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Abstract   

The balance between cell proliferation and cell death is crucial for the homeostasis of 

multicellular organisms. Cells that have become obsolete, damaged or infected can be 

eliminated by genetically encoded death programs. Multiple regulated cell death pathways 

exist, and disease pathologies and tissue damage ensue when these processes are 

disturbed. Necroptosis is a pro-inflammatory form of programmed necrotic cell death that has 

been shown to be involved in the pathophysiology of several human diseases, including 

myocardial infarction, stroke, and atherosclerosis. Necroptotic cell death depends on 

receptor interacting serine/threonine kinase (RIPK)3 and its substrate mixed-lineage kinase 

domain-like (MLKL). RIPK3 activation is mediated by the upstream adaptor proteins RIPK1, 

TIR domain-containing adapter inducing interferon-beta (TRIF) or DNA-dependent activator 

of interferon regulator factors (DAI) upon death receptor or Toll-like receptor (TLR) 

stimulation, bacterial or viral infection, and in the context of sterile inflammation. Necroptotic 

cell death has a beneficial role in innate immune responses against intracellular pathogens. 

In contrast, it exacerbates sterile-injury induced inflammation. Limiting pathological necrosis 

by interfering with programmed necrotic cell death thus represents a promising therapeutic 

strategy. However, no necroptosis inhibitors are currently available for clinical use. For this 

reason, I aimed at identifying pharmacological agents that block necroptotic cell death.  

In the course of this thesis, I performed a phenotypic screen for necroptosis inhibitors on a 

representative panel of drugs with Food and Drug Administration (FDA)-approval, implying 

established pharmacokinetic and safety profiles. I identified the kinase inhibitors ponatinib 

and pazopanib, both used as anti-cancer therapeutics, to potently and specifically block 

necroptotic cell death. In order to unravel the precise molecular mode of action effectuating 

necroptosis inhibition, I chose to apply an unbiased chemical proteomics-based target 

deconvolution approach to ponatinib. This study provides the first comprehensive description 

of the cellular target spectrum of this clinically used drug, notably revealing key members of 

the necroptosis signaling pathway. By a series of complementary, biochemical assays, I 

showed that pazopanib preferentially targets RIPK1, whereas ponatinib directly binds and 

blocks both RIPK1 and RIPK3. This work thus establishes ponatinib as the first dual 

RIPK1/RIPK3 inhibitor.  

As detailed understanding of the protein network underlying necroptosis signaling is 

expected to reveal novel entry points for targeted modulation and therapeutic intervention, I 

furthermore aimed at providing the basis for mass spectrometry (MS)-based mapping of the 

necroptosis pathway. To this end, an inducible, retroviral expression system enabling tandem 

affinity purification (TAP)-based interaction studies in the respective physiologically relevant 

cellular setting was established and characterized. I demonstrated the feasibility of studying 
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cell death-inducing proteins using this vector system by a constitutively active mutant form of 

MLKL, leading to the identification of MLKL as a novel heat shock protein 90 (HSP90) client 

protein.  

Collectively, the work I present here has identified necroptosis inhibitors among compounds 

currently undergoing clinical development and already approved drugs, as well as unraveled 

their molecular mode of action. These findings thus provide a consolidated basis for 

medicinal chemistry approaches aimed at the development of anti-necroptosis agents for 

future clinical application in necroptosis-associated human diseases.  
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Zusammenfassung 

Das Gleichgewicht zwischen Zellproliferation und Zelltod ist von entscheidender Bedeutung 

für die Homöostase multizellulärer Organismen. Die Beseitigung obsolet gewordener, 

geschädigter oder infizierter Zellen kann durch genetisch kodierte Zelltodprogramme 

bewerkstelligt werden. Es gibt mehrere regulierte Zelltod-Signalwege, und deren Störung 

kann zur Entstehung von Krankheitspathologie und Gewebeschäden führen. Nekroptose ist 

eine entzündungsfördernde, programmierte Form nekrotischen Zelltods und trägt zur 

Pathophysiologie verschiedener menschlicher Erkrankungen, unter anderem Herzinfarkt, 

Schlaganfall und Arteriosklerose, bei. Nekroptotischer Zelltod kann durch Ligandenbindung 

an Toll-like- oder Todesrezeptoren, bakterielle und virale Infektionen, sowie im Rahmen 

steriler Entzündungen ausgelöst werden. Die Signaltransduktion erfolgt über die Proteine 

RIPK3 und MLKL, wobei die Kinase RIPK3 durch eines der vorgeschalteten Adapterproteine 

RIPK1, TRIF oder DAI aktiviert wird. Während Nekroptose im Rahmen der angeborenen 

Immunantwort gegen intrazelluläre Erreger einen vorteilhaften Effekt hat, verstärkt sie die 

schädlichen Auswirkungen steriler Entzündungen. Die Eingrenzung pathologischer Nekrose 

durch pharmakologische Nekroptose-Inhibition stellt somit eine vielversprechende 

Behandlungsstrategie dar, jedoch sind gegenwärtig keine Nekroptose-Inhibitoren für den 

klinischen Gebrauch verfügbar. Ich setzte mir daher zum Ziel, pharmakologische Wirkstoffe 

zu identifizieren, welche den nekroptotischen Zelltod blockieren. 

Im Zuge meiner Doktorarbeit habe ich eine repräsentative Auswahl zugelassener, und damit 

bezüglich Pharmakokinetik und Sicherheit erprobter, Arzneimittel auf Nekroptose-Inhibition 

getestet. Ich zeige, dass die beiden in der Krebstherapie eingesetzten Kinase-Inhibitoren 

Ponatinib und Pazopanib den nekroptotischen Zelltod spezifisch und mit hoher Wirksamkeit 

blockieren. Um den zugrundeliegenden molekularen Mechanismus aufzuklären, identifizierte 

ich die zellulären Angriffspunkte von Ponatinib mittels chemischer Proteomik und liefere 

damit die erste umfassende Aufstellung der molekularen Wirkorte dieses Medikaments. 

Bemerkenswerterweise finden sich die wichtigsten Proteine des Nekroptose-

Signaltransduktionswegs unter den Wirkstoffzielen. Mittels verschiedenere biochemischer 

Tests bestätige ich, dass Ponatinib sowohl RIPK1 als auch RIPK3 bindet und hemmt, 

während Pazopanib bevorzugt RIPK1 zum Angriffspunkt hat. Ponatinib ist somit der erste 

beschriebene duale RIPK1/RIPK3 Inhibitor.  

Da die detaillierte Beschreibung des Nekroptose-assoziierten Protein-Netzwerks die 

Identifizierung zusätzlicher Angriffspunkte für die gezielte Modulation und therapeutische 

Intervention erwarten lässt, setzte ich mir des Weiteren zum Ziel, die Voraussetzungen für 

die Massenspektrometrie-basierte Kartierung des Nekroptose-Signaltransduktionswegs zu 

schaffen. Zu diesem Zweck wurde ein induzierbares, retrovirales Expressionssystem, 
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welches sich für Protein-Interaktionsstudien auf Basis von Affinitätsreinigung im Zweischritt-

Verfahren eignet und im jeweils physiologisch relevanten zellulären Zusammenhang 

angewendet werden kann, etabliert. Das System eignet sich weiter für die Analyse von 

Proteinen deren Expression zytotoxische Effekte hervorruft, wie ich anhand einer konstitutiv 

aktiven Form von MLKL demonstriere. Im Rahmen dieser Experimente entdeckte und 

charakterisierte ich die Bedeutung des molekularen Chaperon HSP90 für die Stabilität und 

Funktionalität von MLKL. 

Zusammengenommen identifiziere ich in der vorliegenden Arbeit neue Nekroptose-

Inhibitoren unter bereits zugelassenen sowie derzeit in klinischer Testung befindlichen 

Medikamenten und beschreibe den jeweils zugrundeliegenden molekularen 

Wirkmechanismus. Diese Ergebnisse schaffen somit eine konsolidierte chemische Basis für 

die Entwicklung klinisch relevanter Inhibitoren des nekroptotischen Zelltods.  
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1. Introduction 

1.1. Cell Death 

Cell death is crucially involved in ontogeny, tissue homeostasis, and pathologies (Pasparakis 

& Vandenabeele, 2015). The end-stage of cell death is defined by irreversible plasma 

membrane permeabilization or complete breakdown of cells into discrete fragments 

commonly referred to as apoptotic bodies (Galluzzi et al, 2014a). Cells may either undergo 

passive death upon irreparable physical damage, or actively decide to auto-eliminate through 

tightly controlled self-destruction mechanisms. Accordingly, cell death instances are divided 

into the two wide  (Galluzzi et al, 

2014b). Accidental cell death refers to cellular demise occurring in an uncontrollable manner 

in response to extreme physicochemical or mechanical insults (Galluzzi et al, 2014a). While 

occurring in vivo as a consequence of burns or traumatic injuries, accidental cell death 

cannot be prevented or modulated by therapeutic intervention, as the immediate structural 

disassembly caused by exposure to severe physical, chemical or mechanical stimuli is 

insensitive to pharmacological or genetic intervention. Conversely, regulated cell death 

involves a genetically encoded molecular machinery and its course can thus be modified by 

targeted biochemical or genetic interference (Galluzzi et al, 2014a). Regulated cell death 

occurs as part of physiologic programs or can be activated as a consequence of 

microenvironmental perturbations, once the adaptive responses attempting to restore cellular 

homeostasis have failed. Accordingly, regulated cell death elicited in context of 

pathophysiological conditions, such as stress, injury or infection, often occurs in a relatively 

delayed manner, and is linked to tissue damage and disease pathogenesis (Linkermann et al, 

2014c). The term programmed cell death is used to describe completely physiologic 

instances of regulated cell death occurring as part of a developmental program, maintenance 

of tissue homeostasis or immune responses (Galluzzi et al, 2014a). Programmed cell death 

is, for example, required to shape hands and feet during embryonic development by 

eliminating the intradigital tissue (Jacobson et al, 1997). Similarly, it serves to dispose of cells 

that are abnormal, nonfunctional, misplaced or potentially dangerous to the organism. 

Programmed cell death thus eliminates cells having experienced irreparable DNA damage, 

developing T and B lymphocytes that fail to express potentially useful antigen-specific 

receptors or produce self-reactive receptors, as well as lymphocytes activated by an infection 

in order to terminate the immune response and avoid autoimmune responses (Fuchs & 

Steller, 2011). Lastly, the tightly controlled balance between programmed cell death and cell 

proliferation determines the turnover kinetics of various cell populations in adult tissues and 

is therefore required to ensure and regulate the proper maintenance of normal tissue 

morphology and function in multi-cellular organisms (Pasparakis & Vandenabeele, 2015). 
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1.1.1. Development of the Programmed Cell Death Concept 

The first descriptions of physiological cell death date back to the mid-nineteenth century 

(Lockshin & Zakeri, 2001). In 1842, soon after establishment of the cell theory by Schleiden 

and Schwann, and backed by technical advances in the field of microscopy, Carl Vogt 

reported cell death to occur in the metamorphic midwife toad (Vogt, 1842). Subsequent 

studies extended the discovery of naturally occurring cell death to non-metamorphic 

development and turnover of cell populations in adulthood (Clarke & Clarke, 1996).The term 

 Lockshin and Williams (Lockshin & 

Williams, 1964), introducing the concept that cells follow a sequence of controlled events 

towards self-destruction. In 1972, Kerr et al. (Kerr et al, 1972) 

to describe a morphological distinct form of cellular demise. 

Apoptotic cell death is characterized by cell shrinkage, chromatin condensation, nuclear 

fragmentation, membrane blebbing, and shedding of apoptotic bodies followed by their 

engulfment by neighboring cells (Figure 1a) (Majno & Joris, 1995). Soon thereafter, 

Schweichel and Merker (Schweichel & Merker, 1973) reported the existence of three distinct 

cell death morphologies based on studying the response of rat embryos to toxin exposure. In 

an early attempt to classify cell death, they proposed to distinguish type I cell death 

(apoptosis), type II cell death (autophagy), involving extensive vacuolization of the cytoplasm, 

and type III cell death (necrosis), featuring neither apoptotic nor autophagic characteristics. 

This initial negative morphologic definition of necrosis has been reconsidered more recently, 

as necrotic cells can similarly exhibit a panel of common features (Figure 1b) (Kroemer et al, 

2008; Krysko et al, 2008)   

 

 
 

 
 
 
Figure 1: Morphological Aspects of Apoptosis and Necrosis. (a) Apoptosis is marked by cell 
shrinkage, chromatin condensation, nuclear fragmentation, membrane blebbing, formation of apoptotic 
bodies, and rapid phagocytosis by neighboring cells. (b) Necrotic cells exhibit an increase in cell 
volume, organelle swelling, loss of plasma membrane integrity, cellular collapse, and release of 
cellular contents. (Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular 
Cell Biology 11, Vandenabeele P, Galluzzi L, Vanden Berghe T, Kroemer G, Molecular mechanisms of 
necroptosis: an ordered cellular explosion, 700-714, © 2010)  
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morphological consideration has later been questioned (Kroemer & Levine, 2008). In few 

cases, the active contribution of the autophagy machinery to physiological cell death could 

be demonstrated. However, as the autophagy pathway is activated by cellular stress, various 

forms of cell death can be accompanied by autophagic features (Denton et al, 2011). The 

first genes dedicated to the control of programmed cell death were identified through genetic 

studies on nematode development (Ellis & Horvitz, 1986). The Caenorhabditis elegans 

genes ced-3 and ced-4, homologues of human caspases, were found to be required for 

somatic cell death. This discovery established the first molecular basis for the notion that 

genetically determined pathways steer programmed cell death. Caspases constitute a family 

of cysteine-dependent aspartate-directed proteases which can be activated by apoptotic 

stimuli to proteolytically degrade cytoplasmic and nuclear target proteins (Shalini et al, 2014). 

Their pivotal function for apoptosis execution has made caspase activation the hallmark of 

apoptotic processes. The insight that certain instances of cell death, instead of occurring 

merely incidentally, are a genetically controlled process of substantial medical relevance, 

spurred interest in the subject. The increased attention and research efforts entailed a 

deeper understanding of the pathway, key players, and biochemical mechanisms governing 

apoptosis. Milestone discoveries as, for instance, identification of B-cell CLL/lymphoma 2 

(BCL2) as an anti-apoptosis gene (Vaux et al, 1988), the pro-apoptotic roles of tumor protein 

p53 (TP53) (Lowe et al, 1993; Yonish-Rouach et al, 1991) and recognition of Fas cell surface 

death receptor (FAS) as a death-transducing receptor (Trauth et al, 1989; Yonehara et al, 

1989), linked the concept of apoptosis to the fields of cancer and immunology. For a long 

time, apoptosis remained the only recognized form of regulated cell death. More recently, in 

light of the accumulating evidence that necrotic cell death can similarly be executed by 

genetically encoded, tightly regulated signal transduction pathways, the concept of 

programmed necrosis has been established (Berghe et al, 2014).  

1.1.2. Evolution of the Concept of Programmed Necrosis  

The notion of necrosis constituting a purely accidental cell death modality was first 

challenged by the discovery that, depending on the cell type, cell death induced by tumor 

necrosis factor (TNF) can be accompanied by either apoptotic or necrotic morphology (Laster 

et al, 1988). Caspase inhibition had been deemed to routinely protect cells from apoptosis, 

yet it was reported to dramatically increase the sensitivity of the murine fibrosarcoma cell line 

L929 to undergo TNF-induced necrotic cell death (Vercammen et al, 1998). Correspondingly, 

cell death induced by Fas associated via death domain (FADD) multimerization in a caspase 

8 (CASP8)-deficient Jurkat cell line was shown to exhibit necrotic features (Kawahara et al, 

1998). In 2000, Holler et al. (Holler et al, 2000) found this caspase-independent cell death 

pathway triggered by Fas ligand (FASLG), TNF-related apoptosis-inducing ligand (TRAIL) or 

TNF to rely on the enzymatic activity of RIPK1. Besides the discovery of RIPK1 as a distinct 
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molecular component required for this form of non-apoptotic cell death, the notion of some 

forms of necrosis being regulated was further strengthened by the subsequent description of 

a Poly(ADP-ribose) polymerase (PARP)-mediated necrotic cell death pathway induced by 

DNA damage (Zong, 2004). The term programmed necrosis (Chan et al, 2003) is since used 

to describe a genetically controlled cell death process that is morphologically characterized 

by cytoplasmic granulation, organelle swelling, and an increase in cell volume, eventually 

resulting in plasma membrane rupture and cellular leakage (Figure 1b) (Vandenabeele et al, 

2010). In 2005, Degterev et al. (Degterev et al, 2005) discovered Necrostatin-1 (Nec-1), a 

small-molecule inhibitor of programmed necrosis triggered by ligation of death receptors in 

absence of caspase activity, and introduced the term -apoptotic cell 

death pathway. RIPK1 was identified as the primary cellular target mediating the anti-

necroptotic effect of Nec-1 (Degterev et al, 2008). Soon thereafter, the obligate requirement 

of the RIPK1-related kinase RIPK3 for necroptosis signaling was uncovered (Cho et al, 2009; 

He et al, 2009; Zhang et al, 2009). More recently, the function of the pseudokinase MLKL as 

downstream mediator of necroptotic cell death was identified (Sun et al, 2012; Zhao et al, 

2012). The discovery of necroptosis and the growing understanding of its molecular 

mechanisms has sparked considerable interest in programmed necrotic cell death, leading to 

the successive discovery of multiple different modes of regulated necrosis (Berghe et al, 

2014).  

 

1.2. Types of Programmed Necrotic Cell Death 

Several other cell death processes share the morphological hallmarks of necroptosis, but 

occur independently of RIPK1 and RIPK3 or upon their inhibition (Berghe et al, 2014). The 

progressing characterization of these various modes of programmed necrotic cell death has 

prompted a switch in the classification from morphological criteria to quantitative biochemical 

methods (Galluzzi et al, 2011). Besides necroptosis, which will be described in detail in the 

following chapters, several subroutines of programmed necrosis are now being distinguished 

from each other by a particular aspect of the cell death process: 

1.2.1. Ferroptosis  

The term ferroptosis refers to a recently discovered iron-dependent pathway of regulated 

necrosis under the control of glutathione peroxidase 4 (GPX4) (Dixon et al, 2012; Yang et al, 

2014). This enzyme catalyzes the reduction of lipid peroxides using glutathione (GSH) as 

reductant, and thus protects cells from oxidative damage (Brigelius-Flohé & Maiorino, 2013). 

Ferroptotic cell death was first described in a chemical screen for compounds exhibiting 

selective lethality in RAS-transformed tumor cells (Dixon et al, 2012). In detail, the small 

molecule erastin was found to induce ferroptosis via inhibition of the plasma membrane 
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cystine/glutamate antiporter system xc¯, which supplies the cell with the cystine required for 

GSH synthesis. Whereas erastin-elicited ferroptosis is insensitive to inhibitors of apoptosis, 

necroptosis or autophagy, a synthetic small molecule with antioxidant properties termed 

ferrostatin-1 specifically blocks ferroptotic cell death (Dixon et al, 2012). Ferroptosis can 

moreover be inhibited by iron chelators such as desferrioxamine, though the precise role of 

iron in this cell death process is yet incompletely understood. It is presumed that iron-

dependent production of reactive oxygen species (ROS) and loss-of-function of GPX4 

caused by GSH depletion result in accumulation of lipid peroxides and cell death (Dixon & 

Stockwell, 2014). Besides constituting an interesting anticancer mechanism, ferroptosis has 

so far been implicated in renal and hepatic ischemia-reperfusion (IR) injury, and neurological 

disorders (Friedmann Angeli et al, 2014; Linkermann et al, 2014b; Seiler et al, 2008). 

1.2.2. Mitochondrial Permeability Transition (MPT)-Dependent Necrosis  

MPT denotes an abrupt increase in the permeability of the inner mitochondrial membrane to 

small solutes caused by opening of the MPT pore in response to ROS overproduction or 

cytosolic Ca2+ overload (Elrod & Molkentin, 2013). Pore opening is controlled by the 

mitochondrial matrix protein cyclophilin D (CYPD), the sole genetically confirmed constituent 

of the MPT pore (Baines et al, 2005; Javadov & Kuznetsov, 2013; Nakagawa et al, 2005; 

Schinzel et al, 2005). Accordingly, MPT-dependent regulated necrosis can be blocked 

pharmacologically using the CYPD inhibitors sanglifehrin A (Clarke et al, 2002) or 

cyclosporin A (Halestrap & Davidson, 1990). In vivo, CYPD-mediated regulated necrosis has 

been reported in context of IR injury-linked pathologies. More specifically, CYPD deficiency 

has been demonstrated to exert protective effects in mice subjected to ischemic injury of the 

heart (Baines et al, 2005; Nakagawa et al, 2005), brain (Schinzel et al, 2005) and kidneys 

(Devalaraja-Narashimha et al, 2009; Linkermann et al, 2013a).  

1.2.3. Parthanatos 

The main molecular feature of parthanatos is the hyperactivation of PARP1 (Andrabi et al, 

2008). Consequently, this form of regulated necrosis can be blocked pharmacologically by 

PARP1 inhibition. PARPs are a family of enzymes that transfer ADP-ribose groups from 

NAD+ to various target proteins (Gibson & Kraus, 2012). PARP1 is activated by DNA damage 

and plays a critical role in the repair of DNA breaks. However, persistent DNA damage 

causes PARP1 overactivation. The resulting massive PARylation of proteins leads to NAD+ 

depletion and release of apoptosis inducing factor, mitochondria associated 1 (AIFM1) from 

the mitochondria, which translocates into the nucleus and induces chromatin degradation 

(Galluzzi et al, 2014b; Wang et al, 2011; Yu et al, 2002). Parthanatos has been mostly 

studied in context of neuropathologies , but is also implicated in 

cellular injury following IR and retinal degeneration (Galluzzi et al, 2014b; Lee et al, 2013). 
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1.2.4. Pyroptosis 

Pyroptosis occurs after canonical and non-canonical inflammasome stimulation and has 

been shown to depend on activation of caspase-1, as well as murine caspase-11 (Berghe et 

al, 2014; Bergsbaken et al, 2009). The rapid osmotic cell lysis has been proposed to be 

caused by caspase-dependent formation of plasma membrane pores, disrupting cellular ionic 

gradients (Fink & Cookson, 2006). Two recent studies identified gasdermin D (GSDMD) as a 

target of caspase-1 and caspase-11, with an essential role in pyroptosis execution (Kayagaki 

et al, 2015; Shi et al, 2015). Active caspase-1 moreover mediates the maturation and release 

of the pyrogenic cytokines interleukin (IL)- -18, which renders pyroptotic cell death 

highly immunogenic (Bergsbaken et al, 2009). Pyroptosis is considered part of the innate 

immune response, acting as an antimicrobial defense mechanism during inflammation. 

Indeed, the term pyroptosis has initially been introduced to describe the distinct form of death 

that macrophages undergo upon infection with Salmonella enterica serovar Typhimurium 

(Brennan & Cookson, 2000), and the in vivo relevance of pyroptotic cell death has since 

been demonstrated in various models of bacterial and viral infection (Doitsh et al, 2013; 

Henry & Monack, 2007; Sansonetti et al, 2000).  

1.2.5. NETosis/ETosis 

NETosis is a form of neutrophil-specific regulated cell death characterized by chromatin 

condensation and the release of neutrophil extracellular traps (NETs) (Brinkmann et al, 2004). 

This cell death modality critically relies on ROS produced by members of the NAPDH 

oxidase family and can thus be blocked pharmacologically by inhibitors targeting these 

enzymes (Remijsen et al, 2010). NETs, which consist of DNA, chromatin and histones, allow 

neutrophils to immobilize and kill infectious agents and thus represent a defense mechanism 

against microorganisms (Remijsen et al, 2011). The more general term ETosis has been 

introduced after this cell death modality had been reported to also occur in eosinophils, mast 

cells and macrophages (Wartha & Henriques-Normark, 2008).  

1.2.6. Interconnectivity of Cell Death Pathways  

Apoptosis is tightly interconnected with some of the signaling pathways leading to regulated 

necrosis (Linkermann & Green, 2014). For one part, this functional interplay depends on the 

fact that both forms of cellular demise share a number of common signal transducers. 

Secondly, extensive crosstalk between these pathways has been shown to occur in form of 

negative feedback circuitries, whereby one cell death pathway actively inhibits the other 

(Long & Ryan, 2012). The various subroutines of regulated necrosis are likewise interrelated 

(Galluzzi et al, 2014b). Despite being triggered by distinct upstream activators, the different 

pathways partially rely on the same signaling mediators. Furthermore, the different signaling 

cascades employ common biochemical mechanisms to execute cell death, primarily 
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involving the dysregulation of redox metabolism and bioenergetics, which results in osmotic 

swelling, energetic catastrophe, and, ultimately, loss of membrane integrity (Berghe et al, 

2014). 

 

1.3. Necroptosis  

Necroptosis is the so far best-characterized form of regulated necrosis. Necroptotic cell 

death can be induced in response to pathogen infection as well as sterile cell injury (Chan et 

al, 2015). The key effector molecules are the signal transmitters RIPK1 and RIPK3, and the 

pseudokinase MLKL, which effectuates plasma membrane destabilization (Silke et al, 2015). 

1.3.1. Triggers of Necroptosis 

Necroptosis can be triggered by several receptors that are implicated in the detection of 

cellular stress, injury and infection (Figure 2) (Tait et al, 2014). TNF was the first stimulus 

found to induce regulated necrosis (Laster et al, 1988) and the necroptosis signaling pathway 

initiated by tumor necrosis factor receptor 1 (TNFR1) ligation has been particularly well 

 
 

 

 
 

 

 

 

 
 

 

 
 

 

 

 
Figure 2: Triggers of Necroptosis. Necroptotic cell death can be initiated by ligation of TNFR1 and 
other death receptors in the TNF superfamily, IFNs, TLR and TCR signaling, viral infection or DNA 
damage. (Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell 
Biology 15, Berghe TV, Linkermann A, Jouan-Lanhouet S, Walczak H, Vandenabeele P, Regulated 
necrosis: the expanding network of non-apoptotic cell death pathways, 135-147, © 2014) 
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studied. Other death receptor ligands in the TNF superfamily, including FASLG and TRAIL, 

have similarly been shown capable of triggering necroptosis (Holler et al, 2000). Necroptosis 

can moreover be induced by ligation of TLR3 and TLR4, which employ the receptor 

interacting homotypic interaction motif (RHIM) domain-containing adaptor protein TRIF to 

activate RIPK3 (He et al, 2011; Kaiser et al, 2013). Likewise, the RHIM domain-containing 

protein DAI can activate RIPK3 in context of viral infection (Upton et al, 2012). More recently, 

both type I and type II interferons (IFNs) were shown to induce necroptosis depending on 

protein kinase R (PKR) in apoptosis-deficient cells (Thapa et al, 2013). Furthermore, 

activation of FADD- or CASP8-deficient T cells by T cell receptor (TCR) stimulation leads to 

RIPK1/RIPK3-mediated necroptosis (Ch'en et al, 2008). Upon genotoxic stress, RIPK3 can 

get activated in a RIPK1-dependent manner through assembly of a multi-protein complex 

termed ripoptosome (Feoktistova et al, 2011; Tenev et al, 2011). 

1.3.2. Key Players of the Necroptosis Signaling Pathway  

RIPK1 and RIPK3 are part of the seven member-containing RIP kinase family (Zhang et al, 

2010). All RIPK family members share a homologous kinase domain, but harbor different 

functional domains (Figure 3) (Zhang et al, 2010). Whereas the functions of RIPK4-7 are yet 

poorly understood, RIPK1-3 have been assigned important roles in inflammation and cell 

death (Humphries et al, 2014). The C-terminal caspase activation and recruitment domain 

(CARD)-containing RIPK2 is an important mediator of nucleotide-binding oligomerization  

 

 

 

 

 

 

 

 
 
Figure 3: Domain Organization of the RIP Kinase Family. RIP kinases are a family of 
serine/threonine kinases. All seven members share the homologous kinase domain, but harbor 
different functional domains including RHIM, CARD, DD (Death), ankyrin repeat (Ankyrin), leucin-rich 
repeat (LRR), armadillo repeat (ARM), Ras in complex proteins/domain C-terminal of Roc (Roc/COR), 
and WD40 repeat (WD). (Reprinted by permission from Macmillan Publishers Ltd: Cell Death and 
Differentiation 22, Humphries F, Yang S, Wang B, Moynagh PN, RIP kinases: key decision makers in 
cell death and innate immunity, 225-236, © 2014)  
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domain (NOD) signaling (Nembrini et al, 2009; Park et al, 2007) and mucosal immunity 

(Balamayooran et al, 2011; Shimada et al, 2009). RIPK1 harbors a death domain (DD), 

allowing direct interaction with the intracellular DD of death receptors or other DD-containing 

proteins such as TNFRSF1A-associated via death domain (TRADD) (Chaudhary et al, 1997; 

Hsu et al, 1996a; Varfolomeev et al, 1996). Notably, RIPK1 and RIPK3 are the only RIPK 

family members possessing a RHIM domain (Humphries et al, 2014). The family designation 

- -binding 

protein (Stanger et al, 1995). RIPK1 represents a critical regulatory node in the control of 

multiple cellular pathways mediating cell survival, inflammation and cell death (Ofengeim & 

Yuan, 2013). Most attention has been directed to its role as a molecular decision point 

between pro-inflammatory and cell death signaling after TNFR1 stimulation (Humphries et al, 

2014). Given its relevance as a central hub at the crossroads of multiple signaling pathways 

decisive for cellular fate, RIPK1 underlies tight and complex regulation. Regulatory events 

described to impact on RIPK1 function include phosphorylation, ubiquitination, 

deubiquitination, as well as interaction with multiple ubiquitin receptors (Ofengeim & Yuan, 

2013). RIPK3 was first identified based on its homology and binding to RIPK1 (Sun et al, 

1999; Yu et al, 1999). Accordingly, early studies focused on its impact on the nuclear factor 

kappa-B (NF- ) pathway, demonstrating that RIPK3 overexpression is able to modulate NF-

 signaling and induce apoptosis (Pazdernik et al, 1999). However, both NF-  activation 

and apoptosis signaling proceed normally in Ripk3-/- cells (Newton et al, 2004), undermining 

the notion of a major role for RIPK3 in these pathways (Moriwaki & Chan, 2013). First cues 

for a role of RIPK3 in necroptosis arose from the observation that overexpression of a non-

cleavable RIPK3 mutant triggered caspase-independent cell death (Feng et al, 2007). Soon 

thereafter, three parallel studies reported RIPK3 and its kinase activity to be involved in TNF-

induced necroptosis downstream of RIPK1 (Cho et al, 2009; He et al, 2009; Zhang et al, 

2009). Whereas RIPK1 is required to convey the activating signal to RIPK3 solely in context 

of death receptor-induced necroptosis, RIPK3 is now considered the convergence point of 

necroptosis execution, as it integrates activatory signals from various upstream inducers and 

RIPK3-mediated phosphorylation of MLKL is essential for necroptosis to occur (Lu et al, 

2014). The second reported substrate of RIPK3 is the PGAM family member 5, 

serine/threonine protein phosphatase, mitochondrial (PGAM5) (Wang et al, 2012). However, 

as TNF-induced necroptosis was not impaired by neither small hairpin RNA (shRNA)-

mediated knockdown of Pgam5 (Murphy et al, 2013; Remijsen et al, 2014), nor by 

widespread depletion of mitochondria (Tait et al, 2013), PGAM5 may not constitute a crucial 

component of the necroptosis machinery (Chan et al, 2015). The membrane rupture-inducing 

protein MLKL is the most terminal-known necroptosis effector to date and no other function 

has so far been ascribed to this protein (Czabotar & Murphy, 2015). MLKL was determined to 
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be the obligate downstream executor of necroptosis by a high throughput chemical screen 

for necroptosis inhibitors, which identified MLKL as target of the tool compound 

necrosulfonamide (NSA) (Sun et al, 2012), as well as by an shRNA screen for necroptosis 

effectors (Zhao et al, 2012). MLKL has been designated a pseudokinase, as two of the three 

key catalytic motifs for phosphoryl transfer activity are absent, rendering the protein 

enzymatically inactive (Manning et al, 2002; Murphy & Silke, 2014). Despite lacking catalytic 

activity, MLKL can bind adenosine triphosphate (ATP), which is however not required for 

necroptosis execution (Murphy et al, 2013).  

 

1.4. Molecular Mechanisms and Regulation of TNF-Induced Necroptosis  

TNFR1 is the prototypic DD-containing member of the TNF receptor family and mediates 

diverse signaling events after TNF binding (Christofferson et al, 2014). TNF is a pleiotropic, 

pro-inflammatory cytokine which plays an important role in innate immune responses and the 

regulation of immune cells. It is mainly derived from activated macrophages, but can also be 

released from other cell types (Wajant et al, 2003). Initially produced as type II 

transmembrane protein (Kriegler et al, 1988; Tang et al, 1996), the soluble, homotrimeric 

cytokine is released by TNF-alpha-converting enzyme (TACE)-mediated proteolytic cleavage 

(Black et al, 1997). Depending on the cell type, cellular activation state and 

microenvironment, the intricate signaling network operating downstream of TNFR1 can result 

in NF-  activation and survival, apoptosis or necroptosis in response to TNF (Figure 4) 

(Vandenabeele et al, 2010). The decision which signaling route will be taken critically relies 

on the composition of the signal transduction complexes that are formed upon ligand-

receptor binding.  

1.4.1. Complex I Formation and NF-  

TNF binding to the preassembled TNFR1 trimer (Chan et al, 2000) triggers assembly of the 

short-lived, membrane-proximal, supramolecular complex I, which is composed of TRADD, 

TNF receptor associated factor 2 (TRAF2), RIPK1, cellular inhibitor of apoptosis (cIAP)1, 

cIAP2, and the linear ubiquitin chain assembly complex (LUBAC) (Micheau & Tschopp, 2003; 

Rieser et al, 2013). Signals emanating from complex I lead to NF- -dependent induction of 

a number of pro-inflammatory and survival genes, including transcriptional targets required to 

counteract the cytotoxic effects of TNF (Chan et al, 2015). Complex I thus constitutes a 

critical checkpoint in the cellular decision between death and survival. In detail, TNFR1 

ligation leads to DD-mediated recruitment of TRADD (Hsu et al, 1995) and RIPK1 (Hsu et al, 

1996a). TRADD subsequently recruits TRAF2 (Hsu et al, 1996b), and thereby the ubiquitin 

ligases cIAP1 and cIAP2 (Rothe et al, 1995; Shu et al, 1996). Activated by proximity-induced 

dimerization, cIAP1 and cIAP2 decorate RIPK1 with K63 and K11 polyubiquitin chains  
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Figure 4: Signaling Events Downstream of TNFR1 Activation. TNF binding to TNFR1 triggers 
assembly of complex I, initiating NF- -dependent pro-survival signaling. Translational inhibition by 
cycloheximide (CHX) or actinomycin D (ActD) as well as RIPK1 deubiquitination by CYLD or loss of 
cIAP1/2 lead to induction of apoptosis via complex IIa or IIb. In conditions impeding full caspase 
activation, RIPK1 and RIPK3 form the necrosome, entailing MLKL activation and necroptotic cell death. 
(Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Drug Discovery, advance 
online publication, 18 January 2016, doi:10.1038/nrd.2015.6, Conrad M, Angeli JPF, Vandenabeele P, 
Stockwell BR, Regulated necrosis: disease relevance and therapeutic opportunities) 



Introduction 

26 
  

(Dynek et al, 2010; Varfolomeev et al, 2008). Ubiquitination of RIPK1 facilitates recruitment 

of the E3 ligase complex LUBAC, which consists of SHANK associated RH domain interactor 

(SHARPIN), heme-oxidized IRP2 ubiquitin ligase 1 (HOIL-1) and HOIL-1-interacting protein 

(HOIP), and catalyzes linear ubiquitination (Haas et al, 2009; Rieser et al, 2013). The 

ubiquitin network created within complex I is essential for recruitment of downstream 

components of the NF-  and mitogen-activated protein kinase (MAPK) signaling pathways 

(de Almagro & Vucic, 2015). The ubiquitin chains serve as landing platform for the inhibitor of 

nuclear factor kappa-B kinase (IKK) complex, consisting of IKK1, IKK2 and NF-kappa-B 

essential modulator (NEMO), as well as for transforming growth factor-beta-activated kinase 

1 (TAK1) and its ubiquitin binding partners TGF-beta activated kinase 1/MAP3K7 binding 

protein (TAB)1 and TAB2 (Christofferson et al, 2014; ). TAK1 

activates the IKK complex, which in turn phosphorylates NF-kappa-B inhibitor alpha (I

I  inhibits NF-  proteins by masking their nuclear localization signals (NLSs) and thus 

sequestering them in an inactive state in the cytoplasm. Phosphorylation marks I

ubiquitination and subsequent proteosomal degradation, allowing the thus liberated NF-  to 

translocate to the nucleus and activate transcription ( ). TNFR1 

moreover induces activation of the MAPK pathway and the transcription factor activator 

protein-1 (AP-1) (Silke et al, 2015). Transcriptional targets of TNFR1 actively counteracting 

cell death signaling include cIAP1 and cIAP2, as well as the long form of cellular FLICE-like 

inhibitor protein (c-FLIPL), inhibiting CASP8 (Chu et al, 1997; Kreuz et al, 2001; Wang et al, 

1998). Dimerization of CASP8 and c-FLIPL prevents apoptosis due to inhibition of full CASP8 

activation (Pop et al, 2011). Yet, the heterodimer retains caspase activity towards RIPK1, 

RIPK3 and cylindromatosis (turban tumor syndrome) (CYLD), and thus simultaneously 

blocks necroptosis ( ; Oberst et al, 2011). The deuquitinating enzyme 

CYLD and the ubiquitin-editing enzyme A20 are further transcriptional targets of NF-  

(Humphries et al, 2014). A20 negatively regulates NF-  signaling and apoptosis by first 

removing the activating K63-linked polyubiquitin chains from RIPK1 to then promote K48-

linked ubiquitination, targeting the protein for proteosomal degradation (Wertz et al, 2004). A 

recent study furthermore demonstrated a function for A20 in preventing overt necroptosis by 

inhibiting RIPK3 polyubiquitination (Onizawa et al, 2015). RIPK1 deubiquitination by CYLD 

similarly blunts NF-  signaling, but instead triggers cell death (Moquin et al, 2013). CYLD 

thus acts as a key switch in regulating the activation of apoptosis and necroptosis over cell 

survival signaling.  

1.4.2. Formation of the Apoptosis-Promoting Complex II  

Upon deubiquitination RIPK1 leaves complex I and translocates to the cytosol to associate 

with FADD, TRADD and pro-caspase-8, forming the apoptosis-inducing signaling platform 

complex II (Micheau & Tschopp, 2003; Wang et al, 2008). Assembly of complex II can 
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similarly be triggered by use of inhibitor of apoptosis protein (IAP) antagonists or loss of the 

cIAP proteins, which are responsible for ubiquitinating and thus stabilizing complex I (Wang 

et al, 2008). Within complex IIa, pro-caspase-8 gets processed into its active form, resulting 

in apoptotic cell death (Micheau & Tschopp, 2003). Active CASP8 moreover suppresses 

necroptosis by cleaving and thus inactivating RIPK1 (Lin et al, 1999), RIPK3 (Feng et al, 

2007), and CYLD ( ). Complex II can also be formed independently of 

death receptor signaling upon genotoxic stress or in response to pattern recognition receptor 

activation through interaction between TRIF and RIPK1 (Feoktistova et al, 2011; Tenev et al, 

2011). This complex IIb, also termed ripoptosome, contains CASP8, FADD, c-FLIPL and 

RIPK1. Assembly of the ripoptosome requires RIPK1 kinase activity and can lead to CASP8-

mediated apoptosis or RIPK3-dependent necroptosis, depending on the regulation of 

caspase activity by the cellular FLICE-like inhibitory protein (c-FLIP) isoforms (Feoktistova et 

al, 2011; Tenev et al, 2011). In conditions blocking caspase activity or impeding their full 

activation, stabilization of RIPK1 and RIPK3 prompts conversion into complex IIc, termed 

necrosome (Cho et al, 2009).  

1.4.3. RHIM Domain-Mediated Necrosome Formation 

Within the necrosome, RIPK1 and RIPK3 engage in a series of auto- and cross-

phosphorylation events, which are essential for necroptosis induction (Cho et al, 2009). Thus, 

whereas the initial cellular decision between survival and apoptosis relies on the 

ubiquitination status of RIPK1, necroptosis signaling depends on its kinase activity. Yet, 

direct phosphorylation of RIPK3 by RIPK1 has not been demonstrated. Recent evidence 

rather supports a function for RIPK1 in initiating the nucleation event required for RIPK3 

oligomerization and auto-phosphorylation (Chan et al, 2015). It has been shown that 

inducible dimerization of RIPK3 as well as expression of a phosphomimetic RIPK3 mutant 

can trigger MLKL-dependent necroptosis in absence of RIPK1 (Cook et al, 2014; McQuade 

et al, 2013; Orozco et al, 2014; Wu et al, 2014). Accordingly, it has been suggested that 

RHIM domain-driven interaction between the two kinases leads to RIPK3 auto-activation (Li 

et al, 2012; Silke et al, 2015). The RHIM domain is a conserved signaling motif defined by a 

tetrapeptide core flanked by hydrophobic residues, predominantly adopting -sheet folding 

(Chan et al, 2015). Four RHIM-domain containing proteins have been identified in humans: 

RIPK1, RIPK3, DAI, and TRIF. These signaling proteins share roles in innate immunity, cell 

death, or both, as a common denominator (Kaiser & Offermann, 2005; Ofengeim & Yuan, 

2013; Rebsamen et al, 2009). Moreover, all RHIM domain-containing adaptors have a strong 

tendency to form amyloid fibrils in vitro either by themselves or in complex with a second 

RHIM-domain containing protein (Li et al, 2012). Interestingly, viral RHIM-domain containing 

inhibitors that bind and block RIPK3 have been described (Rebsamen et al, 2009; Upton et al, 

2012). These viral proteins function to prevent virus-induced necroptosis and thus allow the 
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virus to establish productive infection, as execution of necroptotic cell death critically relies 

on formation of the unique RHIM domain-dependent amyloid scaffold in the necrosome for 

RIPK3 activation and induction of downstream signaling. Active RIPK3 binds and 

phosphorylates MLKL, unleashing its activity as necroptosis executor (Sun et al, 2012; Zhao 

et al, 2012). RIPK3-MLKL binding requires RIPK3 itself to be phosphorylated on S227 in 

human, or T231 and S232 in mouse cells. Upon interaction, RIPK3 phosphorylates human 

MLKL on T357 and S358, and mouse MLKL on S345, S347 and T349, respectively (Murphy 

et al, 2013; Sun et al, 2012). Phosphorylation of S345 in the activation loop of the 

pseudokinase domain of murine MLKL, corresponding to S358 in the human protein, 

represents the essential step for execution of necroptotic cell death (Murphy et al, 2013; 

Tanzer et al, 2015).  

1.4.4. Necroptosis Execution by MLKL  

MLKL mediates necroptosis execution through its N-terminal four-helix bundle (4HB) (Chen 

et al, 2013; Dondelinger et al, 2014; Hildebrand et al, 2014). Activation of MLKL likely occurs 

through a molecular switch mechanism. Phosphorylation of the pseudokinase domain 

induces a conformational change by which the 4HB domain is released (Hildebrand et al, 

2014; Murphy et al, 2013). The phospho-mimetic S345D MLKL mutant protein is 

constitutively active and triggers cell death upon expression (Murphy et al, 2013). This 

stimulus-independent necroptosis proceeds even in absence of RIPK3, corroborating that 

MLKL phosphorylation is the crucial role played by RIPK3 in necroptosis signaling. The 

structures of mouse (Figure 5a) (Murphy et al, 2013) and human (Murphy et al, 2014) MLKL 

have recently been solved, helping to further unveil the molecular mechanism of MLKL 

activation. The integrity of the pseudoactive site of MLKL seems to be intrinsically intertwined 

with the activation of the necroptosis executory function of the protein (Murphy & Silke, 2014). 

The residues K219 and Q343 located within the pseudoactive site of murine MLKL have 

been reported to interact (Figure 5b) (Murphy et al, 2013). Similar to S345D, also K219M or 

Q343A mutations cause cell death. Mutation of these residues presumably emulates 

activatory conformational changes in the MLKL protein, similar to those triggered by RIPK3-

mediated phosphorylation of the activation loop (Murphy et al, 2013; Murphy & Silke, 2014). 

Moreover, it was shown that expression of the executioner 4HB domain by itself is sufficient 

for initiation of necroptosis (Chen et al, 2013; Dondelinger et al, 2014; Hildebrand et al, 2014), 

providing further evidence that conformational release of this region is sufficient to induce cell 

killing (Czabotar & Murphy, 2015). Interestingly, a recent study identified additional 

phosphorylation events on MLKL, potentially contributing to fine-tuning of its activation 

potential (Tanzer et al, 2015). Phosphorylation of one of these sites, S228, may be involved 

in relieving a suppressive interaction between RIPK3 and MLKL, suggestive of a so far 

unappreciated role of RIPK3 in constraining MLKL activation. Downstream execution of 
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Figure 5: Crystal Structure of Full-Length Mouse MLKL. (a) MLKL contains an N-terminal 4HB 
(Helical Bundle) domain (magenta) connected via a two-helix brace (cyan) to the C-terminal 
pseudokinase domain (green). The N-lobe of the pseudokinase domain contains the activation loop 
helix (violet). (b) Close-up view of the MLKL pseudoactive site with K219:Q343 interaction and 
phosphorylation sites S345, S347, and T349 highlighted. (Reprinted and adapted with permission from 
Elsevier: Immunity 39, Murphy James M, Czabotar Peter E, Hildebrand Joanne M, Lucet Isabelle S, 
Zhang J-G, Alvarez-Diaz S, Lewis R, Lalaoui N, Metcalf D, Webb Andrew I, et al., The Pseudokinase 
MLKL Mediates Necroptosis via a Molecular Switch Mechanism, 443-453, © 2013)  

 

necroptosis critically relies on 4HB domain-mediated MLKL homooligomerization and 

membrane translocation. Whereas formation of high molecular weight oligomers is clearly 

required for necroptotic cell death (Dondelinger et al, 2014), there are conflicting reports on 

whether MLKL forms trimers (Cai et al, 2013), tetramers (Chen et al, 2013) or hexamers 

(Wang et al, 2014a). Yet another study proposed formation of MLKL homotrimers in the 

cytoplasm, which incorporate into high molecular weight membrane-localized complexes 

upon cell death signaling (Hildebrand et al, 2014). Similarly, the exact molecular mechanism 

by which the 4HB domain induces membrane rupture is still a matter of debate. The MLKL 

oligomers have been proposed to disrupt osmotic homeostasis via altering ion flux through 

either acting on the membrane themselves or targeting membrane proteins (Cai et al, 2013; 

Chen et al, 2013; Dondelinger et al, 2014; Wang et al, 2014a). In detail, one study reported 

increased Ca2+ influx through transient receptor potential cation channel, subfamily M, 

member 7 (TRPM7) as an executioner mechanism of MLKL (Cai et al, 2013). Another study 

found MLKL-mediated regulation of Na2+ channels to be causative for ion influx, increased 

osmotic pressure and membrane rupture (Chen et al, 2013). Subsequent reports revealed 

that the 4HB domain of MLKL is capable of binding to phosphatidylinositol phosphates (PIPs) 

(Dondelinger et al, 2014; Wang et al, 2014a) as well as cardiolipin (Wang et al, 2014a). It 

was suggested that, through interaction with these negatively charged lipids, the MLKL 

oligomers become incorporated into both plasma and intracellular membranes, and thus 

directly disrupt membrane integrity by pore formation (Wang et al, 2014a). Indeed, inhibition 

b a 
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of PI(5)P and PI(4,5)P2 formation specifically blocked TNF-induced necroptosis, but not 

apoptosis (Dondelinger et al, 2014). Additionally, the 4HB-containing N-terminal region of 

MLKL was found sufficient to mediate leakage of PIP-containing liposomes, further 

corroborating the notion of MLKL assembling into a pore that facilitates osmosis-mediated 

membrane rupture (Dondelinger et al, 2014; Wang et al, 2014a). The conflicting earlier 

reports on the requirement of Ca2+ (Cai et al, 2013) or Na2+ (Chen et al, 2013) influx for 

necroptosis would be reconciled by a model in which MLKL directly disrupts the membrane, 

as both phenomena could be a result of pore formation. However, another study challenged 

the idea of the 4HB domain engaging phospholipid membranes by simple positive-negative 

charge pairing (Hildebrand et al, 2014). The polarity of charged residues in the 4HB domain 

is poorly conserved between orthologs from different species, whereas their presence in 

specific positions is preserved. Alanine scanning mutagenesis led to the identification of two 

clusters on opposing faces of the 4HB domain that are required for cell killing (Hildebrand et 

al, 2014). Whereas the integrity of one cluster was crucial for membrane localization, 

mutations in the other cluster allowed membrane translocation of MLKL, but prevented cell 

killing.  These results indicate that membrane localization of MLKL is necessary, but not 

sufficient to induce necroptotic cell death, suggesting that additional, yet unidentified 

mechanisms are required for the 4HB domain to execute cell death (Hildebrand et al, 2014).  

1.4.5. Necroptosis-Independent Functions of RIPK1 and RIPK3  

Besides necroptosis, RIPK1 kinase function is required for ripoptosome-mediated apoptosis 

induction (Feoktistova et al, 2011; Tenev et al, 2011; Wang et al, 2008). Moreover, RIPK1 

has been reported to activate JNK- and AP-1-mediated TNF transcription in a kinase-

dependent manner under certain conditions (Christofferson et al, 2012; McNamara et al, 

2013). DAI-mediated RIPK1/RIPK3 complex formation can likewise induce NF- -dependent 

cytokine expression (Kaiser et al, 2008; Rebsamen et al, 2009). Independently from cell 

death signaling, RIPK3 has been shown to directly contribute to inflammatory cytokine 

activation in the context of TLR stimulation or virus infection. More precisely, RIPK3 has 

been implicated in activation of the NLRP3 inflammasome and IL- P-

depleted macrophages, CASP8-deficient dendritic cells and RNA-virus infected cells (Kang 

et al, 2013; Vince et al, 2012; Wang et al, 2014b).  

 

1.5. Necroptosis in Health and Disease  

Necroptosis has been shown to contribute to pathology connected with sterile-injury induced 

inflammation as well as different diseases associated with chronic inflammation (Table 1) 

(Chan et al, 2015). The detrimental role of necroptosis in different human disease conditions 

raises the question why this cell death module has been evolutionarily preserved. The 
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Table 1: Necroptosis-Related Diseases  

Cause of Cell Injury Disease / Pathogen (References) 

Viral infection Vaccinia virus (Cho et al, 2009) 

Murine cytomegalovirus (Upton et al, 2010; Upton et al, 2012) 

Herpes simplex virus (Guo et al, 2015; Huang et al, 2015) 
Human immunodeficiency  
virus type-1 (Pan et al, 2014) 

Bacterial infection Staphylococcus aureus (Kitur et al, 2015) 
Salmonella enterica serovar 
Typhimurium (Robinson et al, 2012) 

Sterile injury-induced 
inflammation 

Retinal degeneration (Kataoka et al, 2015; Murakami et al, 
2013; Murakami et al, 2012) 

Ethanol-induced liver injury (Roychowdhury et al, 2013) 

Non-alcoholic steatohepatitis (Gautheron et al, 2014) 

Multiple sclerosis (Ofengeim et al, 2015) 

Atherosclerosis (Lin et al, 2013) 
Ischemia-reperfusion kidney 
injury (Linkermann et al, 2013a) 

Myocardial infarction (Oerlemans et al, 2012) 
Ischemia-reperfusion-induced  
brain injury 

(Degterev et al, 2005; Northington et 
al, 2010) 

 (Vitner et al, 2014) 

Pancreatitis (He et al, 2009; Wu et al, 2013a) 
 

 

probably best evidenced role for necroptosis in vivo to date is the regulation of viral infection 

(Cho et al, 2009; Upton et al, 2010). In this context, necroptosis serves a beneficial role by 

limiting virus replication and promoting innate immune responses against infected cells by 

causing danger-associated molecular pattern (DAMP) release, and thus furthering immune 

cell activation (Chan et al, 2015). Many viruses encode apoptosis inhibitors, which led to the 

hypothesis that the necroptotic pathway evolved as a backup mechanism to trigger cell death 

in suchlike infected cells (Mocarski et al, 2015; Mocarski et al, 2012). Intriguingly, virus-

encoded RHIM domain-containing inhibitors of RIPK1-RIPK3 signaling have likewise been 

identified (Guo et al, 2015; Huang et al, 2015; Upton et al, 2010). The existence of such 

inhibitors is suggestive of a common immune evasion strategy, and corroborates the notion 

of necroptotic cell death as the outcome of a co-evolutionary process with certain virus 

species that target vertebrates. According to this concept, the pathological role of necroptosis 

in sterile injury-induced inflammation may represent the flipside of this evolutionary rivalry 

with the viruses (Chan et al, 2015). 
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1.5.1. Physiological Relevance of Necroptotic Cell Death  

In line with the notion that necroptosis serves to eliminate unwanted cells in situations where 

the preferred apoptosis pathway is blocked (Vandenabeele et al, 2010), interdigital cells or 

thymocytes from mice lacking apoptotic peptidase activating factor 1 (Apaf1) die by 

necroptosis with identical timing and to the same extent at which these cells undergo 

apoptosis in wild-type mice (Chautan et al, 1999). Under physiological conditions, CASP8 

and FADD act as gatekeepers preventing necroptotic cell death. Indeed, genetic studies in 

mice have revealed that necroptosis is actively suppressed in many cell types both during 

development and in adult tissues. Deficiency in Fadd or Casp8 leads to embryonic lethality 

(Varfolomeev et al, 1998; Yeh et al, 1998; Zhang et al, 1998) due to necroptosis-mediated 

loss of the endothelial cells responsible for vasculature formation in the developing yolk sac. 

This CASP8-dependent prenatal death can be rescued by co-deletion of Ripk3 (Kaiser et al, 

2011; Oberst et al, 2011). Likewise, loss of Ripk1 permits embryogenesis to proceed 

normally in Fadd-/- mice (Zhang et al, 2011). Disabling the ability of CASP8 to inhibit RIPK3 in 

an organ-specific manner in adult mice has been shown to induce RIPK3-dependent 

inflammation and cell death in the intestine and skin (Bonnet et al, 2011; Weinlich et al, 2013; 

Welz et al, 2011). Similarly, antigen-driven clonal expansion of T lymphocytes in context of 

compromised function of FADD or CASP8 results in RIPK3-dependent necroptosis (Ch'en et 

al, 2011; Lu et al, 2011). Various pathogens can induce activation of RIPK3 (Kitur et al, 2015; 

Pan et al, 2014; Robinson et al, 2012), and necroptosis has been demonstrated to play a 

crucial role in limiting infection with vaccinia virus (Cho et al, 2009), murine cytomegalovirus 

(Upton et al, 2010; Upton et al, 2012), and herpes simplex virus (Guo et al, 2015; Huang et al, 

2015). A recent study moreover showed that necroptosis efficiently induces dendritic cell-

mediated cross-priming of CD8+ T cells via RIPK1-dependent NF-  activation within dying 

cells (Yatim et al, 2015).    

1.5.2. Contribution of Necroptosis to Pathophysiological Processes 

Based on evidence derived from mouse models of human diseases, RIPK1, RIPK3 and 

MLKL have been assigned roles as mediators of tissue damage (Silke et al, 2015). However, 

due to the multifarious roles of these proteins in the regulation of cell survival, inflammation 

and cell death, delineating their precise contribution to these disease processes has proven 

challenging. Pathologies which have been linked to necroptosis include retinal degeneration 

and retinitis pigmentosa (Kataoka et al, 2015; Murakami et al, 2013; Murakami et al, 2012; 

Sato et al, 2013), ethanol-induced liver injury (Roychowdhury et al, 2013), non-alcoholic 

steatohepatitis (Gautheron et al, 2014), multiple sclerosis (Ofengeim et al, 2015) and 

atherosclerosis (Lin et al, 2013). Necroptosis has moreover been shown to contribute to IR-

induced tissue injury in the kidney (Linkermann et al, 2013a), brain (Degterev et al, 2005; 
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Northington et al, 2010), and myocardial infarction (Oerlemans et al, 2012). Detrimental roles 

for necroptotic cell death have furthermore been id (Vitner et al, 

2014), cerulein-induced pancreatitis (He et al, 2009; Wu et al, 2013a) as well as in cecal 

ligation puncture sepsis, TNF-induced systemic inflammatory response syndrome (SIRS) 

and TNF-induced hyper-acute shock (Duprez et al, 2011; Linkermann et al, 2012; Newton et 

al, 2014; Polykratis et al, 2014). RIPK3 deficiency leads to prolonged kidney and heart 

allograft survival, suggesting a role for necroptosis-induced inflammation in transplant 

rejection (Lau et al, 2013; Pavlosky et al, 2014). In addition to its implication in the 

aforementioned pathologies, necroptotic cell death has been suggested to contribute to the 

amplification and chronification of inflammation (Pasparakis & Vandenabeele, 2015). Many of 

the cytokines produced during immune responses, as for instance TNF family members or 

IFNs, can potently induce cell death. The loss of membrane integrity in cells dying by 

necroptosis leads to the release of DAMPs, which in turn further fuel inflammation 

(Kaczmarek et al, 2013; Linkermann et al, 2014c).  

 

1.6. Experimental Systems and Tools to Study Necroptosis  

A number of cell types can undergo necroptotic cell death upon stimulation in vitro. These 

cell lines and primary cells have been crucial in gaining insight into the molecular details of 

the necroptosis pathway. Likewise, genetic studies in mice have furthered understanding of 

the various functions carried out by the proteins involved in necroptotic signaling in disease 

models as well as during development. However, detection of necroptotic cell death in vivo 

has been hampered by a lack of definite molecular markers robustly distinguishing 

necroptosis from other forms of cellular demise. In contrast to the well-established methods 

to routinely identify apoptotic cells in primary tissue, comparable reagents for detection of 

necroptosis are only now becoming available.  

1.6.1. Distinguishing Features of Necroptotic Cell Death  

Necrotic morphology and absence of caspase-3 activation discern necrosis from apoptosis, 

yet they do not allow discriminating different forms of programmed necrotic cell death 

(Pasparakis & Vandenabeele, 2015). Other classical apoptosis markers, such as 

phosphatidylserine exposure and DNA breaks, may also be found in necrotic cells (Günther 

et al, 2011; Sawai & Domae, 2011). The RIPK1-inhibitor Nec-1, which had been widely used 

to define necroptosis, was found to have an off-target effect on the immunomodulatory 

enzyme indoleamine 2,3-dioxygenase 1 (IDO1) (Takahashi et al, 2012). Usage of Nec-1 as a 

criterion for necroptosis is further undermined by the emerging evidence for RIPK1 kinase-

dependent functions beyond necroptotic cell death (Pasparakis & Vandenabeele, 2015). 

Necroptosis can however be molecularly defined by dependence on RIPK3 and MLKL, as 
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their absence prevents necroptotic cell death. Moreover, phosphorylation of human MLKL on 

residues T357 and S358 represents a specific biochemical mark for necroptosis (Sun et al, 

2012). A recently developed antibody recognizing phosphorylated MLKL thus constitutes the 

first specific tool for identification of necroptotic cells and their detection in primary human 

tissues (Wang et al, 2014a). 

1.6.2. Cellular Models of Necroptosis  

The death receptor ligands TNF, FASLG and TRAIL are commonly employed to induce 

necroptosis in cellular model systems. Triggering necroptosis signaling in vitro usually 

requires inhibition of apoptosis, which can be achieved by caspase inhibitors such as Z-Val-

Ala-Asp fluoromethyl ketone (Z-VAD-fmk), or the absence of upstream apoptosis adaptors by 

genetic knockout or small interfering RNA (siRNA)-mediated knockdown of FADD or CASP8 

(Degterev et al, 2014). One of the most frequently used model systems for studying 

necroptosis are FADD-deficient Jurkat cells. This cell line was created in a forward genetic 

approach using chemical mutagenesis to identify genes that are essential for FAS-induced 

apoptosis (Juo et al, 1999). Whilst being resistant to FASLG-induced cell death, these cells 

readily undergo necroptosis upon TNF stimulation (Lawrence & Chow, 2005). Other 

frequently used cell types are the human colorectal adenocarcinoma cell line HT-29 and the 

myeloid lymphoma cell line U937. Murine cell lines commonly used to study necroptotic cell 

death are L929 and NIH3T3-N, as well as mouse embryonic fibroblasts. In L929 cells, 

necroptosis can be induced by singular treatment with either TNF (Vercammen et al, 1997) 

or Z-VAD-fmk, which triggers autocrine TNF production (Wu et al, 2010). However, 

depending on the cell type, the presence of further sensitizing agents besides caspase 

inhibitors may be needed to counteract NF- -dependent pro-survival signaling. To this end, 

the protein synthesis inhibitor cycloheximide or cIAP1/2 inhibition by second mitochondria-

derived activator of caspase (SMAC) mimetics such as Birinapant (Krepler et al, 2013) or 

BV6 (Varfolomeev et al, 2007) can be used. Notably, several commonly used epithelial 

cancer cell lines, including HeLa and HEK239 cells, are resistant to necroptosis. This lack of 

sensitivity could partially be explained by absence of RIPK3 expression (He et al, 2009). 

Whereas RIPK3 is expressed in multiple adult tissues, it is often silenced in cancer cell lines, 

suggestive of an advantageous effect of RIPK3 elimination (Morgan & Kim, 2015).  

1.6.3. Tool Compounds to Block Necroptosis 

A number of compounds targeting RIPK1, RIPK3 or MLKL have been developed in the past 

years (Figure 6). These small molecule inhibitors have proven useful tools in exploring the 

activation of the necroptosis pathway both in vitro and in vivo. Nec-1 is the most commonly 

employed RIPK1 inhibitor so far (Degterev et al, 2005). However, its use is restricted by non-

specific activity as well as limited metabolic stability, which results in a short in vivo half-life
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Figure 6: Chemical Structures of Necroptosis Inhibitors. The selected small molecules inhibit 
necroptotic cell death by targeting either RIPK1 (Necrostatin-1, Nec-1s, PN10, Cpd27), RIPK3 

. (Adapted and reprinted by 
permission from Macmillan Publishers Ltd: Nature Reviews Drug Discovery, advance online 
publication, 18 January 2016, doi:10.1038/nrd.2015.6, Conrad M, Angeli JPF, Vandenabeele P, 
Stockwell BR, Regulated necrosis: disease relevance and therapeutic opportunities) 

 
 

(Takahashi et al, 2012; Teng et al, 2005). The optimized RIPK1 inhibitor 7-Cl-O-Nec-1 (Nec-

1s) is structurally related to Nec-1, but displays improved potency, specificity and 

pharmacokinetic properties (Degterev et al, 2005; Degterev et al, 2012). Efforts to identify 

next generation RIPK1 inhibitors have led to the development of Cpd27 (Harris et al, 2013), 

distinct from necrostatins (Berger et al, 2015). Inhibitors described for RIPK3 include 

-

(Kaiser et al, 2013; Mandal et al, 2014). Whereas all three 

trigger rapid apoptosis in the absence of caspase inhibition (Mandal et al, 2014). Interestingly, 

the B-Raf proto-oncogene, serine/threonine kinase (BRAF) inhibitor dabrafenib 

was found to have an off-target effect on RIPK3, with possible implications for its use in 

melanoma therapy (Geserick et al, 2015; Li et al, 2014). The pseudokinase MLKL can be 

targeted using NSA, which forms a covalent bond with Cys86 of human MLKL, but fails to 

inhibit the mouse protein lacking the orthologous Cys residue (Sun et al, 2012). The small 

molecule termed compound 1 binds the mouse MLKL pseudokinase domain and blocks 

oligomerization and membrane translocation (Hildebrand et al, 2014). The inhibitor Nec-7 

has been shown to block necroptosis, though its specific target has remained elusive so far 

(Zheng et al, 2008). Finally, HSP90 inhibition can be used as an unselective tool to inhibit 
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necroptotic cell death by causing degradation of the proteins involved in the necroptosis 

signaling pathway (Cho et al, 2009; Holler et al, 2000; Lewis et al, 2000; Li et al, 2015).  

1.6.4. Mouse Models to Study Necroptosis  

Genetic studies and extensive crosses using Ripk1-/-, Ripk3-/-, and Mlkl-/- mice have led to a 

greater understanding of the function of these three proteins in embryonic development and 

beyond (Silke et al, 2015). Ripk1-deficient mice die soon after birth and this early lethality 

has long remained a conundrum (Kelliher et al, 1998). The perinatal death is associated with 

aberrant CASP8-dependent apoptosis in the gut and systemic inflammation, largely driven by 

necroptosis. The lethality of Ripk1-deficient mice can thus be genetically rescued by 

concomitant deletion of Ripk3 and Fadd or Casp8 (Dillon et al, 2014; Kaiser et al, 2014; 

Rickard et al, 2014). Whereas necroptosis signaling relies on the catalytic activity of RIPK1, 

its kinase function is dispensable for NF- (Cho et al, 2009). Yet, loss of the 

kinase-independent scaffolding function of RIPK1 was found responsible for the early 

lethality of knockout animals, as mutant mice expressing catalytically inactive D138N or 

K45A versions of RIPK1 are viable (Kaiser et al, 2014; Newton et al, 2014). Importantly, 

these mutant mice are resistant to necroptosis, in turn corroborating the requirement of 

RIPK1 kinase function for this process. In contrast to Ripk1 knockout mice, Ripk3-/- mice are 

viable (Newton et al, 2004) and could be employed to confirm the crucial role of RIPK3 in 

necroptosis signaling in vivo (Cho et al, 2009; He et al, 2011). Interestingly, whereas mice 

expressing catalytically inactive K51A RIPK3 behave like Ripk3 knockout mice (Mandal et al, 

2014), mice expressing D161N mutant RIPK3 die during mid-gestation due to RIPK1- and 

CASP8-dependent apoptosis (Newton et al, 2014). Selective small molecule RIPK3 inhibitors 

can confer this apoptosis-activating property also to wild-type as well as mutant K51A RIPK3 

(Mandal et al, 2014). The CASP8 activation triggered by RIPK3 inhibitors or the D161N 

mutation may thus be due to a conformational change in RIPK3, which increases its 

propensity to engage RIPK1, whilst being defective for necroptosis signaling (Newton, 2015; 

Oberst, 2015). Mlkl knockout mice are viable and fertile (Murphy et al, 2013; Wu et al, 2013a). 

Whereas MLKL-deficient cells can undergo apoptosis, they are resistant to necroptotic cell 

death, substantiating the role of MLKL as necroptosis downstream effector (Wu et al, 2013a). 

Genetic ablation of Ripk3 or Mlkl, as well as catalytic inhibition of RIPK1 by Nec-1, have 

been shown to ameliorate disease outcome in various mouse models of human diseases 

(Khan et al, 2014; Newton, 2015; Zhou & Yuan, 2014) and the potential implication for 

necroptosis in the pathophysiology of several human inflammatory diseases has been 

revealed by this means. However, due to its known off-target effects (Takahashi et al, 2012) 

the results obtained with Nec-1 may require reevaluation using the optimized analogue Nec-

1s (Degterev et al, 2008; Teng et al, 2005). Furthermore, given the emerging evidence that 

RIPK3 is capable of triggering inflammation in a cell death-independent manner (Kang et al, 
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2013; Vince et al, 2012; Wang et al, 2014b), it will be important to distinguish which RIPK3 

signaling axis contributes to the respective disease phenotypes. Insight into the necroptosis-

independent functions of RIPK3 may be gained by comparison of Ripk3-/- and Mlkl-/- mice. 

Yet, it remains to be clarified if also MLKL has additional functions beyond necroptosis 

execution.  

 
1.7. Experimental Approaches for Identification of Necroptosis  

Inhibitors and Target Deconvolution  

Common avenues for drug discovery can be separated into target-based versus systems-

based approaches (Eder et al, 2014). Target-based approaches are hypothesis-driven and 

aim to modulate a biological system by pharmacological interference with a specific target or 

component. In contrast, systems-based or reverse pharmacology approaches rely on 

hypothesis-agnostic assays. In such phenotypic screening approaches, large numbers of 

compounds are assayed for a desirable effect in the physiological context of cells or whole 

organisms without prior understanding of their mode of action or specific targets (Lee & 

Bogyo, 2013; Moffat et al, 2014). On the basis of this unbiased, function-first strategy, efforts 

to identify the respective drug target are undertaken only afterwards. Such an approach can 

reveal the implication of proteins or pathways which have not yet been associated with a 

particular biological output. Molecules identified by phenotype-based screening may have a 

higher likelihood of showing clinical efficacy than those derived from target-based 

approaches. Even well-validated drugs developed in a target-based fashion often fail later 

during development as, in the face of the complexity of intra- and intercellular signaling or 

resistance mechanisms, inhibition of a single target may prove insufficient (Moffat et al, 

2014). Clinical inefficacy may similarly originate in toxicity issues or the insufficiency of the 

drug to, despite robust target binding, block the disease-relevant activity or interaction (Eder 

et al, 2014). These drawbacks associated with target-based approaches are avoided in 

phenotype-based screening, as the desired phenotype and potential side effects are directly 

assessed in the context of a complex biological system. Phenotypic screening approaches 

typically monitor cellular processes such as signaling and transcription, cell growth and death, 

or classic phenotypic traits such as morphology, motility or differentiation (Moffat et al, 2014). 

Accordingly, the types of readouts applied range from determining gene expression, 

cytotoxicity or cell cycle phase, to measuring biochemical events such as protein expression, 

localization, degradation or post-translation modifications. Besides the selectivity of the 

readout, assembling the chemical library to be queried according to the scope and setup of 

the respective assay is of vital importance. Target-based assays commonly employ focused 

libraries, tailored to impact on a certain target or target family. In contrast, compound libraries 

for phenotypic screening should be assembled with the aim of achieving maximum biological 
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and chemical diversity (Petrone et al, 2013; Wassermann et al, 2014). Furthermore, to show 

activity in phenotypic screening approaches, the small molecules need to penetrate the cells. 

The chemical libraries should thus be tailored to contain compounds meeting the required 

physicochemical properties regarding solubility and cellular permeability (Wassermann et al, 

2014). Commonly used screening concentrations range around 10 μM or higher, though may 

further manifestation of the polypharmacology properties of the queried compounds. 

Accordingly, the interpretation of screening results may be curbed by the necessity to 

delineate which target is responsible for mediating the desired phenotypic effect 

(Wassermann et al, 2014). Increased robustness and potency of the resulting data can be 

achieved by screening either more than a single compound concentration or generally in a 

titration-based manner (Inglese et al, 2006; Zhang et al, 2013). A broad classification 

separates compounds into tools, probes, and drugs. Whereas tool compounds can be widely 

used to study general biological mechanisms, they may not be selective (Wassermann et al, 

2014). In contrast, probes are designed to interrogate a particular target or pathway, though 

may not be as widely applicable. Lastly, drugs are small molecules whose beneficial effects 

are exploited pharmaceutically to prevent, diagnose, treat, or cure disease. These small 

molecules have undergone extensive optimization of their physicochemical properties to 

meet the stringent requirements for drug approval regarding toxicity, bioavailability and 

metabolic stability. Indeed, only ~1200 new drugs have gained approval by the FDA over the 

last 60 years (Munos, 2009). Whereas a number of tool compounds inhibiting different 

necroptosis signaling pathway members have been described to date, transition of a 

promising molecule into an approved drug may prove time-consuming and costly, or fail 

altogether due to safety issues (Hay et al, 2014). Drug repurposing can enhance efficiency of 

drug development tracks by circumventing omission caused by toxicity not predicted by 

preclinical studies (Ashburn & Thor, 2004; Strittmatter, 2014). Accordingly, assaying 

compounds that have originally been developed for another indication, and are thus 

established as safe and tolerable for humans, may help to overcome the initial bottleneck in 

the drug development process (Ashburn & Thor, 2004). Such compounds may then be 

assigned new purposes in other disease states, as either their particular target may play a 

role in another clinical condition, or they may act through previously unrecognized targets in 

different diseases. To identify the targets of a given compound whose molecular mechanism 

of action is unknown, a wide panel of experimental strategies can be applied. Based on the 

assumption that physical interaction is a prerequisite for functional effects, most of these 

methods exploit the affinity between the small molecule and its putative target (Terstappen et 

al, 2007). The recently developed thermal-stability profiling method monitors drug target 

engagement by combining cellular thermal shift assays (CETSAs) (Molina et al, 2013) with 

quantitative mass spectrometry (Huber et al, 2015; Savitski et al, 2014). These assays take 
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advantage of changes in the thermal stability of proteins mediated by ligand binding, and 

thus allow assessing the effect of the unmodified chemical agent on the thermal profile of the 

entire proteome in living cells. Affinity chromatography-based techniques require 

immobilization of the small molecule by attachment to a solid support, termed matrix. This 

method is applicable to any small molecule which can be derivatized to introduce the 

functional group required for immobilization without disrupting the biological activity of the 

compound (Terstappen et al, 2007). After incubation of the small molecule-matrix with 

protein extract, unbound proteins are removed by a series of washing steps. The 

subsequently eluted, specifically bound proteins can be identified by immunodetection or MS. 

In order to distinguish proteins veritably binding to the small molecule from contaminants 

interacting non-specifically with the matrix, several experimental refinement strategies have 

been developed. In the comparison variant, the identical experimental workflow is performed 

using a non-bioactive structural analogue of the small molecule, and the results then 

compared to those with the active ligand. The so-termed competition strategy uses an 

excess of free ligand, leading to elution of the target protein. Finally, in serial affinity 

chromatography protocols, the protein eluate is incubated with fresh matrix after the initial 

incubation step. While most of the specific proteins are bound by the first matrix, non-

specifically binding proteins are equally distributed between the two matrices (Yamamoto et 

al, 2006). Yet, none of these methods can distinguish specific drug targets from proteins 

which strongly interact with and thus piggyback on the aforementioned. Accordingly, these 

approaches require subsequent validation experiments to confirm direct binding between the 

query compound and the target proteins identified. On the upside, affinity chromatography-

based methods allow testing the compound interaction with target proteins in their native 

state, including post-translational modifications (Rix & Superti-Furga, 2009). They may 

however perform poor in cases where the small molecule fails to engage lowly expressed 

target proteins with sufficiently high binding affinity. Expression-cloning-based strategies for 

target deconvolution circumvent problems related to poor target protein expression by 

artificially increasing it (Terstappen et al, 2007). In yeast or mammalian three-hybrid systems 

(Caligiuri et al, 2006; Licitra & Liu, 1996) a cDNA vector collection is used for expression of 

potentially interacting proteins fused to a transcriptional activator domain. Binding of a target 

protein to the ligand molecule is subsequently monitored via proximity-induced reporter gene 

expression. Further expression-based target deconvolution methods include phage display 

(Sche et al, 1999) and messenger RNA (mRNA) display (McPherson et al, 2002), both 

involving iterative amplification steps aiding the identification of targets with low binding 

affinity or expression level (Terstappen et al, 2007). Lastly, protein microarrays feature a 

library of purified proteins immobilized on a microscope slide, which is probed with a labeled 

derivative of the query ligand for target detection (MacBeath & Schreiber, 2000). However, 
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strategies relying on recombinant protein expression come at the expense of potentially 

changed properties of the proteins compared to their native counterparts, as well as potential 

loss of post-translational modifications and native protein complexes, all of which may affect 

ligand binding.  

 

1.8. Experimental Approaches for Identification of Novel Targets in 
Necroptosis Signaling  

Target discovery aims at finding proteins whose modulation halts disease progression or 

leads to disease reversal. Integration of both genomic and proteomic information aids in 

gaining molecular understanding of the mechanisms governing disease phenotypes (Lindsay, 

2003). Employing such an integrated approach for comprehensive functional mapping of a 

disease pathway can thus create the premise for finding and prioritizing novel targets. 

Commonly used techniques for target discovery include genomics, proteomics, genetic 

association as well as forward and reverse genetics. A genomics strategy aims at finding 

novel disease-associated targets owing to their differential expression patterns in diseased 

tissue. However, the results of such studies are often confounded by a large number of false 

positive and negative hits (Lindsay, 2003). Yet, comparing the expression patterns of 

necroptosis-resistant NIH3T3-A cells to NIH3T3-N, a necroptosis-proficient clone of the same 

cell line, was one of the strategies leading to identification of the role of RIPK3 in necroptotic 

cell death (Zhang et al, 2009). Genetic association describes the co-occurrence of a certain 

genotype with a specific phenotypic trait, and can thus be used to identify disease-associated 

genes or gene variants. Rare genetic disorders, as for example cystic fibrosis (Ratjen & 

Döring, 2003) (Young, 2003), are caused by a single mutated gene. 

Here, identification of the respective mutations greatly aided deciphering the underlying 

disease mechanism and was a prerequisite for therapeutic targeting. However, in contrast to 

single-gene disorders, most common diseases are complex and likely influenced by multiple 

genes (Tabor et al, 2002). The relation between major diseases and common genetic 

variants, usually single-nucleotide polymorphisms (SNPs), are the focus of genome-wide 

association studies (GWASs) (Manolio, 2010). A variant is referred to as disease-associated 

if it is found more frequently in diseased people as opposed to the healthy control cohort. 

However, while GWASs link a variant to a disorder, they do not allow inferring whether the 

gene is causal for disease occurrence (Manolio, 2010). In contrast, forward or reverse 

genetics approaches establish a more direct connection between a particular gene and the 

phenotype or trait in question. Forward genetics aims at finding the genetic basis responsible 

for a specific phenotype. Such an approach involves generation of a large number of random 

mutants by radiation, chemicals or insertional mutagenesis (Carette et al, 2009; Lindsay, 

2003). Individual mutants exhibiting the phenotype of interest are subsequently isolated and 
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the respective affected gene is mapped. The recently introduced near-haploid KBM7 cell line 

has empowered forward genetic screening approaches in human cells, leading to 

groundbreaking discoveries as for instance the host factors required for Ebola virus entry 

(Carette et al, 2009; Carette et al, 2011). Conversely, reverse genetics studies the 

phenotypic effect of modifying or disrupting a gene of interest. Reverse genetics approaches 

classically relied on introduction of directed deletions or point mutations, gene silencing or 

non-targeted disruption by chemical or insertional mutagenesis (Hardy et al, 2010). The 

advent of sophisticated genomic tools such as siRNA, shRNA and, more recently, clustered 

regularly interspaced short palindromic repeats/CRISPR associated protein 9 (CRISPR/Cas9) 

technology in combination with high-throughput functional genomics has significantly 

advanced the scope and power of genetic screening (Shalem et al, 2015). Both genome-

wide as well as kinase/phosphatase-targeted RNA interference (RNAi) approaches have 

been successfully applied to study necroptosis, aiding identification of the pathway members 

RIPK3 and MLKL (Cho et al, 2009; He et al, 2009; Hitomi et al, 2008; Zhao et al, 2012). 

However, changes in the amount of mRNA do not always directly translate into altered 

protein levels. Hence, proteomic strategies may offer a more direct assessment of differential 

expression than genomics. Yet, data derived from whole proteome approaches tend to be 

biased towards highly expressed proteins, while membrane proteins may be 

underrepresented (Hopf et al, 2007). On the plus side, proteomic strategies offer the 

possibility to examine post-translational modifications, as for example phosphorylation. 

Quantitative phosphoproteomics constitutes a powerful tool to dissect cellular signaling 

pathways and has been utilized to detect RIPK3-dependent phosphorylation events upon 

necroptosis induction (Zhong et al, 2014). Functional proteomics uses affinity-based 

techniques to determine protein-protein interactions and to systematically analyze the 

composition of protein complexes (Graves & Haystead, 2002). The necroptosis executioner 

MLKL (Sun et al, 2012) as well as protein phosphatase, Mg2+/Mn2+ dependent 1B (PPM1B) 

(Chen et al, 2015) were identified as interactors of RIPK3 using such an affinity purification 

(AP)-based MS approach. Affinity-based proteomics moreover allows the comprehensive 

mapping of the protein interaction network encompassing a specific cellular signaling 

pathway. By systematically affinity-tagging known and candidate pathway components, this 

concept can be used to deconstruct signaling cascades and identify novel players associated 

with a specific cellular process, as has been exemplified for the TNF/NF-  signal 

transduction pathway (Bouwmeester et al, 2004). Obtaining such a global interaction chart of 

a disease-relevant pathway, as for instance necroptosis, may empower identification and 

selection of novel potential therapeutic targets. AP-based liquid chromatography (LC)-

coupled MS generally involves fusion of the protein of interest to a generic tag (Köcher & 

Superti-Furga, 2007). Expression of these fusion proteins in the appropriate cellular and 
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functional context allows assembly of bait-containing protein complexes. The tag is 

subsequently used as an affinity handle to purify the bait protein together with its interaction 

partners by immobilization on a suitable chromatography resin (Gavin & Hopf, 2006). The 

purified protein complexes are then subjected to MS analysis to identify the respective 

components. Due to the fact that a single purification step is often insufficient to remove 

nonspecifically co-purifying proteins, different composite tags allowing a second separation 

step have been introduced (Li, 2011). This TAP technique has been shown to dramatically 

reduce background level (Gingras et al, 2007) and has thus become the MS-based 

proteomics method of choice to study protein interaction. Critical factors for obtaining high 

confidence interaction data are the cellular context chosen for expression of the bait protein 

as well as the positioning of the affinity tag. The nature and location of the tag should be 

selected mindfully in order to avoid interference with protein function (Köcher & Superti-

Furga, 2007). To ensure that all relevant interacting proteins are actively expressed, the 

interaction mapping should be performed in a relevant biological cell system, proficient for 

the respective pathway in question. Potential toxicity issues caused by exogenous 

expression of certain proteins can be overcome by employing inducible systems, permitting 

to steer timing and extent of transcriptional activation.   
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1.9.  Aims of This Thesis  

Necroptosis is involved in the pathophysiology of several human disorders, including many 

inflammatory disease states as well as IR-induced injuries. On this account, targeting 

necroptosis to limit pathological necrosis and to combat inflammation represents an attractive, 

new therapeutic option. However, no inhibitors of necroptosis are available for clinical 

application to date.  

In this study, we thus aimed to (1) identify cytoprotective pharmacological agents blocking 

necroptosis. To this end, we applied a phenotypic screening approach using a representative 

panel of FDA-approved drugs. Given their established safety profile and favorable 

pharmacological properties, identification of necroptosis inhibitors among already approved 

drugs creates a consolidated chemical basis for the development of drug-like inhibitors for 

necroptosis-related clinical application. To (2) unravel the precise molecular mode of action 

of the identified inhibitors, we used both an unbiased chemical proteomics approach, as well 

as a series of more targeted, biochemical assays for target deconvolution. 

Detailed understanding of the molecular mechanisms involved in the regulation of 

necroptosis is expected to open further avenues for therapeutic intervention and targeted 

modulation. To pave the way for studying the protein network underlying necroptotic cell 

death, we set out to (3) establish an inducible retroviral expression system meeting the 

requirements for MS-based mapping of the necroptosis pathway in the relevant physiological 

setting. We (4) demonstrated applicability of this novel expression system by delineating the 

network properties of a cancer-associated gene variant, as well as by charting the 

interactome of the cell death-inducing MLKL S358D mutant.  
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2. Results 

2.1. Prologue 

A Cellular Screen Identifies Ponatinib and Pazopanib as Inhibitors of Necroptosis  
Fauster, A.*, Rebsamen, M.*, Huber, K. V., Bigenzahn, J. W., Stukalov, A., Lardeau, C. H., 

Scorzoni, S., Bruckner, M., Gridling, M., Parapatics, K., Colinge, J., Bennett, K. L., Kubicek, 

S., Krautwald, S., Linkermann, A., and Superti-Furga, G. (2015) Cell Death Dis 6, e1767 

*: equal contribution  

 

In this study we performed a phenotypic screen in FADD-deficient Jurkat cells undergoing 

TNF-induced necroptotic cell death in order to identify clinically relevant necroptosis 

inhibitors. In recognition of their established pharmacokinetics and safety profiles, we chose 

to screen a representative panel of already approved drugs. The publication reports the 

identification and characterization of the two anti-cancer agents ponatinib and pazopanib as 

efficient inhibitors of necroptosis along with elucidation of the respective underlying molecular 

mode of action (Fauster et al, 2015).  
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A cellular screen identifies ponatinib and pazopanib as
inhibitors of necroptosis

A Fauster1,3, M Rebsamen1,3, KVM Huber1, JW Bigenzahn1, A Stukalov1,4, C-H Lardeau1, S Scorzoni1, M Bruckner1, M Gridling1,
K Parapatics1, J Colinge1, KL Bennett1, S Kubicek1, S Krautwald2, A Linkermann2 and G Superti-Furga*,1

Necroptosis is a form of regulated necrotic cell death mediated by receptor-interacting serine/threonine-protein kinase 1 (RIPK1)
and RIPK3. Necroptotic cell death contributes to the pathophysiology of several disorders involving tissue damage, including
myocardial infarction, stroke and ischemia-reperfusion injury. However, no inhibitors of necroptosis are currently in clinical use.
Here we performed a phenotypic screen for small-molecule inhibitors of tumor necrosis factor-alpha (TNF-α)-induced necroptosis
in Fas-associated protein with death domain (FADD)-deficient Jurkat cells using a representative panel of Food and Drug
Administration (FDA)-approved drugs. We identified two anti-cancer agents, ponatinib and pazopanib, as submicromolar inhibitors
of necroptosis. Both compounds inhibited necroptotic cell death induced by various cell death receptor ligands in human cells,
while not protecting from apoptosis. Ponatinib and pazopanib abrogated phosphorylation of mixed lineage kinase domain-like
protein (MLKL) upon TNF-α-induced necroptosis, indicating that both agents target a component upstream of MLKL. An unbiased
chemical proteomic approach determined the cellular target spectrum of ponatinib, revealing key members of the necroptosis
signaling pathway. We validated RIPK1, RIPK3 and transforming growth factor-β-activated kinase 1 (TAK1) as novel, direct targets
of ponatinib by using competitive binding, cellular thermal shift and recombinant kinase assays. Ponatinib inhibited both RIPK1
and RIPK3, while pazopanib preferentially targeted RIPK1. The identification of the FDA-approved drugs ponatinib and pazopanib
as cellular inhibitors of necroptosis highlights them as potentially interesting for the treatment of pathologies caused or
aggravated by necroptotic cell death.
Cell Death and Disease (2015) 6, e1767; doi:10.1038/cddis.2015.130; published online 21 May 2015

Programmed cell death has a crucial role in a variety of
biological processes ranging from normal tissue development
to diverse pathological conditions.1,2 Necroptosis is a form of
regulated cell death that has been shown to occur during
pathogen infection or sterile injury-induced inflammation in
conditions where apoptosis signaling is compromised.3–6

Given that many viruses have developed strategies to
circumvent apoptotic cell death, necroptosis constitutes an
important, pro-inflammatory back-up mechanism that limits
viral spread in vivo.7–9 In contrast, in the context of sterile
inflammation, necroptotic cell death contributes to disease
pathology, outlining potential benefits of therapeutic
intervention.10 Necroptosis can be initiated by death receptors
of the tumor necrosis factor (TNF) superfamily,11 Toll-like
receptor 3 (TLR3),12 TLR4,13 DNA-dependent activator of
IFN-regulatory factors14 or interferon receptors.15 Down-
stream signaling is subsequently conveyed via RIPK116 or
TIR-domain-containing adapter-inducing interferon-β,8,17 and

converges on RIPK3-mediated13,18–20 activation of MLKL.21

Phosphorylated MLKL triggers membrane rupture,22–26

releasing pro-inflammatory cellular contents to the extracel-
lular space.27 Studies using the RIPK1 inhibitor necrostatin-1
(Nec-1) 28 or RIPK3-deficient mice have established a role
for necroptosis in the pathophysiology of pancreatitis,19

artherosclerosis,29 retinal cell death,30 ischemic organ
damage and ischemia-reperfusion injury in both the kidney31

and the heart.32 Moreover, allografts from RIPK3-deficient
mice are better protected from rejection, suggesting necrop-
tosis inhibition as a therapeutic option to improve transplant
outcome.33 Besides Nec-1, several tool compounds inhibiting
different pathway members have been described,12,16,21,34,35

however, no inhibitors of necroptosis are available for clinical
use so far.2,10 In this study we screened a library of FDA
approved drugs for the precise purpose of identifying
already existing and generally safe chemical agents that
could be used as necroptosis inhibitors. We identified the two
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structurally distinct kinase inhibitors pazopanib and ponatinib
as potent blockers of necroptosis targeting the key enzymes
RIPK1/3.

Results

A drug screen in FADD-deficient Jurkat cells identifies
ponatinib and pazopanib as necroptosis inhibitors. To
identify novel necroptosis inhibitors for potential clinical use,
we screened a panel of 268 FDA-approved drugs with
diverse mechanisms of action for their ability to block TNF-α-
induced necroptosis in FADD deficient human Jurkat T-
cells36,37 (Figure 1a). We confirmed the validity of our
experimental setup using the RIPK1 inhibitor Nec-128,37

(Supplementary Figure 1a). To selectively identify inhibitors
effective at low concentrations, the compounds were assayed
at 0.5 and 1.5 μM. Among the drugs investigated, the protein
kinase inhibitors ponatinib and pazopanib robustly rescued
cell viability at both concentrations (Figure 1b). Ponatinib
(AP24534) is an oral multi-targeted tyrosine kinase inhibitor
developed for treatment of chronic myeloid leukemia and
Philadelphia chromosome-positive acute lymphoblastic
leukemia.38,39 This BCR-ABL inhibitor is used as second-
line treatment for patients who have acquired resistance to
standard therapy. Pazopanib is an oral receptor tyrosine

kinase inhibitor approved for treatment of patients with
advanced renal cell carcinoma and soft tissue sarcoma40,41

targeting vascular endothelial growth factor receptor
(VEGFR)-1, -2, -3, platelet-derived growth factor receptor β
(PDGFRβ) and c-Kit.42 We confirmed the screening results
(Supplementary Figures 1b–e) and performed dose–
response curves to quantitatively assess the inhibitory
potency of the two drugs. Pazopanib and ponatinib blocked
necroptosis with comparable or higher efficiency than Nec-1
(data not shown) and its improved analog Nec-1s.43 The half
maximal effective concentration (EC50) for inhibiting necrop-
tosis in this setting was measured to be 89 nM for ponatinib,
254 nM for pazopanib and 238 nM for Nec-1s (Figure 1c).
Drug toxicity was assessed by determining the half maximal
inhibitory concentration (IC50) (Figure 1d and Supplementary
Figure 1f), which was 1.6 μM for ponatinib and 6.6 μM for
pazopanib, highlighting the window of opportunity for necrop-
tosis inhibition.

Ponatinib and pazopanib specifically block necroptotic
but not apoptotic cell death triggered by various death
receptor ligands in human cells. Ponatinib is one of the
five BCR-ABL inhibitors currently approved for clinical use,
the others being imatinib, nilotinib, dasatinib and bosutinib.44

The target spectra of the latter four have been analyzed
previously and show extensive overlap.45,46 To investigate

Figure 1 A cell-based drug screen identifies ponatinib and pazopanib as necroptosis inhibitors. (a) Schematic overview of the drug screen workflow. (b) Normalized
necroptosis inhibition values depicted as percentage of control (DMSO= 0, Nec-1 [10 μM]= 100) for drugs tested on FADD-deficient Jurkat cells treated overnight with 10 ng/ml
TNF-α. Values represent mean value± S.D. for 268 drugs assayed at 1.5 (dark gray) or 0.5 μM (light gray) in duplicates, respectively. (c) FADD-deficient Jurkat cells were treated
overnight with 10 ng/ml TNF-α and ponatinib or pazopanib as indicated. Data were normalized to untreated control cells and represent mean value±S.D. of four independent
experiments performed in triplicates. (d) FADD-deficient Jurkat cells were treated for 24 h with ponatinib or pazopanib as indicated. Data represent mean value±S.D. of two
independent experiments performed in triplicates and normalized to untreated control. Cell viability was assessed using a luminescence-based readout for ATP (CellTiter Glo)
throughout
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whether the effect of ponatinib was caused by a target shared
with the other BCR-ABL inhibitors, we assayed their potential
to block necroptosis and their toxicity (Figure 2a). In contrast
to the protection conferred by ponatinib treatment, none of
the other drugs prevented necroptotic cell death. Dasatinib
showed a modest effect but only at drug concentrations high
enough to induce toxicity. These results suggest that
ponatinib mediates its protective effect through one or
multiple targets, which are not shared by the other BCR-
ABL inhibitors. Similarly, necroptosis inhibition by pazopanib
did not appear to be mediated through its main targets, as
vandetanib, another VEGFR inhibitor,47 did not confer
protection (Figure 2b). To examine the inhibitory effect of
the two drugs in an additional cellular model of programmed
necrosis, we treated human adenocarcinoma HT-29 cells with
TNF-α in presence of the Smac mimetic birinapant,48 and the
pan-caspase inhibitor z-VAD-FMK. Ponatinib and pazopanib
rescued TNF-α/Smac mimetic/z-VAD-FMK (TSZ)-induced
necroptotic cell death, whereas neither of the other four
BCR-ABL inhibitors nor vandetanib did (Figure 2c and
Supplementary Figure 2a). Ponatinib blocked necroptosis
more efficiently in HT-29 cells (EC50: 50 nM; Figure 2d) and
was less toxic (IC50: 8.9 μM; Figure 2e) than in FADD-
deficient Jurkat cells. Pazopanib blocked necroptosis less
potently in HT-29 cells (EC50: 873 nM; Figure 2d) while also
showing reduced toxicity (IC50410 μM; Figure 2e). The
inhibitory effect of the two drugs in HT-29 cells was not
confined to TNF-driven necroptosis as cell death induced by
TNF-related apoptosis-inducing ligand (TRAIL) and Fas
ligand (FasL) was similarly blocked by ponatinib and
pazopanib (Figures 2f and g and Supplementary Figure
2b). In contrast, none of the drugs inhibited apoptotic cell
death triggered by FasL (Figure 2h and Supplementary
Figure 2c). Similar to the inhibitory effect observed in human
cells, both ponatinib and pazopanib were also capable of
blocking necroptotic cell death with comparable potency in
murine 3T3-SA cells (Supplementary Figures 3a and b). In
L929 cells, ponatinib conferred protection as well, yet the
effect was partial and confined to a small dosage window
around 100 nM, above which the combined treatment of
ponatinib, TNF-α and z-VAD-FMK induced toxicity
(Supplementary Figures 3c and d). Altogether these data
demonstrate that ponatinib and pazopanib are potent
inhibitors of necroptosis.

Chemical proteomics identifies necroptosis pathway
members as targets of ponatinib. To characterize the
molecular mode of action by which the two drugs mediate
necroptosis inhibition, we used a chemical proteomic strategy
to identify the cellular targets of ponatinib,49 as pazopanib
has been described to bind RIPK1.50 We designed an analog
of ponatinib (c-ponatinib) that contained an N-aminopropyl
linker (Figure 3a), providing the basis for coupling the
compound to a bead matrix and thereby allowing subsequent
affinity purification of drug-binding proteins. We confirmed
that the modification did not interfere with the necroptosis
inhibitory capacity of ponatinib. Indeed, c-Ponatinib blocked
necroptosis with only a minor reduction in potency
(Figure 3b). For drug pull-down experiments, we treated
FADD-deficient Jurkat cells for two hours with TNF-α to

induce necroptotic signaling complex formation followed by
cell lysis. The lysates were incubated with the c-ponatinib
drug matrix in presence or absence of an excess of
competing free ponatinib.51 Analysis of the competed
samples enabled discrimination of bona fide drug binders
from contaminant proteins interacting with the bead matrix.
Liquid chromatography tandem mass spectrometry (LCMS-
MS) followed by bioinformatic analysis revealed a total of 38
kinases and 22 non-kinase proteins (Figure 3c and
Supplementary Table 1) specific for ponatinib. The compari-
son with previously determined target profiles of other BCR-
ABL inhibitors45,46 revealed a large overlap in the target
spectra. Twenty-three of the 38 identified kinases have been
observed to interact with at least one of the other BCR-ABL
inhibitors. Of note, among the proteins unique to the target
spectrum of ponatinib, we found all the key components of
the necroptosis machinery: RIPK1, RIPK3 and MLKL. In
addition, we identified TAK1, TGF-beta-activated kinase 1
and MAP3K7-binding protein 1 (TAB1) and TAB2, key
components of the TNF-signaling pathway, which have
recently been proposed to also exert a regulatory function
in necroptotic cell death.52,53 The specificity of these
necroptosis-relevant proteins for ponatinib was in accordance
with the absence of necroptosis inhibition observed with the
other clinical BCR-ABL inhibitors (Figure 2a). The chemical
proteomic approach provided a target profile of ponatinib that
comprised all crucial components of the necroptosis signaling
pathway, perfectly in line with the inhibitory effect observed.

Ponatinib blocks necroptosis by inhibiting RIPK1 and
RIPK3 activity. Given that RIPK1, RIPK3 and MLKL interact
upon necroptosis induction,21,54 we set out to assess which
of them constitutes a direct target of ponatinib. To test
the inhibitory effect of ponatinib on the pseudokinase MLKL,
we generated HT-29 cells expressing a constitutively
active MLKL S358D mutant upon doxycycline treatment
(Supplementary Figure 4a). Induction of MLKL S358D
expression led to cell death, which could be blocked by the
MLKL inhibitor necrosulfonamide (NSA) (Figures 4a and b).21

In contrast, ponatinib did not prevent cell death driven by
MLKL S358D expression, strongly suggesting that this
protein is not a direct drug target. Next, we assessed the
effect of ponatinib on RIPK1 and RIPK3 by monitoring
their phosphorylation status upon necroptosis induction
(Figure 4c). Time-dependent phosphorylation of RIPK1,
RIPK3 and MLKL in TSZ-treated HT-29 cells was blocked
by ponatinib. Indeed, competitive binding assays demon-
strated that ponatinib could directly bind RIPK1 in vitro with
high affinity (Kd: 37 nM) (Figure 4d). The impact of ponatinib
and other BCR-ABL inhibitors on the catalytic activity of
recombinant RIPK1 and RIPK3 was assessed in kinase
assays (Figure 4e and Supplementary Figure 4b). Ponatinib
strongly blocked phosphorylation of the generic substrate
myelin basic protein (MBP), indicating inhibitory activity on
both kinases. In agreement with the protective effect seen in
FADD-deficient Jurkat cells at high drug concentration
(Figure 2a), dasatinib also interfered with RIPK3 activity at
the concentration tested (10 μM) (Figure 4e). Ponatinib
blocked recombinant RIPK3 with an IC50 of 0.64 μM in this
kinase assay (Figure 4f). We further monitored RIPK3
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Figure 2 Ponatinib and pazopanib efficiently and specifically block necroptosis. (a and b) Cell viability was determined in FADD-deficient Jurkat cells treated overnight with
(red circles) or without (blue rectangles) 10 ng/ml TNF-α and drugs as indicated. (c) Cell viability was assessed in HT-29 cells treated overnight with 20 ng/ml TNF-α (T), 500 nM
Smac mimetic (S), 20 μM caspase inhibitor z-VAD (Z) and the compounds indicated (Nec-1, 10 μM; all others, 1 μM). (d) HT-29 cells were treated with TSZ and ponatinib or
pazopanib as indicated. (e) HT-29 cells were treated with ponatinib or pazopanib at concentrations indicated for 24 h. (f) Cell viability was assessed in HT-29 cells treated overnight
with 200 ng/ml TRAIL or (g) 200 ng/ml human FasL together with 500 nM Smac mimetic (S), 20 μM z-VAD (Z) and either 10 μM Nec-1, 0.5 μM ponatinib or 5 μM pazopanib. Data
represent mean value±S.D. of two independent experiments performed in triplicates and normalized to untreated control. (h) Cell viability was determined in Jurkat E6.1 cells
treated with 100 ng/ml human FasL and 10 μM z-VAD, 10 μM Nec-1, 0.5 μM ponatinib or 5 μM pazopanib for 24 h. Data represent mean value± S.D. of two independent
experiments performed in triplicates and normalized to untreated control. Cell viability was assessed using a luminescence-based readout for ATP (CellTiter Glo) throughout
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autophosphorylation (Supplementary Figure 4c), which was
efficiently blocked by ponatinib, whereas the RIPK1 inhibitor
Nec-1s showed no effect. Considering the different IC50

values observed for cellular viability and these in vitro kinase
assays, we set out to verify whether endogenous RIPK3 is
targeted by ponatinib in cells at the concentration (0.5 μM)
used throughout this study. To this end, we performed cellular
thermal shift assays (CETSA), monitoring protein stabilization
induced by drug binding.51,55 Indeed, ponatinib treatment led
to a shift in the RIPK3 thermostability curve, indicative of
target engagement (Figures 4g and h). Moreover, in contrast
to Nec-1, ponatinib was capable of preventing phosphoryla-
tion of MLKL induced by RIPK3 or MLKL overexpression
(Figure 4i and Supplementary Figure 4d). In line with these
results, ponatinib efficiently blocked binding of RIPK3 to
MLKL (Figure 4j). These data demonstrate the ability of
ponatinib to directly target RIPK1 and RIPK3, the two key
mediators of necroptosis signaling. Besides pazopanib
directly binding (Kd= 260 nM) 50 and inhibiting RIPK1 kinase
activity (Supplementary Figure 4b), it did not block MLKL
S358D-driven necroptosis (Supplementary Figure 5a) and
only moderately affected RIPK3 activity in recombinant
kinase assays (Supplementary Figure 5b). Similar to Nec-1,
pazopanib blocked TSZ-induced phosphorylation of MLKL,
while it had only a minor effect when MLKL phosphorylation
was triggered by RIPK3 or MLKL overexpression (Figure 4i
and Supplementary Figure 4d). Furthermore, pazopanib did
not interfere with the binding of RIPK3 to MLKL (Figure 4j).
Taken together these data point to RIPK1 as the main
mediator of necroptosis inhibition by pazopanib.

Discussion

In this study we performed a cellular screen with FDA-
approved drugs to identify necroptosis inhibitors. While tool
compounds blocking necrotic cell death by targeting
RIPK1,28,35 RIPK312 and MLKL21,34 have been developed,
no necroptosis inhibitors are in clinical use to date. Dabrafenib
has been recently proposed as a possible candidate.56 Our
screen identified two kinase inhibitors, ponatinib and pazopanib,
blocking necroptosis in human cells at submicromolar EC50

concentrations. Both drugs inhibited necroptotic signaling
triggered by various cell death receptors, whereas they did not
interfere with apoptosis. Regarding the mode of action
underlying the necroptosis inhibition by pazopanib, our results
suggested that the effect is not mediated through its
established targets. Indeed, vandetanib, which has a largely
overlapping target spectrum, comprising VEGFR-2, KIT and
PDGFR, did not protect from necroptotic cell death.42,47

Altogether the data point to RIPK1 as the main functional
target mediating the protective effect of pazopanib. Pazopanib
is used for treatment of advanced renal cell carcinoma40 and
advanced soft tissue sarcoma41 at a daily dose of 800mg,
resulting in plasma concentrations between 20 and 40 μM.57,58

In our cellular systems, pazopanib conferred full necroptosis
protection at 1–5 μM concentration, suggesting a large
therapeutic window for potential clinical application. Ponatinib
was developed to treat patients having acquired the BCR-ABL
T315I mutation, which confers resistance to all other clinically
approved ABL1 tyrosine kinase inhibitors.38 In our experi-
mental settings, ponatinib was more potent in inhibiting
necroptosis than the widely used RIPK1 inhibitor Nec-1s.
To understand the molecular basis for the inhibitory action of

α

Figure 3 Chemical proteomics identifies necroptosis pathway members as targets of ponatinib. (a) Structure of ponatinib and the analog c-ponatinib used for affinity
purification. (b) Cell viability was determined in FADD-deficient Jurkat cells treated overnight with 10 ng/ml TNF-α, 10 μM Nec-1 and ponatinib (P) or c-ponatinib (c-P) as
indicated. Cell viability was assessed using a luminescence-based readout for ATP (CellTiter Glo). Data represent mean value± S.D. of two independent experiments performed
in triplicates and normalized to untreated control. (c) Proteins identified in mass-spectrometry-based affinity purification experiment with c-ponatinib. The x-axis of the bubble plot
represents the statistical significance (P-value) of protein enrichment over the competition assay with free ponatinib estimated using the modified Decontaminator method (see
Materials and Methods), and the y-axis the reduction in spectral counts (%) upon competition. Bubble size is proportional to the average spectral counts in non-competed
condition. Dashed line indicates the P-value threshold (0.05)
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ponatinib, we investigated its target profile by performing drug
affinity purifications. Interestingly, in contrast to other clinical
BCR-ABL inhibitors,45,46 ponatinib targets the key compo-
nents of the necroptosis signaling pathway: RIPK1, RIPK3
andMLKL, aswell as TAK1, TAB1 and TAB2. Our data support
that ponatinib directly binds and inhibits both RIPK1 and
RIPK3. Despite the relatively high IC50 value observed in
in vitro RIPK3 kinase assays, effective target engagement
and inhibition at the concentration used in cellular assayswere
demonstrated by thermal protein stabilization as well as loss
of MLKL binding and phosphorylation. Thus ponatinib is, to
our knowledge, the first necroptosis inhibitor capable of
concurrently targeting both RIPK1 and RIPK3. The relative
contribution of single kinase inhibition to the cellular protection
cannot be readily assessed. However, this property of
ponatinib could be advantageous in protecting cells from a
broader range of stimuli, including those acting independently
of RIPK1 or RIPK1 kinase activity.12,59 In addition, ponatinib
bound TAK1 with high affinity (Kd=0.6 nM) (Supplementary
Figure 6a). Besides its well established function in NF-κB
activation and prevention of cell death, TAK1 has recently
been proposed to have a role in RIPK1/RIPK3-dependent
necroptosis by taking part in a positive feed forward loop.52,53

A specific TAK1 inhibitor was not able to confer protection to
necroptosis in our system, indicating that necroptosis inhibi-
tion by ponatinib could not be mediated solely by targeting
TAK1 (Supplementary Figures 6b and c). In terms of drug
concentration, the effective dose needed for necroptosis
inhibition lies within plasma levels (120–140 nM) obtainable
in patients treated with the recommended oral dose of 45mg
ponatinib given once daily.39 While blocking RIPK3 protects
cells from a broader range of necroptosis-inducing stimuli
than RIPK1 inhibition, recent studies have raised concern
about the therapeutic potential of targeting RIPK3 kinase
activity.60,61 Selective small-molecule RIPK3 inhibitors, as
well as a kinase-dead RIPK3 D161N mutant protein, have
been shown to promote caspase-8-dependent apoptosis.60,61

While the RIPK3 D161N mutation is embryonically lethal,61

kinase-dead Rip3K51A/K51A mice develop normally.60 This
indicates that RIPK3 kinase activity per se is not required for
viability and suggests that additional conformational changes
are required to trigger apoptosis.60 Thus, development of
therapeutically valuable RIPK3 inhibitors can be envisaged.
Ponatinib and pazopanib have been developed and approved
as anti-cancer treatment, and their safety profiles have been

evaluated in this context, with both drugs reported to cause
severe side effects.62,63 In this regard, chemical proteomic
profiling of ponatinib identified several novel targets in addition
to RIPK1 and RIPK3. The definition of the cellular target
spectrum might be useful in gaining a better understanding of
the molecular mechanisms underlying the adverse effects
reported in leukemia patients undergoing long-term drug
treatment.62,64 Necroptosis inhibitors hold most promise for
treatment of clinical conditions in which necroptotic cell death
can be anticipated as, for example, in ischemia-reperfusion
damage following transplantation or vessel occlusion.65

These situations would require only single or short-term
inhibitor treatment. Therefore potential side effects triggered
by ponatinib or pazopanib in such acute settings might differ
from those described for long-term anti-cancer treatment
and would require cautious evaluation. The identification of
two FDA-approved drugs as new inhibitors of necroptosis,
together with elucidation of their mechanism of action,
warrants a series of careful studies in animal models covering
a large variety of necroptosis-associated pathologies. These
studies will clarify the potential for necroptosis-related clinical
application of these drugswhich, given their potency in cellular
assays and favorable pharmacological properties, could
otherwise serve as basis for optimization in the development
of drug-like necroptosis inhibitors.

Materials and Methods
Cell culture and reagents. HEK293T, 3T3-SA and L929 were obtained from
ATCC (Manassas, VA, USA) and ECACC (Salisbury, UK). Jurkat E6.1 were kindly
provided by W Ellmeier (Vienna), FADD-deficient Jurkat I2.1 and HT-29 by P
Schneider (Lausanne). Cells were cultured in DMEM (Sigma-Aldrich, St. Louis, MO,
USA), MEM (Gibco, Grand Island, NY, USA) or RPMI medium (Sigma-Aldrich)
supplemented with 10% (v/v) FBS (Gibco) and antibiotics (100 U/ml penicillin and
100 mg/ml streptomycin) (Sigma-Aldrich). The reagents used were as follows:
recombinant human TNF-α (300-01A, Peprotech, Rocky Hill, NJ, USA),
recombinant murine TNF-α (315-01A, Peprotech), necrostatin-1 (N9037, Sigma-
Aldrich), RIPK1 Inhibitor II 7-Cl-O-Nec-1 (Nec-1s) (504297, Merck Millipore,
Billerica, MA, USA), ponatinib (S1490, Selleck Chemicals, Houston, TX, USA),
pazopanib (P-6706, LC Laboratories, Woburn, MA, USA), imatinib (I-5577, LC
Laboratories), nilotinib (S1033, Selleck Chemicals), dasatinib (S1021, Selleck
Chemicals), vandetanib (S1046, Selleck Chemicals), SMAC mimetic Birinapant
(S7015, Selleck Chemicals), z-VAD-FMK (AG-CP3-0002, Adipogen, San Diego, CA,
USA), FasLigand (ALX-522-020-C005, Enzo, Farmingdale, NY, USA), recombinant
human TRAIL (310-04, Peprotech), BMS-345541 (B9935, Sigma-Aldrich),
c-ponatinib (WuXi AppTec, Shanghai, China), doxycycline (D9891, Sigma-Aldrich),
NSA (480073, Merck Millipore), TAK1 inhibitor NP-009245 (AnalytiCon Discovery
GmbH, Potsdam, Germany), propidium iodide (P4170, Sigma-Aldrich), recombinant

Figure 4 RIPK1 and RIPK3 are targets of ponatinib. (a) Cell viability was determined in HT-29 cells with doxycycline-inducible MLKL S358D expression treated overnight with
2 μg/ml doxycycline and 10 μM NSA, 10 μM Nec-1 or 0.5 μM ponatinib. Cell viability was assessed using a luminescence-based readout for ATP (CellTiter Glo). Data represent
mean value±S.D. of three independent experiments performed in triplicates and normalized to untreated control. (b) Microscopy (brightfield, × 10) of HT-29 MLKL S358D cells
induced with 2 μg/ml doxycycline overnight and treated with the compounds as indicated. Scale bar, 100 μm. (c) HT-29 cells were treated with 500 nM Smac mimetic, 20 μM
z-VAD, 0.5 μM ponatinib (P) or DMSO (D) for a total of 4.5 h in the presence of TNF-α (10 ng/ml) for the time indicated. Cells were lysed and immunoblotted with the indicated
antibodies. Data shown are representative of two independent experiments. (d) Direct binding assay for ponatinib and RIPK1. Data represent mean value±S.D. of two
independent experiments. (e) In vitro kinase assay using recombinant RIPK3. Phosphorylation of MBP was monitored in presence of 10 μM of the kinase inhibitors stated or (f)
ponatinib as indicated. Data represent mean value±S.D. of two independent experiments normalized to DMSO control. (g) CETSA performed in FADD-deficient Jurkat cells
treated with 500 nM ponatinib (P) or DMSO (D) control. Cells were lysed by three freeze–thaw cycles and immunoblotted with the antibodies indicated. Data shown are
representative of two independent experiments. (h) Quantification of band intensity (ImageJ) of RIPK3 and Tubulin immunoblots shown in g. (i) HT-29 cells with doxycycline-
inducible expression of HA-tagged RIPK3 were treated with 0.5 μM ponatinib, 5 μM pazopanib, 10 μM Nec-1 or 10 μm NSA and stimulated overnight with 1 μg/ml doxycycline or
for 2 h with 10 ng/ml TNF-α, 500 nM Smac mimetic and 20 μM z-VAD. Cells were lysed and immunoblotted with the indicated antibodies. Data shown are representative of two
independent experiments. (j) HT-29 cells with doxycycline-inducible expression of HA-tagged MLKL were treated overnight with 1 μg/ml doxycycline in presence of 0.5 μM
ponatinib, 5 μM pazopanib, 10 μM Nec-1 or 10 μM NSA. Cell lysates were subjected to immunoprecipitation and immunoprecipitates (IP) and whole cell extracts (WCE) were
analyzed by immunoblotting with the indicated antibodies. Data shown are representative of two independent experiments
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RIPK3 (R09-10G, Signalchem, Richmond, BC, Canada), recombinant RIPK1
(R07-10G, Signalchem), [γ-32 P]ATP (SRP-30, Hartmann Analytic GmbH,
Braunschweig, Germany) and MBP (ab792, Abcam, Cambridge, UK). Bosutinib
was a kind gift from Oridis Biomed (Graz, Austria).

Antibodies. Antibodies used were p-IkBa (Ser32/36) (9246S, Cell Signaling,
Danvers, MA, USA), actin (AAN01-A, Cytoskeleton, Denver, CO, USA), IkBa
(SC-371, Santa Cruz, Dallas, TX, USA), tubulin (ab7291 Abcam), phospho-MLKL
(Ser385) (ab187091, Abcam), RIPK1 (610458, BD Biosciences, Franklin Lakes, NJ,
USA), RIPK3 (12107, Cell Signaling), HA (SC-805, Santa Cruz) and HA-7 (H6533,
Sigma-Aldrich). The secondary antibodies used were goat anti-mouse HRP (115-
035-003, Jackson ImmunoResearch, West Grove, PA, USA), goat anti-rabbit HRP
(111-035-003, Jackson ImmunoResearch), Alexa Fluor 680 goat anti-mouse
(A-21057, Molecular probes, Grand Island, NY, USA) and IRDye 800 donkey anti-
rabbit (611-732-127, Rockland, Limerick, PA, USA).

Plasmids. RIPK366 and MLKL (PCR-amplified from KBM7 cDNA) were
subcloned into vector pDONR221 using Gateway technology (Invitrogen, Grand
Island, NY, USA). MLKL S358D mutant was generated with the QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA,
USA) using primers MLKL_S358D_fw (3ʹ-GGAA AACACAGACTGACATGAG
TTTGGGAACT-5ʹ) and MLKL_S358D_rv (3ʹ-AGTTCCCA AACTCATGTCAGTCT
GTGTTTTCC-5ʹ). Following sequence verification, cDNAs were transferred into the
Gateway-compatible expression vectors TSHgwICPB or TgwSHICPB with
N-(RIPK3) or C-terminal (MLKL, MLKL S358D) Strep-HA tag, respectively.

Generation of HT-29 cell lines with inducible overexpression. HT-
-29 cells were retrovirally transduced with MSCV-RIEP vector (pMSCV-rtTA3-IRES-
EcoR-PGK-PuroR)67 to generate ecotropic receptor and rtTA3 co-expressing cell
lines. In brief, HEK293T cells were transiently transfected with pGAG-POL, pVSV-G,
pADVANTAGE and MSCV-RIEP. After 24 h the medium was replaced with fresh
medium. Forty-eight hours later the virus-containing supernatant was harvested,
filtered (0.45 μm), supplemented with 8 μg/ml protamine sulfate (Sigma-Aldrich) and
added to 40–60% confluent HT-29 cells. Twenty-four hours after infection, the
medium was replaced with fresh medium. Another 24 h later, the medium was
supplemented with 2 μg/ml puromycin (Sigma-Aldrich) to select for infected cells.
rtTA3-expressing HT-29 cells were similarly transduced with retrovirus produced in
HEK293T cells using the respective target gene-encoding inducible expression
vector and pGAG-POL, pADVANTAGE and pEcoEnv. Blasticidin (25 μg/ml;
Invivogen, San Diego, CA, USA) was used for selection of infected cells. Target
gene expression was induced by adding 1–2 μg/ml doxycycline.

Immunoblotting. Whole cell extracts were prepared using Nonidet-40 lysis
buffer (1% NP-40, 50 mM HEPES pH 7.4, 250 mM NaCl, 5 mM EDTA, one tablet of
EDTA-free protease inhibitor (Roche Diagnostics, Indianapolis, IN, USA) per 50 ml,
10 mM NaF and 1 mM Na3VO4) for 10 min on ice. Lysates were cleared by
centrifugation in a microcentrifuge (13 000 r.p.m., 10 min, 4 °C). Proteins were
quantified with BCA (Pierce, Grand Island, NY, USA). Cell lysates were resolved
by SDS-PAGE and transferred to nitrocellulose membranes Protran BA 85
(GE Healthcare, Little Chalfont, UK). The membranes were immunoblotted with the
indicated antibodies. The bound antibodies were visualized with horseradish
peroxidase-conjugated antibodies against rabbit or mouse IgG using the ECL
Western blotting system (GE Healthcare) or Odyssey Infrared Imager (LI-COR,
Lincoln, NE, USA).

Immunoprecipitation. Immunoprecipitations were performed as previously
described.68 In brief, the lysates were precleared (30 min, 4 °C) on Sepharose6
beads (Sigma-Aldrich) and subsequently incubated (3 h, 4 °C) with monoclonal anti-
HA agarose antibody (Sigma-Aldrich). Beads were recovered by centrifugation and
washed three times with lysis buffer before analysis by SDS-PAGE and
immunoblotting.

Viability assays. Cells were seeded in 12-, 24- or 96-well plates at proper cell
density. For necroptosis or apoptosis assays, cells were incubated with the indicated
compound combinations at concentrations stated for 14–24 h. Smac mimetic and
z-VAD-FMK were added 30–60 min before treatment with TNF-α, FasL or TRAIL.
Cell viability was determined using CellTiter Glo Luminescent Cell Viability Assay
(Promega, Fitchburg, WI, USA) according to the manufacturer’s instructions.
Luminescence was recorded with a SpectraMax M5Multimode plate reader

(Molecular Devices, Sunnyvale, CA, USA). For flow cytometry-based determination
of viability, cells were harvested, collected by centrifugation, washed once and
resuspended in staining buffer (1 × PBS, 10% FBS). Cells were incubated with
0.5 μg/ml PI for 10 min at room temperature (RT) in the dark. Flow cytometric
analyses were performed on an LSR Fortessa (BD Biosciences) and analyzed with
FlowJo software version 7.6.3 (Tree Star Inc, Ashland, OR, USA). Cell size was
evaluated by forward scatter. PI-negative normal-sized cells were considered
living and data were normalized to values of untreated controls. For detection
of apoptosis, cells were resuspended in Annexin V Binding Buffer (BioLegend,
San Diego, CA, USA) and stained with 0.5 μg/ml PI and Alexa Fluor 647 Annexin V
(BioLegend) according to manufacturer’s instructions.

Drug screen. The drug screen was performed in 384-well plates at a final
compound concentration of 1.5 μM and 0.5 μM measured in duplicates. The
compounds were transferred into drug plates by acoustic droplet ejection using an
Echo 520 liquid handler (LABCYTE, Sunnyvale, CA, USA). Necroptosis was
induced in FADD-deficient Jurkat cells by addition of 10 ng/ml TNF-α immediately
before seeding onto drug plates at a density of 1x104 cells/well. After 16 h
incubation, cell viability was determined using CellTiter Glo Luminescent Cell
Viability Assay according to manufacturer’s instructions. Data analysis was
performed by calculating a percentage of control to normalize for variability across
different plates. The signal for the negative control DMSO wells was set to 0%,
whereas the wells containing the positive control Nec-1 were put to 100% for each
plate individually. Screen hits were defined as compounds (i) whose normalized
signal was at least 3 S.D. away from the DMSO control, and (ii) that gave 420%
rescue compared with the DMSO controls.

Chemical proteomics. Drug-affinity matrices were prepared as described
previously.51 In brief, 25 nmol of c-ponatinib were immobilized on 50 μl NHS-
activated Sepharose 4 Fast Flow beads (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). 10 mg whole cell lysate was used as protein input per replicate. Affinity
chromatography and elution were performed in duplicate. After elution, the enriched
proteins were reduced with dithiothreitol (DTT) and cysteine residues were alkylated
by incubation with iodoacetamide. The samples were digested with modified porcine
trypsin (Promega). Five percent of the digested eluates were purified and
concentrated by C18 reversed-phase material. Subsequently, samples were
analyzed in duplicates by gel-free one-dimensional LCMS.

MS data analysis. Precursor and MS/MS peaks were extracted from the RAW
files and saved in the MGF format using msconvert tool (ProteoWizard Library
v2.1.2708, www.proteowizard.sourceforge.net) for subsequent protein identification.
An initial database search was performed with broader mass tolerance and
conservative score threshold to re-calibrate the mass lists for optimal final protein
identification. For the initial protein database search, Mascot (www.matrixscience.
com, v2.3.02) was used. Error tolerances on the precursor and fragment ions were
± 10 p.p.m. and ± 0.6 Da, respectively, and the database search limited to fully-
tryptic peptides with maximum one missed cleavage, carbamidomethyl cysteine and
methionine oxidation set as fixed and variable modifications, respectively. The
Mascot peptide ion score threshold was set to 30, and at least three peptide
identifications per protein were required. Searches were performed against the
human UniProtKB/SwissProt database (www.uniprot.org release 2013.01) including
all protein isoforms. The initial peptide identifications were used to deduce
independent linear transformations for precursor and fragment masses that would
minimize the mean square deviation of measured masses from theoretical. Re-
calibrated mass list files were searched against the same human protein database
by a combination of Mascot and Phenyx (GeneBio SA, Geneva, Switzerland;
version 2.5.14) search engines using narrower mass tolerances (±4 p.p.m. and
± 0.3 Da). One missed tryptic cleavage site was allowed. Carbamidomethyl cysteine
was set as a fixed modification and oxidized methionine was set as a variable
modification. To validate the proteins, Mascot and Phenyx output files were
processed by internally developed parsers. Proteins with ≥ 2 unique peptides above
a score T1, or with a single peptide above a score T2 were selected as
unambiguous identifications. Additional peptides for these validated proteins with
score 4T3 were also accepted. For Mascot searches, the following thresholds
were used: T1= 14, T2= 40 and T3= 10; Phenyx thresholds were set to 4.2, 4.75
and 3.5, respectively (P-valueo10− 3). The validated proteins retrieved by the two
algorithms were merged, any spectral conflicts discarded and grouped according to
shared peptides. A false discovery rate of o1% for protein identifications and
o0.1% for peptides (including the ones exported with lower scores) was
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determined by applying the same procedure against a database of reversed protein
sequences. The statistical significance of protein enrichment in c-ponatinib assay
versus free ponatinib competition assay was calculated using the modification of the
Decontaminator method.69 In addition to Mascot protein scores that were proposed
as an estimate of protein abundance by the original algorithm, the modified version
also included Phenyx protein scores and spectral counts. The algorithm first
estimated three measure-specific P-values for each putative interaction, and, in
contrast to,69 P-value calculation utilized the quantiles of the measurements rather
than the original data. The Fisher's method was used to combine the three resulting
P-values into a single P-value for drug–protein interaction specificity. We have also
correlated interaction P-values with the magnitude of competition effect represented
by the fold reduction of spectral counts on free compound competition.
Fold reduction was computed as the ratio of median spectral counts observed in
experiments with and without competition. In each condition, four spectral
counts were available for the median (two biological replicates and two technical
for each).

Competition binding assays. Competition binding assays were performed
by DiscoveRx (Fremont, CA, USA) according to the following protocol: kinase-
tagged T7 phage strains were prepared in an Escherichia coli host derived from the
BL21 strain. E. coli were grown to log phase and infected with T7 phage and
incubated with shaking at 32 °C until lysis. The lysates were centrifuged and filtered
to remove cell debris. The remaining kinases were produced in HEK293 cells and
subsequently tagged with DNA for qPCR detection. Streptavidin-coated magnetic
beads were treated with biotinylated small-molecule ligands for 30 min at RT to
generate affinity resins for kinase assays. The liganded beads were blocked with
excess biotin and washed with blocking buffer (SeaBlock (Pierce), 1% BSA, 0.05%
Tween-20 and 1 mM DTT) to remove unbound ligand and to reduce nonspecific
binding. Binding reactions were assembled by combining kinases, liganded affinity
beads and test compounds in 1x binding buffer (20% SeaBlock, 0.17x PBS, 0.05%
Tween-20 and 6 mM DTT). All reactions were performed in polystyrene 96-well
plates in a final volume of 0.135 ml. The assay plates were incubated at RT with
shaking for 1 h and the affinity beads were washed with wash buffer (1x PBS and
0.05% Tween-20). The beads were then resuspended in elution buffer (1x PBS,
0.05% Tween-20 and 0.5 μM nonbiotinylated affinity ligand) and incubated at RT
with shaking for 30 min. The kinase concentration in the eluates was measured by
qPCR. For kinase-binding constant determination, an 11-point 3-fold serial dilution
of each test compound was prepared in 100% DMSO at 100x final test
concentration and subsequently diluted to 1x in the assay (final DMSO
concentration= 1%). Most Kds were determined using a compound top
concentration= 30 000 nM. If the initial Kd determined was o0.5 nM (the lowest
concentration tested), the measurement was repeated with a serial dilution starting
at a lower top concentration. A Kd value reported as 40 000 nM indicates that the Kd
was determined to be 430 000 nM. Binding constants (Kd) were calculated with a
standard dose–response curve using the Hill equation:
Response= background+{(signal− background)/[1+(Kd Hill Slope/Dose Hill

Slope)]}.
The Hill Slope was set to− 1. Curves were fitted using a non-linear least square fit

with the Levenberg–Marquardt algorithm.

Recombinant kinase assays. Recombinant RIPK1 or RIPK3 protein was
incubated with the substrate MBP in kinase assay buffer (40 mM Tris-HCl pH 7.5,
10 mM MgCl2 and 1 mM DTT) in presence of 50 μM ATP, 5 μCi [γ-32 P]ATP and the
indicated inhibitors in a total volume of 20 μl. Reactions were incubated at RT for
20 min before termination by addition of 12.5 μl guanidinium chloride (7.5 μM).
The terminated reactions were spotted onto a SAM2 Biotin Capture membrane
(Promega) and further processed according to the manufacturer’s instructions.
Kinase activity was measured in a Tri-Carb 2810TR liquid scintillation analyzer
(Perkin Elmer, Waltham, MA, USA). Data were normalized to a DMSO-treated
control sample. For autoradiography, the reactions were stopped by addition of 5 μl
4x Laemmli buffer and incubated for 5 min at 95 °C. Samples were resolved by
SDS-PAGE followed by gel drying for 2 h at 80 °C in a Model 583 Gel Dryer
(Bio-Rad, Hercules, CA, USA). Visualization was performed using a BAS-IP MS
2025 imaging plate (Fuji Photo Film Co., Ltd., Tokyo, Japan) and a Typhoon TRIO
Variable Mode Imager (GE Healthcare).

Cellular thermal shift assay (CETSA). Drug target engagement in cells,
causing stabilization of the respective protein, was analyzed essentially as
described previously.55 Briefly, FADD-deficient Jurkat cells were seeded into 12-well

plates at a density of 1x106 cells/ml and treated for 3 h with cell media containing
0.5 μM ponatinib or 0.05% DMSO. After treatment, cells were collected by
centrifugation and resuspended in 1x PBS. The cell suspension was aliquoted into
PCR tubes and heated for 3 min at 42, 46, 50, 54, 58 or 62 °C. Subsequently, cells
were lysed by three consecutive freeze–thaw cycles using liquid nitrogen.
The soluble fraction was separated from precipitated proteins by centrifugation at
13000 r.p.m. and 4 °C for 20 min. The supernatant, containing the soluble proteins,
was transferred to a fresh tube and analyzed by immunoblotting.

Microscopy. Microscopy images were taken at 10x with a Leica DFC310 FX on
a Leica DM IL LED (Leica Microsystems, Wetzlar, Germany).
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2.3. Interlude 

An Inducible Retroviral Expression System for Tandem Affinity Purification Mass-
Spectrometry-Based Proteomics Identifies MLKL as an HSP90 Client 
Bigenzahn, J. W.*, Fauster, A.*, Rebsamen, M., Kandasamy R. K., Scorzoni, S., Vladimer G. 

I., Müller A. C., Gstaiger M., Zuber J., Bennett, K. L., and Superti-Furga, G. (2015) Molecular 

& Cellular Proteomics, in press 

*: equal contribution  

  

Here, we established a novel inducible expression system suitable for expression of 

streptavidin-hemagglutinin (SH)-tagged bait proteins in a wide range of cell lines. Besides 

constituting a useful tool for various phenotypic analyses, the vector system is suitable for 

SH-based interaction proteomics approaches, thus paving the way for mapping of the 

necroptosis pathway. This study describes the assembly of the novel vectors along with the 

characterization of their expression properties. The applicability of the expression system is 

exemplified by analysis of the oncogenic neuroblastoma RAS viral (v-ras) oncogene homolog 

(NRAS) G12D mutant protein, as well as the cell death-inducing MLKL mutant S358D. Based 

on the interaction proteomics data, we identify and functionally validate MLKL as a novel 

HSP90 client protein (Bigenzahn et al, 2015).  

 

The author of this thesis designed research, took part in cloning of the expression vectors, 

conducted experiments in HT-29 cells to characterize the vector system properties, carried 

out phenotypic and mass-spectrometric analysis of the MLKL S358D mutant as well as the 

majority of the ensuing validation experiments, analyzed and interpreted data, and wrote the 

manuscript. J. W. Bigenzahn designed research, carried out cloning of the expression 

vectors, conducted experiments in K-562 and KCL-22 cells to characterize the vector system 

properties, performed phenotypic characterization and mass spectrometric analysis of NRAS 

G12D in Ba/F3 cells, analyzed and interpreted data, and wrote the manuscript. M. 

Rebsamen interpreted data and gave experimental advice. R. K. Kandasamy helped with 

analysis of the mass spectrometry data. S. Scorzoni and G. I. Vladimer assisted with 

validation experiments. A. C. Müller carried out mass spectrometric analyses. M. Gstaiger 

and J. Zuber contributed new reagents or analytical tools. K. L. Bennett designed research 

and oversaw mass spectrometric analyses. G. Superti-Furga designed research, analyzed 

and interpreted data, and contributed to writing of the manuscript. 
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3. Discussion 

For a long time, necrosis has been considered a passive and unregulated form of cellular 

demise, beyond reach of pharmacological interference. Hence, despite its wide-ranging 

implications in human pathology, little efforts were undertaken to study the mechanisms 

underlying necrotic cell death. However, the paradigm-changing discovery of necroptosis  

spurred significant scientific interest and the field rapidly gathered momentum. To date, 

several molecular pathways driving regulated necrosis have been described. The growing 

understanding of the molecular mechanisms underlying the different subroutines of 

programmed necrosis paves the way for pharmacological targeting of necrotic cell death. 

 

3.1. Regulated Necrotic Cell Death as a Therapeutic Target  

The precise functional and structural characterization of the molecular components involved 

in apoptosis signaling and its regulation prompted development of apoptosis-targeting 

therapies (Fischer & Schulze-Osthoff, 2005). Pro-apoptotic compounds, such as IAP 

antagonists and Bcl-2 homology 3 (BH3) mimetics, are currently undergoing clinical trials for 

cancer treatment (Delbridge & Strasser, 2015; Fulda, 2015). Besides first trials testing the 

validity of using PARP1 inhibitors to target parthanatos, none of the other so far identified 

regulated necrosis pathways have been targeted clinically (Conrad et al, 2016). While it 

remains to be seen how findings from mouse studies will translate to human disease, data 

obtained in preclinical models suggest that the detailed analysis of the programmed necrotic 

signaling pathways may translate into substantial therapeutic potential.  

As a consequence of the pro-inflammatory nature of necrotic cell death, concurrent targeting 

of both regulated necrosis and inflammation constitutes a promising treatment option. While 

the release of pro-inflammatory DAMPs and alarmins associated with regulated necrosis 

may be favorable in anti-pathogen responses, it exacerbates tissue destruction in sterile-

injury induced inflammation. Given that regulated cell death triggers inflammation and vice 

versa, the existence of a necro-inflammatory auto-amplification loop has been suggested 

(Linkermann et al, 2014c). This circuit may originate from an initial event of regulated 

necrosis accompanied by DAMP release that induces pro-inflammatory signaling, in turn 

causing further programmed necrotic cell death. If this amplification is not restrained, such a 

loop may ultimately lead to systemic inflammation and organ failure due to extensive 

necrosis. Therapeutic interference would optimally target and prevent the primary event of 

regulated necrosis. However, once clinical symptoms of injury manifest in a patient, the 

necro-inflammatory loop has progressed and engaged a pro-inflammatory response. 

Accordingly, blocking both driving forces of the necro-inflammatory circuit by combined 

pharmacological targeting of inflammation and regulated necrotic cell death holds most 
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promise of clinical benefit (Linkermann et al, 2014c). Interestingly, cyclosporine A, an 

immunosuppressant widely used in solid organ transplantation, has been identified to 

simultaneously inhibit MPT-dependent necrosis (Linkermann et al, 2014a; Nakagawa et al, 

2005). The efficacy of this drug in preventing graft loss might thus be based on its ability to 

concomitantly block regulated cell death and mediate immunosuppression (Linkermann & 

Green, 2014).  

The various subroutines of regulated cell death have so far commonly been studied as 

separate entities. Yet, there is increasing awareness of the high level of interconnectedness 

between the various apoptotic and necrotic pathways (Silke et al, 2015). While the 

understanding of how these different signaling pathways crosstalk in relevant in vivo 

pathological settings is still limited, first studies suggest that concurrent targeting of more 

than one regulated cell death may prove advantageous. Combinatorial therapy 

simultaneously targeting MPT-dependent necrosis, ferroptosis and necroptosis has been 

shown to provide strong beneficial effects in a model of renal IR injury, whereas inhibition of 

singular pathways yielded only limited cytoprotection (Linkermann et al, 2013a; Linkermann 

et al, 2014b). Similarly, Zhao et al. (Zhao et al, 2015) have shown the advantage of such a 

combinatorial treatment strategy in kidney transplant-mediated lung injury. In this in vivo 

model, the organ damage in the lung is triggered by circulating DAMPs and pro-inflammatory 

molecules, which are induced and released by regulated necrosis occurring due to renal IR 

injury following transplantation. While single treatment with Nec-1 or a PARP-1 inhibitor 

reduced remote lung injury to a certain extent, the combined treatment with both agents 

provided strong protection against organ damage, suggesting that cell death in the lung is 

mainly due to necroptosis and parthanatos in this setting. Importantly, cell death pathways 

may not be uniformly regulated across different pathophysiological conditions and cell types 

(Berghe et al, 2014). For instance, the phenotype resulting from RIPK1 deficiency is highly 

dependent on the respective tissue background. The psoriasis-like phenotype induced by 

RIPK1 deficiency in keratinocytes can be rescued by deletion of Ripk3 (Dannappel et al, 

2014). In contrast, deletion of Ripk1 in intestinal endothelial cells triggers apoptotic cell death, 

which can be prevented by concomitant loss of CASP8, but not RIPK3 (Takahashi et al, 

2014). Accordingly, establishing clear links between the forms of regulated cell death and the 

respective disease model is of importance for the design of combinatorial targeting strategies.  

 

3.2. Targeting Necroptosis  

Necroptosis has been shown to have detrimental effects in several common clinical disorders, 

including stroke, myocardial infarction and pancreatitis (Linkermann et al, 2014c). 

Accordingly, translating necroptosis inhibition into clinics may hold ample benefit. Yet, 
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several aspects remain to be addressed to establish necroptosis as a practicable therapeutic 

target.  

First, the unambiguous determination of cell types and disease processes affected by 

necroptosis is of crucial importance. As discussed above, the various subroutines of 

regulated necrosis share common morphological features. Hence, there is a need for reliable 

biomarkers capable of distinguishing the various forms of regulated necrotic cell death by 

their distinct molecular features. The first such tool for identification of necroptotic cells and 

their detection in primary human tissues is a recently developed monoclonal antibody, which 

detects phosphorylation of T357 and S358 on the human MLKL protein (Wang et al, 2014a). 

This antibody has been employed to investigate the contribution of necroptosis to acute liver 

damage. Cells undergoing necroptosis, marked by positive staining for phospho-MLKL, were 

detected in necrotic areas of liver biopsy samples from patients with drug-induced liver injury. 

However, additional validation will be required to establish the applicability of using 

phosphorylated MLKL as a reliable marker for the in situ identification of necroptosis in 

human tissues. In this regard, the recent emergence of similar tools for detection of murine 

phospho-MLKL will prove valuable for the closer characterization of regulated necrotic cell 

death occurring in mouse models of human diseases.  

Secondly, despite a number of tool compounds that can be used to query the necroptosis 

pathway, no inhibitors of necroptotic cell death are available for clinical use. Accordingly the 

identification of small molecule necroptosis inhibitors for potential clinical application 

constitutes a major goal of research at present. Increasing insight into the molecular basis of 

the necroptosis signaling pathway identified a number of potential targets that could be 

exploited pharmacologically, however, target selection for development of small molecule 

necroptosis inhibitors needs careful consideration. In principle, therapeutic interference with 

necroptosis could be aimed at the activating receptor, RIPK1, RIPK3, MLKL, necrosome 

assembly, as well as at potential further intermediate and downstream signaling mediators 

yet to be identified. The redundancy of molecular mechanisms shared by various pathways 

of regulated necrosis as well as the diversity in signaling outcome is assumedly higher at the 

trigger and initial pathway stages. Accordingly, targeting necroptosis closer to the execution 

level may prove more effective (Berghe et al, 2014). Importantly, efficient therapeutic 

targeting of the necroptosis pathway members will require detailed understanding of their 

respective functions in the different subroutines of cell death. In particular, dissecting the 

differences between the scaffold function of RIPK1 and RIPK3 and their kinase activity poses 

a challenge (Feoktistova & Leverkus, 2015). In order to block scaffold-associated signaling 

functions of RIPK1 and RIPK3, the development of specific inhibitors targeting RHIM-domain 

mediated interactions may be required. RIPK1 is put forward as a safe therapeutic target for 

blocking necroptosis by the finding that mice expressing kinase-inactive RIPK1 are viable 
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and healthy (Kaiser et al, 2014; Newton et al, 2014). The fact, that RIPK1 can also induce 

apoptosis in a CASP8-dependent manner in certain instances (Feoktistova et al, 2011; 

Tenev et al, 2011) may render the effects of targeting RIPK1 even more potent. However, 

targeting RIPK1 may not be sufficient to protect from necroptotic cell death, as, depending on 

the respective upstream inducer of necroptotic cell death, RIPK3 can drive necroptosis 

independently of RIPK1 (He et al, 2011; Kaiser et al, 2013; Thapa et al, 2013; Upton et al, 

2012). Greater caution may be required in targeting RIPK3. Development of clinically usable 

RIPK3 inhibitors faces the challenge of avoiding the perturbation of the kinase domain 

proposed to release the brake on RHIM-mediated apoptosis induction (Mandal et al, 2014). 

Indeed, high concentrations of the recently identified RIPK3 inhibitors GSK

have been reported to promote RIPK1-dependent activation of CASP8 and apoptosis upon 

TNF stimulation (Mandal et al, 2014). 

display pro-apoptotic properties. Yet, GSK 840 fails to block murine RIPK3, thus precluding 

its use in experimental mouse models of human diseases. Concerning the targeting of RIPK3, 

it remains to be clarified whether additional substrates beyond MLKL exist, which would be 

affected by such inhibition. In this regard, MLKL seems an appealing drug target as, besides 

its role in necroptosis execution, no other function has so far been assigned to this protein 

(Czabotar & Murphy, 2015). The generation of Mlkl-/- mice has paved the way to assess 

whether MLKL deficiency will result in equal beneficial outcomes as RIPK1 inhibition or lack 

of RIPK3 in models of necroptosis-associated disease and inflammation. The first small 

molecule reported to inhibit necroptosis by targeting MLKL was NSA (Sun et al, 2012). The 

binding of NSA to the N-terminal part of the pseudokinase does not inhibit the interaction with 

and phosphorylation by RIPK3, but blocks MLKL oligomerization and membrane 

translocation. In detail, NSA alkylates Cys86 in human MLKL, which is absent in the murine 

protein, rendering NSA a human-specific MLKL inhibitor. Given that residue Cys86 is 

exposed on the surface of the protein rather than being located in the binding pocket, NSA 

may exhibit substantial target promiscuity without offering much possibility for improving 

specificity for MLKL (Sun & Wang, 2014). In contrast, the more recently described MLKL 

inhibitor compound 1 targets the pseudokinase domain and interferes with the 

conformational switch required to release the necroptosis executioner 4HB domain 

(Hildebrand et al, 2014). Despite being catalytically inactive, targeting the pseudokinase 

domain of MLKL thus constitutes a valid strategy for blocking the function of this protein. 

However, compound 1 has recently been found to similarly bind and block RIPK1, calling its 

specificity into question (Conrad et al, 2016). In-depth analysis of the necroptosis pathway 

may serve to reveal additional potential targets such as, for instance, further necroptosis 

effectors acting downstream of MLKL. The exact mechanism by which MLKL leads to 

membrane destabilization has not yet been unambiguously clarified. The membrane 
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recruitment of MLKL has been shown to be mediated by binding to PIPs (Dondelinger et al, 

2014; Wang et al, 2014a). Furthermore, the involvement of ion channels in the execution of 

necroptotic cell death has been suggested (Cai et al, 2013; Chen et al, 2013). Importantly, 

inhibition of PIP formation as well as blocking ion flux has been shown to reduce necroptotic 

cell death, indicating that pharmacological interference with phospholipid metabolism or ion 

channels may constitute additional options for the therapeutic targeting of necroptosis.  

In contrast to necroptosis inhibition, induction of necroptotic cell death has been suggested 

as a potential treatment to overcome cancer drug resistance. Various apoptosis-avoiding 

mechanisms have been identified in malignant cells, making resistance to cell death one of 

the hallmarks of cancer (Hanahan & Weinberg, 2011). As a result, pro-apoptotic BH-3 

mimetics are currently test in clinical trials as anti-cancer therapy (Delbridge & Strasser, 2015; 

Fulda, 2015). Given that tumor survival depends on the maintenance of a highly reduced 

intracellular environment, perturbing ROS homeostasis by ferroptosis-inducing agents such 

as erastin may constitute an alternative approach to target cancer cells (Dixon & Stockwell, 

2014). Necroptotic cell death can be induced pharmacologically using the small molecule E6, 

showing moderate activity in cell-based systems (Mou et al, 2015). Current efforts are 

directed at identifying the responsible molecular target as well as more potent derivatives for 

potential use in drug-resistant cancer. However, in contrast to apoptosis, the role of 

programmed necrotic cell death in malignant cells has not yet been studied extensively. Loss 

of RIPK3 expression has been reported as a mechanism conferring resistance to necroptosis 

during development of melanoma (Geserick et al, 2015). Induction of necroptosis would thus 

require pathway reactivation in these cells, if the necroptosis inducer targets an element 

upstream of MLKL. In contrast to apoptosis, programmed necrotic cell death is associated 

with pro-inflammatory signals. While necroptosis may thus have the beneficial effect of 

counteracting hyperproliferation of malignant cells, the immune cells recruited by the 

inflammatory signaling mediators may actually be advantageous for the tumor by fostering 

cell growth, angiogenesis and invasiveness (Hanahan & Weinberg, 2011). In light of these 

considerations, the possibility to target cancer by necroptosis induction clearly requires 

further investigation and experimental evidence.  

Finally, the thorough dissection of the protein network and molecular checkpoints steering 

necroptosis signaling will provide a detailed appreciation of how the pathway is controlled 

and contributes to human disease. Identifying regulators that contribute to fine-tuning of the 

signaling outcome may furthermore reveal additional potential targets for modulation of the 

necroptosis pathway.  

Along these major lines of current research, we aimed at expanding the available set of 

pharmacological tools as well as to broaden the chemical premises for scaffold-based design 

of clinical necroptosis inhibitors by performing a small molecule screen. We thereby identified 
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two FDA-approved drugs, ponatinib and pazopanib, as efficient inhibitors of necroptosis. 

Moreover, to provide the basis for proteomic analysis of the necroptosis pathway, a novel 

inducible expression system for SH-based TAP-LC-MS approaches was established. 

Employing this system, we identified and validated MLKL as an HSP90 client protein, 

expanding the role of HSP90 in regulating necroptosis and providing further rationale for 

blocking necroptotic cell death using HSP90 inhibitors.  

 

3.3. The FDA-Approved Drugs Ponatinib and Pazopanib Inhibit Necroptosis 

So far, all chemical agents described to block necroptosis by inhibiting RIPK1, RIPK3, or 

MLKL are tool compounds with insufficiently assessed pharmacokinetic and selectivity 

profiles. The rapid emergence of necroptosis as an exciting therapeutic target incited us to 

screen a representative panel of FDA-approved drugs in order to identify necroptosis 

inhibitors for potential medical use. Drugs having gained FDA-approval represent a valuable 

basis for medicinal chemistry optimization due to their established safety and 

pharmacokinetic profiles. To avoid pitfalls frequently encountered upon validation of hits from 

target-based approaches, such as toxicity or lack of target engagement in the context of 

entire cells (Moffat et al, 2014), we performed a phenotypic screen in FADD-deficient Jurkat 

cells. In the setup chosen, compounds blocking the necroptosis pathway but concurrently 

exhibiting toxicity were excluded a priori. The library queried contained 268 drugs, selected 

to optimally represent the chemical and biological space of clinical compounds. In order to 

remain within pharmacologically relevant concentrations as well as to avoid excessive 

polypharmacology, the drugs were assayed at low concentrations. Out of the 268 drugs 

tested, the two kinase inhibitors ponatinib and pazopanib robustly protected the cells from 

necroptotic cell death.   

The orally available tyrosine kinase inhibitor ponatinib targets the fusion protein BCR-ABL, 

which drives chronic myeloid leukemia (CML) and Philadelphia chromosome-positive acute 

lymphoblastic leukemia (Ph+ ALL) (O'Hare et al, 2009), and is thus one of the five BCR-ABL 

inhibitors presently in clinical use. The first developed and present front-line therapy imatinib 

has proven highly effective in treatment of CML, yielding remarkable response and survival 

rates (Deininger et al, 2005). However, resistance arising in many patients prompted 

development of the second-generation drugs nilotinib, dasatinib, and bosutinib. Ponatinib, 

finally, was the result of a structure-guided drug design effort to target the BCR-ABL 

gatekeeper mutant T315I. This mutation confers resistance to all other currently available 

BCR-ABL inhibitors, as drug access to the ATP binding site of the enzyme is blocked by the 

bulky isoleucine side chain (Huang et al, 2010). The key structural characteristic of ponatinib 

is a triple bond, which skirts this steric hindrance. As initial clinical trials reported good results 

(Cortes et al, 2012; Cortes et al, 2013), ponatinib was granted accelerated FDA-approval. 
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However, the follow-up of these studies revealed a high incidence of vascular occlusion 

events, leading to interim market withdrawal and premature termination of a phase III clinical 

trial evaluating ponatinib as first-line treatment (Jain et al, 2015). As it remains the sole 

effective therapy for T315I-positive CML or Ph+ ALL, the sales suspension for ponatinib was 

partially lifted shortly afterwards. Yet, revised clinical practice guidelines and a new black box 

warning were issued. While selective kinase assays have revealed that ponatinib also 

inhibits members of the vascular endothelial growth factor receptor (VEGFR), fibroblast 

growth factor receptor (FGFR) and platelet derived growth factor receptor (PDGFR) families 

(O'Hare et al, 2009), no global analysis of its target spectrum has been performed so far. 

This study thus provides the first comprehensive description of the cellular target spectrum of 

ponatinib. This cellular target profile may allow pinpointing targets that are responsible for the 

clinically observed side effects of the drug. The more detailed understanding of the 

polypharmacological properties exerted by ponatinib may help to minimize toxicity by 

compensation via dose adjustments or adjunct therapies. Moreover, these data constitute a 

valuable resource for identifying additional drug targets, possibly opening new therapeutic 

points of intervention for ponatinib and thus expanding its curative potential. Despite the 

broad overlap of the target spectra of the clinically available BCR-ABL inhibitors (Hantschel 

et al, 2008; Remsing Rix et al, 2008), the capability to target the necroptosis pathway is 

unique for ponatinib. Inhibition of RIPK1 and RIPK3 constitutes the main molecular 

mechanism for necroptosis inhibition by ponatinib. However, additional drug targets may 

contribute to the cell death-protective phenotype. In this regard, also TAK1, TAB1, and TAB2 

are targeted solely by ponatinib as compared to the other BCR-ABL inhibitors. Indeed, 

competition binding assays affirmed subnanomolar affinity of ponatinib for TAK1. The best 

described function of TAK1 is its role in NF-  activation upon IL-1 or TNF stimulation 

(Takaesu et al, 2003). The importance of TAK1 for cell survival is further evidenced by the 

early embryonic lethality of Tak1 knockout mice (Shim, 2005). Correspondingly, TAK1 

inhibition was shown to induce apoptosis (Lamothe et al, 2012; Morioka et al, 2014), yet this 

cytotoxic phenotype is cellular context-dependent (Wang et al, 2015). Furthermore, a 

possible regulatory function of TAK1 in necroptosis signaling has been suggested recently 

(Mihaly et al, 2014; Morioka et al, 2014). More precisely, prolonged TAK1 activation was 

demonstrated to promote RIPK3-dependent necrotic cell death (Morioka et al, 2014). In light 

of the varied functions reported for this kinase, untangling the respective contribution of 

TAK1 targeting by ponatinib from RIPK1/RIPK3 inhibition proves challenging and will be 

eased by future clarification of the precise role TAK1 plays in necroptosis signaling. 

Nevertheless, we ascertained that sole targeting of TAK1 is insufficient to explain the 

protective effect of ponatinib, as the TAK1 inhibitor (5Z)-7-oxozeaenol (Wu et al, 2013b) fails 

to prevent TNF-induced necroptosis. Importantly, ponatinib stands out among the so far 
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described necroptosis inhibitors as the first compound that concurrently targets both RIP 

kinases which are relevant for necroptotic cell death. Identification of ponatinib as a dual 

RIPK1/RIPK3 inhibitor thus adds another sharp tool to the currently available armamentarium 

for scrutinizing the necroptosis pathway.   

Concerning pazopanib, we propose that RIPK1 constitutes the main target mediating the 

protective effect against necroptotic cell death. Pazopanib is an oral, multi-targeted tyrosine 

kinase inhibitor approved for treatment of advanced renal cell carcinoma (RCC) and soft 

tissue sarcoma (van der Graaf et al, 2012; Ward & Stadler, 2010). The drug was reported to 

perform noninferior to sunitinib, the second tyrosine kinase inhibitor available as frontline 

treatment for RCC (Motzer et al, 2013). While showing similar efficacy, pazopanib exhibits a 

favorable safety and tolerability profile. Yet, the drug has been reported to impact liver 

function (McCormack, 2014; Sternberg et al, 2010), and a black-box warning related to 

severe and fatal hepatoxicity was issued in the United States. Pazopanib had been included 

in a study testing the selectivity of 72 kinase inhibitors against a panel of 442 kinase assays 

(Davis et al, 2011). Besides the expected targets VEGFR-1, -2 and -3, PDGFR- -

the stem cell factor receptor c-Kit (Harris et al, 2008; McCormack, 2014), these competition 

binding assays revealed nanomolar binding affinity (Kd = 260 nM) for RIPK1. The inhibitory 

effect of pazopanib on necroptosis is unlikely to rely on its primary targets as vandetanib, 

which has a largely overlapping target spectrum yet does not bind RIPK1 (Davis et al, 2011), 

failed to protect cells from undergoing necroptosis. We verified that RIPK1, but neither RIPK3 

nor MLKL are efficiently targeted by pazopanib. However, a possible contribution of other yet 

undescribed or formerly identified targets, as for example phosphatidylinositol-5-phosphate 

4-kinase, type II, gamma (PIP4K2C) or TAO kinase 3 (TAOK3) (Davis et al, 2011), cannot be 

formally excluded at this point.  

 

3.4. An Inducible Expression System for TAP-MS Approaches Enables  
Identification of MLKL as an HSP90 Client  

Dynamic signaling networks of interacting proteins form the basis of most cellular functions 

(Gingras et al, 2007). The detailed study of protein-protein interactions and protein 

complexes is thus vital to uncover the molecular foundation on which cellular processes are 

being built upon. Investigating protein interaction networks may furthermore allow predicting 

the functionality of previously uncharacterized proteins as well as aid the discovery of novel 

potential drug targets for a given disease. Applying a TAP-MS approach to study necroptosis 

has so far been hampered by the fact that stable ectopic expression of the necroptosis key 

signaling proteins can trigger pathway auto-activation and result in cell death. Cell lines 

commonly employed for inducible expression of SH-tagged bait proteins, as for example 

HEK293, are resistant to necroptosis due to lack of RIPK3 expression (He et al, 2009). Yet, 
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in order to obtain biologically relevant interaction data, TAP-MS experiments for a specific 

protein need to be performed in context of its functional signaling pathway. The inducible 

expression system pRSHIC (retroviral expression of SH-tagged proteins for interaction 

proteomics and color-tracing) described in this study is compatible with SH-based TAP-MS 

approaches in a wide variety of cellular backgrounds and thus opens the possibility to 

systematically map the signaling network underlying necroptotic cell death. Such an 

approach is expected to lead to the identification of novel signal relays and potential 

additional targets for pharmacological interference.   

The applicability of pRSHIC for SH-based interaction studies was illustrated by delineating 

the interactome of the oncogenic G12D mutant of NRAS in murine Ba/F3 cells (Palacios & 

Steinmetz, 1985). The proteomic characterization of such oncogenic gene variants can make 

a crucial contribution to the identification of their respective disease mechanisms, as for 

example demonstrated for CCAAT/enhancer binding protein alpha (CEBPA)-mutated acute 

myeloid leukemia (AML) (Grebien et al, 2015). The proteomic analysis accurately reflected 

previously published and anticipated interaction partners of NRAS G12D, establishing 

pRSHIC as a convenient tool to chart the interactome of proteins carrying cancer-associated 

mutations.  

By utilizing pRSHIC to inducibly express the phosphomimetic S358D mutant form of MLKL in 

HT-29 cells, we unraveled another fine detail of necroptosis biology. For interaction 

proteomics experiments, the temporal length of MLKL S358D expression was tailored to 

optimally exploit the time window of robust bait protein expression prior to onset of cell death. 

In light of previous studies employing the HSP90 inhibitor geldanamycin (Whitesell et al, 

1994) as an unspecific means to block necroptosis (Holler et al, 2000), the interaction 

between MLKL and HSP90 merited further investigation. HSP90 is a molecular chaperone 

that assists its client proteins to attain proper folding, and is thus of crucial importance for 

their stability and function (Taipale et al, 2010). Both RIPK1 and RIPK3 are clients of the 

HSP90-cell division cycle 37 (CDC37) complex and are subjected to proteasomal 

degradation upon HSP90 inhibition (Cho et al, 2009; Lewis et al, 2000; Li et al, 2015). The 

necroptosis protection conferred by geldanamycin has thus been attributed to destabilization 

of these two kinases. Our results show that, besides RIPK1 and RIPK3, HSP90 inhibition 

also affects MLKL. In general, two criteria need to be met by a given protein to confirm its 

HSP90 client status, namely physical interaction and decreased function upon HSP90 

inhibition (Taipale et al, 2010). Indeed, we demonstrate that both the MLKL wildtype as well 

as the MLKL S358D mutant protein interact with HSP90. Inhibition of HSP90 efficiently 

prevented MLKL S358D-induced cell death by triggering proteasomal degradation of the 

mutant protein. We verified that wildtype MLKL was similarly destabilized upon geldanamycin 

treatment, thus validating MLKL as a novel HSP90 client protein. We cannot firmly exclude 
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that some of the HSP90 molecules identified in MLKL co-immunoprecipitation and pulldown 

experiments are piggybacking on the MLKL interactor RIPK3. However, the fact that MLKL 

S358D-induced cell death is efficiently blocked by HSP90 inhibition, yet proceeds 

independently of RIPK3, strongly supports a direct effect of HSP90 on MLKL.  

In addition to proteomics studies, pRSHIC moreover opens the possibility to perform targeted 

chemical screens. In this regard, assaying MLKL S358D-induced cell death against a library 

of small molecule inhibitors may reveal additional compounds that block MLKL or yet 

unidentified downstream pathway members. Indeed, such an approach has been employed 

in a parallel study by Jacobsen et al. (Jacobsen et al, 2016). A library of 438 small molecules 

was screened in both Mlkl- fibroblasts inducibly expressing the constitutively active MLKL 

mutant Q343A, as well as wild-type murine fibroblasts induced to undergo necroptosis. In 

agreement with our results, seven HSP90 inhibitors were identified to block necroptotic cell 

death in both cell types, corroborating the relevance of HSP90 for MLKL-mediated cell death. 

HSP90 activity was proposed to be essential for the formation of higher order MLKL 

complexes and subsequent membrane translocation (Jacobsen et al, 2016). Moreover, 

siRNA-mediated knockdown of CDC37 was shown to reduce cell death induced by a 

phosphomimetic MLKL mutant, corroborating that this kinase-specific co-chaperone serves 

as an adaptor for HSP90 recruitment, as suggested by the interaction proteomics data 

presented here.  

As many oncogenes have been shown to depend on HSP90, several HSP90 inhibitors are 

currently undergoing clinical trials for cancer therapy (Trepel et al, 2010). Notably, the 

geldanamycin-analogue 17-DMAG, which has undergone preclinical assessment for several 

cancers (Garcia-Carbonero et al, 2013), was shown to attenuate necroptosis in vivo in a rat 

model of TNF-induced SIRS (Li et al, 2015). Given the current efforts to develop compounds 

for therapeutic use in necroptosis-associated diseases, identification of another class of 

clinical stage agents capable of blocking necroptotic cell death is of significant interest. 

Conversely, these findings raise the need to address whether the inhibitory effect on 

necroptosis has implications for the use of HSP90 inhibitors in cancer treatment.  

 

3.5. Towards Necroptosis Inhibitors for Clinical Use  

Vital issues that need to be addressed regarding the potential clinical application of 

necroptosis inhibitors include identification of the disease conditions most likely to benefit 

from such treatment as well as the time window and required duration of therapy. Given the 

rapid temporal course of necroptosis, inhibitors may hold most promise for clinical conditions 

in which necroptotic cell death can be anticipated, such as IR injury following transplantation 

or vessel occlusion (Linkermann et al, 2013b). Among the conditions with therapeutic 

potential for necroptosis inhibition described so far, solid-organ transplantation may be the 
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scenario holding the most favorable benefit-to-risk ratio for first clinical trials (Linkermann et 

al, 2014c).  

The identification of the FDA-approved drugs ponatinib and pazopanib as efficient 

necroptosis inhibitors puts them forward as possible candidates for clinical application. Yet, 

both these drugs are associated with strong side effects, which may be acceptable for anti-

cancer treatment, but precludes their use in less severe conditions. Nevertheless, most 

adverse drug effects, such as onset of hepatoxicity, are seen after several weeks of 

continuous therapy (Shah et al, 2013). In contrast, interference with necroptosis may require 

only short-term or even a single dose of drug treatment. As a matter of fact, a single dose of 

ponatinib has been reported to be generally well tolerated in healthy subjects (Narasimhan et 

al, 2013). However, with attention to the safety concerns as well as the low specificity of 

pazopanib and ponatinib for the necroptosis-relevant targets, using their scaffolds as starting 

point for development of highly selective necroptosis inhibitors may prove a fruitful strategy. 

In a study performed in parallel to the work presented here, Najjar et al. (Najjar et al, 2015) 

also identified ponatinib as necroptosis inhibitor, and applied such a structure-guided design 

strategy to the drug in order to develop derivates with increased selectivity for RIPK1. 

Combination of the ATP pocket-binding moiety of ponatinib with the RIPK1 inhibitor Nec-1 

led to creation of the hybrid molecule PN10, displaying enhanced potency, higher selectivity 

for RIPK1, and lower cytotoxicity. Both ponatinib as well as the ponatinib-based hybrid 

inhibitor protected against TNF-induced toxicity in vivo and showed higher activity than Nec-1 

regarding survival and tissue injury (Najjar et al, 2015). While further evaluation of this 

ponatinib-Nec-1 hybrid molecule in other preclinical models of necroptosis-associated 

pathology will be needed to interrogate its therapeutic potential, these results highlight the 

value of medicinal chemistry for the development of drug-like necroptosis inhibitors. In like 

manner to RIPK1-specific agents, alternative modifications of the ponatinib scaffold may 

allow to establish more selective pan-RIPK inhibitors. In fact, ponatinib has recently been 

found to also inhibit the RIP kinase family member RIPK2 (Canning et al, 2015). The first 

crystal structure of RIPK2 has been solved in complex with ponatinib, and can thus serve as 

a basis for the rational design of RIPK2-selective compounds.   

To date, the only other candidate proposed for clinical application as anti-necroptosis agent 

is the BRAFV600E inhibitor dabrafenib, which was shown to have an off-target effect on RIPK3 

(Li et al, 2014). Taking the sequence similarity of RIPK1 and RIPK3, as well as the 

conformational resemblance of RIPK1 and BRAF into account, Li and coworkers (Li et al, 

2014) tested a selected panel of eight BRAF inhibitors for their effect on RIPK3. Six of those 

small molecules blocked RIPK3 activity in kinase assays, dabrafenib bearing the most potent 

impact. Dabrafenib was subsequently shown to inhibit necroptosis in cellular models as well 

as to reduce acetaminophen-induced RIPK3-mediated liver injury in mice (Li et al, 2014). 
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Clinically, dabrafenib is approved for use in BRAFV600E-mutated metastatic melanoma 

(McGettigan, 2014). Similar to ponatinib and pazopanib, the numerous common side effects 

described for this drug pose a constraint on direct repurposing endeavors for necroptosis-

related diseases, despite its generally acceptable human safety profile. However, as 

necroptosis inhibition by dabrafenib occurs independently of its effect on BRAF, structure-

activity relationship (SAR) studies aimed at discerning the moieties mediating RIPK3 and 

BRAF inhibition may serve to develop selective RIPK3 inhibitors. The effect of this newly 

described off-target of dabrafenib in its approved indications is a matter of current 

investigation (Geserick et al, 2015).   

Taken together, the discovery of FDA-approved drugs blocking necroptotic signaling, 

together with elucidation of the respective molecular targets involved, opens new avenues for 

the development of anti-necroptosis agents for clinical use. 
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3.6. Conclusion and Future Prospects  

Major advances in understanding the molecular machinery and pathophysiological roles of 

necroptosis have been made since its first description ten years ago (Degterev et al, 2005). 

Despite its relatively recent discovery, evidence for the implication of programmed necrotic 

cell death in human pathology has accumulated quickly over the past years. Hence, the 

growing insight into the molecular mechanisms of necroptosis entails the exciting prospect of 

bringing therapeutic benefit to patients in the future. Yet, a number of questions remain to be 

addressed in order to be able to translate the therapeutic advantage gained by blocking 

necroptosis in preclinical models into cytoprotective therapies for clinical use. It will be of 

crucial importance to elucidate to which extent the different pathways of regulated necrosis 

are integrated, as maximum clinical benefit may require concomitant targeting of multiple cell 

death programs (Linkermann et al, 2014c). In-depth examination of the necroptosis cascade 

should optimally involve the dynamic characterization of the interaction partners and 

complexes associated with the individual pathway members. In this regard, establishment of 

an inducible expression system, which allows proteomic analysis of the necroptosis pathway 

in the relevant cellular setting, opened the way for mapping the protein interaction network 

underlying necroptotic cell death and other programmed necrosis pathways. In addition to 

the potential identification of further regulators, such studies will pinpoint the molecular 

checkpoints of the necroptosis pathway and thus provide valuable information as to which 

signaling step constitutes the optimal entry point for therapeutic intervention. Major efforts 

should further be dedicated to the development of cytoprotective pharmacological agents 

which are eligible for clinical application. In this respect, identification of necroptosis inhibitors 

among drugs which are currently in clinical development as well as already approved drugs, 

combined with elucidation of their precise molecular mode of action, provides a valuable 

chemical basis for the development of potent anti-necroptosis agents. Preclinical studies in 

mouse models will be of crucial importance in assessing the potential of these compounds 

for treatment of necroptosis-related diseases. As the first dual RIPK1/RIPK3 inhibitor, 

ponatinib can here be used to decipher whether dual inhibition results in improved outcome 

as compared to separate targeting of these kinases. Future will tell whether necroptosis 

inhibition in human disease will meet the expectations raised by current data and enter 

clinical practice. 
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like that of any fundamentally central phenomenon of life, 
is a window onto the world of a cell and its existence in the organism as a whole.  
 
As such, 
it is necessarily linked to other processes, 
and how it is linked, with the resulting complexity, 
is intertwined with other fundamental fields of study. 
 
Yes, there is more to do. 
 

 
 
 

 
 

 
(Green, 2016) 
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