination with DMS®@s shown in Figure 43, treatment with
DMSO had no impact on TNF/zVAD-induced A-SMase\attias well as on the cleavage pattern of
A-SMase when compared to protein extracts fromscéleated with TNF/zVAD alone. This
observation led to the assumption that the inhomeges distribution pattern of cleaved A-SMase in
extracts from cells treated with NSA or with théemmalization inhibitor dynasore in combination hwit
TNF/zVAD is not due to the solvent of the inhibitaut is rather a direct effect of the inhibitoreds

In summary, the obtained results suggest that AseMs activated downstream of the internalization
of the TNF-R1 and downstream of the RIPK1-RIPK3-MLEomplex. Furthermore, the blockage of
A-SMase activity after treatment with TFCK suggébis possible involvement of serine proteases in

the regulation of A-SMase activity.
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Figure 43: A-SMase cleavage and activation in L929Tsells occurs downstream of MLKL and is inhibited by
dynasore. L929Ts cells were stimulated with TNF/zVAD along @n combination with 50 uM dynasore or
1 uM necrosulfonamide (NSA) or 5 uL DMSO (as sohentrol) for 0 to 120 min. Cell lysates were azely for A-SMase
activity. Error bars show standard deviations. $ame lysates were analyzed for endogenous A-SMasession. Western
blots were performed using anti-A-SMase antibodiesecting the cleaved, active A-SMase at 57 kDatelh levels from
one representative out of two (TNF/zVAD/DMSO), trd@NF/zZVAD/NSA) or four (TNF/zZVAD and TNF/zVAD/dyasore)
experiments are shown. A-SMase activity measuresngate performed by Supandi Winoto-Morbach (Christidbrechts-
University, Kiel, Germany).

The effector caspase-7 directly interacts with amediates A-SMase activation during apoptosis
(Edelmannet al. 2011). To investigate whether caspase-7 has @admon necroptosis-induced
proteolytic cleavage and activation of A-SMase peas-7 deficient MEFs and wild-type MEFs were
characterized for A-SMase cleavage and activityeamgbcroptotic conditions. MEFs were incubated
with TNF/zVAD/CHX to induce necroptosis and as aitcol with TNF/CHX to induce apoptosis.
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Treatment with TNF/zZVAD/CHX revealed increased #énty of MEFs devoid of caspase-7
compared to wild-type cells. Addition of Nec-1 demsed cell death rates, confirming that
TNF/zVAD/CHX induces necroptosis in these MEFs (ffeg44A). Furthermore, the results obtained
showed increased cell death rates of MEFs defiaentaspase-7 compared to their wild-type
counterparts after induction of apoptosis (TNF/CH3)ggesting that MEFs devoid of caspase-7 a
generally more sensitive towards cell death. Intremt to L929Ts cells treated with TNF/zZVAD (see
Figures 41, 42, 43) and to wild-type MEFs (FigudB% MEFs deficient of caspase-7 did not show an
increase of A-SMase activity in response to inductf necroptosis (Figure 44B). However, Western
blot analysis showed increased protein levels eavd#d A-SMase after induction of necroptosis in
wild-type MEFs whereas only a marginal cleavagé\«3Mase was detectable in MEFs deficient in
caspase-7 (Figure 44C). These observations sutigssthe presence of caspase-7 protein might be
needed for activation of A-SMase during TNF-inducestroptosis and that the caspase-7-deficient
MEFs utilized in this study might undergo TNF-inddc necroptosis via additional effector

mechanisms independent from A-SMase activationsabhdequent ceramide generation.
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Figure 44: A-SMase activity after TNF-induced necroposis in wild-type and caspase-7 deficient MEFs. (Aleft
panel: Wild-type MEFs (Caspase-7) and MEFs devoid of caspase-7 (Caspadevifere treated with 100 ng/mL TNF and
1 pg/mL CHX (to induce apoptosis) or in combinatiith 20 pM zVAD-fmk (to induce necroptosis) for hébefore loss of
membrane integrity was measured by PI stainingflamdcytometry. 10,000 cells were analyzed for easasurement. One
out of three experiments is shown. Error bars sti@aSD from triplicate measuremerfght panel: Western blot to detect
full length caspase-7 in cellular extracts of wijgpe MEFs and caspasé-MEFs. (B) Wild-type MEFs or caspase-7
deficient MEFs treated with 100 ng/mL TNF, 20 pMAY-fmk and 1 pg/mL CHX for 16 h were analyzed forSMase
activity. A-SMase activity measurements were penfed by Supandi Winoto-Morbach (Christian-Albrecbisiversity,
Kiel, Germany).(C) The same lysates were analyzed for endogenous &s8Idrotein levels. Western blots were performed
using anti-A-SMase antibodies, detecting the cldawaetive A-SMase at 57 kDa. Protein levels frone aut of three
experiments are shown. Detection of actin serveallaading control.
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Characterization of the 57 kDa A-SMase cleavage product

To define the proteolytic cleavage site where A-S#&les processed from its precursor to the 57-kDa
active form, L929Ts cells overexpressing a fusiootgin of pro-A-SMase (72 kDa) and the V5 tag
(2 kDa), pretreated over night with zZVAD-fmk to peamt any apoptotic cleavage of A-SMase, were
stimulated with TNF/zZVAD for 30 min to induce neptosis and processing of A-SMase.
Unprocessed and processed V5-tagged A-SMase wahexhrby immunoprecipitation and lysates
were separated by SDS-PAGE following Western bléts. shown in Figure 45, there was an
enrichment of V5-A-SMase protein after immunopréeion of A-SMase with its V5-tag. Moreover,
processed (59 kDa) fragments as well as unproc€3dekDa), full-length V5-A-SMase were clearly
visible. This cleaved 59-kDa protein correspondsthte 57-kDa active A-SMase molecule after

subtraction of the 2-kDa V5-tag.
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Figure 45: Enrichment of full-length and processed 8-A-SMase. L929Ts cells stably transfected with V5-tagged
A-SMase were lysed and anti-V5 or anti-RACK antibad{@s a control for specificity, bead control) werged for
immunoprecipitation (IP). Western blot was perfodmesing anti-V5 antibodies detecting V5-tagged-ffigth V5-A-
SMase and processed V5-A-SMase fragment (left)a\additional control, V5-A-SMase was also detedtetbtal cell
lysates.

To further analyze full-length and processed V5M&Se, preparative SDS-gels were loaded with
immunoprecipitated A-SMase fragments and staineth wilamingo™ Fluorescent gel stain. In
collaboration with the group of Andreas Tholey (Stian-Albrechts-University, Kiel, Germany) the
bands corresponding in size to full-length and pssed V5-A-SMase were isolated and half of the
samples were labeled at their N-termini and therokialf was left un-labeled. All samples were then
digested with trypsin and analyzed by means of LEAWS (see 4.2.15.2). Since the N-terminus of
full-length and processed V5-A-SMase was labelddrbedigestion with trypsin, peptides identified

with a labeling can be considered as peptidesirgjaftom the N-terminus of either full-length or
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processed V5-A-SMase. The analyses of extracted-®Aase fragments identified the N-terminus
of full-length V5-A-SMase with the N-terminus beiag A(59)/(60)H (Figure 46; red box). No labeled
peptides were identified for processed V5-A-SMasmlpcts in this first set of experiments (Figure
46). However, one unlabeled peptide was identifeadcleaved A-SMase starting at the proline at
position P(219)/(220)D, providing evidence that M&se is cleaved N-terminal to the site identified

for cleavage of A-SMase in apoptosis (residue CY2851)D (D253; Edelmandt al. 2011)).
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Figure 46: Sequence coverage of full-length and pcessed A-SMase during TNF-induced necroptosis. Leftapel:
L929Ts cells stably transfected with V5-tagged A& were treated for 30 min with 100 ng/mL TNF @émbination with
20 uM zVAD-fmk to induce necroptosis. Subsequenttglls were lysed and anti-V5 antibodies were u$ed
immunoprecipitation of V5-A-SMase. An SDS-PAGE geas used for separation of immunoprecipitated prstéwhich
were loaded in five parallel lanes). The gel wasnstd with Flamingo™ Fluorescent gel stain to Viggaprotein bands.

Bands at 74 kDa and 59 kDa were excised and combiaspectivelyRight panel: The sequence coverage of full-length

(pro-A-SMase, upper part) and processed (cleav&Mase; lower part) V5-A-SMase is shown. Half of éxeised material
was digested with trypsin (non-labeled; top paméi)le the other half was first labeled (at the pmotN-terminus and at
lysine residues, bottom panel) and then digested tmypsin. Green marked sequences are peptidedifidd with high
confidence. Red marked amino acids represent knovinkid glycosylation sites. The red box marks itientified N-

terminus of pro-A-SMase at A(59)/(60)H.
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Since the above described analysis of processed-8btase under necroptotic conditions provided
evidence that A-SMase is cleaved at a positionindisfrom that cleaved during apoptosis, the
proteolytic processing of V5-A-SMase under apoptaind necroptotic condition was compared in a
second set of experiments. For this purpose, éumith V5-A-SMase and processed V5-A-SMase
fragments were enriched after inducing either apgpt(TNF/CHX) or necroptosis (TNF/zVAD) and
were analyzed as above. The preparative SDS-gaisedt with Flamingo™ Fluorescent gel stain
revealed that full-length V5-A-SMase and procesggeA-SMase fragments isolated from cells either
undergoing apoptosis or necroptosis had the sanhecoiar weight (Figure 47, left panel). However,
in the subsequent LC-MS/MS analyses, the reportedvage site for apoptosis at residue D253
(Figure 47; blue box; Edelmaret al. 2011) was not detected. In spite of this, un-latdéll-terminal
peptides starting from L(202)/(203)F were idendfisuggesting that the cleavage site of A-SMase
under apoptotic conditions might be more upstrelaam tpreviously reported. In contrast to samples
from apoptotic cells, the analysis of processedA¥SMase isolated from necroptotic cells revealed
un-labeled N-terminal peptides starting from 1(2Q0Q2)L. Overall, the sequence coverage and
peptides identified in samples from apoptotic aadraptotic cells were very similar (Figure 47, tigh
panel), suggesting that cleavage of A-SMase dwapaptosis and necroptosis might occur at the same
sequence or in immediate vicinity. Again, no labefeptides were identified for processed V5-A-
SMase products in this set of experiments due tectien limits and have so far prevented the

identification of the exact cleavage site of matative A-SMase.
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Figure 47: Comparison of sequence coverage of prased V5-A-SMase isolated from cells undergoing TNRduced

necroptosis or TNF-induced apoptosisLeft panel: L929Ts cells stably transfected with V5-tagged MzSe were treated
for 30 min with either 100 ng/mL TNF in combinatievith 20 uM zVAD-fmk to induce necroptositop panel) or with

5 pg/mL CHX to induce apoptos{bottom panel). Subsequently, cells were lysed and anti-V5 aniidm® were used for
immunoprecipitation of V5-A-SMase. SDS-PAGE gelgevased for separation of immunoprecipitated pnstéivhich were
loaded in four parallel lanes). The gels were sigiwith Flamingo™ Fluorescent gel stain to visueafizotein bands. Bands
at 57 kDa were excised and combinB@jht panel: The sequence coverage of processed (cleaved Ae€SNMasA-SMase is
shown. Half of the excised material was digestetth wiypsin (non-labeled; top panel) while the othatf was first labeled
(at the protein N-terminus and at lysine residbestom panel) and then digested with trypsin. Gneanked sequences are
peptides identified with high confidence. Red markedino acids represent known N-linked glycosylatgites. Signal
peptide of A-SMase is highlighted in grey. The bhox indicates the reported cleavage site of caspas D253 confirmed
for apoptosis (Edelmanast al. 2011).

Conclusion: A-SMase is proteolytically cleaved and activated during necroptosis

In summary, it was shown for the first time that thvels of the 57-kDa fragment of both endogenous
and overexpressed A-SMase increased upon inductiomecroptosis in multiple cell lines. The
processing of overexpressed and endogenous A-Skdase57-kDa form during necroptosis was
accompanied by a corresponding increase in itsreatig activity. Moreover, the study presented here

shows that Nec-1, NSA as well as TFCK and dynaisiibit the proteolytic processing as well as the
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activation of A-SMase during necroptosis, suggesthmt A-SMase is activated downstream of the
RIPK1-RIPK3-MLKL complex, and possibly also dowresim of serine proteases. The study of
caspase-7-deficient MEFs revealed that these asdlsble to undergo TNF-induced necroptosis, but
A-SMase is not activated, suggesting a possibke eblnon-enzymatic functions of caspase-7 during
necroptosis. The analysis of the pro- and cleaveth of A-SMase identified the N-terminus of pro-
A-SMase (Figure 46, red arrow), although detechimits have so far prevented the identification of
the exact cleavage site of mature, active A-SMAsementioned above, this cleavage site must be
distinct from the reported cleavage site where ase{Y cleaves A-SMase during apoptosis (Edelmann
et al. 2011; Figure 47, black arrow), because the MSyarslidentified peptides that extend N-
terminal of this cleavage site. Interestingly, ttmmparison of the sequence coverage and peptides
identified in samples from apoptotic and necroptattlls suggest that cleavage of A-SMase during

apoptosis and necroptosis might nevertheless adithin the same sequence or in immediate vicinity.

5.2.6 The role of presenilin and the presenilin hom  ologue signal-peptide-peptidase-
like (SPPL) during TNF-induced necroptosis

To investigate if other peptidases are potentiglulegors of necroptosis induced by TNF, two
established SPP/SPPL (signal-peptide-peptidase]-Weihofenet al. 2003; Friedmanmt al. 2006)
inhibitors (inhibitor X and (Z-LL)-ketone), were applied to L929Ts and U-937 cellsllOvere pre-
treated with inhibitor X or (Z-LLy}-ketone for 5 h to ensure optimal inhibitory effebefore cell death
was induced with TNF/zZVAD. Treatment with (Z-Ltketone showed no inhibitory effect on TNF-
induced necroptosis in L929Ts and U-937 cells (Figd8A). On the other hand, the addition of
inhibitor X slightly diminished TNF-induced necragis in murine L929Ts as well as human U-937
cells (Figure 48A). To further investigate whett®&PPL proteins are functionally involved in the
execution of TNF-induced necroptosis, MEFs from SRR, SPPL2b- and SPPL2a/b-deficient mice
were analyzed. Depending on the MEF batches ardlyigi=Fs deficient for either SPPL2a or
SPPL2b or both showed effects on TNF-induced negsigp (Figure 48B). The analysis of the first
batch of MEFs showed that SPPL2b- and SPPL2a/loidefi MEFs were protected from TNF-
induced necroptosis compared to their wild-typenterparts. Unlike batch number one, MEFs from
SPPL2b- and SPPL2a/b-deficient mice from two addél, distinct batches showed sensitivity
towards TNF-induced necroptosis (Figure 48B). litespf this, SPPL2a-deficient MEFs showed
slight protection from TNF-induced necroptosis cangul to the treated wild-type counterparts in
batch number two and three (Figure 48B). In conactyshe above described results did not allow to

define a potential role for SPPLs in TNF-inducedroptosis.

Inhibitor X is known to specifically bind and inliilpresenilin proteins, which are part of the
secretase protease complex (Doréeal. 2001). Based on the effects of inhibitor X on TiNBuced
necroptosis observed in Figure 48A, MEFs derivedhfpresenilin-1/2-deficient mice were therefore

included in the characterization of TNF-induced roptosis. As shown in Figure 48C, in assays

108



Results

investigating TNF-induced necroptosis, presenil-deficient cells were fully protected from TNF-
induced necroptosis, confirming the above describedlts with inhibitor X and pointing to a possibl
role of presenilin in this form of regulated necsos
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Figure 48: The role of SPPLs and presenilin in TNF-indced necroptosis(A) Cells were left without, or were pretreated
for 5 h with 1 uM inhibitor X or 10 uM (Z-LLlyyketone. Subsequently, cells were further incub&e® (L929Ts) or 24 h
(U-937) in the presence of 100 ng/mL TNF and 202@Bs) or 50 uM (U-937) zZVAD-fmk before cell deattasvanalyzed
by flow cytometry.(B) Wild-type MEFs and MEFs deficient for SPPL2a (SP®L)2 SPPL2b (SPPL2f) and SPPL2a/b
(DKO) from three different batches (no. 1-3) warated with 100 ng/mL TNF and 20 uM zVAD-fmk for héand were
analyzed as ifA). (C) Wild-type and presenilin-1/2-deficient (P1/2 DK®IEFs were stimulated for 16 h as(id) before
cell death was determined. One out of three exmgisnis shown. Error bars indicate the SD from eéhparallel
measurements.

5.3 TRAIL-induced necroptosis is a novel approacht o eliminate tumor
cells

TRAIL can induce regulated necrosis in human tumor cells

In this part of the study, the ability of TRAIL induce regulated necrosis in a panel of 14 distinct
human cancer cell lines of diverse origin was azedy To initially characterize the human cancelr cel
lines with regard to their sensitivity to TRAIL-inded regulated necrosis, cells were treated with
TRAIL/zZVAD/CHX. Since treatment with TRAIL normallyactivates caspase-dependent apoptosis,
apoptosis was actively inhibited by addition of ZVAmk. Furthermore, all cells were additionally
sensitized with non-toxic concentrations of CHX. Algpicted in Figure 49, treatment with
TRAIL/zZVAD/CHX induced regulated necrosis in eighit of 14 tested tumor cell lines. The tumor
cell lines U-937, Mz-ChA-1, BxPC-3 and HT-29 exhdn the highest sensitivity, followed by
Colo357, Panc89, PancTu-l and A818-4 cells withrel@sing sensitivity levels towards TRAIL-
induced regulated necrosis. The remaining cellslif@CRF-CEM, MKN-28, SK-OV-3, KNS-62,
Pt45P1, and SK-MEL-28) displayed only a marginal oo response to treatment with
TRAIL/zZVAD/CHX. The same results were obtained wntrol assays when regulated necrosis was
induced with TNF/zZVAD/CHX (see Voigi al. 2014).
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Figure 49: Induction of regulated necrosis by TRAIL n human tumor cell lines Cells were treated with 100 ng/ml
TRAIL in combination with 50 uM zVAD-fmk and nonst@ concentrations of CHX (U-937 0.1 pg/mL; Mz-ChA-1
2 pug/mL; BXPC-3 1 pg/mL; HT-29 5 pg/mL; Colo357 Smyf Panc89 1 ug/mL; PancTu-l 10 pg/mL; A818-4 1@nplg
CCRF-CEM 0.0625 pg/mL; MKN-28 5 pg/mL; SK-OV-3 1 pg/mKNS-62 5 pg/mL; Pt45P1 0.1 pg/mL; SK-MEL-28
10 pg/mL). After 24 h, loss of membrane integritgsameasured as a marker for cell death by flownegtdc detection of
Pl-positive cells. Values above the respective ools represent the specific percentage of regulagedosis (stimulus-
induced minus zVAD/CHX-induced regulated necrosiBle spontaneous cell death in untreated cells @vishfor
comparison. Each bar represent the means of twapartient experiments with three parallel deterrianateach, error bars
indicate the corresponding SD. Experiments for MAQh BxPC-3, HT-29, Colo357, Panc89, PancTu-I, A8]18&CRF-

CEM, MKN-28, KNS-62, Pt45P1 and SK-MEL-28 were penfied by Stephan Philipp (Christian-Albrechts-Unsist,
Kiel, Germany).

Birinapant enhances TRAIL-induced regulated necrosis in human tumor cells

It has been reported that Smac mimetics can aehla@ncers of TNF-induced regulated necrosis (He
et al. 2009). To test whether Smac mimetics can alsoremh@RAIL-mediated regulated necrosis in
the tested tumor cell lines, five arbitrarily sédstsensitive tumor cell lines (U-937, Mz-Cha-1 P&k

3, HT-29 and Panc89) and as a control one resistamtr cell line (KNS-62) were stimulated with
TRAIL/zZVAD/CHX or TNF/zZVAD/CHX (as internal contrglin the presence of the Smac mimetic
birinapant. As shown in Figure 50, the additionbofnapant led to a further enhancement of both
TRAIL- and TNF-induced regulated necrosis in theddive sensitive tumor cell lines, but not ireth
resistant tumor cell line KNS-62. Furthermore, a-figld increase in the concentration of birinapant
did not further enhance regulated necrosis in gmsitive cell lines or overcome resistance in KNeS-6
cells, indicating that TRAIL- and TNF-induced regiddd necrosis is mediated by molecular
mechanisms which are likewise responsive to Smauetitis
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Figure 50: Birinapant enhances TRAIL-induced necroptais. Cells were treated with 100 ng/ml TRAIL or TNF in
combination with 50 pM zVAD-fmk and non-toxic comteations of CHX (U-937 0.1 pg/mL; Mz-ChA-1 2 pg/mBxPC-3

1 pg/mL; HT-29 5 pg/mL; Panc89 1 pg/mL; KNS-62 3mpb) in the presence of the indicated concentratiohthe Smac

mimetic birinapant. After 8 or 24 h of stimulatioegulated necrosis was analyzed by flow cytomeiniglysis of Pl-positive

cells. Each bar represents the means of two indimerexperiments with three parallel determinatieash, error bars
indicate the corresponding SD.

RIPK1, RIPK3 and MLKL are mediators of TRAIL-induced regulated necrosis in the
examined tumor cell lines

As described in the introduction (2.2.1.1), regedaibecrosis elicited through DRs critically depends
on the protein kinase RIPK1 and the related dowastrkinase RIPK3 (Vanden Bergieal. 2014).

To this end, the role of RIPK1 was next validatgcpharmacological inhibition in the above selected
tumor cell lines. The pharmacological inhibition BRfPK1 by Nec-1 protected U-937, Mz-Cha-1,
BxPC-3, HT-29 and Panc89 cells from both TRAIL- ahdF-induced regulated necrosis (Figure
51A). Furthermore, the down-regulation of RIPK3RMA interference in U-937 and HT-29 cells as
two sensitive tumor cell lines that express re&divhigh levels of RIPK3 (see Voigt al. 2014)
significantly blocked TRAIL- as well as TNF-inducédling (Figure 51B), suggesting that TRAIL-

induced regulated necrosis likewise occurs viang@optosis pathway.
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Figure 51: RIPK1 and RIPK3 are mediators of TRAIL-induced regulated necrosis. (ACells were left untreated or
preincubated with 50 uM necrostatin-1 for 2 h befaddition of 100 ng/ml TRAIL or TNF in combinatiowith
50 uM zVAD-fmk and non-toxic concentrations of CHX-937 0.1 pg/mL; Mz-ChA-1 2 pg/mL; BxPC-3 1 pg/mL;
HT-29 5 pg/mL; Panc89 1 pug/mL; KNS-62 5 pg/mL). ékf24 h of stimulation, regulated necrosis was yaeal by flow
cytometric analysis of Pl-positive cells. Each bgpresents the means of two independent experimatitsthree parallel
determinations each. Error bars indicate the cpomding SD.(B) U-937 and HT-29 cells were transfected with siRNAs
specific for human RIPK3. As a negative control|scelere transfected with an siRNA that does noitedic RNAi response
(siCtr). 48 or 72 h after transfection, cells wett Untreated or incubated with TRAIL/zZVAD/CHX or TRFYAD/CHX as
above. After 24 h of stimulation, regulated necsagas analyzed by measuring the decrease of ititfaceATP levels as a
marker for cell death. ATP levels are shown retatis cells transfected with the negative contr®NsA but not treated
(untreated siCtr). Control Western blots of transfdcbut untreated cells were performed to verifyvidlwegulation of
endogenous RIPK3. Detection of actin served asdirigacontrol. One out of two experiments with sanitesults is shown.
Error bars indicate the SDs from three paralleleduinations. Asterisks indicate statistical sigrdfice (t-test),

** P < 0.001.

It has been reported that phosphorylation of MLKy. RIPK3 is required for RIPK3-dependent
necroptosis (Vanden Bergleeal. 2014). To clarify whether MLKL is also involved the TRAIL-
induced killing of tumor cells, MLKL was down-reguéd exemplarily in U-937 and HT-29 cells.
Similar to down-regulation of RIPK3, down-regulatiof MLKL significantly reduced TRAIL- as
well as TNF-induced regulated necrosis in both lxedls (Figure 52A). Furthermore, treatment with
the MLKL inhibitor NSA resulted in comparable protion from TRAIL- or TNF-induced regulated

necrosis in the analyzed human tumor cell linegufe 52B).
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Figure 52: MLKL is a mediator of TRAIL-induced regula ted necrosis. (A)U-937 and HT-29 cells were transfected with
an siRNA specific for human MLKL. As a negative aat cells were transfected with non-targeting siR[$#Ctr). 48 or
72 h after transfection, cells were left untreatadincubated with 100 ng/ml TRAIL or TNF in combtiza with
50 uM zVAD-fmk and non-toxic concentrations of CHXN-837 0.1 pug/mL; HT-29 5 pg/mL). After 24 h of stitation,
regulated necrosis was analyzed by measuring ttreake of intracellular ATP levels. ATP levels sinewn relative to cells
transfected with the negative control siRNA but trelated (untreated siCtr). Control Western blotsrahgfected but
untreated cells were performed to verify down-ragah of endogenous MLKL. Detection of actin senesia loading
control. One out of two experiments with similarsults is shown. Error bars indicate the SDs fromeghparallel
determinations. Asterisks indicate statistical Higance (t-test), **P < 0.001. (B) Cells were treated with
100 ng/ml TRAIL or TNF in combination with 50 uM AD-fmk and non-toxic concentrations of CHX (U-937 Qug/mL;
Mz-ChA-1 2 pg/mL; BXPC-3 1 pug/mL; HT-29 5 pg/mL; R&0 1 pg/mL; KNS-62 5 ug/mL) in the presence orabs of
1 uM necrosulfonamide. After 24 h of stimulatioegulated necrosis was analyzed by flow cytometnalysis of PI-
positive cells. Each bar represents the means ofihgdependent experiments with triplicate measurgmeError bars
indicate the corresponding SD.

In summary, RIPK1, RIPK3 and MLKL were identified anediators of not only TNF-, but also of

TRAIL-induced regulated necrosis.
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Ceramide mediates TRAIL/zVAD/CHX- and TNF/zVAD/CHX-induced regulated necrosis

downstream of RIPK3

As described above, the lipase A-SMase is activdtgthg necroptosis downstream of the RIPK1-
RIPK3-MLKL complex. Furthermore, recent studies litgted ceramide generated by A-SMase as an
important mediator of regulated necrosis inducedBRQIL (Thon et al. 2006). However, information
on the impact of ceramide as a mediator of regdlagxrosis in clinically more relevant tumor cell
systems is currently unavailable. To further sultsdate the established role of ceramide, tumorscell
were treated with Arc39 to inhibit ceramide generatby A-SMase. Arc39 treatment inhibited
regulated necrosis in U-937, Mz-ChA-1, BxPC-3, HX-@nd Panc89 cancer cells but not in the
necroptosis-resistant cell line KNS-62 when treatgth either TNF- or TRAIL/zZVAD/CHX (Figure
53).

To investigate the role of RIPK3 not only for TNByt also for TRAIL-induced regulated necrosis
and to study the position of ceramide in the RIRK&diated necroptotic signaling cascade, primary
wild-type MEFs and RIPK3-deficient MEFs were trehtewith TNF/zZVAD/CHX or
TRAIL/zZVAD/CHX to induce regulated necrosis. RIPK&ficient MEFs but not wild-type MEFs
were protected from TNF/zZVAD/CHX- and TRAIL/zZVAD/CKinduced regulated necrosis.
Likewise, Arc39 treatment protected wild-type MEffsm TNF- or TRAIL-induced necroptosis as
did the deletion of RIPK3 in RIPK3-deficient MEASdure 53). Furthermore, RIPK3-deficient MEFs
were not further protected by Arc39 (Figure 53).

U-937 Mz-ChA-1 BxPC-3 HT-29 Panc89 KNS-62 MEF WT  MEF RIPK3""

o 90
S 80
8 ¥ 70-
E > 60
E 'S 50
S 8 40
25 a0
S 24

(=

TRAILIZVAD/CHX - + = = + = = + = = # = = + =« -« % - - & - - +
TNFIZVADICHX - - + = - + = « 4 - -« % o« o 4 o o o+ . o+ - . %

[ o noinhibitor WArc3d |

Figure 53: A-SMase activity is crucial for TRAIL- and TNF-induced regulated necrosis in human tumor cellines.
Cells were left untreated or were pre-incubated WithuM Arc39 for 2 h before 100 ng/ml of TRAIL oNF in combination
with 20 uM (wild-type (WT) or RIPK3-deficient (RIPKB) primary MEFs) or 50 uM zVAD-fmk and non-toxic
concentrations of CHX (U-937 0.1 pg/ml; Mz-ChA-1 2/imf BxPC-3 1 pg/ml; HT-29 5 pg/ml; Panc89 1 pg/mi;
KNS-62 5 pg/ml; MEFs 1 ug/mL) were added. Afterhl@MEFs) or 24 h (all other cell lines) stimulatjazell death was
analyzed by flow cytometry of Pl-positive cells.dBabar represents the means of two independentimgu@s with three
parallel measurements each. Error bars indicatedhesponding SD.
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Moreover, after induction of necroptosis by TNF/ZWANIH3T3 cells naturally lacking RIPK3
(RIPK3") showed a diminished accumulation of intracellutaramide levels when compared to
NIH3T3 cells that are stably retransfected withdwijpe RIPK3 (RIPK3"). Almost identical results
were obtained in TNF/zVAD-treated NIH3T3 cells dyatetransfected with kinase-defective RIPK3
(RIPK3”**™) (Figure 54). Altogether, the data obtained harggsst that ceramide generated by
A-SMase acts downstream of RIPK3 as part of theessignal transduction pathway. The remaining
ceramide accumulation after TNF/zZVAD treatment itPR3” and RIPK8'"N NIH3T3 cells is
possibly a result of the induction of apoptoticelikaspase-independent cell death pathways rater th
an induction of necroptosis, because Newton andodaws recently claimed that the absence of

RIPK3 drives the signaling pathway towards apopt@isewtonet al. 2014).
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Figure 54: Ceramide mediates TNF/zVAD-induced regul@d necrosis downstream of RIPK3NIH3T3 cells naturally

deficient of RIPK3 (RIPK3Z), NIH3T3 cells stably expressing transfected menvild-type RIPK3 (RIPK3*) or kinase-

defective RIPK3 (RIPK3'™™) were left untreated or were stimulated with 1@ TNF and 20 uM zVAD-fmk for 18 h
before intracellular ceramide levels were deterahiimeduplicate. Raw data from the charred thin larepmatography plate
(C16 and C18 ceramide species) are shown below thgréyahs. Loss of membrane integrity was determimettypan blue

staining and is shown above the respective bars.ddhof three representative experiments is shown.

Induction of regulated necrosis by TRAIL/zZVAD/CHX or TNF/zZVAD/CHX reduces the
clonogenic survival of tumor cells

To determine whether induction of regulated nesr@éso can block the capacity of tumor cells for
unlimited proliferation, measurements of the clagrtig survival were employed for the above
selected tumor cell lines. As shown in Figure S®atment with TRAIL/zVAD/CHX reduced
clonogenic survival with statistical significanaefour out of the five sensitive cell lines (U-98@&lls
showed reduced clonogenic survival which was oligihy above the significance threshold of 0.05
with P=0.059). Surprisingly, even in the control celldilKNS-62, which had shown resistance to
TRAIL-induced regulated necrosis in cytotoxicitysags conducted above (see Figure 49), the
treatment with TRAIL/zVAD/CHX significantly reducedheir clonogenic survival. Likewise,
treatment with TNF/zZVAD/CHX led to a reduction dboogenicity in five out of the six tested tumor
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cell lines. U-937, HT-29 and Panc89 cells showedatistically significant reduction. KNS-62 cells
were only slightly above the significance thresheith P=0.057. Altogether, these data confirm that
induction of regulated necrosis by TRAIL or TNF a&auce the proliferative potential and thus the

clonogenicity of tumor cells.
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Figure 55: TRAIL- and TNF-induced regulated necrosisreduces clonogenic survival of tumor cellsTumor cells were
treated with 100 ng/ml of TRAIL or TNF in combinati with 50 uM zVAD-fmk and non-toxic concentrations CHX
(U-937 0.1 pg/ml; Mz-ChA-1 2 pg/ml; BXPC-3 1 pg/mif429 5 pg/ml; Panc89 1 pg/ml; KNS-62 5 pg/ml). Sadheently,
their ability to form colonies was analyzed by silag with crystal violet (or by soft agarose clogyifor the non-adherent cell
line U-937) after 7 days (see 4.2.2). Values raprethe means from three independently countedsvpelt condition and
error bars represent the corresponding SD. Tredtwigim zVAD/CHX (negative control) served as refecerfor calculation

of colony formation as well as &f values. Asterisks indicate statistical significarfttest), *P <0.05, *** P <0.001.

TRAIL-induced regulated necrosis synergizes with chemotherapy in the elimination of
tumor cells

The application of TRAIL in combination with cherherapeutic agents to induce apoptosis in tumor
cells has been comprehensively investigated (Hglavid Rehm, 2012). In contrast, a corresponding
study for the induction of regulated necrosis imesgism with chemotherapeutic agents is not
available. To alleviate this lack of informatiomuf TRAIL-resistant (Colo357, PancTu-l, MKN-28,
SK-Mel-28) and the tumor cell line A818-4 which sleal only marginal induction of regulated
necrosis (Figure 49) were analyzed in viabilityagssafter treatment with the chemotherapeutic agent
cisplatin, etoposide, trichostatin A, 5-fluoroutaginotecan, doxorubicin, camptothecin, or paoii!

in combination with TRAIL/zZVAD/CHX. The addition othemotherapeutic agents significantly
enhanced the cytotoxic effect of TRAIL/zVAD/CHX faur out of five tumor cell lines and in 28 out
of a total of 40 chemotherapeutic/TRAIL/zZVAD/CHX robinations (Figure 56). Notably, the
cytotoxic response of the cell line A818-4 whichdharoven only marginally sensitive to
TRAIL/zZVAD/CHX treatment alone (Figure 49) was dlgafurther enhanced by the addition of
chemotherapeutics (Figure 56). In summary, the liesabtained here demonstrate that TRAIL
synergizes with chemotherapeutic agents in theciimu of regulated necrosis and that this treatment

can overcome resistance against TRAIL-induced et¢gdInecrosis.
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Figure 56: TRAIL-induced regulated necrosis synergiegs with chemotherapy in the elimination of tumor chs. Cells
were treated with 100 ng/mL TRAIL, 50 uM zVAD-fmk@ non-toxic concentrations of CHX (Colo357, MKN-28&/mL,
PancTu-I, SK-Mel-28, A818-4 10ug/mL) with additidrepplication of cisplatin (Cis, 50 uM), etoposidetq, 20 pug/ml),
trichostatin A (Tri, 100 ng/ml), 5-fluorouracil & 50 pg/ml), irinotecan (Iri, 1 uM), doxorubicirDg¢x, 5 pg/ml),
camptothecin (Cam, 10 uM), or paclitaxel (Pac, 1 uAjer 24 h of incubation, viability was measured crystal violet
staining. Treatment with zZVAD/CHX (control) served a reference for the calculation of p values. Wigbis shown
relative to cells treated with zZVAD/CHX in combinati with the respective chemotherapeutic agent. ris&te indicate

statistical significance (t-test),P < 0.05, ** P < 0.01, *** P < 0.001. For each cell line, one out of two experitaewith
similar results is shown. Error bars indicate tRef®m four parallel determinations.

Conclusion: TRAIL can induce regulated necrosis in human tumor cells

The obtained results demonstrate that TRAIL-induesglilated necrosis causes death in eight out of
14 tumor cell lines and that RIPK1, RIPK3 and MLIKke mediators of not only TNF-, but also of
TRAIL-induced regulated necrosis. Furthermore, weda represents a pivotal factor downstream of
RIPK3 in the execution of TRAIL- and TNF-inducedyodated necrosis because the interference with
the production of ceramide protected tumor cettdifrom necroptosis. The findings also demonstrate
that the induction of regulated necrosis impai@nobenic survival of the clinically more relevant
tumor cell systems employed here and that TRAILesgizes with chemotherapeutics in killing tumor

cell lines via regulated necrosis.
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0. Discussion

The impact of caspase-independent, non-apoptotid B@h as necroptosis/regulated necrosis has
become the focus of international research ovelatsieyears. This is particularly true for pathabady
processes which are linked to regulated necrosis) s hyperacute shock (Cauwetisal. 2003),
pancreatitis (Heet al. 2009; Zhanget al. 2009), cerebral and myocardial ischemia-reperfugijury
(Linkermannet al. 2013), Crohn’s disease (Gunthetral. 2011), Alzheimer’s disease (Lin and Beal,
2006) and photoreceptor cell loss (Viringipurampateal. 2014). Moreover, pathogens such as HIV,
vaccinia virus, Shigella and Salmonella (Festjenal. 2006; Choet al. 2009) can destruct cells via
regulated necrosis. The possibility of therapeirtierference with necroptosis/regulated necrosss ha
raised great expectations for the near future. dnsequence, a better knowledge of the still
incompletely understood signaling pathways of thent modes of regulated necrosis, the
associated components and the distinct executioremhanisms will facilitate future strategies to
interfere with damage induced by necroptosis/ragdlaecrosis (e.g. in shock, pancreatitis, ischemic

damage or neurodegenerative diseases) to elinapatgtosis resistant cancers.

6.1 TNF-induced necroptosis and PARP-1-mediated nec  rosis elicit
distinct routes to regulated necrosis

Future therapeutic interventions, however, regaireetter knowledge of the signaling pathways of
regulated necrosis. In previous studies, it wasnted that the PARP pathway represents an integral
part of TNF-induced necroptosis (Lesal. 2002, Vandenabeekt al. 2010). The results obtained in
the study presented here, however, clearly inditias¢ TNF-induced necroptosis and the PARP
pathway represent two distinct routes to regulatectosis and that they operate separately from each
other. This was substantiated by the observatioas RARP-1 inhibition did not alter TNF-induced
necroptosis, whereas the MNNG-induced PARP patiwas/blocked.

Furthermore, the hyperactivation of PARP-1 involtbe activation of JNK (Vandenabeede al.
2010) and in this thesis, the interference with JAl#Ka further component of the PARP pathway
revealed that JNK have no role in TNF-induced ngttrsis. The revalidated concept that TNF-
induced necroptosis and PARP-1-mediated regulagéedoris are distinct and independent routes to
regulated necrosis is additionally supported byadzt Seok and coworkers who demonstrated that
JNK activation by DNA-alkylating agents occurs infBlF-independent manner (Seekal. 2008).
Two other and independent studies were also na@ tblshow a link of JNK activation to TNF-
induced necroptosis in multiple cell systems (Eiral. 2003; Wicovskyet al. 2007). On the other
hand, a role of JNK in the PARP pathway was regeméiscribed based on genetic knockouts and

pharmacological inhibition studies (&ial. 2006).
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AlIF a downstream factor of the PARP pathway wasontel to be cleaved by calpains and/or
cathepsins to yield truncated AIF (tAIF). SubsedlyentAIF relocates from the mitochondria to the
cytosol and nucleus, where it evokes chromatinslysid PCD (Artust al. 2010). The results
obtained here showed that calpain or cathepsire@sets are not crucial for the induction of TNF-
induced necroptosis in U-937 cells which is in limgh previous findings obtained in other cell kne
(Thon et al. 2005, Sosna and Voigt al. 2013; Sosna, Voigit al. 2014). Identical to the results
presented here, the inhibition of cathepsins B{Lor D as further components of the PARP pathway
(Artus et al. 2010) did not affect TNF-induced necroptosis irrimel hepatocytes (Dunsdt al. 2007).
Furthermore, this thesis shows that cathepsin kidet MEFs can undergo TNF-induced
necroptosis. Of note, cathepsin D-deficient MEFewveot protected from MNNG-induced regulated
necrosis in comparison to their wild-type counteipar to cathepsin D-deficient MEFs ectopically re
expressing cathepsin D in the study presented baggesting that cathepsin D plays also no role in
either TNF-induced necroptosis or in the PARP pathw

On the other hand, interference with componentthefnecroptosis pathway (e.g. RIPK3) did not
impair regulated necrosis elicited by the PARP yath In reverse approaches interfering with
components of TNF-induced necroptosis Xu and coarmsrkeported that treatment with Nec-1 did not
protect murine hippocampal HT-22 cells from MNNGHirmed regulated necrosis (& al. 2010).
Furthermore, necroptosis-resistant HeLa cells wtllesensitive to MNNG-induced necrosis (Andrabi
et al. 2006). Moreover, the results obtained in the studsented here and further independent work
in the laboratory by Sosna and coworkers (Sosnégt\é al. 2014) demonstrated that any role of
RIPK1 or RIPK3 in the PARP pathway cannot dependignals mediated by TNF-R1. The described
contribution of RIPK1 and RIPK3 was rather celld¢ygpecific and only of limited impact which is in
contrast to the essential function of RIPK1 and KAPin TNF-induced necroptosis. These
observations are also consistent with the studiest et al. (2010) and Chiwet al. (2011) but
nevertheless, this additional function of RIPK1 aR#PK3 in PARP-1-induced cell death is
independent from TNF-induced necroptosis. In surgmer TNF-induced necroptosis, RIPK1 and
RIPK3 play an essential and cell-type-independel& in the initial steps of the death response. In
contrast to that, their contribution to MNNG-inddceegulated necrosis is of limited importance and

cell-type-specific, and does not occur at theahitout rather in the late steps of the PARP-pajhwa

In conclusion, this thesis provides a first ansteethe question whether there is one core prognam o
several independent pathways of regulated necrasis consequence of the results obtained in the
study presented here, a simultaneous rather thanndimidual application of highly specific

necroptosis (e.g. Nec-1 or NSA) and PARP-1 inhikite. g. olaparib) might be the approach of
choice for the future possibly resulting in an ioyed treatment of damage induced by regulated

necrosis (e.g. in shock, pancreatitis, ischemicatgnor neurodegenerative diseases).
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6.2 ldentification of proteases and proteolytic sub strates involved in
TNF-induced necroptosis

The results obtained in the study presented haeredstrated that the inhibitor of chymotrypsin-like
serine proteases TFCK significantly protected neuti®29Ts and NIH3T3 cells, human Jurkat cells
and its subline 142 as well as HT-29 and U-937scilbm TNF-induced necroptosis. This is in line
with a previous study by Vercammen and coworkemsvitg a protective effect of TFCK on TNF-

induced regulated necrosis in L929 cells (Vercameteh. 1997), and in summary clearly shows that

proteolytic processes participate in TNF-inducecrogtosis.

However, the inhibitors of the cysteine proteassbepsin L (zFF-fmk), cathepsin B/L (zFA-fmk),
and the broad spectrum calpain/cysteine protedsigitor E-64 did not protect U-937 cells from TNF-
induced necroptosis. This is in line with previatigdies showing that inhibitors of cysteine proésas
and of calpain/cysteine proteases did not proté20l's cells from TNF-induced necroptosis (Tiebn
al. 2005, 2006; Sosna and Voigt al. 2013). However, during regulated necrosis, cytotox
hydrolases such as Calependent calpains destabilize lysosomal membr@resangenakkeet al.
2008), suggesting that these proteases neverthetegsibute to some extent to cellular events

associated with regulated necrosis but maybe reatifegally in necroptosis.

In contrast to the other cysteine protease inhibitatilized, the cathepsin B inhibitor Ca-074Me
showed protection from necroptosis in U-937 cefls.far this was not observed in other cell lines
undergoing necroptosis (Sosna and Vagtal. 2013). Previous studies examining cathepsin B
functions found that cathepsin B is a componenthef TNF-induced apoptotic cell death pathway
(Guicciardiet al. 2000) and under caspase-inhibiting conditionsheyain B was shown to process
cellular proteins leading to regulated necrosisnfi#eet al. 2003). Furthermore, it was shown that the
inhibitor Ca-074Me abrogated staurosporine-induteetotic cell death in leukemia cells and that this
is independent of its inhibitory effect on cathepBi (Mihalik et al. 2004). This indicates that the
inhibitor Ca-074Me has a cathepsin B-independagetahat may play a role in necroptosis upstream
of lysosomal breakdown. The same group found thatOTZtMe protected U-937 cells from
staurosporine-mediated regulated necrosis by Hismgil the lysosomal compartment and thereby

preventing rupture of the plasma membrane of the (@unaiet al. 2012).

Treatment of U-937 cells with the proteasome irnthibMG-132 and the acid protease inhibitor
pepstatin A did not protect cells from necroptosigited by TNF but rather enhanced regulated
necrosis. MG-132 was shown to reduce the degradatfoubiquitin-conjugated proteins and to
potentiate TRAIL-induced apoptosis (Suetgal. 2012). In contrast to that, a study by Volbraaid a
coworkers showed that proteasome inhibitors redagalated necrosis in neurons (Volbraehtl.
2001) suggesting that the inhibition of the proteas has distinct effects in different tissues df ce

types. Pepstatin A is a well-known inhibitor of ad proteases such as pepsin, cathepsin D and
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cathepsin E. Shacka and coworkers showed thatpsath®-deficiency induces caspase-independent
neuron death resulting from the disruption of Iysoe function (Shacka&t al. 2007). A study
investigating photoreceptor cell loss showed ptotedunctions of cathepsin D during photoreceptor
degradation (Chahorst al. 2004). These studies provide indications that teaic concentrations of
MG-132 and pepstatin A have an impact on degradapimcesses and may therefore potentiate
necroptotic cell death by inhibiting, e.g. suburifsthe proteasome or the aspartic acid protease

cathepsin D.

Although metalloproteases are involved in earlydtigenesis and are used as prognostic marker, for
e.g., lung, colorectal, breast and prostate carfetadler-Olsenet al. 2013), broad spectrum
metalloproteases inhibitors utilized in this studiygl not protect from TNF-induced necroptosis,

suggesting a minor impact of metalloproteases durectroptosis.

6.2.1 HtrA2/Omi, Lon protease 1, PSAl1 and PMPCA are TFCK-sensitive serine
proteases identified during necroptosis

The proteomic screen to discover the TFCK-sensigeeine protease(s) responsible for TNF-
dependent necroptosis identified HtrA2/Omi as asjibs mediator of TNF-induced necroptosis. This
is corroborated by additional results linking Ht¥&2ni and the cysteine protease UCH-L1 to TNF-
induced necroptosis (Sosna and Vaigdl. 2013). The HtrA2/Omi protein is highly conservedias
the mammalian homologue of the bacterial HtrA2 gmdtease. Degradation of proteins misfolded
during cellular stress (e.g. ER stress, heat shma#t ischemia/reperfusion) was found to be
HtrA2/Omi-dependent (Gragt al. 2000). In mouse models, the deletion of HtrA2/Gmas been
associated with neurodegeneration and Parkinsaesémase (Martingt al. 2004). Neurodegeneration
was also found in patients harboring mutationshm kHtrA2/Omi gene affecting the activity of this
enzyme (Vande Wallet al. 2008). During apoptosis, HtrA2/Omi is releasedrfrthe mitochondria
into the cytoplasm. HtrA2/Omi promotes apoptosisritgracting with the caspase-inhibitor XIAP and
thereby induces enhanced caspase activity (varetalo 2002). Together with members of the IAPs
family, the caspase-8 inhibitor phosphoproteinaad in astrocytes 15 (Pea-15; Treratial. 2004)
and the anti-apoptotic protein HCLS1-associatedegpmoX-1 (HAX-1; Cilenti et al. 2004) are
substrates of HtrA2/Omi and are cleaved during tgmie. HtrA2/Omi can not only induce apoptosis
but it was also reported that HtrA2/Omi can medratgulated necrosis by its serine protease activity
upon interleukin-3 deprivation of the mouse prodl ¢éine Ba/F3 (Vande Wallet al. 2010), or in
cytomegalovirus infection (McCormiodt al. 2008) and in imatinib mesylate-treated human leu&e
cells (Okadeet al. 2004). However, the molecular details how HtrA2iQuarticipates in and which
substrates are cleaved by HtrA2/Omi during necsiptare unknown. Only one study, investigating
substrates cleaved by HtrA2/Omi during regulatedrasgs, reports the cleavage and inactivation of
the substrate RIPK1 by HtrA2/Omi (Vande Wadteal. 2010). Other reports show that, in contrast to

apoptosis, HtrA2/Omi is not released from mitochanduring TNF-induced necroptosis (van Leo
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al. 2002; Blink et al. 2004). This is also consistent with preliminaryperiments not detecting
HtrA2/Omi as part of the necroptotic TNF-R1 signglicomplex (data not shown; experiments by
Vladimir Tchikov, Christian-Albrechts-University,i&l, Germany). Furthermore, the data in the study
presented here showed that the pharmacologicabiirdm of HtrA2/Omi by Ucf-101 or genetic
deletion of HtrA2/Omi fully protects from TNF-indad necroptosis in a panel of murine and human
cell lines. In HT-29 cells, protection from TNF-unckd necroptosis was less pronounced but
nevertheless visible when incubated with Ucf-10dggesting a cell line-specific alteration in the
signaling pathway. Because HT-29 cells were sigaifily protected from necroptosis elicited by TNF
when treated with TFCK, a distinct serine proteasght substitute for HtrA2/Omi activity in HT-29
cells. In addition, the parallel incubation of L929cells with TFCK and Ucf-101 did not result in a
complete protection of the cells from TNF-inducextroptosis. These observations suggest that both
inhibitors function by the same signaling pathwag anay both bind to HtrA2/Omi or further serine
proteases are involved in regulated necrosis. Attogy, the above described findings not only
identified the TFCK-sensitive serine protease HitXRi as a possible mediator of TNF-induced
necroptosis but also substantiate the crucial obleltrA2/Omi in the execution of TNF-dependent

necroptosis.

Furthermore, a second TFCK-sensitive serine preteasms identified. The mitochondrial
Lon protease 1 plays a role in protein quality oaneind in stress response signaling pathways
(Venkateshet al. 2012). Furthermore, Lon protease serves as a whapdéor mitochondrial protein
complex assembly (Reg al. 1996) and it can bind to DNA or RNA and can thgrebhodulate
transcription or translation (Liet al. 2004). In a previous study, Lon protease down{edigun in
human lung fibroblasts caused massive apoptosthdnearly phase of transfection and this was
accompanied by ATP depletion caused by severe hatuirial defects. Subsequently, the cells
underwent a necrotic type of cell death (Betal. 2005). Moreover, Lon protease has already been
associated with tumorigenesis by ROS productionef(@het al. 2013). However, in the study
presented here, the down-regulation of human Latepse did not result in an increase of TNF-
induced necroptosis in HT-29 and U-937 cells. Oossible explanation for this result could be that
the achieved reduction of Lon protease expressas mot sufficient to enhance the death response.
The characterization of Lon protease action duriigfF-induced necroptosis should be further
investigated by applying specific inhibitors forri_protease or by utilizing cells completely defitie

of Lon protease.

The proteasomal protein proteasome subunit alppe-1y(PSAl) was also identified as a TFCK-
sensitive serine protease in murine L929Ts cekmsidtent with this finding, several serine progeas
inhibitors, among them TFCK and Pefabloc, have bebown to non-selectively inhibit the

proteasome which has two chymotrypsin-like actitesgKisselewet al. 1999; Kinget al. 2004). The

identification of proteasomal proteins is in linettwa study by Egger and coworkers who found
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different proteasomal subunits in the TFCK-enrictietttion during a screen for serine proteases
responsible for ER stress-induced cell death. Maed®SA1 was also identified in proteasomal pull-
down experiments performed by Egger and cowork&ggér et al. 2007), suggesting that the
identification of PSAL in this thesis was speciftown-regulation of PSA1 did not result in inhibrti

or enhancement of TNF-induced necroptosis in HIc&®. This is in contrast to U-937 cells where
down-regulation of PSAl lead to an increased lossnembrane integrity compared to control
transfected cells. PSA1 was recently describecetonolved in sensitization of bortezomib-resistant
leukemia cells (Fangt al. 2012), suggesting cell-type and species-speaifictions of PSA1 during

TNF-induced necroptosis.

The results of the experiments to isolate TFCK-$®msserine proteases performed during this thesis
however also showed that most of the labeled prapots were non-proteases. This might be due to
the limited specificity of the chymotrypsin-like re®e protease inhibitor TFCK. Notably, the
mitochondrial-processing metallopeptidase subupiia(PMPCA, also abbreviated as MPP-A) was
also found during the identification of serine pases responsible for TNF-induced necroptosis,
although the metallopeptidase PMPCA should notdat by the serine protease-specific inhibitor
TFCK. So far, it is unclear whether the identifioatof PMPCA was unspecific or not. Nevertheless,
down-regulation of PMPCA in HT-29 and U-937 cellsowed an increase in cell death, thus
suggesting that PMPCA might be a novel proteaséicjating in TNF-induced necroptosis. A
connection between PMPCA and Lon protease mighpdssible, because unassembled PMPCA
subunits are degraded by mitochondrial Lon proté@smirovicovaet al. 2005). Like Lon protease,
PMPCA is a quality control enzyme completely degrgdmisfolded proteins. On the other hand,
PMPCA can also act as a processing enzyme spdgificieaving mitochondrial proteins with
regulatory functions during cell death, such axessing of the dynamin-like GTPase optic atrophy 1
protein (OPAL; Ishiharet al. 2006).

6.2.2 Five novel proteases enhance TNF-induced necr  optosis

A complementary siRNA screen of all proteases eedody the human genome identified 10
proteases with pronounced (and six candidateslesthpronounced) effects (see Table 4) which were
distinct from the identified in 5.2.1 as TFCK-sdiv& serine protease(s) responsible for TNF-
dependent necroptosis. Remarkably, the best caedideere caspase-8, CYLD and c-FLIP, proteins
that represent key regulators of necroptosis (Kaceket al. 2013). The other proteases (DESC,
GGT1, DPYL4, PRPF8, MMP3) investigated in this ststiowed enhanced necroptosis upon down-
regulation in HT-29 cells and in U-937 cells. Thentification of the above proteases as regulatbrs
necroptosis is consistent with the reported fumgtiof these proteases in anti-apoptotic or pro-
tumorigenic processes. In particular, the transmmam serine protease DESC1 confers tumorigenic
properties and is upregulated in tumors of diffeaigin (Viloria et al. 2007). The threonine protease
GGT1 is upregulated by the oncogene K-Ras (andtalsbNF). GGT1 enhances the expression of
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pro-apoptotic molecules and down-regulates the essgion of anti-apoptotic molecules, and can
thereby overcome apoptotic signals (Boonyanugoehal. 2012). The metalloprotease DPYL4 is a
target of the tumor suppressor p53 in the apoptesponse to DNA damage (Kimueaal. 2011).

The metalloprotease PRPF8 shares high homologyARth2, involved in cell death (Tapia-Vieyea

al. 2005) and the matrix metalloproteinase MMP3 pgdies in tumor initiation (Sternliclet al.
1999) and is involved in cancer progression arsbésemodeling (Si-Tayedt al. 2008). Moreover,
nuclear MMP3 can induce apoptosis via its catalgitvity (Si-Tayebet al. 2008). Although down-
regulation of YME1L1 showed no effect in both cglstems (as detected by ATP level measurements
and flow cytometry), YME1L1 might play a role ing@ated necrosis. Like Lon protease 1, YME1L1
is part of the mitochondrial ATPases associateth diverse cellular activities (AAA) complex. The
AAA complex exerts peptidase, chaperone-like aaddiocase activities on the intermembrane space
side of the inner mitochondrial membrane (Stibueekl. 2012). One substrate of YME1L1 is the
dynamin-like GTPase OPA1 (Griparital. 2007) which can also be processed by PMPCA (Ishiha
et al. 2006). OPA1 is localized in the mitochondrial irmembrane space side and during apoptosis
OPAL is proteolytically cleaved by AAA, releasedairthe cytosol and causes fragmentation of
mitochondria (Gripariet al. 2007). However, the precise role of YME1L1 andhef other proteases
identified here in regulated necrosis, and in paldir, in necroptosis is unknown and should be

investigated in the future.

Surprisingly, the data obtained by the siRNA scriggflicate a differential proteolytic regulation of
necroptosis by caspase-8 in humans. In the stuekepted here, caspase-8 down-regulation resulted
in a protection of human HT-29 cells from TNF-inddc necroptosis. Furthermore, the down-
regulation of caspase-8 was also protective in mukh#®37 cells measuring ATP levels. However,
protection of U-937 cells after down-regulationcafspase-8 was not observed after Pl-staining. This
observation was not in line with later experimensing individual siRNAs (data not shown),
suggesting off-target effects of the used mixturéoar siRNAs targeting caspase-8 in U-937 cells.
Nevertheless, the observation that caspase-8 deguiation protects rather than enhances necroptotic
cell death elicited by TNF is in contrast to theem@ll view that caspase-8 suppresses necrosome-
dependent necroptosis (Holkgral. 2000; Cheet al. 2009; Heet al. 2009, Zhangt al. 2009). In mice,
FADD, caspase-8 and FLIPcounteract RIPK1- and RIPK3-dependent necroptasising
development, because embryonic lethality in miakifeg FADD or caspase-8 can be rescued by
RIPK1 or RIPK3 deletion (Kaisest al. 2011; Obersét al. 2011; Zhangt al. 2011). Down-regulation

of caspase-8 or FADD in L929Ts cells potentiatecrogtosis elicited by TNF (Vanlangenakletial.
2011b). However, interpretation of these studies teabe performed with caution, because they
present work from murine systems. Unlike mice, hasnhave two initiator caspases, caspase-8 and
caspase-10. Human caspase-10 has close homoldgyntan caspase-8 (Fernandes-Alneebral.
1996) and functions as an initiator caspase in Diliated signaling (Spriost al. 2002). Caspase-10

has overlapping substrate specificities with casiagFischert al. 2006) and similar to caspase-8,
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caspase-10 was reported to play a role in virabcimdn (Takahashét al. 2006). Kischkel and
coworkers showed that both caspase-8 and caspas@IQnction independently of each other during
ligand-induced apoptosis (Kischketd al. 2001). The reported observations together withréseilts
obtained in the study presented here raise thaignashether the roles of these two related enzymes
are redundant or whether they have distinct or ¢ementary functions during necroptosis. Another
issue which has to be discussed is the fact tleabtbad spectrum inhibitor of caspases zVAD-fmk
was always present raising the question why lossaspase-8 expression still has an impact on
necroptosis. A study by Kadohara and coworkersccdemonstrate that caspase-8 is able to mediate
the mitochondrial release of pro-apoptotic proteina proteolysis-independent manner (Kadolstra

al. 2008). Accordingly, the protective effect of casp® down-regulation in human cancer cell lines

during necroptosis might be due to novel scaffgldimctions of caspase-8, and maybe caspase-10.

To investigate the contribution of the identifiecbigases in regulated necrosis, the metalloprotease
MEP1B was further characterized. However, in priglary experiments in the study presented here,
no effects of the two broad-spectrum metallopraeasibitors GM6001 and marimastat were
observed during TNF-induced necroptosis. Nevertiselm the study presented here, cell death levels
were decreased after down-regulation of MEP1B i83J-cells. On the other hand, this was not
observed in HT-29 cells, suggesting a cell-typezBeinvolvement of MEP1B during TNF-induced
necroptosis. In contrast to that, HT-29 cells tiamdy transfected with wild-type MEP1B showed
enhanced cell death rates compared to non-traedfeetls after TNF/zZVAD/CHX stimulation. Cells
expressing a catalytically inactive MEP1B mutardoathowed increased cell death levels during
necroptosis. In conclusion, the analysis of MEP@Bcfion suggests that MEP1B plays a role in the
execution of TNF-induced necroptosis. Nevertheldssse preliminary data should be substantiated
by loss of gene function studies and by studying tffects of MEP1B-specific inhibitors.
Furthermore, the role of MEP1B in mediating ischeem@iperfusion injury under caspase-independent
conditions should be investigated, because mepnbition is protective from renal hypoxia-
reoxygenation injury (Carmagd al. 2002) and regulated necrosis is linked to ischeejerfusion
injury (Linkermannet al. 2013).

6.2.3 Newly identified signaling components of TNF-  induced necroptosis

Cell surface receptors are activated after bindgheir ligands, transmit intracellular signalsdan
generate a signaling cascade. In the last dedadas ibecome clear that signal transduction patbway
may require receptor internalization for signalnsduction (McPhersoret al. 2001). TNF-R1
internalization was shown to be essential for theiation of apoptosis (Schutzet al. 1999;
Schneider-Brachett al. 2004). In the presented thesis, the internalimatapability of TNF-R1 under
conditions of caspase-inactivity was confirmed in-98¥ cells by flow cytometry.
Immunofluorescence detection of TNF-R1 in L929Tsl 937 cells revealed a time-dependent
appearance of endocytic vesicles harboring the RilIFmolecules. In the presented study, immuno-
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magnetic isolation of cell surface TNF-R1 was perfed to detect new or known proteins
differentially expressed or even cleaved duringrogiosis. The method allows the monitoring of the
temporary maturation and distribution of specifiotpins involved in intracellular signaling from
intracellular compartments (Tchikat al. 2014). The receptors are isolated in their natimggnbrane
environment in the absence of any detergent andeh#e physical homogenization procedure should
preserve the morphology and functional integritytleé compartments (Tchikost al. 2014). The
analysis of the immuno-magnetically enriched newiop TNF-R1 containing vesicles from L929Ts
and U-937 cells revealed the accumulation of tleens RIPK1 and RIPK3 to the receptor during
necroptosis. This is in line with the reported sigmy cascade of TNF-induced necroptosis (Vanden
Berghe et al. 2014). Isolated magnetic TNF-R1 fractions contdirRab5, a marker of early
endosomes, and accumulated lysosomal proteinsontrast to apoptosis, TNF/zZVAD stimulation
revealed early accumulation of LAMP proteins witlime magnetic TNF-R1 containing vesicles,
suggesting an early fusion of lysosomes with TNFd®htaining vesicles during necroptotic cell
death. However, to clearly prove that the isolatedgnetic fractions are intact subcellular
compartments and are fused at early time-pointysosomes, the fractions should be analyzed by

electron microscopy.

Next, to find protease targets during necroptasi2D-DIGE approach following MS analysis was
performed. This approach revealed that cofilin-El(€1) protein levels were consistently increased in
cellular extracts of U-937 cells undergoing necosjt. The actin-binding protein CFL-1 disassembles
actin filaments and reorganizes the cytoskeletamiriy cell death, cytoskeleton-associated proteins
play a role in connecting TNF signaling to actimrganization. For example, the death-associated
protein kinase (DAPK) phosphorylates LIM domainddge 1 and its downstream target CFL-1. Upon
phosphorylation, CFL-1 possibly acts as a scaffahdl as a trigger for actin reorganization and
detachment of the cell (lvanovskiaal. 2013). During oxidative stress in T cells, CFLsloixidized
and provokes a stiff actin cytoskeleton and T-c#dlath. Oxidation of CFL-1 leads to its
translocation/accumulation to the mitochondria anth that to the execution of regulated necrosis
(Wabnitzet al. 2010) which possibly explains the finding of iresed protein levels of CFL-1 during
TNF-induced necroptosis in the 2D-DIGE analysigitfiermore, Wabnitz and coworkers assume that
oxidized CFL-1 interferes with mitochondrial furanis and thus energy depletion does not involve the
Bcl-2 family (Wabnitzet al. 2010). The 2D-DIGE analysis showed that the majmmstituent of
microtubules tubulin alpha-1B chain (TUBA1B) ane filycolytic enzyme pyruvate kinase isozymes
M1/M2 (PKM) showed decreased protein levels inscatidergoing necroptosis. TUBA1B was found
to be upregulated in small cell lung cancer tisgdesnget al. 2011), suggesting a protective role of
TUBAI1B during cell death. To overcome this proteetirole, protein levels of TUBA1B might be
therefore decreased during necroptosis. It wasriegdhat upon translocation of the tumor marker
PKM to the nucleus, PCD is induced in a caspasepeddent manner (Stetetkal. 2007). This might

explain the low protein levels of PKM after industi of necroptosis in the isolated TNF-containing
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vesicles (because PKM is already in the nucleubg protein levels of the two dehydrogenases
inosine-5’-monophosphate dehydrogenase 2 (IMPDHR®) B-3-phosphoglycerate dehydrogenase
(PHGDH) were found to be increased in magnetic RdFfractions isolated from cells undergoing
necroptosis. Mantle cell lymphoma cells, a rareraggjve type of B-cell non-Hodgkin’s lymphoma,
are resistant to TRAIL treatment which is assodatéh a decreased expression of three key enzymes
of purine nucleotide metabolism, namely purine easide phosphorylase, adenine
phosphoribosyltransferase and IMPDH2 (Pospisileival. 2013). These enzymes have profound
effects on nucleotide homeostasis and IMPDH2 amaihgrs might have pro-necrotic functions
during regulated necrosis. Resistance to cell daathan increased glucose catabolism are hallmarks
of cancer. Moreover, cancer cells adapt their n@i@lprocesses to induce rapid cell growth and
proliferation. PHGDH is involved in the serine bjathesis pathway and PHGDH protein levels are
elevated in 70 % of estrogen receptor-negativesbreancers patients. The suppression of PHGDH
does not affect intracellular serine levels butseauincreased -ketoglutarate levels (Possematal.
2011). However, in the study presented here, PHGIH found to be upregulated in U-937 cells
undergoing necroptosis. This is in contrast to timservations that, for example, GLUD1, a
mitochondrial enzyme converting glutamate intketoglutarate, is hyperactivated by RIPK3 and the
execution of necroptosis is dependent on the ekeegeneration ofi-ketoglutarate (Matest al.
2009). Therefore, the role of PHGDH has to be suttigtted by loss of gene function studies and by
studying the effects of PHGDH-specific inhibitorfhe 2D-DIGE analysis revealed that the
peroxisome enzyme catalase (CAT) showed lower prd&vels in necroptotic cells. The rapid
decomposition of harmful D,, a byproduct of many metabolic processes withi ¢kll, is an
important physiological process to prevent damageetls and tissues. Yu and coworkers reported
that caspase inhibition induces catalase degradatid thereby ROS accumulation and non-apoptotic
PCD (Yu et al. 2006). Since the accumulation of ROS is crucial tlee execution of regulated
necrosis, catalase might be an important subdwafaoteolytic cleavage during necroptosis. The 2D
DIGE proteomic approach provided evidence thasthgctural constituent of the cytoskeleton moesin
is a target of proteolytic cleavage. However, a&spnt there are no studies available showing moesin
cleavage as a result of PCD. Similar to moesinctbavage of the protein stathmin should be vetifie

by Western blot analysis of cleavage fragments.

However, only two cleaved proteins were identifemad already known protease substrates during
regulated necrosis such as RIPK1 or Bid (Mocaeskal. 2011; Heibeinet al. 2000; Lorenzo and
Susin, 2007) were not detected by the analysiswmad here. One explanation can be given by the
kinetics of proteolysis. In response to TNF-induoedroptosis, proteolysis might vary from protein t
protein and certain proteomic changes might natdiected at the 20 min time-point studied here, but
could occur earlier or later. Furthermore, somengka in molecular weight of proteins due to
proteolysis might be masked by other proteins ogpresented in the 2D gel and small peptide

fragments resulting from proteolytic cleavage mighe under-represented and excluded.
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Consequently, the 2D-DIGE analysis should be repkfdr further time-points and different protein
levels, and also should be confirmed by means a@ntpative real-time PCR or Western blot.
Alternatively, the non-gel-based technique iTRAQsobaric tag for relative and absolute
quantification; Ros®t al. 2004) could be conducted to study proteomic chausgmultaneously at

different time-points of TNF-induced regulated rosis.

In summary, the use of the 2D-DIGE approach revkahsight into cellular events leading to
necroptosis and identified proteins whose aberragtilation may contribute to the induction and
execution of regulated necrosis. The proteins itiedthere provide exciting new resources to furthe

unravel the mechanisms of regulated necrosis cans@d8iF stimulation.

6.2.4 PGAMS is constitutively degraded under physio  logical conditions

Necroptosis critically relies upon the signalinglesnle MLKL (Sunet al. 2012, Wuet al. 2013)
which promotes necroptosis by activating PGAM5 Bng-1, leading to mitochondrial fragmentation
(Wanget al. 2012). Remarkably, in the study presented hereneegulation of PGAMS5 and Drp-1
did not affect necroptosis. This is in line witlstady by Remijsen and coworkers showing that down-
regulation of RIPK1, RIPK3 or MLKL diminishes TNRduced necroptosis in murine cells, whereas
repression of PGAM5 and Drp-1 has no or only magiffects on the induction of necroptosis
(Remijsenet al. 2014). These observations suggest that Drp-1 &#&M5 are no essential factors for

TNF-induced necroptosis but may support i.e. mibochial fragmentation during necroptosis.

In apparent contrast to this is the observatioh B@&AMS5 protein levels increased upon induction of
necroptosis, visualized in the study presented hgré/estern blot. A similar enrichment of PGAM5
levels was observed when protease inhibitors wppdieal, suggesting a constitutive degradation of
the potentially pro-necroptotic protein PGAM5 bykapwn proteases in healthy cells. In further
experiments, the identity of these proteases coeldarrowed down to the family of serine proteases.
For example, PGAMS5 protein levels were increaseénHtrA2/0Omi was inhibited, indicating that
HtrA2/Omi is a potential physiological regulator BGAMS5. The proteasome inhibitor MG-132 also
elevated PGAMS5 protein levels, indicating that greteasome is another physiological regulator of
PGAMS5. A possible explanation for the constitutisegradation of PGAMS under physiological
conditions might be that in healthy cells, keepifGAMS5 at low levels most likely prevents
inadvertent induction of mitochondrial fragmentatiand thus necroptosis. In consequence, the
induction of necroptosis may lead to an increasedceptibility of cells to mitochondrial
fragmentation by inhibiting PGAMS degradation. bidéion, a recent study by Zhuang and coworkers
suggested that PGAMS is cleaved by a non-caspasegse during apoptosis thereby releasing
PGAMS5 from the mitochondria. Once in the cytosdGAMS5 is shown to be an antagonistic IAP
substrate (Zhuang al. 2013).
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Additionally, the important role of MLKL in necropsis could be shown in U-937 and HT-29 cells
and could be extended to clinically relevant tungefl lines. In this thesis, it could further be
demonstrated that MLKL is not only involved in TNitduced necroptotic killing of tumor cells, but

that it is also involved in TRAIL-induced regulatedcrosis.

6.2.5 A-SMase is proteolytically cleaved during nec  roptosis

While there is much evidence implicating ceramideapoptosis, the question whether ceramide
represents an essential inducer or is generatednsequence of necroptosis is still subject to #eba
The study presented here shows for the first tinae TNF-induced necroptosis results not only in
A-SMase activation but also in generation of a Bé&lprotein band in L929Ts cells and a 59-kDa
V5-tagged A-SMase protein in L929Ts cells expregsitb-A-SMase. The occurrence of two
molecular forms of A-SMase, a 72 kDa polypeptidd arb7-kDa form, was already described in 1994
(Ferlinzet al. 1994). The 57-kDa protein bands obtained in thdyspresented here correlated with A-
SMase induction/activation and this observatiomitine with findings by Edelmann and coworkers
investigating A-SMase cleavage during TNF-inducpdpdosis (Edelmanat al. 2011). Furthermore,
the 59-kDa recombinant cleavage product of V5-A-S#astill carried the C-terminal V5-tag,
suggesting that A-SMase is proteolytically cleatedits enzymatically active product at the N-
terminus of the protein. A study by Jenkins and adwrs reported the proteolytic processing of
V5-A-SMase to a 65 kDa form of A-SMase lacking @¢erminal V5-tag (Jenkina al. 2011). This
observation is in direct contrast to the resultsaimled in the study presented here. In the study by
Jenkins and coworkers, the C-terminal cleavage ¢&8Mase was detected in unstimulated cells
whereas, in the study presented here, cells weneulasted with TNF to induce necroptosis.
Furthermore, the MS analyses of extracted V5-A-SMaagments clearly showed that V5-A-SMase
is cleaved at the N-terminus after TNF-induced ogtrsis. Therefore, the detection of a C-terminal
cleavage fragment of lysosomal A-SMase (Jenkirat. 2011) might represent a process required for
lysosomal A-SMase maturation rather than a procesdved in TNF-induced activation of A-SMase.
The observation that A-SMase is cleaved and aetivaduring necroptosis could be further
substantiated: both necroptosis inhibitors Necd [d8A prevented the proteolytic processing as well
as the activation of A-SMase during necroptosiSMase activity was also decreased when TFCK or
dynasore were applied, suggesting that the inteatadn of the TNF-R1 is required for A-SMase
cleavage and thus for necroptosis (see 5.2.3). dere cleaved A-SMase was not found in the
necroptotic TNF-R1 fractions, suggesting that A-Sklas activated downstream of the necrosome
complex, and possibly cleaved and activated by & w&known serine protease. Surprisingly,
necroptosis-sensitive caspase-7 deficient MEFsndid show A-SMase activity after induction of
necroptosis. During apoptosis, caspase-8 and a@8pasquentially mediate proteolytic activation of
A-SMase after TNF stimulation (Edelmastnal. 2011). Since overall caspase activity was supptess

by the addition of zZVAD-fmk in every experimentatsip, the presence of caspase-7 protein rather
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than its activity might be essential for the adima of A-SMase during TNF-induced necroptosis.
Caspase-7 plays a crucial role in the executioramdptosis whereas non-apoptotic functions of
caspase-7 are, so far, not described (€aal. 2005; Lamkanfiet al. 2007). However (although
A-SMase is the main enzyme responsible for indnotibceramide-mediated necroptosis, see below),
cell death can be induced by increased ceramidglslealso in an A-SMase-independent manner.
A report by Lafont and coworkers showed that CD®buaced sphingomyelin synthase inhibition leads
to sphingomyelin decrease and ceramide increasésjtmating to cell death. Furthermore, the authors
could show that sphingomyelin synthase 1 is a wataarget for caspase-7 (Lafoettal. 2010). To
unravel the putative function of caspase-7 duriagroptotic activation of A-SMase, ceramide levels
of caspase-7 deficient MEFs and their wild-typentetparts should be measured after induction of
necroptosis. Furthermore, the effect on A-SMasévatidn after re-transfection of recombinant

caspase-7 in caspase-7 deficient MEFs should bgzadan the future.

Under conditions where the classical apoptosis mach fails, the generation of ceramide may be an
important backup system enabling a cell to comunitide by regulated necrosis. In particular, it was
shown that ceramide consistently accumulates befareonset of necroptosis (Theh al. 2005).
Inhibition of ceramide generation by overexpressibacid ceramidase, pharmacological intervention,
down-regulation or genetic ablation of A-SMase lteslin protection of L929Ts, NIH3T3 and Jurkat
T cells (Strelowet al. 2000; Thoret al. 2005). A-SMase deficient lung fibroblasts wereseasitized

for necroptosis by reconstitution of A-SMase, irnpting A-SMase as the main enzyme responsible of

the accumulation of ceramide after induction ofroptosis (Thoret al. 2005).

The isolation and analysis of bands correspondirgize to unprocessed and processed A-SMase from
preparative gels identified the N-terminus of pré&sMase being at A(59)/(60)H. The N-terminal
proteolytic processing at histidine 60 of pro-A-SMawas already described (Schisgtehl. 1998).
Although detection limits have, so far, preventée identification of the exact cleavage site of
mature, active A-SMase in necroptosis, the analgdighe 57 kDa band of cleaved A-SMase
demonstrated that the necroptotic A-SMase fragneiends beyond the putative N-terminal
apoptotic cleavage site (Edelmaetrel. 2011). This suggests that during necroptosiscks@vage of
A-SMase must be distinct from the site where casffasleaves A-SMase during apoptosis.
Surprisingly, results of the study presented hezeealed that processed A-SMase fragments after
induction of apoptosis include N-terminal peptideagrting from L(202)/(203)F which are upstream of
the putative cleavage site at D253 found by Edefmamnd coworkers (Edelmaret al. 2011). In
contrast to the suggestion that A-SMase is cleakethg necroptosis at a distinct site, the sequence
coverage and peptides identified between apopaoiicnecroptotic cleaved A-SMase fragments were
very similar in the study presented here. The pgatleavage site of pro-A-SMase at D253 was
identified by mutation analysis (Edelmaetral. 2011). However, this cleavage site does not miieh

canonical consensus sequence of caspase-7 and dtmukvalidated with further analysis of the
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cleavage fragments by novel MS analysis such amirtal amine isotopic labeling of substrates
(TAILS; Kleifeld et al. 2011) like processed A-SMase to define the ternohiA-SMase via

guantitative proteomic analyses.

In summary, a proteolytic activation of A-SMase rigsponse to necroptosis could be confirmed.
However, the questions which protease cleaves p8dase during necroptosis and the precise

location of the N-terminus of cleaved A-SMase stlhain open.

6.2.6 Presenilins are indispensable for TNF-induced necroptosis

Presenilin proteins belong to a family of multi-pasansmembrane proteins. They are part of the
catalytic core of thg-secretase protease complex located in the plasm@bnane (Zhangt al. 2013).
Mice deficient for presenilin-1 show severe defextd die after birth (Shest al. 1997). Patients with
familial Alzheimer disease show mutations in thpiesenilin-1 gene (Menendez, 2004). Down-
regulation of presenilin-1 sensitizes human Hepc8& to ER stress-dependent cell death (Széraz
al. 2013). In the study presented here, MEFs derivenh foresenilin 1/2-deficient mice were fully
protected from TNF-induced necroptosis. This idiie with the observation that thesecretase
protease complex inhibitor X diminished TNF-indugeztroptosis in L929Ts and U-937 cells. So far
no data are available which links presenilins taroptosis. However, recent studies reported that
HtrA2/Omi can interact with presenilin-1 in the iaety-secretase protease complex in mitochondria
(Gupta et al. 2004; Behbahanet al. 2010). This observation is in line with the asation of
HtrA2/Omi protease activity and neurodegeneratii@rder, e.g. with a parkinsonian phenotype
(Martins et al. 2004). Based upon the preliminary results obtaiimethis thesis, presenilins might

represent a missing link between HtrA2/Omi actimatand execution of necroptosis.

The Alzheimer's disease-associated presenilins, slgmal peptide peptidase (SPP) and, its
homologues, the SPP-like peptidases (SPPL) aranietmbrane-cleaving proteases (I-CLIPs; Wolfe
and Kopan, 2004) and members of a group of the GR®P aspartyl protease family (Weihofen and
Martoglio, 2003). Although SPP/SPPLs and preseniimare very limited sequence homologiksy
exhibit similarities in the cleavage pattern of itheubstrates, suggesting a common concept of
intramembrane proteolysiluhrer and Haass, 2007). In the thesis presemee, studying MEFs
from SPPL2a-, SPPL2b- and SPPL2a/b-deficient mésealed no conclusive evidence that SPPL2
proteins play a role in TNF-induced necroptosisadse depending on the MEF batches analyzed, the
knock-out of either SPPL2a or SPPL2b as well agltheble knock-out showed protective effects on
TNF-induced necroptosis or not. Furthermore, tlingbitor (Z-LL),-ketone, an established SPP/SPPL
inhibitor (Friedmanret al. 2006) had no inhibitory effect on TNF-induced rogtosis in L929Ts and
U-937 cells. The inconclusive results of the difer MEF batches might be due to phenotypic
alterations during immortalization. For example,tations of the growth-suppressive protein p53

seem to be a common event in the formation of peemiacell lines (Harvey and Levine, 1991). The
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p53 tumor suppressor pathway is a central linknfarly all cellular stress responses this inclfiaie,
example, DNA repair, cell cycle arrest, cell deatid senescence. Furthermore, p53 regulates PARP-1
dependent necrosis (Elkholi and Chipuk, 2014). Timuswortalized cell lines with an altered p53
pathway might have different sensitivities to TNBr TRAIL-induced cell death pathways.
Consequently, further experiments have to be cdeduimvestigating other cell systems by down-
regulating or over-expressing SPPL2 proteins tawelrthe involvement of SPPL2 proteins during
necroptosis. A possible link between SPPL proteinsl regulated necrosis might be the Mg
transport pathway within the cell. Preliminary dateowed an altered Mghomeostasis in SPPL2a-
deficient mice, possibly as a result in alterechedge of a member of the transient receptor patenti
channels of the melastatin-like family (TRPM; unfstied observations by Bernd Schroder,
Christian-Albrechts-University, Kiel, Germany). deion channels were recently associated with cell
death. For example, TRPM2 is activated by freecadiand TNF as well as,8, stimulation cause
cell death through a TRPM2-dependent mechanisma(ktaal. 2002). TRPM7 was shown to be a
downstream target of MLKL, leading to €anflux and TNF-induced necroptosis (Gaial. 2014).
The ion channel TRPM6 is one prominent key playeMiy" homeostasis (Ferm al. 2011) and a
study by Schmitz and coworkers showed that TRPMd &s closest homologue, TRPM6 are
functionally non-redundant but can influence eatiteds biological activity (Schmitzt al. 2005).
Furthermore, deletion of TRPM7 caused growth arrédg®* deficiency, and cell death in
B-lymphocytes (Schmitet al. 2005). TRPM®6, being a potential substrate of SRPbas not yet been
implicated in cell death. The interplay of pro-rgaotic TRPM7 and TRPM6 may also contribute to
cell death through as yet uncharacterized pathwaytrough dimerization with either TRPM2 or
TRPM?7.

6.3 TRAIL induces regulated necrosis in clinically relevant tumor cell
lines

The third part of the study presented here provitesng evidence for the suitability of TRAIL-

induced regulated necrosis as a tool to eliminat®t cells from a wide range of sources. In cohtras
to regulated necrosis, the efficacy of TRAIL in thApoptotic elimination of tumor cells has been
already demonstrated in clinical trials in patiettiellwig and Rehm, 2012). Nevertheless, intrinsic
resistance of tumors against TRAIL-induced apoptegas found to limit the therapeutic success.
Therefore, the induction of regulated necrosis RAIL would be an additional option to eliminate

tumor cells that are intrinsically resistant to TIRAnduced apoptosis. This has, however, been
investigated only in a very limited number of seglso far. One of those studies has recently rgbort
that TRAIL induces necroptosis in the tumor cefieb HT-29 (which was also used in the study
presented here) and Hep G2 (Jouan-Lanheuat. 2012). However, unlike in the study presented
here, necroptosis occurred only under acidified mit physiologic conditions. Moreover, Jouan-

Lanhouet and coworkers reported that in their systaspase activity is required for cell death (deua
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Lanhouetet al. 2012). This is in contrast to the common molecutachanisms described for
necroptosis (Vanden Berghet al. 2014) and to the observations of the study presetere.
Furthermore, the study by Jouan-Lanhouet and cawsrkhowed that their above described findings
for necroptosis induced by TRAIL do not apply tereptosis induced by either TNF or CD95 ligand
(Jouan-Lanhouett al. 2012), suggesting that conclusions from theirstave to be interpreted with

a certain caution and cannot be generalized fosiplogic conditions. Another more encouraging
study by Hunter and coworkers showed that TRAIlalge to kill small cell lung cancer cells in
synergy with paclitaxel through a caspase-indepenohechanism (Hunteat al. 2011). Furthermore,
the treatment with TRAIL in combination with lobafh, an antitumor platinum drug, had effects on
the growth of breast cancer cells vitro by inducing regulated necrosis (Engel al. 2012).
Independently, Katz and coworkers reported thathinimg sorafenib therapy with TRAIL results in
augmented caspase-independent cell death of matigheural mesothelioma cell lines. Furthermore,
pilot in vivo studies demonstrated promising evidence of theypieaitic efficacy in a xenograft mouse
model (Katzet al. 2009). The results obtained in the study presehéed show that TRAIL-induced
regulated necrosis is even more effective undeditions that more closely resemble timevivo
situation, because TRAIL-induced regulated necrosiarly interfered with the capacity of the tested
tumor cell lines for unlimited proliferation in glogenic survival assays. These observations may
represent promising new options for the developmaitfuture combination therapies for the
elimination of apoptosis-resistant cancers. Furnttoge, the data presented here demonstrate that
TRAIL-induced regulated necrosis synergized witherobtherapeutic agents such as cisplatin,
etoposide, trichostatin A, 5-fluorouracil, irinote; doxorubicin, camptothecin and paclitaxel and
enhances the cytotoxic response in the tumor icedsl In summary, the data obtained here and the
above mentioned studies provide additional encamegt for the development of future combination

therapies.

With regard to unraveling the molecular pathways BfAIL-induced regulated necrosis, the results
obtained in the study presented here identifiedkR|PRIPK3 and MLKL as crucial components.
Furthermore, RIPK3 may represent a possible detembiof susceptibility or resistance of tumor cells
to TRAIL-induced regulated necrosis (Voigtal. 2014). In line with this observation, also MLKL
protein expression was reported to be a prognobtamarker in patients with pancreatic
adenocarcinoma, where low expression of MLKL wasoemted with decreased overall survival of
the patients (Colbest al. 2013). Finally, the study presented here confiraed extended the role of
ceramide as one of the key mediators of regulagetlosis downstream of RIPK1 and RIPK3 to the
clinically more relevant tumor cell systems invgated, because treatment with Arc39 suppressed
TNF- or TRAIL-induced necroptosis in U-937, Mz-CHA-BcPC-3, HT-29 and Panc89 cancer cells
and in MEFs but not in a necroptosis-resistant laedl. There is emerging evidence that A-SMase
could serve as an important drug target for a taié diseases. For example, increased A-SMase

concentrations were found in atherosclerosis, dbrdreart failure and depression (Uhlig and
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Gulbins, 2008). Thereforehe regulation of A-SMase by Arc39 may represenbvahmechanism for
pharmacological inhibition of the enzyme and theedl@oment of combination therapies with TRAIL
could help todesign future strategies to interfere with damagguced by necroptosis/regulated
necrosisin line with the crucial function of the kinase RI® in necroptosis, NIH3T3 cells naturally
lacking RIPK3 displayed a decreased accumulatiomtodicellular ceramide levels when undergoing
necroptosis, whereas the stable re-expression BKRIin wild-type cells restored the elevated
ceramide levels in cells dying by necroptosis. £klirboring kinase-defective RIPK3 showed slightly
elevated ceramide levels upon induction of necptdrhis is possibly a result of the induction of
apoptotic-like caspase-independent cell death mathwather than an induction of necroptosis,
because Newton and coworkers recently claimed ttitabsence of RIPK3 drives the signaling

pathway towards apoptosis (Newteral. 2014).

With regard to a future application of TRAIL-induteegulated necrosis, still further research is
required. For future therapeutic application of TTRMduced regulated necrosis to eliminate tumor
cells in patients, strategies for the inductiorregulated necrosis need to be adapted tarthévo
situation, because the sensitizer CHX used in thdyspresented here is cytotoxic also to healthy
tissue. Therefore, future therapies based on ganrent of patients with CHX are not suitable. As a
possible alternative, He and coworkers showedShac mimetics can similarly sensitize cell culture
models for TRAIL- and TNF-induced regulated necodieet al. 2009). This could be confirmed
with results obtained in the study presented hkosvig that the Smac mimetic birinapant similarly
can act as enhancer of TRAIL- as well as TNF-inducegulated necrosis in tumor cell lines.
However, in vivo studies showing the efficacy or toxicity of Smadmeatics under conditions of
regulated necrosis are not available so far. A rséqoossible alternative to CHX might be the
application of the protein biosynthesis inhibitasnfioharringtonine together with TRAIL/zVAD to
induce regulated necrosis. Clinical studies haveadly indicated that homoharringtonine is effective
in treating leukemia such as acute myeloid leukesniahronic myeloid leukemia (Zhaa al. 1995)
and in consequence, homoharringtonine has beerowaggprfor the treatment of chronic myeloid
leukemia in patients (Narayanenal. 2013). Apart from the problems of cytotoxicity ©HX, it must
also be clarified whether TRAIL or zZVAD-fmk treatmteis indeed non-toxien vivo. The study by
Hellwig and Rehm demonstrated that TRAIL was weletated in preclinical models at serum
concentrations (Hellwig and Rehm, 2012). Furtheemar two independent studies, the application of
zVAD-fmk did not show toxicityin vivo, either in a transgenic mouse model of Huntinglsease
(Chenet al. 2000) or a transgenic mouse model of amyotromierdl sclerosis (L&t al. 2000). As a
next step, the possibi@ vivo toxicity of a joint application of TRAIL and zVADmk has to be

clarified, as well as in additional combination kvthemotherapeutic agents.

Rapid plasma permeabilization due to necrotic argdeads to the release of DAMPs from the cell.

These necrosis-dependent DAMPs can trigger inflaimmparesponses (Kaczmarek al. 2013).
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Accordingly, the release of DAMPs has to be addmssith regard to future therapies, because
regulated necrosis has been associated with infetromin several diseases, such as kidney ischemia
reperfusion or systemic inflammatory response symer (Kaczmarekt al. 2013). Hence, it has to be
addressed whether the death of tumor cells by agggilnecrosis is immunogenic. It is also unknown
whether regulated necrosis as a result may ehcitrenune response that might eliminate residual and
neighboring tumor cells (Vandenabeeteal. 2010). Resolving these questions for TRAIL-induced

necrosis could thus contribute to an even more®ftetreatment for cancer patients in the future.

6.4 Conclusions and biological relevance of the abo  ve observations

Programmed cell death stands out as a critical ggcfor multicellular organisms. This is
demonstrated by the highly interconnected machirieat ensures its induction, regulation and
execution. In this present study, it was confirntbdt TNF-induced necroptosis and the PARP
pathway represent two distinct and independentesot regulated necrosis (Figure 57; see Sosna,
Voigt et al. 2014). These findings have profound therapeutjglications, because they suggest that
inhibiting just one of the signaling pathways thedad to regulated necrosis (including e.g. TNF-
induced necroptosis or PARP-1-dependent regulagetosis) or apoptosis may exert only limited
cytoprotective effects. As a consequence, a cortdmiaa strategy that simultaneously inhibits
multiple signal transduction cascades rather thaniralividual application of highly specific
necroptosis (e.g. Nec-1 or NSA) or PARP-1 inhilst@e.g. olaparib) might be the approach of choice
for the future, possibly resulting in an improvedatment of damage induced by regulated necrosis
(e.g. in shock, pancreatitis, ischemic damage arauegenerative diseases). Still, future studies
should address the decryption of the different rsodk regulated necrosis to generate profound
insights into molecular mechanisms of e.g. necmiptoand thus paving the way for its

pharmacological modulation in the clinic.

The data presented in this thesis help to decolastt some parts of the molecular pathways ineblve
primarily in TNF-mediated necroptosis. Based ugom riesults obtained in the study presented here,
the following extensions to the already establisheadels can be proposed. HtrA2/Omi can be
integrated as a key regulator into the known gdrmgaaling pathways of TNF-induced necroptosis
(see Sosna and Voigt al. 2013). In this model, binding of TNF to TNF-R1 uwks activation of the
kinases RIPK1, RIPK3, and of MLKL as componentshef necrosomal core complex. HtrA2/Omi is
activated indirectly within the mitochondria andcegenilins might represent a missing link between
HtrA2/Omi activation and execution of necropto#s. another likely mechanism, MLKL has been
found to activate the phosphatases PGAMSL/S, wimickurn couple to the mitochondrial protein
Drp-1, and as a mitochondrial attack complex, mayse the subsequent intramitochondrial activation
of HtrA2/Omi. Furthermore, PGAMS5 is constitutivedegraded by yet unknown proteases in healthy
cells. Upon induction of necroptosis, this constitl proteolysis is inhibited, leading to an incgean

PGAMS levels, which may facilitate the fragmentatiof mitochondria during necroptosis. In the
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proteomic screen for serine proteases relevaneénoptosis, in addition to HtrA2/0Omi, the proteases
Lon protease 1, PMPCA and PSAl1 were found to beenpial candidates (Figure 57). The
complementary siRNA screen of all proteases encdethe human genome identified the anti-
apoptotic or pro-tumorigenic proteases DESC, MMB&T1, PRPF8 and DPYL4 in addition to
caspase-8, CYLD and c-FLIP. However, all identifmdteases have to be further investigated with
regard to their exact function and position in #ignaling pathways of necroptosis. The 2D-DIGE
approach unraveled an enrichment of proteins iratlw the cellular energy metabolism (PHGDH,
IMPDH2) or involved in the structural organizatiofh the cell (CFL-1) during necroptosis. On the
other hand, the levels of proteins involved in gteictural organization of the cell (TUBA1B) or
involved in the energy metabolism (PKM, CAT) welgoadecreased. Moreover, moesin, a component
of the cytoskeleton was identified as a proteolgtibstrate during necroptosis (Figure 57). However,
these results should be further validated in aoldliti biological replicates, and in the future the
obtained candidates have to be analyzed for timgiact on TNF-induced necroptosis. Apart from this,
the proteolytic activation of A-SMase in respongeltNF-induced necroptosis could be confirmed.
However, the questions which protease cleaves p&Mase and where the N-terminus of cleaved

A-SMase is precisely localized still remain open.

The characterization of TRAIL-induced regulated msis revealed that it is effective for the
elimination of various types of tumor cells andtthaSMase and ceramide are critical mediators also
in this system (Figure 57; Voigt al. 2014). Similar to TNF-induced necroptosis, studiksuld aim

at unraveling the detailed signaling pathways oAlIRinduced regulated necrosis, as they might be a
promising target for novel anti-tumor treatments.tfis end, more information is needed to fill lie t
“gap” between receptor activation, RIPK1, RIPK3 @nidKL interaction and the observed activation

of A-SMase and the resulting increase in intratailoeramide levels.
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Figure 57: A general model of selected signaling gavays in regulated necrosis based on the resultbm@ined in the
study presented hereLeft: DNA damage induced by DNA alkylating agents sucM&8\NG or MMS lead to the activation
of the PARP pathway. The resulting activation of PARBan be efficiently blocked by the specific PARMhibitors
3-AB, PJ-34 or olaparib. The activation of PARP-Inzinlates in the rapid loss of ATP levels, accompabig the activation
of JNK and cathepsins, and subsequently resultinghromatinolysis and the death of the cell viautegd necrosis.
Middle: Another distinct pathway of regulated necrosisdsroptosis which can be mediated by e.g. TNF or TRAfter
activation of TNF-R1 by binding of TNF under caspasggbitory conditions, the necrosome containingghorylated and
activated RIPK1 and RIPK3 is formed. Subsequently pitotein MLKL is activated. This signaling cascdlken culminates
in a yet unknown way in different executioner methams. PGAMS5 was shown to be constitutively degdadenealthy cells
and thus upregulated during TNF-induced necropt@3ising a TFCK-sensitive serine protease screansétine protease
HtrA2/Omi was identified which may be activated tiogvel mechanisms that involve the activity of prélses. The TFCK-
sensitive serine protease Lon protease 1 as wéitlea$FCK-sensitive metalloproteinase PMPCA might &s involved in
the execution of TNF-induced necroptosis, simitattte proteasomal protein PSAL. The siRNA screentiiited, among
CYLD, caspase-8 and CFLAR, proteases whose downaggualpotentiates (DESC1, GGT1, DPYL4, PRPF8, MM&3)
protects (MEP1B) from TNF-induced necroptosis ana wius may be negative or positive regulators efakecution of
necroptosis. Furthermore, 2D-DIGE analyses of delyvoteins and magnetically enriched TNF-R1-comgirvesicles
revealed that levels of proteins involved in retjn@the energy metabolism were either increasétG(PH, IMPDH2) or
decreased (PKM, CAT) during TNF-induced necroptositreover, protein levels of components of the cttral
organization of the cell were increased (CFL-1) ecrdased (TUBALB) or proteins were substrates faephgtic cleavage
(moesin). Ceramide generation as another executiorehanism of TNF-induced necroptosis is initigigcdhe proteolytic
maturation/activation of A-SMase by a yet unknowntpase. TNF-induced necroptosis can be efficieblibigked by the
RIPK1 inhibitor Nec-1, the MLKL inhibitor NSA, theesine protease inhibitor TFCK and/or by the HtrA2/Gnhibitor
Ucf-101. Right: Likewise, TRAIL-induced necroptosis can be blochksdthe addition of Nec-1 or NSA. The addition of
Smac mimetics can potentiate and thereby positireiylate TRAIL-induced necroptosis in clinicalglevant tumor cells.
Here, ceramide generation is also an important us@®er mechanism and recent studies also poind faroteolytic
maturation/activation of A-SMase during TRAIL-indat regulated necrosis (M. Kahler, Master Thesid,320Question
marks indicate unknown signaling pathways of pratefbbreviations: acid sphingomyelinase (A-SMase), adenosine-5'-
triphosphate (ATP), catalase (CAT), caspase-8 andD~Ake apoptosis regulator (CFLAR), cofilin-1 (CFL;1)
cylindromatosis (CYLD), transmembrane protease sefitE (DESC1), dihydropyrimidinase-like 4 (DPYL4)angma-
glutamyltransferase 1 (GGT1), inosine-5-monophasphdehydrogenase 2 (IMPDH2), c-Jun N-terminal désa(JNK),
meprin beta (MEP1B), mixed-lineage kinase domaia-{iKILKL), metalloproteinase 3 (MMP3), methyl metleanlfonate
(MMS), 1-methyl-3-nitro-1-nitrosoguanidine (MNNGHgecrostatin 1 (Nec-1), necrosulfonamide (NSA), paQP-ribose)
polymerase (PARP), phosphoglycerate mutase familjimee (PGAM), D-3-phosphoglycerate dehydrogenaseGPH),
pyruvate kinase isozymes M1/M2 (PKM), mitochondpedcessing peptidase alpha (PMPCA), pre-mRNA pricgdactor
8 (PRPF8), proteasome subunit alpha type-1 (PS#ebeptor-interacting protein kinase (RIPK), tumocnasis factor
(TNF), TNF-receptor 1 (TNF-R1), TNF-related apojgosmducing ligand (TRAIL), TRAIL-receptor (TRAIL-R)tubulin
alpha-1B chain (TUBA1B), two-dimensional difference glectrophoresis (2D-DIGE).
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8.  Appendix

Table S1: The 40 candidate proteases identified in ¢hfirst SiRNA screen whose down-regulation either gsitively or
negatively affects TNF-induced necroptosis in HT-2Zells. These proteases meet rules for candidates asviol(@)
protease genes, represented by two or three siRMAish after down-regulation either enhanced or ceduTNF-induced
necroptosis compared to control transfected cegllatdeast 1.5-fold, otb) protease genes, represented by a single siRNA,
whose down-regulation either enhanced or reducedoptmsis by at least 1.5-fold and for which théeef after down-
regulation by the two other siRNAs had the same recihg or reducing effect on necroptosis (but witdfinduction below

1.5 and thereby not passing the threshold). Higkdid proteases were also found as candidate hitseirsecond siRNA
screen (see 5.2.2). For all proteins, the relatéetence sequence from the National Center of Biotdoly Information is
listed.

Meeting rules for positive candidates
(a) (b)
positive |negative positive fegative
Protease Reference sequence effect after stimulation

ADAM33 NM_025220 X
ADAMTS18 NM_199355 X
aminopeptidase Q NM_173800 X
archaemetzincinl NM_133463 X
ATPGTP binding proteinlike 2 NM_024783 X
ATPGTP binding proteinlike 3 NM_178563 X
carboxypeptidase A5 NM_080385 X
caspase-8 NM_001228 X
casperFLIP NM_003879 X
cathepsin W NM_001335 X
chymotrypsin C NM_007272 X
cylindromatosis protein NM_015247
DESC1 protease NM_014058 X
dihydropyrimidinase-related protein 3 NM_001387 X
dihydropyrimidinase-related protein 4 NM_006426 X
dipeptidylpeptidase 8 NM_197960 X
DNAdamage inducible protein 2 NM_032341 X
epoxide hydrolase NM_000120 X
gammaglutamyltransferase 1 NM_005265 X
gelatinase A NM_004530 X
glutamine-fructose-6-phosphate transamidase 2 NM_005110 X
granzyme A NM_006144 X
insulysin NM_004969 X
kallikrein hK4 NM_004917 X
kallikrein hK6 NM_002774 X
MAP1D methione aminopeptidase 1D NM_199227 X
MASP13 NM_001879 X
meprin beta subunit NM_005925 X
methionyl aminopeptidase | NM_015143 X
neutrophil elastase NM_001972 X
pancreatic elastase Il form B NM_015849 X
plasma Glucarboxypeptidase NM_016134 X
polyserase 2 NM_173502 X
PRPF8 NM_006445 X
rhomboid 5 homolog 2 NM_001005498 X
S2P protease NM_015884 X
stromelysin 1 NM_002422 X
thimet oligopeptidase NM_003249 X
tryptase gamma 1 NM_012467 X
YMEllike 1 NM_139312 X
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Table S2: Soluble proteins differentially regulatedafter induction of necroptosis which were identifiel by MS
analysis.For differential proteome analysis, soluble praseivere extracted from U-937 cells stimulated WiNF60-Fc and
zVAD-fmk on ice (0 min) and 20 min at 37 °C to inéugecroptosis. Protein extracts from cells stinmddbr 20 min were
labeled with the fluorescent dye Cy 3, and corgsdlacts were labeled with the fluorescent dye Gyné separated by 2D-
DIGE. All differentially expressed protein spotsre@analyzed by means of MALDI-TOF/TOF, and in thstfexperiment
30 proteins were identified with high confidencasdified based on their x-fold increased or deece@sotein levels after
induction of necroptosis. In the repetition (secexgeriment) of the above experiment, 89 diffedhtiexpressed protein
spots were detected. For 29 protein spots, incdegsetein levels after 20 min TNF/zZVAD stimulatiomere detected
whereas 60 proteins spots showed decreased lexmigaced to untreated (0 min) samplBssitive values in average ratio
mean increased amounts of protein levels afterdmolu of necroptosis, compared to untreated samplegative average
ratios indicate decreased protein levels afterdtido of necroptosis. The accession number forréfierence sequence of
each protein is listed. The protein stathmin with $pot number 2467 and 2469 is a candidate foeqyaic cleavage during
necroptosis (see Figure S1). The 2D-DIGE experimet performed with technical assistance of Meldebendahl and
Benjamin Schoénbeck (Christian-Albrechts-UniversityelKGermany). The mass spectrometry analysisadétied proteins
was performed by Tomas Koudelka (Christian-Albreditséversity, Kiel, Germany).

spot no. |identified proteins |accession number |average ratio
Experiment 1

1145 Probable ATP-dependent RNA helicase P17844 1.2293
1162 Heterogenous nuclear ribonucleoprotein L P14866 1.5268
1170 ATPase family AAA domain-containing protein 3B Q5T9A4 1.2437
1193 Heterogeneous nuclear ribonucleoprotein K P61978 -1.2687
1291 Tubulin alpha-1C Q9BQE3 -1.2605
1294 Tubulin alpha-1B chain P68363 -1.308
1303 Tubulin alpha-1B chain P68363 -1.2671
1325 Tubulin alpha-1B chain P68363 -1.2107
1418 Pyruvate kinase isozymes M1/M2 P14618 -1.7399
1428 cAMP-dependent protein kinase type ll-alpha regulatory subunit P13861 1.2019
1488 Protein disulfide-isomerase A6 Q15084 1.3049
1639 Actin, cytoplasmic 2 P63261 -1.3389
1724 Heterogenous nuclear ribonucleoprotein A3 P51991 1.2382
1897 Heterogenous nuclear ribonucleoproteins A2/B1 P22626 1.2153
1927 S-formylglutathione hydrolase P10768 -1.282
1947 Heterogenous nuclear ribonucleoprotein A1 P09651 1.214
1951 Heterogenous nuclear ribonucleoprotein A1 P09651 1.3069
1974 ELAV-like protein 1 Q15717 1.3073
2036 40S ribosomal protein S3 P23396 -1.268
2076 Rho GDP-dissociation inhibitor 2 P52566 -1.2841
2110 Phosphoglycerate mutase 1 P18669 1.3754
2123 Heat shock protein beta-1 P04792 1.9526
2126 Heat shock protein beta-1 P04792 -1.8452
2211 Adenine phosphoribosyltransferase P07741 -1.2185
2261 Peptidyl-prolyl cis-trans isomerase B P23284 1.2811
2272 Cofilin-1 P23528 1.3971
2273 Cofilin-1 P23528 1.2384
2283 Stathmin P16949 -1.2725
2294 Peptidyl-prolyl cis-trans isomerase A P62937 1.2322
2295 Nucleoside diphosphate kinase B P22392 1.2404
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Table S2: Continued.

spot no.

|identified proteins

|accession number |average ratio

Experiment 2
601
791
853
859
917

1080
1100
1105
1125
1226
1322
1322
1346
1349
1355
1366
1366
1396
1396
1446
1465
1465
1467
1472
1493
1503
1504
1510
1512
1516
1530
1532
1565
1573
1573
1580
1580

1583
1583
1583
1583
1591
1688
1699
1738
1738
1783

Heterogenous nuclear ribonucleoprotein U
Alpha-actinin-1

DNA replication licensing factor MCM4
Elongation factor 2

Glycogen phosphorylase, brain form
Protein transport protein Sec23A
Procollagen galactosyltransferase 1
TATA-binding protein-associated factor 2N
Moesin

Plastin-2

Heterogenous nuclear ribonucleoprotein K
Tubulin beta chain

Heterogenous nuclear ribonucleoprotein K
Heterogenous nuclear ribonucleoprotein K
Heterogenous nuclear ribonucleoprotein K
Phosphoglucomutase-1

Acyl-CoA synthetase family member 2
Splicing factor U2AF 65 kDa subunit
Cytoplasmic dynein 1 light intermediate chain
Tubulin alpha-1B chain

Pyruvate kinase isozymes M1/M2

Nicalin

Tubulin beta chain

Tubulin beta-2C chain

Serine beta-lactamase-like protein LACTB, mitochondrial
Tubulin beta-2B chain

Tubulin beta chain

Adenylyl cyclase-associated protein 1
Adenylyl cyclase-associated protein 1
Adenylyl cyclase-associated protein 1
Tubulin beta-2C chain

Pyruvate kinase isozymes M1/M2
Pyruvate kinase isozymes M1/M2

cAMP-dependent protein kinase type ll-alpha regulatory subunit

Histone-binding protein RBBP4
Glutaminase kidney isoform, mitochondrial
Pyruvate kinase isozymes M1/M2

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin

subfamily E member 1
Tubulin beta chain
Serine/arginine-rich splicing factor 6

cAMP-dependent protein kinase type ll-alpha regulatory subunit

Pyruvate kinase isozymes M1/M2
Septin-7

Pyruvate kinase isozymes M1/M2
DAZ-associated protein 1
Elongation factor 1-alpha 2

Flap endonuclease 1

Q00839
P12814
P33991
P13639
P11216
Q15436
Q8NBJ5
Q92804
P26039
P13796
P61978
P07437
P61978
P61978
P61978
P36871
Q96CM8
P26368
Q9Y6G9
P68363
P14618
Q969V3
P07437
P68371
P83111
Q9BVA1l
P07437
Q01518
Q01518
Q01518
P68371
P14618
P14618
P13861
Q09028
094925
P14618

Q969G3
P07437
Q13247
P13861
P14618
Q16181
P14618
Q96EPS
Q05639
P39748

-1.331
-1.2283
-1.2152
-1.2129

1.378
1.2614
1.2913

-1.302
-1.2084
-1.4327

1.3104
1.3104
-1.2407

-1.377
-1.2114
-1.9062
-1.9062
-1.2887
-1.2887
-1.2435
-1.3968
-1.3968

-1.288
-1.2712
-1.3182
-1.4021
-1.2213

-1.218
-1.4225

1.2287
-1.2569
-1.3317
-1.2241
-1.2236
-1.2236
-1.2558
-1.2558

-1.0381
-1.0381
-1.0381
-1.0381
-1.4774
-1.7378

1.2977
-1.9626
-1.9626
-1.2501
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Table S2: Continued.

spot no. |identified proteins |accession number |average ratio
Experiment 2
1800|Actin, cytoplasmic 2 P36261 -1.3143
1911|Heterogenous nuclear ribonucleoprotein DO Q14103 -1.2239
1913(Serine-threonine kinase receptor-associated protein Q9Y3E4 1.2256
1950|Heterogeneous nuclear ribonucleoproteins A2/B1 P22626 -1.2348
1950(Replication factor C subunit P40938 -1.2348
1979|Heterogeneous nuclear ribonucleoproteins C1/C2 P07910 -1.2041
1979|Glyoxylate reductase/hydroxypyruvate reductase Q9uBQ7 -1.2041
1981|Annexin A2 P07355 -1.2043
1981 (Casein kinase Il subunit alpha P19784 -1.2043
2001 |Glyceraldehyde-3-phosphate dehydrogenase P04406 -1.4635
2023|Ribonuclease H2 subunit B Q5TBB1 -1.2017
2023 |Heterogeneous nuclear ribonucleoprotein Al P09651 -1.2017
2062|Guanine nucleotide-binding G(1)/G(S)/G(T) subunit beta 1 P62879 1.215
2062|Guanine nucleotide-binding G(1)/G(S)/G(T) subunit beta 2 P62873 1.215
2080(Serine/arginine-rich splicing factor 1 Q07955 1.2787
2087 Prohibitin-2 Q99623 1.2682
2128|Phosphatidylinositol transfer protein beta isoform P48739 -1.4339
2128|Phosphatidylinositol transfer protein alpha isoform Q00169 -1.4339
2128|S-formylglutathione hydrolase P10763 -1.4339
2149|Cytochrome c-type heme lyase P53701 1.3478
2149|Cyclin-dependent kinase 1 P06493 1.3478
2164|Proteasome assembly chaperone 2 Q969U7 -1.0069
2165|Translation initiation factor elF-2B subunit alpha Q14232 1.3218
2165|Actin-related protein 2/3 complex subunit 2 015144 1.3218
2165|Glucosamine-6-phosphate isomerase 1 P46926 1.3218
2181|Complement component 1 Q subcomponent-binding protein Q07021 -1.3724
2197|Putative elongation factor 1-alpha-like Q5VTEO -1.2226
2223(Peflin Q9UBV8 1.2091
2223|Acidic leucine-rich nuclear phosphoprotein 32 family member B Q92688 1.2091
2251 |Galectin-3 P17931 -1.3358
2277 |High mobility group protein B2 P26583 -1.0863
2284|Adenylate kinase 2 P54819 1.6237
2294 (Protein NipSnap homolog 1 Q9BPWS8 -1.211
2309|Eukaryotic translation initiation factor 4H Q15056 2.6146
2311|Heat shock protein beta-1 P04792 1.6897
2311|NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial 075489 1.6897
2313|Heat shock protein beta-1 P04792 -2.8604
2329(Metaxin-2 075431 -1.2695
2337|GrpE protein homolog 1, mitochondrial Q9HAV7 -2.5753
2351|Translationally-controlled tumor protein P13693 -1.2034
2361|Cysteine and glycine-rich protein 1 P21291 -1.279
2365|NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 10 096000 -1.7841
2373|Mps one binder kinase activator-like 1B Q9H859 2.4766
2373|Rho GDP-dissociation inhibitor 2 P52566 2.4766
2374{Ubiquitin-40S ribosomal protein S27a P62979 -1.3271
2374|Histone H2A type 1-H Q96KK5 -1.3271
2374{Nucleophosmin P06748 -1.3271
2376|40S ribosomal protein S3a P61247 -1.3644
2430(Uncharacterized protein KIAA1143 Q96AT1 1.2517
2442(Cofilin-1 P23528 1.4223
2447|Sorting nexin-3 060493 -1.176
2447|Sorting nexin-12 Q9UMY4 -1.176
2449(Destrin P60981 1.3217
2455]|Tumor necrosis factor alpha-induced protein 8-like protein 2 Q6P589 -1.404
2460|Nucleoside diphosphate kinase A P15531 -1.3189
2461|Ubiquitin-conjugating enzyme E2 L3 P68036 -1.0153
2463|Eukaryotic translation initiation factor 5A-2 Q9Gzv4 1.6478
2467|Stathmin P16949 2.3271
2469|Stathmin P16949 -1.4405
2489]60S ribosomal protein L22 P35268 -1.2124
2489 |Dual specificity protein phosphatase 23 Q9BVJ7 -1.2124
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Table S3: Proteins differentially regulated during recroptosis identified by MS analysisFor differential proteome
analysis, in the first experiment magnetically ened TNF-R1 containing vesicles of U-937 cells stated with TNF60-
Fc/zVAD for 0 and 20 min were isolated without dejmn of mitochondria and compared by 2D-DIGE. differentially

expressed protein spots were analyzed by means AfDMTOF/TOF. The mass spectrometric analysis idmut 21

proteins with increased and 25 with decreased jpréggels in the fraction of U-937 cells treatediwlNF60-Fc/zVAD for
20 min. In the repetition (second experiment), ptw 2D-DIGE analysis, the magnetic TNF-R1 fracfostimulated as
above were subjected to density-gradient centrifagao avoid contamination with mitochondria. Theotein spots were
again analyzed by MALDI-TOF/TOF. The mass spectioimenalysis identified 6 proteins with increasmt 4 proteins
with decreased levels in the fraction containingFIRIL vesicles which were isolated from cells stirredawith TNF60-
Fc/zVAD for 20 min. Positive values in average gatnean increased amounts of protein levels aftdudtion of

necroptosis, compared to untreated samples. Negatrerage ratios indicate decreased protein leféds induction of
necroptosis. The accession number for the referesegeence of each protein is listed. The 2D-DIGReerment was
performed with technical assistance of Melanie Meladl and Benjamin Schénbeck (Christian-Albrechtsversity, Kiel,

Germany). The mass spectrometry analysis of isblpteteins was performed by Tomas Koudelka (Claristlbrechts-
University, Kiel, Germany).

spotno. | identified proteins | ‘accession number | average ratio
Experiment 1  with mitochondria fraction
349|Hypoxia up-regulated protein 1 Q9v4L1 1.4146
592|C-1-tetrahydrofolate synthase, cytoplasmic P11586 -1.2063
601|Moesin P26038 1.2082
714|Heat shock protein HSP 90-beta P08238 1.4239
830|Ezrin P15311 -1.2443
845|Moesin P26038 -1.2421
922|Trifunctional enzyme subunit alpha, mitochondrial P40939 1.2192
996/Plastin-2 P13796 -1.2863
1008|Plastin-2 P13796 -1.3026
1009|Plastin-2 P13796 -1.2483
1106{T-complex protein 1 subunit alpha P17987 1.2315
1193|Catalase P04040 -1.2924
1195|Catalase P04040 -1.2491
1203|Calreticulin P27797 1.0358
1272|Prenylcysteine oxidase 1 Q9UHG3 -1.217
1274]D-3-phosphoglycerate dehydrogenase 043175 1.2025
1278|Tubulin beta chain P07437 -1.4212
1280} Inosine-5'-monophosphate dehydrogenase 2 P12268 2.0197
1316{T-complex protein 1 subunit beta P78371 1.204
1329]ATP synthase subunit alpha, mitochondrial P25705 1.2206
1344]ADP-dependent glucokinase Q9BRR6 1.1363
1354]Eukaryotic translation initiation factor 2 subunit 3 P41091 1.2255
1369]|ATP synthase subunit beta, mitochondrial P06576 1.2251
1371]|ATP synthase subunit beta, mitochondrial P06576 1.3572
1416|Actin-related protein 3 P61158 -1.2959
1440|Protein-disulfide-isomerase A6 Q15084 1.5891
1456|Protein-disulfide isomerase A6 Q15084 -1.4015
1478|Alpha-enolase P06733 -1.6507
1567|Heterogeneous nuclear ribonucleoprotein K P61978 1.2578
1598]Actin, cytoplasmic 2 P63261 -1.2056
1606]Actin, cytoplasmic 2 P63261 -1.3595
1607]Actin, cytoplasmic 2 P63261 -1.2551
1608]Actin, cytoplasmic 2 P63261 -1.3179
1681|Fructose-bisphosphate aldolase A P04075 -1.2993
1775]Annexin A1 P04083 -1.8544
1821|Keratin, type Il cytoskeletal 2 epidermal P35908 1.0087
1821|Pyruvate dehydrogenase E1 component subunit beta, mitochondrial P11177 1.0087
1821|Keratin, type Il cytoskeletal 1 epidermal P04264 1.0087
1829|L-lactate dehydrogenase B chain P07195 -1.2598
1858|Guanine nucleotide-binding protein G(1)/G(S)/G(T) subunit beta-2 P62879 -1.3633
1883|Voltage-dependent anion-selective channel protein P45880 -1.5461
1888|Prohibitin-2 Q99623 1.3515
1939]Annexin A4 P09525 -1.4519
1960|Prohibitin P35232 1.3244
1965|D-beta-hydroxybutyrate dehydrogenase, mitochondrial Q02338 -1.2161
2100|Keratin, type Il cytoskeletal 2 epidermal P35908 -1.5863
Experiment 2 without mitochondria fraction

381|Catalase P04040 -2.3861
589|(Inosine-5'-monophosphate dehydrogenase 2 P12268 1.7859
710|D-3-phosphoglycerate dehydrogenase 043175 1.677
836|Myosin-lg BOI1T2 1.6536
1271|Protein-disulfide-isomerase A6 Q15084 -2.1127
1319|Septin-7 Q16181 1.6205
1333|Alpha-enolase P06733 1.0232
1340(Alpha-enolase P06733 -1.2494
1348|Alpha-enolase P06733 1.015
1607 [Annexin A2 P07355 -1.8261
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