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ABSTRACT 

 

Receptor Interacting Serine/Threonine Kinase-3 (RIPK3) is essential for necroptosis, an 

inflammatory form of programmed cell death pathway implicated in innate immunity, kidney 

ischemia reperfusion injury, and systemic inflammatory response syndrome. In the classical 

model, cells committed to necroptosis phosphorylate RIPK1, which in turn drives RIPK3 

phosphorylation and oligomerisation. Active RIPK3 oligomers subsequently phosphorylate 

mixed lineage kinase domain-like protein (MLKL) pseudokinase which induces its 

translocation to the plasma membrane. The necroptosis pathway culminates in MLKL 

perforating the plasma membrane as a prelude to cellular rupture and release of 

inflammatory cytokines and damage-associated molecular patterns to the extracellular milieu. 

In addition to being a pro-necroptotic kinase, RIPK3 is also capable of triggering 

apoptosis when its kinase activity is restrained. Moreover, numerous death-independent 

roles of RIPK3 have been described in the context of inflammation such as arthritis, viral 

infection, or colitis whereby RIPK3 either promotes or dampens the secretion of pro-

inflammatory cytokines. Understanding the molecular regulation of RIPK3 will thereby 

facilitate the ongoing pre-clinical development of RIPK3 inhibitors.  

Like most proteins, post-translational modification (PTM) is a critical fine tuner of 

RIPK3 activities. Ubiquitylation, in particular, has recently garnered attention in the cell death 

field as loss of this PTM may result in hyperactive RIPK3 which consequently accelerates death 

and inflammation. However, the post-translational control of RIPK3 signalling is not fully 

understood. Using mass-spectrometry, I identified a novel ubiquitylation site on murine RIPK3 

on lysine 469 (K469). Complementation of RIPK3-deficient cells with a RIPK3-K469R mutant 

demonstrated that the decoration of RIPK3 K469 by ubiquitin limits both RIPK3-mediated 

caspase-8 activation and apoptotic killing, in addition to RIPK3 autophosphorylation and 

MLKL-mediated necroptosis. Unexpectedly, the overall ubiquitylation of mutant RIPK3-K469R 

was enhanced, which largely resulted from additional RIPK3 ubiquitylation upstream on lysine 

359 (K359). Loss of RIPK3-K359 ubiquitylation reduced RIPK3-K469R hyper-ubiquitylation and 

also RIPK3-K469R killing. Collectively, I therefore propose that ubiquitylation of RIPK3 on K469 
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functions to prevent RIPK3 hyper-ubiquitylation on alternate lysine residues, which otherwise 

promote RIPK3 oligomerisation and consequent cell death signalling. 

 I further investigated the consequence of abolishing RIPK3 K469 ubiquitylation by 

generating Ripk3K469R/K469R mice. In agreement with in vitro findings, primary fibroblasts with 

mutant RIPK3-K469R enhanced apoptosis, and in vivo studies demonstrate that RIPK3-K469 

ubiquitylation contributes to pathogen clearance. Specifically, when Ripk3K469R/K469R mice 

were challenged with Salmonella enterica serovar Typhimurium, bacterial loads in the spleen 

and liver were significantly increased relative to wildtype control animals. The increased 

bacterial burden in the mutant mice was consistent with reduced IFN produced in the serum, 

while the elevated MCP-1 cytokine upon infection might be indicative of heightened immune 

infiltrates. 

Although necroptosis signalling clearly triggers cell death, how it might impact other 

cellular responses remains unclear. Therefore, to further delineate the functional outcomes 

of necroptotic activity I examined how its signalling impacts autophagy. The autophagy 

pathway is triggered when cells are deprived of nutrients. Although regarded as a pro-survival 

pathway which acts to recycle and remove damaged organelles, studies have recognised that 

autophagic pathways can impact cell death processes. In apoptosis, for instance, autophagy 

acts to limit pro-inflammatory IFN- secretion, thus decreasing apoptotic immunogenicity. 

Nonetheless, little is known about the status of autophagy during necroptosis. I demonstrate 

through various genetic, imaging, and pharmacological approaches that active MLKL 

translocates to autophagic membranes during necroptosis. However, contrary to previous 

findings which reported the activation of autophagy upon necroptotic activity based on 

increased lipidated LC3B, a commonly used marker of autophagy induction, I challenged this 

conclusion by demonstrating that the accumulation of active LC3B during necroptosis is a 

consequence of reduced autophagic flux. Therefore, unlike apoptosis which proceeds in 

tandem with autophagy, the induction of necroptosis negates autophagy in an MLKL-

dependent manner. While the function of MLKL-mediated autophagy inhibition warrants 

further investigation, I propose that attenuating autophagy during necroptosis contributes to 

the immunogenicity of this cell death modality by limiting the ability of the cell to clear 

damaged organelles and immunogenic molecules. 
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 Overall, my research has helped in outlining how a key necroptotic molecule RIPK3 is 

regulated post-translationally and how this is relevant in the context of microbial defence. I 

have also defined novel functional roles for necroptosis signalling in the regulation of 

autophagic responses. Understanding the molecular regulation of necroptosis signalling and 

how this cell death pathway is linked to other cellular responses, such as autophagy, is 

important for the accurate design of new therapeutics to target these pathways in 

pathological settings. 
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CHAPTER 1 – INTRODUCTION 

1.1 Summary 

By the time I was born, more of me had died than survived. It was no wonder I cannot 

remember; during that time I went through brain after brain for nine months, finally contriving 

the one model that could be human, equipped for language. – Lewis Thomas, in The Fragile 

Species 

 

Cells commit suicide as part of normal human development and physiology. Indeed, the most 

common trigger of cell death is not from accidental events such as mechanical injury, but 

from activation of a programmed self-destruction mechanism inherent in all cells (Kerr et al., 

1972; Vaux et al., 1994). During embryonic development, cell death plays multiple key roles 

in removing superfluous structures and sculpting complex organs, which include pruning 

away unneeded neurons during neurogenesis (Burek and Oppenheim, 1996), removing the 

interdigital webbing in the limbs (Zakeri et al., 1994), and generating middle ear space 

(Roberts and Miller, 1998). By the time a person reaches adulthood and when growth has 

stopped, they shed around 50-70 billion cells each day to balance constant cell division. The 

homeostasis of cell division and cell death is paramount to human health. When the balance 

is tipped to favour cell division over cell suicide, pathologies can ensue, such as cancer 

(Strasser and Vaux, 2020). 

Enormous interest in programmed cell death over the past 30 years has revealed 

numerous pathways on how cells commit suicide, of which apoptosis, necroptosis and 

pyroptosis are the three forms of cell death modes that have been most extensively studied. 

It is now established that each cell death mode has their own set of executioners which can 

be in the form of proteases (apoptosis and pyroptosis) or kinases (necroptosis) (Galluzzi et al., 

2018). Despite receiving enormous interest, numerous questions remain unsolved in the cell 

death field. For example, although the central dogma of molecular biology has been expanded 

to include the post-transcriptional and post-translational machineries, which are important 

in fine-tuning genetic and protein signalling networks respectively, it remains incompletely 

understood how post-translational modifications regulate newly described cell death 

effectors, such as receptor-interacting serine/threonine protein kinase 3 (RIPK3) and mixed 
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lineage kinase domain-like (MLKL). Therefore, in this research project I sought to identify post-

translational modification events, specifically ubiquitylation and its functional roles, in 

regulating the essential necroptotic cell death signalling component RIPK3. 

Apart from programmed cell death, another equally important fundamental cellular 

mechanism is autophagy. Autophagy is a pro-survival mechanism that enables cells to recycle 

their cytoplasmic material in the lysosome to maintain homeostasis of amino acids, lipids and 

nucleotides (Galluzzi et al., 2017). Because autophagy is a cellular defense mechanism against 

various stressors such as nutrient deprivation, it raises the question on what happens to the 

cellular recycling process when cells commit to die? In other words, does the autophagy 

pathway intersect with the programmed cell death pathways? Interestingly, it was recently 

reported that activation of autophagy during cell death, specifically apoptosis, plays a role in 

reducing the cell death-triggering immunogenicity (Lindqvist et al., 2017; Lindqvist et al., 

2014). Nevertheless, the crosstalk between autophagy observed in apoptosis may also be 

relevant to necroptosis signalling. Therefore, I examined how autophagy is impacted when 

the necroptotic cell death machinery, RIPK3 and MLKL, are activated. 

To address the research questions raised above, I have used pharmacological and 

genetic methods to target the key players in programmed cell death and autophagy pathways, 

and study their impact in vitro. Furthermore, I generated a mouse model through 

CRISPR/Cas9 technology to study the impact of disrupting the post-translational control of 

RIPK3 in vivo. By understanding the basic cell biology of programmed cell death, we can 

translate this knowledge into therapeutic purposes to treat a broad range of pathologies that 

these pathways have been implicated in.  

1.2 Aims 

Based on the rationale outlined in the preceding section, I have pursued the following aims in 

this research project: 

1. To identify and functionally characterise novel ubiquitylation sites on RIPK3 in vitro 

and in vivo. 

2. To characterise the impact of necroptosis signalling on autophagy. 

Aim 1 is explored in chapters 3 and 4, while aim 2 is explored in chapter 5. 
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1.3 The numerous ways to cellular self-destruction  

The phenomenon of cell death had been dismissed for a long time as uncontrolled or 

accidental until researchers discovered the internal instruction manual for cells to die in 1972, 

and used the term apoptosis to distinguish the process from cell death caused by traumatic 

events such as mechanical injury, or changes in pH (Kerr et al., 1972). However, it was not 

until biologists began to elucidate the genetically encoded mechanisms of apoptosis that 

enormous scientific interest took hold (Vaux et al., 1988).  

In recent years, a large body of experimental work has unveiled a number of cell death 

mechanisms in addition to apoptosis, including necroptosis, pyroptosis, ferroptosis, NETosis, 

and efferocytosis (Galluzzi et al., 2018). Apoptosis, necroptosis, and pyroptosis are the three 

commonly investigated forms, and better understood mechanisms, of programmed cell death, 

and are further explored below. Interestingly, the three cell death modes are not mutually 

exclusive and they can crosstalk in certain contexts. The plasticity and diversity in how cells 

end themselves allow the organism to adapt and counteract myriad pathogens which are 

constantly evolving strategies to hijack cells and manipulate the immune response. 

1.4 The road to apoptosis  

Apoptosis is the predominant mode of cell death that governs embryonic development and 

tissue homeostasis in multicellular organisms. Morphologically, it is characterised by DNA 

fragmentation, cellular shrinkage, plasma membrane blebbing and formation of apoptotic 

bodies. Apoptosis also releases ‘eat me’ signals for phagocytic cells to engulf the dying cells, 

such as exposure of phosphatidylserine on the outer leaflet of the plasma membrane (Galluzzi 

et al., 2018). Although frequently regarded as a non-immunogenic form of cell death due to 

its rapid clearance by phagocytic cells, recent experimental data suggest that apoptosis can 

trigger the immune response by the release of damage-associated molecular patterns 

(DAMPS) into the tissue microenvironment, such as ATP and high-mobility group box 1 

protein (HMGB1), in some contexts (Vandenabeele et al., 2016). In addition, apoptotic cells 

can undergo inflammatory secondary necrosis mediated by cell surface proteins known as 

gasdermin E (GSDME) (Rogers et al., 2017; Wang et al., 2017) and NINJ1 (Kayagaki et al., 2021).  

Apoptosis is defined as intrinsic or extrinsic depending on the source of the activating 

stimulus (Figure 1.1). Regardless of how it is activated, both the so-called extrinsic and 
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intrinsic apoptotic signalling pathways converge on activation of the same Cysteine Aspartic 

acid proteases (caspases) to yield similar morphological and functional outcomes (Figure 1.1). 

 

 

Figure 1.1. Comparison between intrinsic and extrinsic apoptosis. 

The source of intrinsic apoptosis stems from within a cell, e.g. DNA damage or nutrient 

deprivation. The stimulus does not engage any membrane receptor, but activates BH3-

only proteins which transmit the signal to induce BAX- BAK-mediated apoptosis. In 

contrast, extrinsic apoptosis begins with death receptor activation, for example FAS 

receptor, which activates caspase-8-mediated apoptosis independent of BAX and BAK. 

However, in some cell types, extrinsic stimulus also activates tBID which induces BAX and 

BAK. Both intrinsic and extrinsic apoptosis are mediated by the apoptotic caspase cascade, 

which converges on effector caspase-3 and caspase-7 activation. MOMP: mitochondrial 

outer membrane permeabilisation. Figure was adapted from “Apoptosis Extrinsic and 

Intrinsic Pathways”, by BioRender.com (2021). Retrieved from https://app.biorender.com 

/biorender-templates. 
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1.4.1 BAX and BAK are the gatekeepers to death from within 

Intrinsic apoptosis is governed by a family of B cell CLL/lymphoma-2 (BCL-2) proteins 

identifiable by presence of BCL-2 homology (BH) domains. Members of the family can be 

further classified as either anti-apoptotic or pro-apoptotic (Czabotar et al., 2014). The 

interplay between the two opposing groups ultimately dictates whether cells survive or 

commit suicide.  

In healthy cells, the anti-apoptotic BCL-2 members keep the pro-apoptotic effectors 

Bcl-2-associated X protein (BAX) and Bcl-2 homologous antagonist killer (BAK) in their inactive 

states (Czabotar et al., 2014). The anti-apoptotic BCL-2 family consists of BCL-2 itself, BCL-2-

related gene A1 (BFL-1), BCL-W, BCL-long isoform (BCL-XL), and myeloid cell leukemia 1 

(MCL1). However, when cells are stressed from growth factor deprivation or DNA damage, 

pro-apoptotic BH3-only proteins, such as BH3-interacting domain death agonist (BID) and 

BCL-2-interacting mediator of cell death (BIM), become active and antagonise the anti-

apoptotic proteins to release BAX and BAK from their off state—known as indirect activation 

model. Certain BH3-only proteins, such as truncated BID (tBID) and BIM, can directly interact 

with and activate BAX and BAK. In both indirect and direct models, active BAX and BAK 

oligomerise to induce mitochondrial outer membrane permeabilization (MOMP) which 

causes cytochrome c release from the mitochondrial intermembrane space to the cytoplasm.  

MOMP is a point-of-no-return for the cell as cytochrome c rapidly binds to apoptotic 

protease activating factor-1 (APAF-1) to trigger its oligomerisation into an apoptosome, a 

platform for initiating activation of a cascade of caspases (Tait and Green, 2010). Beginning 

with caspase-9, its activation in the apoptosome leads the protease to cleave and promote 

caspase-3 and caspase-7 to further execute cleavage of numerous different substrates, 

ultimately resulting in the phenotypic changes occurred during apoptosis. Apart from 

cytochrome c, other mitochondria-resident proteins are also released into the cytoplasm to 

promote apoptotic death, in particular, second mitochondria-derived activator of caspases 

(SMAC) (Du et al., 2000; Verhagen et al., 2000). SMAC degrades Inhibitor of Apoptosis 

Proteins (IAPs) which consist of cellular IAP 1 (cIAP1), cIAP2, and X-linked Inhibitor of 

Apoptosis (XIAP) (Silke and Meier, 2013). The IAPs prevents apoptosis induction by inhibiting 

caspase activity (Deveraux et al., 1998). Therefore, SMAC-mediated removal of IAPs allows an 

unrestrained caspase cascade, resulting in the efficient cell death known as apoptosis. 
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1.4.2 From bench to bedside: how elucidation of intrinsic apoptosis has led to drugs 

development  

Activating mutations in anti-apoptotic BCL-2 family have been linked to diverse cancers.   

Indeed, approximately 10-15% human cancers exhibit amplifications of the genes encoding 

MCL1 or BCL-XL (Beroukhim et al., 2010). In follicular lymphomas, at least 50% cases can be 

attributed to t14:18 chromosomal translocations, which drive overexpression of BCL-2 

(Tsujimoto et al., 1985). In addition, high expression of oncogenic BCL-2 has been associated 

with chronic lymphocytic leukemias (CLLs) (Pekarsky et al., 2018). As such, targeting the BCL-

2 members to restore cellular apoptotic capability has been of therapeutic interest. One 

method is through the use of BH3 mimetics that mimic the pro-apoptotic BH3-only proteins 

in binding and inactivating BCL-2 members (Delbridge et al., 2016). The experimental BH3 

mimetic ABT-737, and its orally active variant, Navitoclax, were the first generation of drugs 

used to inhibit BCL-2, BCL-XL, and BCL-W. Subsequently, a newer generation of BH3 mimetics, 

represented by Venetoclax, was developed to specifically target BCL-2 (Merino et al., 2018). 

Venetoclax is the only BH3 mimetic that has been approved for treatment of CLL and acute 

myeloid leukemia (AML) which has produced substantial responses, even in patients with 

relapsed or chemotherapy refractory cases (Konopleva et al., 2016; Roberts et al., 2016; 

Stilgenbauer et al., 2016).  

1.4.3 Apoptosis via death receptor signalling 

Unlike the intrinsic pathway, which relies on BAX and BAK, cells can also undergo apoptosis 

extrinsically in a caspase-8-dependent manner through ligation of death receptors (DRs). The 

DRs are subgroup of the tumour necrosis factor (TNF) receptor superfamily (TNFRS) of 

cytokines characterized by the presence of a death domain (DD) in their cytoplasmic segments. 

There are six human DRs identified so far: TNF receptor 1 (TNF-R1), FAS (CD95), TRAMP (DR3), 

TNF-related apoptosis-inducing ligand (TRAIL) receptor 1 and 2 (TRAIL-R1 and TRAIL-R2, 

respectively), and DR6. The cognate ligands of these DRs are lymphotoxin-alpha (LT-α) and 

TNF, FASL (CD95L), TL1A, and TRAIL respectively, while the ligand for DR6 remains disputed 

(Walczak, 2013). All DRs utilise a primary platform adaptor to transduce their signals, either 

FADD (FAS Associated Death Domain) or TRADD (TNF Receptor Associated Death Domain).  

The FAS, TRAIL-R1, and TRAIL-R2 receptors use the pro-apoptotic adaptor molecule 

FADD to directly recruit caspase-8 to their intracellular region, leading to a complex formation 
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known as death-inducing signalling complex (DISC). The DISC platform catalyses the activation 

of caspase-8 to initiate the caspase cascade which ultimately demolishes the cell (Walczak, 

2013; Wertz and Dixit, 2010). Although, upon ligation, DRs can directly signal via the caspase-

8/3/7 axis to effectively kill cells, in some cell types, such as the hepatocytes, DR-mediated 

apoptosis requires additional caspase-8-induced activation of pro-apoptotic BID into tBID to 

activate BAX and BAK and thereby pass the death threshold (Li et al., 1998; Yin et al., 1999). 

tBID is therefore a key molecule which connects death receptors to the mitochondrial 

apoptosis pathway (Figure 1.1).  

In contrast to FADD which generally commits a cell to apoptosis, the TRADD adaptor 

induces gene transcription for inflammatory response to infection, in addition to apoptotic 

signalling (Figure 1.2). The two DR members known to utilise the TRADD adaptor molecule 

are TNF-R1 and TRAMP. When these receptors are induced, TRADD initiates formation of a 

receptor signalling complex (RSC) at the plasma membrane, known as Complex I, by serving 

as an assembly platform for additional downstream effector proteins, such as receptor 

interacting protein kinase-1 (RIPK1), TNF receptor associated factor-2 (TRAF2), and cIAPs 

(Walczak, 2013). cIAPs subsequently ubiquitylate components of Complex I, such as RIPK1, to 

recruit a secondary ubiquitin ligase known as the linear ubiquitin chain assembly complex 

(LUBAC). Both cIAPs and LUBAC are crucial for decorating the Complex I with different 

ubiquitin linkages to serve as a platform for activating IB kinase (IKK) and TAB/TAK 

complexes. The IKK complex consists of IKK, IKK, and IKK (NEMO) subunits, while the 

TAB/TAK complex consists of transforming growth factor-β (TGFβ)-activated kinase 1 (TAK1). 

Both IKK and TAB/TAK complexes are effectors of the NF-B, mitogen-activated protein 

kinases (MAPKs), and c-Jun N-terminal kinase (JNK) pathways ultimately responsible for 

driving production of inflammatory cytokines during infection. Other key transcriptional 

targets of TNF-RSC include cellular FLICE-like inhibitory protein (cFLIP) and deubiquitylating 

enzyme A20. cFLIP is an enzymatically inactive homolog of caspase-8 which inhibits caspase-

8 activity, thus preventing it from inducing cell death (Tsuchiya et al., 2015). Meanwhile, A20 

exerts an anti-inflammatory role by providing a negative feedback to the NFB pathway and 

also restricts cell death (Boone et al., 2004; Duong et al., 2015; Lee et al., 2000; Wertz et al., 

2004). 
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The pro-survival role of TNF-RSC can switch to a death-promoting role when a 

promoter of the TNFR1-mediated NF-B pathway is disrupted. For example, loss of E3 ligases 

cIAPs or LUBAC (Peltzer et al., 2014; Silke and Vaux, 2015), or loss of TAK1 (Dondelinger et al., 

2013) can lead to disintegration of Complex I. As a consequence, RIPK1, or TRADD, detaches 

from the complex and proceed in recruiting FADD and caspase-8 to assemble a cytosolic 

complex, dubbed Complex II, to trigger apoptosis (Figure 1.2). Under some circumstances and 

cell types, another member of RIP kinase family, RIPK3, can serve as a scaffold to facilitate 

Complex II formation and activation (Dondelinger et al., 2013). Other NF-B signalling 

 

Figure 1.2. TNFR1 signalling promotes cell survival under normal conditions, but has a 

deadly outcome when compromised.  

TNF engagement of TNFR1 leads to recruitment of the adaptor protein TRADD and 

subsequent assembly of membrane-bound Complex I. The outcome of Complex I assembly 

is NF-B-mediated transcription of A20, cFLIP, and inflammatory cytokines. However, in 

conditions of reduced cIAP1/2, LUBAC, or cFLIP, Complex I dissociates and cytosolic RIPK1, 

in particular, proceeds to assemble Complex II for caspase-8 activation. Active caspase-8 

subsequently triggers apoptosis.  
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components, in particular IKK and IKK, are also involved in phosphorylating RIPK1 to 

prevent its activation (Dondelinger et al., 2015). As such, loss of either kinase is sufficient to 

induce RIPK1-driven apoptosis. Disruption of NF-B signalling also results in reduced cFLIP 

production so that the cell can no longer restrain caspase-8 activity, thus accelerating 

apoptosis (Wang et al., 2008). In addition to blocking apoptosis, cFLIP is also indispensable in 

restraining another form of regulated cell death known as necroptosis, and it does so by 

promoting the enzymatic activity of a FADD-caspase-8 complex which cleaves RIPK1 and 

RIPK3 to inactivate these two key players of the necroptotic death pathway (Tsuchiya et al., 

2015). As such, cFLIP-/- lethality can only be reversed by combined deletion of FADD and RIPK3 

(Dillon et al., 2012). 

1.4.4 Can DR signalling be exploited to defend against cancer? 

Cell culture and animal studies have demonstrated the ability of TRAIL to kill certain cancer 

types such as fibrosarcoma, which raises the avenue of developing TRAIL agonists either in 

the form of TRAIL ligand or receptor-activating antibodies.(Yang et al., 2010). The anti-tumour 

effect of TRAIL is partly attributed to its role in promoting natural killer (NK) cell function in 

tumour surveillance. As such, TRAIL-deficient mice are susceptible to tumour development 

and metastasis (Cretney et al., 2002; Takeda et al., 2002). Although well-tolerated in healthy 

cells, the clinical trials of TRAIL agonists such as Dulanermin, Mapatumumab and Drozitumab 

have been stagnant, with progression of some agents halted due to lack of clinical response. 

1.5 Necroptosis: a non-universal genetically programmed necrosis as an extra barrier 

against pathogen infections 

While apoptosis is the best studied form of cell suicide, many cell types are also equipped 

with another programmed, but inflammatory, form of cell death known as necroptosis (Figure 

1.3). The term ‘necroptosis’ was coined in 2005 upon discovery of a novel compound, 

Necrostatin-1 (Nec-1), which could block RIPK1-dependent programmed necrotic death 

(Degterev et al., 2005; Holler et al., 2000). These early studies serve as a tipping point in 

necroptotic research, and in less than a decade, two additional core components of 

necroptosis downstream of RIPK1, namely RIPK3 and MLKL, have been identified through 

genetic studies (Cho et al., 2009; Sun et al., 2012).  
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Although the necroptosis pathway hinges on the RIPK1-RIPK3-MLKL molecular trio, 

phylogenetic analysis surprisingly reveals a poor conservation of RIPK3 and MLKL across the 

animal kingdom, challenging the universality of this cell death modality (Dondelinger et al., 

2016; Newton and Manning, 2016). A number of vertebrates lack the RIPK3 and/or MLKL 

genes such as zebrafish, chicken, cat, dog, wallaby, and Tasmanian devil. This observation is 

surprising given that RIPK3 and MLKL are indispensable for necroptosis induction in human 

and mouse. Unlike RIPK3 and MLKL, RIPK1 is more ubiquitously expressed in the animal 

 

Figure 1.3. The blueprint for necroptosis.  

Activation of either TNFR1, TLR3/4, DAI (ZBP1), or IFNR serves as a gate to cellular demise 

by necroptosis when the levels of IAPs and caspase-8 catalytic activity are reduced. 

Depletion of both of these necroptotic brakes can be achieved by SMAC mimetic and pan-

caspase inhibitor (e.g. IDN-6556, z-VAD or QVD) treatment. In the standard model, 

necroptosis induction requires RIPK1, RIPK3, and MLKL. This event is inhibitable by Nec-1 

treatment. However, in some cases, such as viral dsDNA detection by DAI, RIPK1 is 

dispensable, and necroptosis can proceed through the DAI-RIPK3-MLKL axis instead.  
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kingdom. This might be potentially due to RIPK1 serving as a master regulator of other cell 

death and inflammatory signalling pathways, apart from its canonical role in necroptosis 

induction (Silke et al., 2015). Despite minimal conservation, some species such as the sea 

urchin and acorn worm possess RIPK3- or MLKL-like proteins which might represent RIPK3 or 

MLKL orthologues capable of triggering necroptosis (Dondelinger et al., 2016). Alternatively, 

it is possible that RIPK3- or MLKL-deficient animals can still induce necroptosis via a non-

canonical signalling that is yet to be identified.  

In organisms equipped with complete necroptotic machineries, several scenarios of 

non-canonical necroptosis induction have been identified. For example, overexpression of 

RIPK3 was reported to induce necroptosis in TNF-treated Ripk1-/- mouse embryonic 

fibroblasts (MEFs), suggesting that RIPK1 is dispensable for RIPK3 to activate MLKL in some 

contexts (Moujalled et al., 2013). RIPK1 is also not required in the context of cytomegalovirus 

infection whereby a cytosolic Z-DNA/Z-RNA sensor known as Z-DNA binding protein 1 

(ZBP1/DAI/DLM-1) can bypass the requirement of RIPK1, and form an oligomer with RIPK3 via 

RIP homotypic interaction motif (RHIM)-RHIM domain interactions to activate MLKL and 

induce necroptosis (Figure 1.3) (Nailwal and Chan, 2019; Upton et al., 2012). In addition to 

RIPK1 dispensability in certain contexts, RIPK3 is also not required for cell death in a mouse 

strain exhibiting spontaneous MLKL activation resulting from a D139V missense mutation 

(Hildebrand et al., 2020). 

The expression of necroptotic components can also vary across different cell types at 

the species level. This is best exemplified by the minimal expression of MLKL in the human 

central nervous system (Dermentzaki et al., 2019; Wang et al., 2020). The lack of necroptotic 

machinery in numerous species suggest that the necroptosis pathway likely serves as a 

backup defence mechanism in the event that a cell death pathway, such as apoptosis, is 

blocked. Indeed, many pathogens have evolved different strategies in inhibiting DR apoptotic 

components. For example, several types of herpesvirus encode a viral version of caspase-8, 

viral FLICE-inhibitory proteins (vFLIP), to facilitate their survival by interfering with host 

caspase-8 activation (Bertin et al., 1997; Thome et al., 1997). Bacterial pathogens have also 

developed elegant invasion mechanisms to promote their replication and survival, such as by 

activating the pro-survival NF-B signalling or by upregulating the anti-apoptotic players (Eng 

et al., 2021; Robinson and Aw, 2016).  
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Most studies to date have used genetic and/or pharmacological inhibition to block the 

E3 ligases cIAP1/2 and caspase-8 upon receptor activation to induce necroptosis (Grootjans 

et al., 2017). The use of SMAC mimetics, such as Compound A and Birinapant, mimic 

endogenous SMAC in targeting the IAPs for proteasomal degradation, while pan-caspase 

inhibitors such as IDN-6556, z-VAD, and Q-VD-OPh (QVD) can be used to deactivate the 

catalytic activity of most caspases (Brumatti et al., 2016; Vince et al., 2007). In conditions of 

reduced IAPs and caspase activity, stimulation from either DRs (e.g. TNFR1, FAS, TRAIL-R), 

Toll-like receptors (TLRs; e.g. TLR3 and TLR4), or Interferon receptors (IFNRs) promote 

formation of a RIPK1-RIPK3 cell-death inducing platform known as a necrosome (Cho et al., 

2009; Tenev et al., 2011) (Figure 1.3). Necrosome formation is mediated via the RHIM-RHIM 

interaction between RIPK1 and RIPK3 which adopts a functional hetero-amyloidal structure 

(Mompean et al., 2018) with the RIPK3 kinase domain capable of phosphorylating the 

necroptotic executioner MLKL (Sun et al., 2012; Wang et al., 2014a; Zhao et al., 2012). 

Although MLKL is known to trigger cellular disintegration, it does not localise exclusively to 

the plasma membrane, and has been reported to bind to numerous organelles preceding cell 

death such as the endosome, mitochondria, endoplasmic reticulum (Samson et al., 2021; 

Wang et al., 2014a; Yoon et al., 2017), and potentially autophagic organelles including 

autophagosomes, autolysosomes and lysosomes (Frank et al., 2019). 

The precise choreography of MLKL-mediated killing is unclear. This pseudokinase 

necroptotic executioner comprises of two functional domains bridged by a two-helix linker 

(known as the brace region): an N-terminal four-helix bundle (4HB) and a C-terminal 

pseudokinase domain (Petrie et al., 2017). The 4HB domain is dubbed the ‘killer’ domain as it 

is capable of rupturing membranes (Dondelinger et al., 2014; Quarato et al., 2016; Wang et 

al., 2014a), whereas the C-terminal pseudokinase domain functions as a molecular switch that 

is toggled by RIPK3 phosphorylation (Murphy et al., 2013; Sun et al., 2012). The current 

necroptotic model suggests that once RIPK3 triggers the pseudokinase switch via 

phosphorylation, MLKL undergoes a conformational change which leads to oligomerisation of 

the MLKL 4HB, and subsequent translocation to the plasma membrane to cause membrane 

rupture (Cai et al., 2014; Chen et al., 2014b; Dondelinger et al., 2014; Wang et al., 2014a). 

Nevertheless, numerous gaps in our understanding still exist. MLKL mutagenesis studies 

suggested, for instance, that MLKL oligomerisation and membrane association are insufficient 
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in itself to cause cell death, implying additional factors are needed to complete the killing 

process (Hildebrand et al., 2014). The action of MLKL at the plasma membrane remains 

elusive with at least 4 proposed models to date: (i) 4HB domain-mediated partial insertion, 

(ii) a scaffold for transporter/ion channel-driven osmolysis, (iii) reconfiguration of 4HB domain 

into a selective cation channel, and (iv) brace region-mediated MLKL oligomerisation (Petrie 

et al., 2017). In addition, it is unlikely that MLKL is a solo player in executing its cell death 

function. Activation of MLKL had been thought to be a point-of-no-return during necroptosis. 

However, the ESCRT-III complex was recently shown to extrude and/or allow repair of the 

MLKL-damaged plasma membrane, and is thereby capable of resuscitating cells containing 

activated MLKL (Gong et al., 2017). Similarly, an independent study also proposed the 

association of MLKL with the endosomal pathway, which culminates in the release of 

phospho-MLKL-containing exosomes into the extracellular space to promote cell survival (Fan 

et al., 2019; Yoon et al., 2017). 

As a lytic form of cell death, necroptosis triggers release of multiple DAMPs into the 

extracellular environment to initiate inflammatory responses. These DAMPs include HMGB1 

and interleukin-1 alpha (IL-1). Whether there exist DAMPs specific to the mode of cell death 

has been of tremendous interest to the field. One of the IL-1 family members, IL-33, has been 

suggested as a potential candidate for necroptotic-specific DAMP (Frank and Vince, 2019). 

Elevated IL-33 cytokine was reported in the plasma of Ripk1-/- mice (Rickard et al., 2014) and 

also necroptotic epidermal keratinocytes (Kovalenko et al., 2009). In an effort to distinguish 

between apoptosis and necroptosis, recent mass spectrometry-based proteomics have 

identified lysosomal components, such as cathepsin B and cathepsin D, which are released 

only in necroptotic but not in apoptotic cells (Tanzer et al., 2020). Whether these cathepsins 

are released during pyroptosis, another form of lytic cell death, warrants further investigation. 

Several studies support the idea that necroptosis promotes host survival upon 

infection. The benefit is especially observable during viral invasion, as exemplified by vaccinia 

virus-infected cells which are incapable of undergoing apoptosis (Dobbelstein and Shenk, 

1996; Wasilenko et al., 2003) and pyroptosis (Gerlic et al., 2013). To defend against viral 

hijacking, infected cells activate necroptosis to limit viral replication in vivo (Cho et al., 2009). 

Necroptosis as a mechanism of host antiviral defence was also observed in herpes simplex 

virus type 1 and type 2 infection, in which their respective viral ICP6 and ICP10 proteins 
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interacted with the RHIMs of RIPK1 and RIPK3 to trigger necroptotic cell death (Huang et al., 

2015; Wang et al., 2014b). Consequently, mice lacking Ripk3 exhibited impaired control of 

viral replication and pathogenesis. In addition to providing antiviral defence, recent work has 

associated necroptotic cells in a tumour microenvironment with improved antitumour 

immunity (Snyder et al., 2019). Introducing necroptotic fibroblast resulting from RIPK3 

overexpression showed significant reduction in tumour burden and improved survival across 

various cancer models such as ovarian and skin cancers. Interestingly, tumour control was not 

observed when apoptotic fibroblasts were introduced, suggesting the antitumour immunity 

was specific to necroptosis signalling. 

 Despite serving as an efficient back-up antimicrobial defence, engagement of RIPK1-

RIPK3-MLKL signalling can also result in pathological outcomes. As a lytic form of cell death, 

necroptosis has been implicated in TNF-driven systemic inflammatory response syndrome 

(SIRS) (Duprez et al., 2011; Linkermann et al., 2012a; Newton et al., 2014) and kidney 

ischemia-reperfusion injury (Lau et al., 2013; Linkermann et al., 2012b). Loss of MLKL 

ameliorates RIPK1-driven SIRS and epidermal hyperplasia (Rickard et al., 2014), and 

potentially cerulean-induced acute pancreatitis (Wu et al., 2013). Moreover, although viral-

induced necroptosis favours the host, recent work showed that influenza A virus (IAV) drives 

DAI-mediated host necroptosis in the lung epithelia which activates neutrophils and 

subsequent inflammatory pathology (Zhang et al., 2020). 

1.5.1 The yin and yang nature of RIPK3: how a kinase is both pro-survival and pro-death 

RIPK3 is one of the seven members of the RIP kinases, and is composed of an N-terminal 

kinase domain and a C-terminal RHIM motif of 18 residues (Humphries et al., 2015). RIPK3, 

together with RIPK1, are the only two kinases in the family equipped with a RHIM motif to 

allow them to connect to form an active necrosome. Other mammalian proteins with 

identified RHIMs that can interact with RIPK1 and RIPK3 to drive necrosome formation and 

necroptosis are the TIR-domain-containing adapter-inducing interferon-β (TRIF) and DAI 

(Kaiser et al., 2013b). Notably, RIPK3 can also drive caspase-8 activation, and has therefore 

been implicated in apoptosis, in addition to numerous cell death-independent events (Figure 

1.4).  
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 RIPK3 can switch from being a necroptosis inducer to a pro-apoptotic adaptor when 

its kinase activity is disrupted, or in certain cell types when IAPs are removed, such as 

macrophages (Lawlor et al., 2015). RIPK3-mediated apoptosis is readily observed in mice 

engineered to express a catalytically inactive RIPK3 D161N which die during embryogenesis 

 

Figure 1.4. The dual nature of RIPK3 as pro-survival (yang) and pro-death (yin) kinase.  

Although RIPK3 has been traditionally dubbed as a pro-necroptotic kinase, silencing its 

kinase activity activates the scaffolding function of RIPK3 in ripoptosome-induced 

apoptosis. Moreover, numerous studies have unveiled the ‘yang (bright)’ form of RIPK3 in 

regulating numerous physiological processes to promote cell survival, independent of its 

‘yin (dark)’ aspect in promoting cell death. The yin and yang nature of RIPK3 are 

interconnected as inducing inflammation also accompanies death in most cases (e.g. TLR4-

caspase-8-induced apoptosis), and vice versa (e.g. DAI-mediated NF-B activation). 
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(Mandal et al., 2014; Newton et al., 2014). Alternatively, RIPK3 kinase inhibitors, GSK’843 or 

GSK’872, also trigger apoptosis, while at the same time blocking necroptosis (Mandal et al., 

2014). In both genetic and pharmacological interventions, the kinase-dead RIPK3 serves as a 

scaffold for Complex II formation consisting of RIPK1-caspase-8-FADD-cFLIP capable of 

inducing apoptosis. Indeed, deletion of caspase-8 rescues the RIPK3 D161N mice from 

embryonic lethality (Newton et al., 2014). Mechanistically, both the kinase-inactive RIPK3 

D161N and GSK’872-mediated RIPK3 kinase inhibition induces RIPK1-RIPK3 

heterodimerisation that allows for FADD and caspase-8 binding (Raju et al., 2018). When the 

dimerisation is interrupted, for instance in kinase-dead RIPK3 K51A or RIPK3 R69H, apoptosis 

does not occur. 

 Independent of necroptosis or apoptosis induction, activated RIPK3 also promotes 

transcriptional responses (Figure 1.4). As previously mentioned, cytomegalovirus-induced DAI 

activation engages with RIPK3 directly to induce necroptosis. However, RIPK3 also allows for 

efficient DAI-induced NF-B activation (Rebsamen et al., 2009). In support of this pro-

inflammatory role of RIPK3, another group demonstrated that when bone marrow derived 

macrophages (BMDMs) are subjected to lipopolysaccharide (LPS) treatment, a major 

component of the outer membrane of Gram-negative bacteria, RIPK3 upregulates expression 

of genes encoding inflammatory mediators, such as TNF, independent of its role in 

necroptosis (Najjar et al., 2016; Wong et al., 2014). This event occurs in a TLR4-TRIF-

dependent manner and requires RIPK3 kinase activity, unveiling an additional function of the 

kinase domain independent of its phosphorylation of MLKL. Furthermore, in IAP-depleted 

BMDMs challenged with LPS, RIPK3 promotes activation of the pro-inflammatory cytokine IL-

1, and contributes to disease severity in a mouse model of autoantibody-mediated arthritis, 

which is driven by IL-1 signalling (Lawlor et al., 2015). In agreement with these studies, 

RIPK3-mediated expression of IL-1, IL-22, and IL-23 was reported in mice challenged with 

dextran sodium sulfate (DSS), a sulfated polysaccharide which triggers colon injury and used 

as a model for colitis (Moriwaki et al., 2014). Mechanistically, it was proposed that RIPK3 

promotes the nuclear translocation of the NF-kB RelB-p50 dimer in bone marrow derived 

dendritic cells (BMDCs), which mediates the transcription of numerous cytokines, including 

IL-1, IL-22, and IL-23. Collectively, these observations suggest that whether RIPK3 ultimately 
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promotes host survival is a case-by-case situation; while having RIPK3 is detrimental in an 

arthritis model, its presence helps to alleviate DSS-induced colitis. 

A recent study suggests that RIPK3 limits pathogenicity of Zika virus indirectly by 

altering cellular metabolism (Daniels et al., 2019). It was proposed that when DAI senses viral 

RNA, it activates RIPK1 and RIPK3 to induce nuclear translocation of interferon regulatory 

factor 1 (IRF1). Active IRF1 drives transcriptional responses, in particular, the Immune-

Responsive Gene 1 (IRG1) mitochondrial enzyme which produces the metabolite, itaconate, 

that ultimately limits Zika viral replication (Figure 1.4). Importantly, these findings 

demonstrated that activation of DAI, RIPK1, and RIPK3 in the context of Zika virus infection 

does not trigger cell death. 

1.6 Pyroptosis is a gasdermin-mediated pro-inflammatory cell suicide triggered in response 

to infection and cellular stressors 

Pyroptosis was first described in 1992 upon discovering that Shigella flexneri induced the 

suicide of infected macrophages (Zychlinsky et al., 1992). However, the term ‘pyroptosis’ 

(derived from the Greek roots to denote falling fire) was not coined until 2001 when it was 

revealed that caspase-1 is responsible for killing bacteria-infected macrophages (Cookson and 

Brennan, 2001). Similar to necroptosis, pyroptosis is a lytic form of programmed cell suicide 

which eventuates in the release of DAMPs to signal the immune system. These DAMPs include 

the broadly released HMGB1 and IL-1, but can also be potentially specific such as ASC specks, 

which are adaptor proteins required for caspase-1 recruitment to inflammasome sensor 

protein NLRP3 (Frank and Vince, 2019). 

Cells are equipped with several types of multiprotein signalling complexes known as 

the inflammasomes. Some inflammasomes respond only to a specific cellular insult, while 

others recognise diverse stimuli. The absent in melanoma 2 (AIM2), and NOD-like receptor 

(NLR) family members such as NLRP3 and NLRC4 are among the best studied inflammasomes 

(Broz and Dixit, 2016; Latz et al., 2013). The AIM2 inflammasome binds and is activated by 

cytosolic double-stranded DNA (Fernandes-Alnemri et al., 2010; Jones et al., 2010; Rathinam 

et al., 2010), while the NLRP3 inflammasome can recognise a wide array of pathogen-

associated molecular patterns (PAMPs), ranging from microbial and viral molecules, ATP, uric 

acid crystals and other particle types, such as silica and aggregated proteins. Detection of 
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these DAMPs and PAMPs is carried out indirectly via NLRP3 sensing decreased intracellular 

potassium levels which leads to NEK7 (NIMA-related kinase 7) association with NLRP3 to 

trigger its oligomerization and signaling (He et al., 2016; Munoz-Planillo et al., 2013).  

Activation of inflammasome sensors results in recruitment and cleavage of the 

inflammatory caspase, caspase-1 (Figure 1.5). Most inflammasome sensor proteins, including 

NLRP3, recruit caspase-1 through the adaptor protein named apoptosis-associated speck-like 

protein containing a CARD (ASC). ASC serves as a platform for auto-processing of pro-caspase-

1 to its catalytically active full-length p46 and truncated p33/p10 subunits (Boucher et al., 

2018). Interestingly, the p33/p10 subunits only exist transiently as they are rapidly auto-

processed into p20/p10 units to terminate caspase-1 activity, thus preventing prolonged 

inflammasome signalling. Although caspase-1 is regarded as the canonical caspase in 

pyroptosis, recent research has uncovered the ability of other caspases such as caspase-11 

(and its human orthologues caspases-4 and -5) to participate in pyroptotic suicide under 

certain conditions (Kayagaki et al., 2011). However, caspase-4/5/11 does not directly process 

IL-1 and IL-18 like caspase-1 does (Ramirez et al., 2018); their ability to activate these 

cytokines is an indirect consequence of gasdermin D (GSDMD)-triggered potassium efflux, 

which in turn induces NLRP3 inflammasome activation (Baker et al., 2015; Ruhl and Broz, 

2015). In addition to caspase-1/4/5/11, the apoptotic caspase-3 is also capable driving 

pyroptosis upon treatment with chemotherapeutic drugs (Rogers et al., 2017; Wang et al., 

2017), suggesting a potential crosstalk of caspases in multiple cell death pathways.  



19 
 

 

Activated caspase-1 performs two major roles to complete the pyroptosis process 

(Figure 1.5). Firstly, active caspase-1 cleaves and induces the final executor of pyroptosis 

GSDMD, leading to perforation of the plasma membrane. There are 6 members of the 

gasdermin family that have been identified: GSDMA, GSDMA3, GSDMB, GSDMC, GSDMD, and 

 

Figure 1.5. Pyroptosis is a gasdermin-mediated mode of cell death.  

The most well-characterised gasdermin member is GSDMD, which executes pyroptosis 

upon its activation by caspase-1. While numerous stimuli have been identified to trigger 

GSDMD, the physiological context for activation of other gasdermin member GSDME is 

chemotherapy treatment and for GSDMC it is hypoxic stress. Under cisplatin or etoposide 

treatment, active caspase-3 directly cleaves GSDME. In contrast, hypoxia upregulates 

GSDMC which is cleaved by caspase-8 to trigger pyroptosis. Similarly, other caspases, 

caspase-4/5/8/11, serve as a direct sensor in response to LPS challenge which proceeds to 

cleave GSDMD. However, caspase-1 requires the NLRP3 inflammasome sensor to regulate 

its activity. Apart from executing death, active GSDMD and GSDME also trigger DAMPs 

release, with GSDMD also delivering additional pro-inflammatory IL-1 and IL-18 into the 

extracellular milieu. 
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GSDME (Kovacs and Miao, 2017; Shi et al., 2017). However, only GSDMC, GSDMD and GSDME 

have been characterised as the substrates of caspases to date. Caspases-1, 4, 5, and 11 utilise 

GSDMD as their death executioner (Kayagaki et al., 2015; Shi et al., 2015). Unlike caspase-1 

which needs the inflammasome sensor for its activation, caspase-4, 5, and 11 can directly 

sense intracellular LPS to activate GSDMD (Shi et al., 2014). In addition to the 4 caspases, 

caspase-8 has also been implicated in GSDMD-induced pyroptosis when cells are devoid of 

TAK1 (Orning et al., 2018). While there are multiple caspases which can activate GSDMD, only 

caspase-8 and caspase-3 are known to mediate GSDMC- and GSDME-induced pyroptosis 

respectively (Hou et al., 2020; Rogers et al., 2017; Wang et al., 2017). GSDMC is upregulated 

under hypoxia stress (Hou et al., 2020), while GSDME becomes active under cisplatin or 

etoposide treatment (Rogers et al., 2017; Wang et al., 2017). The second major role of active 

caspase-1 is to cleave precursors of pro-inflammatory cytokines IL-1 and IL-18 into their 

active forms ready to be released into the extracellular space (Fantuzzi and Dinarello, 1999; 

Kostura et al., 1989; Thornberry et al., 1992), thus contributing to the pro-inflammatory 

nature of pyroptosis.  

Activated caspase-1 cleaves the linker region within GSDMD to free its N-terminal 

domain (GSDMD-N) from its inhibitory C-terminal domain (GSDMD-C), and the release of 

GSDMD-N is indispensable in forming oligomeric death-inducing pores on the inner leaflet of 

the plasma membrane (Ding et al., 2016; Kayagaki et al., 2015; Liu et al., 2016; Sborgi et al., 

2016; Shi et al., 2015). Similar to MLKL, the monomer-to-oligomer transition of GSDMD-N is 

an essential step in pore formation (Chen et al., 2016). The N-GSDMD oligomers form pores 

with ring diameters of approximately 10-20 nm (Ding et al., 2016; Sborgi et al., 2016) to 

mediate ion flux, and release of DAMPs and pro-inflammatory cytokines IL-1 and IL-18 prior 

to complete cell lysis or, in some cases, even independent of cell death (Chen et al., 2014a; 

Conos et al., 2016; de Vasconcelos et al., 2019). 

Similar to necroptosis, the pyroptosis pathway is also a double-edged sword whereby 

the impact on the host is cell-type and context-dependent. Pathogens can promote their 

survival by hijacking the pyroptotic machineries to trigger cell death. When the host is 

challenged with E. coli, for instance, GSDMD activity causes neutrophil death which leads to 

a diminished host antibacterial response (Kambara et al., 2018). In an HIV-infected host, more 

than 95% of CD4 T-cell death is driven by caspase-1-mediated pyroptosis (Doitsh et al., 2014). 
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The dying T-cell also contributes to chronic inflammation as they release pro-inflammatory 

cytokines, including IL-1, to attract more cells to die. Excessive pyroptosis in hematopoietic 

progenitor cells also accounts for leukopenia and immune suppression in mice carrying auto-

activating NLRP1 (Masters et al., 2012). Nevertheless, pyroptosis is pivotal for optimal control 

of bacterial infections as evident from reduced survival in caspase-1-deficient mice upon 

infection with Salmonella typhimurium (Aachoui et al., 2013; Doerflinger et al., 2020; Miao et 

al., 2010), Burkholderia thailandensis (Aachoui et al., 2015; Aachoui et al., 2013), 

Chromobacterium violaceum (Maltez et al., 2015), and Legionella pneumophila (Aachoui et 

al., 2013). 

1.7 Diverse cell death pathways translate to maximum protection from infection 

Why do cells have so many ways to die? Are the seemingly distinct cell death pathways 

interconnected? As alluded to earlier, the different flavours of cell death reflect the constant 

ongoing need from the host to adapt to the constantly evolving pathogen invasion strategy. 

Apart from providing more choice, recent studies have also unravelled the plastic feature of 

the cell death modes as an additional layer of protection. The high degree of flexibility is 

observable in Salmonella infection in vitro and in vivo (Doerflinger et al., 2020). Salmonella-

infected macrophages primarily commit to caspase-1-driven pyroptosis, however, caspase-8 

can substitute and drive apoptosis in the event that caspase-1 is unavailable. If both caspase-

1 and caspase-8 are absent, caspase-11 is in charge in ensuring infected cells are still able to 

undergo GSDMD-mediated pyroptosis. A similar compensation mechanism is also present in 

Legionella infection (Mascarenhas et al., 2017) and in caspase-1-deficient intestinal epithelial 

organoids (Van Opdenbosch et al., 2017). Furthermore, recent work has unveiled the flexible 

nature of caspase-1-mediated death; while inducing pyroptosis in the presence of GSDMD, 

caspase-1 can also activate caspase-3-dependent apoptosis in the event that GSDMD is 

unavailable (Tsuchiya et al., 2019). Together, these studies reveal the crosstalk between 

pyroptosis and apoptosis which ultimately translates to improved host survival.   

Some of the cell death machinery is capable of executing a non-canonical death mode 

when their default route is compromised. As alluded in section 1.5.1, although RIPK3 plays a 

canonical role in necroptosis, its scaffolding function in caspase-8-dependent apoptosis is 

unleased when RIPK3 kinase activity is absent. Another example is caspase-8, which serves as 

an arbiter of cell fate signalling by deciding the cellular execution method in a context-
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dependent manner. In cells incapable of executing apoptosis due to loss of caspase-8 catalytic 

activity, the enzymatically inactive caspase-8 can still trigger lethality by acting as a scaffold 

to facilitate caspase-1- or caspase-11-driven cell death (Fritsch et al., 2019; Newton et al., 

2019) that is yet to be fully understood.   

1.8 Ubiquitylation as a critical regulator of cell death signalling 

1.8.1 The ubiquitin system involves building and breaking chains  

Covalent attachment of small functional groups or biomolecules to the side chains or termini 

of an amino acid, referred as post-translational modifications (PTMs), enables a living system 

to amplify the functional diversity and complexity of their proteome. Some of the most 

experimentally observed PTMs include phosphorylation, acetylation, N- and O-linked 

glycosylation, and ubiquitylation (Khoury et al., 2011). Importantly, PTMs are non-permanent 

which enable the modified substrate to return to its original state, and therefore, PTM 

machineries can be broadly classified based on whether they promote or antagonise the 

modification. For instance, while mouse RIPK3 triggers phosphorylation of itself on Thr231 

and Ser232 to induce necroptosis, phosphatase 1B (Ppm1b) suppresses the 

autophosphorylation to prevent spontaneous activation of RIPK3 in resting cells, and hence, 

unwanted necroptosis (Chen et al., 2015). As such, the homeostasis between kinase and 

phosphatase activities decides whether cells live or die.   

Ubiquitylation involves attaching one ubiquitin molecule to a substrate Lys residue 

through a three-step enzymatic cascade consisting of ubiquitin activators E1, ubiquitin 

conjugators E2, and E3 ubiquitin ligating enzymes (Figure 1.6) (Deol et al., 2019). Ubiquitin is 

a highly conserved 76 amino acid protein containing 7 Lys residues which can be further 

modified with additional ubiquitin molecules to generate isopeptide-linked ubiquitin chains 

of various lengths (Swatek and Komander, 2016). These 7 modifiable Lys residues on ubiquitin 

are Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63. In addition, an eighth chain type can 

be generated via a non-conventional Met residue on one ubiquitin attached to an N-terminus 

of a second ubiquitin, forming an Met1-linked or a linear ubiquitin chain type. With 

approximately 660 human E3 ubiquitin ligases but only 8 available ubiquitin linkage types, the 

ubiquitin system is therefore redundant in that multiple E3 ligases overlap in assembling the 

same Lys chain type (Komander and Rape, 2012; Zheng and Shabek, 2017). Which ubiquitin 

ligase is assigned to a target protein is, thus, context-dependent. Interestingly, however, 
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LUBAC is the only known ubiquitin ligase complex known to assemble linear ubiquitin chains. 

Altogether, the 8 ubiquitin linkages serve as a dictionary to modify proteins with different 

ubiquitin codes, which are recognisable by ubiquitin-binding proteins (Husnjak and Dikic, 

2012; Komander and Rape, 2012; Swatek and Komander, 2016). The ubiquitin codes 

ultimately convey distinct cellular outcomes, including proteasomal degradation, induction of 

NF-B pathway, mitophagy, and DNA damage response.  

 

 

Figure 1.6. The mechanism of ubiquitylation.  

Attachment of one ubiquitin molecule on a substrate, exemplified by RIPK3 in the above 

figure, occurs via an enzymatic cascade from E1 to E3 ubiquitin ligase. The attached 

ubiquitin molecule either stays as a monoubiquitin or subsequently primes it for more 

ubiquitin assembly, forming a chain of various linkages. The outcome of ubiquitylation is 

diverse; one well-known role is to target a substrate for proteasomal degradation. 

Ubiquitin can be removed from proteins through the action of a DUB, which restores the 

substrate to its original state. Figure was adapted from “Ubiquitin Proteasome System”, 

by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-

templates. 
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With respect to ubiquitin linkage abundance, the Lys48-linked ubiquitin chains 

represent the most dominant form in cells, accounting for at least 50% of ubiquitin linkages 

in mammalian cells, and acts to target proteins for proteasomal degradation (Dammer et al., 

2011; Xu et al., 2009; Ziv et al., 2011). The second major ubiquitin chain type is Lys63, which 

comprises approximately 38% of ubiquitin linkages (Dammer et al., 2011), and has been 

characterised extensively for its role in NF-B activation (Kulathu and Komander, 2012). A 

small percentage of the ubiquitin linkage population is made up of atypical chains; HEK293 

cells were reported to contain 2% Lys11, 8% Lys29, and less than 0.5% each of the Met1, Lys6, 

Lys27, and Lys33 linkage types (Dammer et al., 2011). Although the atypical ubiquitin linkages 

are less abundant, they play critical roles in regulating vast biological processes including DNA 

damage response, epigenetic regulation, protein trafficking, and cell cycle control (Swatek 

and Komander, 2016). Nevertheless, Lys27 remains the least understudied ubiquitin linkage 

type to date. 

Recent discoveries have unveiled various PTMs on the ubiquitin molecule itself, in 

particular acetylation and phosphorylation, which provides an additional layer of regulation 

to the ubiquitin system. Ubiquitin acetylation has been observed on 6 of the Lys sites, 

however, the functional impact of this modification remains to be defined. In contrast, there 

are at least 9 Thr and Ser residues on ubiquitin that have been reported as phosphorylation 

sites (Swatek and Komander, 2016). Ubiquitin Ser65, for example, serves as a phosphorylation 

substrate for PINK1, and the PINK1 modified phospho-Ub activates the Parkin E3 ligase to 

promote mitophagy (Koyano et al., 2014; Wauer et al., 2015). 

Like other PTMs, ubiquitin modification is reversible through the action of 

deubiquitylating enzymes (DUBs) which are located both in the cytoplasm and within 

different cellular organelles (Clague et al., 2019). The human genome only encodes 

approximately 100 DUBs (Clague et al., 2019), which is ~6 times less than the number of 

ubiquitin E3 ligases. DUBs play pivotal roles in maintaining the cellular ubiquitin pool, rescuing 

proteins which are en route for proteasomal or lysosomal degradation, and downregulating 

ubiquitylation-mediated assembly of signalling complexes. There are 7 families of DUBs which 

are broadly classified as cysteine proteases and metalloproteinases. The cysteine protease 

DUB family is further grouped based on the structural variations in their catalytic domain 

(Nijman et al., 2005): ubiquitin-specific protease (USP), ubiquitin C-terminal hydrolase (UCH), 
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Otubain protease (OTU), Machado-Joseph disease protease (MJD), Motif interacting with Ub-

containing novel DUB family (MINDY), and Zinc finger-containing ubiquitin peptidase 1 (ZUP1). 

Meanwhile, DUB members reliant on zinc ion for proper function belong to the 

JAB1/MPN/Mov34 (JAMM) family. Similar to the redundant feature of E3 ligases, the 

trimming of each ubiquitin linkage type can be shared by members across different DUB 

families, although some DUBs display little redundancy, such as OTU deubiquitylase with 

linear ubiquitin linkage specificity (OTULIN). When OTULIN is rendered non-functional, Met1 

polyubiquitin linkage accumulates globally and TNF-associated systemic inflammation ensues 

(Damgaard et al., 2016). Presence of Cylindromatosis (CYLD), an alternative Met1-removing 

DUB, is incapable of rescuing the OTULIN-deficient phenotypes, despite a similar role in 

regulating the TNF signalling complex (Draber et al., 2015; Hrdinka et al., 2016).  

1.8.2 Ubiquitin ligases and DUBs control cell death signalling complexes 

Ubiquitin modification is ubiquitously involved in regulating cell death components to either 

promote or downregulate their activity. This process relies on the interplay between E3 

ubiquitin ligases and DUBs, and is best exemplified by the TNF-mediated NF-κB signalling and 

its associated cell death pathways. When the balance is tipped to favour either the ligase or 

DUB activity due to loss-of-function mutation or deficiency, aberrant signalling ensues and 

might ultimately lead to lethality. Moreover, E3 ligases can regulate DUBs, and vice versa, as 

illustrated later by the LUBAC ligase-OTULIN DUB and MIB2 ligase-CYLD DUB pairs, which 

indirectly affect cell death signalling.  

As briefly alluded to in section 1.4.2, the IAPs and LUBAC are pro-survival E3 ligases 

serving as an activation platform in the NF-κB signalling pathway by tagging Complex I with 

Lys63- and Met1-linked ubiquitin chains, respectively. The related IAP family members, cIAP1, 

cIAP2 and XIAP are characterised by the presence of three baculovirus IAP repeat (BIR) 

domains, a Ub-associated (UBA) domain, and a really interesting new gene (RING) domain. 

The BIR domain mediates protein-protein interactions, while the UBA domain captures 

ubiquitin chains to fuel the E3 ligase activity of the RING domain (Silke and Meier, 2013). Both 

cIAPs ubiquitylate RIPK1 with Lys63 chains to prevent its dissociation into the cytosol where 

it can trigger apoptosis or necroptosis. It is not surprising, therefore, that deletion of both 

cIAPs lead to embryonic lethality which can only be rescued by either TNFR1, RIPK1 or RIPK3 

deletion (Moulin et al., 2012). Furthermore, deletions of cIAP1 and cIAP2, which result in 
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constitutive activation of non-canonical NF-B pathway, have been associated with multiple 

myeloma (Keats et al., 2007). On the other hand, XIAP loss in mice does not exhibit an obvious 

phenotype implying that the cIAPs play a more prominent role in inhibiting cell suicide during 

development. However, the death-suppressor role of XIAP is more dominant in myeloid cells, 

especially in macrophages and dendritic cells. Under TLR or TNF stimuli, loss of XIAP confers 

sensitivity to RIPK3-caspase-8-mediated apoptosis (Lawlor et al., 2017; Lawlor et al., 2015; 

Yabal et al., 2014). XIAP deficiency has been associated with a severe systemic inflammatory 

syndrome known as X-linked hemophagocytic lymphohistiocytosis (HLH) (Rigaud et al., 2006).  

Assembly of Lys63 chains on the TNF-RSC is also a prerequisite for LUBAC-mediated 

linear ubiquitylation. LUBAC is a complex made of 3 subunits: Heme-oxidized IRP2 ubiquitin 

ligase 1 (HOIL-1), Shank-associated RH domain-interacting protein (SHARPIN), and HOIL-1-

interacting protein (HOIP) (Rittinger and Ikeda, 2017). The ligase activity of LUBAC relies on 

HOIL-1 and HOIP, and therefore, loss of function of either subunit means an inability to 

generate linear ubiquitin chains. Similar to the removal of cIAPs, the absence of HOIP or  

HOIL-1 translates to embryonic lethality which can be prevented by TNFR1 deletion (Peltzer 

et al., 2018; Peltzer et al., 2014). Apart from ubiquitylating TNF-RSC components, LUBAC also 

decorates itself with linear chains. Interestingly, the DUB OTULIN can directly bind to HOIP to 

suppress LUBAC self-ubiquitylation (Elliott et al., 2014; Fiil et al., 2013; Heger et al., 2018). 

Although the role of LUBAC self-ubiquitylation is not fully understood, it was observed that 

OTULIN depletion leads to enhanced auto-ubiquitylation of LUBAC which is then targeted for 

degradation. Consequently, as LUBAC levels are decreased below the threshold required to 

sustain the TNF signalling complex, death by either apoptosis or necroptosis ensues (Heger et 

al., 2018). In addition to IAPs and LUBAC, other non-NF-κB-related ubiquitin ligases are 

capable of inhibiting apoptotic and necroptotic components directly by enhancing their 

turnover. The Makorin Ring Finger Protein 1 (MKRN1) E3 ligase, for instance, ubiquitylates 

FADD for proteasomal degradation and thus limits caspase-8-mediated apoptosis (Lee et al., 

2012). Its death-suppressing role also extends to the necroptosis pathway as depletion of 

MKRN1 promotes necrosome formation, although the mechanistic detail of how this occurs 

remains to be determined. 

Opposing the action of ubiquitin ligases in assembling the TNF-RSC are DUBs, in 

particular CYLD, A20, and OTULIN (Lork et al., 2017). This trio of DUBs is essential in trimming 
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polyubiquitin chains to disassemble the NF-κB signalling platform in a timely manner. The pro-

death CYLD is part of the USP DUB family, which has a dual role in removing Lys63- and Met1-

linked ubiquitin from NF-κB pathway substrates, such as TAK1 (Ahmed et al., 2011; Reiley et 

al., 2007) and RIPK1 (Draber et al., 2015; Harhaj et al., 2013) (Figure 1.2). While 

downregulating NF-κB, CYLD has also been implicated as a proponent of necroptosis because 

CYLD-mediated RIPK1 deubiquitylation correlates with enhanced necrosome formation 

(Harhaj et al., 2013).  CYLD activity itself is regulated by E3 ligases; one such ligase is Mind 

Bomb-2 (MIB2), which targets CYLD for proteasomal degradation to strengthen NF-κB 

signalling (Uematsu et al., 2019) and RIPK1 (Feltham et al., 2018). 

The NF-κB antagonist, A20, plays a dual role in the ubiquitin system as a DUB and an 

E3 ubiquitin ligase. The ubiquitin-trimming function of A20 is governed by its N-terminal OTU 

domain, whereas its zinc-finger domain at the C-terminal domain adds ubiquitin onto 

substrates (Evans et al., 2004; Komander and Barford, 2008). Cooperation of both domains 

enable A20 to prevent prolonged NF-κB signalling and protect against cell death in several 

ways. One method involves sequential Lys63 deubiquitylation of RIPK1 and Lys48 

ubiquitylation to target RIPK1 for proteasomal degradation (Wertz et al., 2004). Another 

method of suppressing inflammation is by binding to Met1-ubiquitylated TNF-RSC substrates 

to prevent further recruitment of LUBAC and other ubiquitin-binding proteins. Although A20 

was initially recognised as being anti-apoptotic (Opipari et al., 1992), others also suggest the 

contrary as a potential side-effect of negating NF-κB signalling (Tavares et al., 2010). As such, 

how A20 regulates cell death warrants further investigations. Nevertheless, mice with 

complete absence of A20 exhibit hyperinflammation and die prematurely (Lee et al., 2000; 

Onizawa et al., 2015; Polykratis et al., 2019; Razani et al., 2020; Wertz et al., 2015), which 

highlights the essential task of A20 in restricting cell death and inflammation. 

The role of the OTU DUB family member OTULIN is not fully understood at this stage. 

Because Met1-ubiquitylation promotes Complex I formation, OTULIN overexpression 

sensitises cells to TNF-induced death (Keusekotten et al., 2013). However, reduced OTULIN 

also yields the same effect. A recent study using catalytically inactive OTULIN in vivo also 

demonstrated that the non-functional DUB causes mouse development to terminate at mid-

gestation and triggers a pro-inflammatory cell death in adult mice (Heger et al., 2018). 

Nonetheless, the current consensus supports the anti-inflammatory role of OTULIN in 
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negating LUBAC-mediated linear ubiquitin chains in NF-κB activation (Lork et al., 2017), in 

addition to opposing LUBAC auto-ubiquitylation as indicated previously.  

1.9 Self-eating as a means of survival 

Autophagy is derived from the Greek words Auto (self) and Phagein (to eat). It is a cellular 

self-eating mechanism that recycles cellular components to restore pools of amino acids, 

lipids and nucleotides (Galluzzi et al., 2017; Kroemer et al., 2010). Autophagy is triggered in 

response to diverse cellular stressors including pathogen invasion, damaged organelles, 

nutrient deprivation, and protein aggregates. As such, dysregulation of the autophagic 

responses has been associated with pathological conditions, including cancer and 

neurodegenerative diseases (Yang and Klionsky, 2020). 

There are three broad classes of autophagy that have been characterised: 

macroautophagy, chaperone-mediated autophagy (CMA), and microautophagy (Figure 1.7) 

(Galluzzi et al., 2017). Cells are equipped with machinery to initiate macroautophagy that 

involve building dedicated vesicles to engulf and recycle bulky cytoplasmic materials. In 

contrast, CMA relies on heat shock protein family A member 8 (HSPA8 or Hsc70) as a 

chaperone to guide a cytosolic protein to the lysosome. Unlike macroautophagy, CMA is 

exclusive to soluble proteins with KFERQ motif, which implies that lipids, nucleic acids, 

organelles, or membrane proteins do not have access to this feature. Finally, while 

macroautophagy and CMA depend on autophagic machineries, microautophagic substrates 

are directly internalised within a vacuole which is subsequently sent to the lysosome. 

Irrespective of type, all autophagy processes involve engulfment of cytoplasmic material and 

are strictly reliant on lysosomal degradation. This section covers the process of 

macroautophagy as it is the focus of this research project and is the best characterised form 

of autophagy, and referred herein to as just autophagy. 
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1.9.1 The autophagosome and Lysosome: the alpha and omega in cellular self-eating 

The conventional pathway of mammalian autophagy includes a number of kinases and 

autophagy-related (ATG) proteins that participate in the engulfment of cellular components 

in double-membraned vesicles, termed autophagosomes, and culminates in their delivery to 

the lysosomes for degradation (Galluzzi et al., 2017). Two critical initiatory complexes are Unc-

51-like kinase (ULK)-1 and autophagy-specific Class III phosphatidylinositol 3-kinase (PI3K) 

which recruit an army of ATG proteins to build a curved isolation membrane, known as a 

phagophore, of which its constituents are believed to be sourced from the ER, mitochondria, 

 

Figure 1.7. The 3 types of autophagy pathways: macroautophagy, chaperone-mediated 

autophagy (CMA), and microautophagy.  

While macroautophagy uses autophagic vesicles to engulf cytoplasmic materials, CMA 

requires chaperone proteins and is only dedicated for KFERQ-containing proteins. Finally, 

microautophagy directly internalises substrates inside a vacuole. All forms of autophagy 

terminate in lysosomal degradation. Reprinted from “Three Main Types of Autophagy”, by 

BioRender.com (2020). Retrieved from https://app.biorender.com/biorender-templates. 
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Golgi, and plasma membrane (Rubinsztein et al., 2012). Thus, the phagophore serves as a 

basic building block to a mature autophagosome.  

Because ULK1 and Class III PI3K complexes are igniters of the autophagy pathway, 

both complexes are regulated by diverse autophagy-related stress sensors (Figure 1.8). In the 

context of glucose starvation, for example, two key regulators of the complexes are AMP-

activated protein kinase (AMPK) and mechanistic/mammalian target of rapamycin complex 1 

(mTORC1). When ATP levels are reduced or AMP levels accumulates, AMPK becomes active 

and phosphorylates ULK1 to initiate autophagy (Egan et al., 2011; Kim et al., 2011). In contrast, 

mTORC1 works against AMPK by phosphorylating ULK1 at different sites to interfere with its 

activity and interaction with AMPK (Kim et al., 2011). As such, when self-eating is needed, 

AMPK downregulates mTORC1 to ensure efficient ULK1 signalling (Gwinn et al., 2008; Kim et 

al., 2011). Active ULK1 positively regulates the Class III PI3K complex; a complex consisting of 

Beclin1, phosphatidylinositol 3-kinase catalytic subunit type 3 (VPS34), phosphoinositide-3-

kinase regulatory subunit 4 (VPS15), and ATG14 (Galluzzi et al., 2017). Beclin1, VPS15 and 

ATG14 allosterically activates VPS34 to generate phosphatidylinositol 3-phosphate (PI3P) 

lipids to expand the phagophore. 
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Elongation of the phagophore completes autophagosome synthesis (Galluzzi et al., 

2017; Rubinsztein et al., 2012). The elongation process involves recruitment of ATG5-ATG12-

ATG16L1 complex to the growing phagophore, and ATG3 and ATG7 to assist in converting 

cytosolic microtubule-associated protein 1 light chain 3 (MAP-LC3/LC3), LC3I, into a 

phosphatidylethanolamine (PE)-lipidated form of LC3, LC3II (Figure 1.8). LC3II serves as a 

structural scaffold during the elongation process of the phagophore and guides membrane 

closure around the substrates, and associates permanently with the mature autophagosome 

until its degradation in the lysosome (Galluzzi et al., 2017; Geng and Klionsky, 2008). 

Therefore, LC3II is frequently used as a marker of the autophagic process (Klionsky et al., 

 

Figure 1.8. Mechanism of autophagosome formation. 

Autophagy is initiated when cells are deprived of glucose or amino acid, which leads to 

either activation of AMPK or inhibition of mTORC1. AMPK ensures efficient ULK complex 

signalling by phosphorylating ULK1 and downregulating mTORC1 activity. When cells are 

energy sufficient, mTORC1 phosphorylates ULK1 to downregulate its activity. Active ULK 

complex regulates the Class III PI3K complex in initiating phagophore formation. 

Completion of phagophore into a mature autophagosome requires the support of PE-

lipidated form of LC3 (LC3II) and ATG5-ATG12-ATG16L1 complex. 
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2016). Once the autophagosome matures, it can fuse with a late endosome to become an 

amphisome, or directly with a lysosome to become an autolysosome. The amphisome also 

eventually fuses with the lysosome to form the autolysosome. Autophagic substrates are 

digested upon encountering the active hydrolytic enzymes in acidic lysosomal lumen. The 

lysosomal lumen is maintained at the low pH of 4.5-5.0 owing to constant proton supply from 

an ATP-dependent proton pump known as a V-type ATPase (Mindell, 2012). Because removal 

of autophagic substrates relies on functional lysosomal hydrolases, bafilomycin A1 (BafA1) is 

commonly used to study the effect of inhibiting lysosomal acidification, which consequently 

induces an accumulation of cellular waste (Klionsky et al., 2016). 

In addition to non-selective autophagy which does not discriminate its cargo, cellular 

autophagy also selectively targets unwanted or damaged organelles for clearance by using a 

set of dedicated sensors and/or receptors. In the case of mitophagy, for example, the Parkin 

ubiquitin ligase and the PINK1 mitochondrial kinase work cooperatively to induce autophagy-

mediated delivery of damaged mitochondria to the lysosome (Green and Levine, 2014). 

Alternatively, BNIP3, FUNDC1, p62, and Nix proteins tag the dysfunctional mitochondria as 

“clear-me” signal which subsequently recruit LC3-II and autophagy tools to initiate 

engulfment of the organelle, a process that occurs in a Parkin- and PINK1-independent 

manner. Some of these receptors also partake in many other autophagy-related processes. 

The protein p62, for instance, also tags misfolded and aggregated proteins for degradation in 

a process known as aggrephagy, or initiates engulfment of cytoplasmic bacteria as part of 

xenophagy-mediated immunity (Lamark et al., 2017).  

1.9.1 When autophagy and cell death meet: friends or enemies? 

While autophagy is generally regarded as a pro-survival mechanism, mounting evidence 

implicates a role for cell death signalling in regulating autophagy. Apart from triggering 

apoptosis, BAX and BAK are also capable of directly inducing autophagy to clear damaged 

mitochondria and restrict IFN- secretion by internalising the cytokine in the autophagosome, 

thereby, reducing inflammation and immunogenicity during apoptosis (Lindqvist et al., 2017). 

Opposing the role of BAX- and BAK-mediated autophagy is the pro-survival BCL-2 family 

members that inactivate BAX and BAK to indirectly inhibit autophagy (Lindqvist et al., 2014; 

Reljic et al., 2016). Importantly, enhanced autophagy during apoptosis does not contribute to 

death.  
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The role of autophagy in other cell death pathways, in particular necroptosis and 

pyroptosis, is less clear. In L929, 3T3, 4T1-luc2, and Jurkat cells, induction of necroptosis was 

associated with increase in LC3 lipidation (LC3-II formation) (Degterev et al., 2005; Lin et al., 

2017; Ye et al., 2011). However, elevated LC3-II does not necessarily imply autophagy 

induction as it could reflect a block in lysosomal degradation (Klionsky et al., 2016). Moreover, 

it is not clear why autophagy is induced, if it was the case. Studies have suggested autophagy 

to be a cell death switch between apoptosis and necroptosis under certain contexts, such as 

when the pro-NF-B TAK1 is absent (Goodall et al., 2016). Mechanistically, it has been 

suggested that TRAIL induces RIPK1 to interact with p62 to assemble the necrosome which in 

turn bridges RIPK1 to the autophagosome to enhance necrosome activation. Consistent with 

this, knockdown of ATG5, which disrupts autophagosome formation, abolished TRAIL-

induced MLKL phosphorylation (Goodall et al., 2016). Moreover, depletion of p62 in addition 

to TAK1 switches cellular commitment from necroptosis to apoptosis, suggesting a non-

canonical role for p62 as an anti-apoptotic protein. Apart from ATG5, another group 

discovered an indirect role for ATG16L1 in preventing necroptosis in the intestinal epithelium 

as a result of its involvement in autophagy-mediated recycling of damaged mitochondria 

(Matsuzawa-Ishimoto et al., 2017). By maintaining healthy mitochondria, ATG16L1 prevents 

ROS build-up which could otherwise prime cells for necroptosis. In agreement with the role 

of ATG16L1 as a necroptosis suppressor, a recent finding has proposed a role for ATG16L1 in 

actively degrading RHIM-domain proteins via the autophagy pathway since loss of ATG16L1 

leads to an accumulation of RIPK1, RIPK3, TRIF, and DAI (Lim et al., 2019). Collectively, these 

findings suggest that loss of ATG16L1 drives necroptosis in vitro and in vivo, and this has been 

associated with inflammatory bowel disease. However, these results are correlational at best 

as they are comparative studies based on genetic deletion. Whether autophagic flux is 

increased during necroptosis remains to be determined (Klionsky et al., 2016).  

Autophagy has also been shown to prevent inflammasome activation and hence 

release of the pro-inflammatory cytokine IL-1 (Saitoh et al., 2008). Because IL-1 lacks a 

signal sequence, it does not undergo the conventional ER-Golgi secretory mechanism 

(Monteleone et al., 2015). It was proposed that autophagy also antagonises IL-1 secretion 

indirectly by targeting ubiquitylated inflammasomes for lysosomal degradation (Shi et al., 

2012), which agrees with studies documenting hyper-inflammasome responses in autophagy-
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deficient mice (Abdel Fattah et al., 2015; Shi et al., 2012). In contrast, in some cell types it has 

been proposed that the autophagy machinery can switch from its canonical degradative role 

into a secretory role which serves as a vehicle to facilitate IL-1 exit from the cell (Dupont et 

al., 2011; Kimura et al., 2017). Notably, most studies implicating autophagy in IL-1 secretion 

failed to detect cell death, which raises the hypothesis that IL-1 secretion in the absence of 

cell death is autophagy-mediated. However, whether or not GSDMD is required in this 

autophagy-dependent IL-1 release model is unknown. In addition, it remains unknown 

whether autophagy plays a role in limiting GSDMD-mediated pyroptotic death. 
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CHAPTER 2 – MATERIALS AND METHODS 

2.1 In vivo studies  

2.1.1 Animal ethics 

The Walter and Eliza Hall Institute of Medical Research (WEHI) Animal Ethics Committee 

approved all mouse experiments used in this research project which were conducted in 

accordance with the Prevention of Cruelty to Animals Act (1986) and the Australian National 

Health and Medical Research Council Code of Practice for the Care and Use of Animals for 

Scientific Purposes (1997). All mice were maintained at WEHI Bioservices facilities in Parkville 

and Kew (Victoria, Australia). 

2.1.2 Mice 

The C57BL/6J mouse strain was used in this research project. Ripk3K46R/K469R mice were 

generated on WT strain using CRISPR/Cas9 technology by Melbourne Advanced Genome 

Editing Centre (MAGEC) laboratory at WEHI, following a similar methodology as previously 

published (Lalaoui et al., 2020). To introduce an arginine mutation on K469 within the Ripk3 

gene (mouse chromosome 14), an sgRNA of the sequence GAACTGTGCTTGGTCATACT was 

used to create double stranded breaks within the Ripk3 locus and initiate homologous 

recombination. An oligo donor with the following sequence was subsequently used to 

introduce the K469R mutation: 

TGCAGATTGGGAACTACAACTCCTTGGTAGCACCACCAAGAACTACTGCCTCAAGTTCGGCCCGTTA

TGACCAAGCACAGTTCGGCAGGGGTAGGGGCTGGCAGCCCTTCCACAAGTAGACTTCA  

Nucleotides in bold indicate the introduced K469R mutation. To validate the integration of 

the oligo donor, mice were genotyped using forward primer CGGCTCTCGTCTTCAACAAC and 

reverse primer TGATGCCCTGGATTGACACC employing the PCR conditions as listed in Table 

2.1. 

Table 2.1. Thermocycling conditions for validating integration of oligo donor 

Cycle step 
3-step protocol 

Cycles 
Temperature Time 

Initial denaturation 95oC 2 min 1 

Denaturation 95C 30 s 35 
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Annealing 60C 30 s 

Extension 72C 30 s 

Final extension 72C 5 min 1 

 
Viable mice were genotyped by next-generation sequencing. Prior to conducting experiments, 

mice were backcrossed to WT C57BL/6J for at least 2 generations to remove any potential off-

target mutations.  

 

2.1.3 Mouse genotyping 

Ripk3K469R/K469R mice genotyping was performed by Cathrine Hall (WEHI) and was based on 

PCR method, using the primers and conditions summarised in Table 2.2 and Table 2.3, 

respectively. 

Table 2.2. Primers used for Ripk3K469R/K469R mice genotyping 

Pair Forward (5’-3’) Reverse (5’-3’) Note 

A CTCAAGTTCGGCCAAG GACTTTAAGGAGATGGGTC

AAG 

for recognising WT K469  

B CTCAAGTTCGGCCCGT for recognising mutant K469R 

 

Table 2.3. Thermocycling conditions for Ripk3K469R/K469R mice genotyping 

Cycle step 
3-step protocol 

Cycles 
Temperature Time 

Initial denaturation 95C 2 min 1 

Denaturation 95C 30 s 

34 Annealing 49C 30 s 

Extension 72C 30 s 

Final extension 72C 5 min 1 

 

2.1.4 Blood analysis 

Sub-mandible bleed from Ripk3WT/WT, Ripk3WT/K469R, and Ripk3K469R/K469R mice were analysed 

for white and red blood cell composition using the Advia 2120i haematology system (WEHI) 

(Harris et al., 2005). 
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2.1.5 Mouse model of SMAC mimetic-mediated skin inflammation 

This experiment was performed in collaboration with Dr Holly Anderton (WEHI) who designed 

the protocol and assisted with tissue harvest at the experimental endpoint. Mice used in this 

experiment were not littermate controls, and aged 11 weeks. Mice were injected 

subcutaneous with 100 L of 1 mg/mL SMAC mimetic Compound A. All injections were 

completed by the animal technicians. The first injection was made at the right inguinal region 

for a 3-day time point, followed by the left inguinal region for a 1-day time point. Post-mortem 

mice were photographed for skin lesions and scored according to the published criteria 

(Anderton; Anderton et al., 2017) listed in Table 2.4. Skin lesions were collected for Western 

blot analysis (see section 2.7). Injections and analyses were done in a blinded manner. 

Table 2.4. Wound scoring criteria for SMAC mimetic injection model 

Time post-

injection 

Scoring criteria 

Day 1  0 1 2 3 

Oedema* None Mild –  

<1 cm 

Moderate –  

1-1.5 cm 

Severe –  

>1.5 cm 

Redness none A few red spots Clear patch of 
redness, but 

mild 

Severe redness in whole 
area 

Nikolsky‘s 

Sign** 

None Slight epidermal 
shift. Not 
confluent. 

 

Confluent, with 
clear area of 
shift when 

lateral pressure 
is applied. 

epidermis is peeling away 
without rubbing, or clear 

presence of blister 

      

Day 3 0 1 2 3 4 

Oedema none mild moderate severe N/A 

Redness 

none 

A few red spots Clear red ring 
around the 

lesional area 

Intense red 
ring around 
lesion and 

extending to 
peripheral 

tissue 

N/A 

Lesion 
No 

lesion 

<0.25 cm 
lesional area 

with no 

0.25-0.5 cm 
lesional area. 

Epidermis 

0.5-1 cm 
lesional area 
with patches 

>1 cm 
lesional 

area with 
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scabbing/eschar. 
Present of mild, 

patchy area. 

appears to be 
separated but 
has not lifted 

away from the 
dermis. Or small 
clear lesion with 
mild scabbing. 

of eschar 
(scabby 

looking) or 
severely 
peeling 

epidermis. 

patches of 
scabby 

looking or 
severely 
peeling 

epidermis. 

*Size was assessed by putting index finger and thumb on either side of the suspected area  
**Detached epidermis upon rubbing 
 

2.1.6 Mouse model of LPS endotoxic shock 

Mice used in this experiment were littermate controls aged 8-11 weeks. Experiment was 

conducted with the assistance of Sarah Garnish (WEHI). Sub-mandible bleeds were performed 

two weeks prior to LPS challenge as basal cytokine readout. Mice were injected with 2 mg/kg 

LPS (Invivogen; tlrl-3pelps) via an intraperitoneal route. Weight and temperature were 

monitored every hour post-injection for 6 h. At 2 h post-injection, sub-mandible bleeds were 

extracted as the peak of response. Finally, cardiac bleeds were performed at the experimental 

end-point. Injections and analyses were done in a blinded manner. 

2.1.7 Mouse model of K/BxN serum transfer arthritis 

Mice used in this experiment were littermate controls aged 6-8 weeks. The K/BxN serum was 

kindly provided by Dr Cynthia Louis (WEHI). Approximately 300 L of serum from K/BxN mice 

was injected via an intraperitoneal route. Mice weight was monitored on a daily basis by the 

animal technicians. Daily clinical scoring and mice harvest were performed by Dr Kate Lawlor 

(Hudson Institute). Scoring was based on severity of paw/ankle joint inflammation on each 

limb; maximum score of 12 for 4 limbs (Table 2.5). Injections and analyses were done in a 

blinded manner. 

Table 2.5. Clinical scoring criteria for K/BxN serum transfer arthritis model 

Scoring Description 

0 Normal 

1 Mild swelling of the paw 

2 Marked swelling of paw 

3 Severe swelling of paw with joint distortion and/or joint stiffness on flexion 
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2.1.6 Mouse model of Salmonella infection 

Mice used in this experiment were a mix of littermates and non-littermates aged 7-9 weeks, 

and we have confirmed that both groups responded similarly. Ripk3K469R/K469R mice were 

infected with S. Typhimurium AroA at 109 CFU for oral gavage or 100 CFU with intravenous 

(iv) injection. Mice were harvested 14 days post-infection. Serum was extracted from the 

cardiac bleeds for multiple cytokine analysis by Cytometric Bead Array (BD Bioscience). All 

experiments and data analysis were performed by Dr Greg Ebert (WEHI) and Dr Jaclyn Pearson 

(Hudson Institute). Injections and analyses were done in a blinded manner. 

2.2 Cell culture maintenance  

All cell lines used for in vitro studies were tested for mycoplasma contamination by PCR 

method using GoTaq Green Master Mix (Promega) with 9 different primers listed in Table 2.6.  

Table 2.6. Primers used for mycoplasma testing by PCR method 

Forward (5’-3’) Reverse (5’-3’) 

CGCCTGAGTAGTACGTTCGC GCGGTGTGTACAAGACCCGA 

CGCCTGAGTAGTACGTACGC GCGGTGTGTACAAAACCCGA 

TGCCTGAGTAGTACATTCGC GCGGTGTGTACAAACCCCGA 

TGCCTGGGTAGTACATTCGC - 

CGCCTGGGTAGTACATTCGC - 

CGCCTGAGTAGTATGCTCGC - 

 
PCR was performed using the following program: 

Table 2.7. Thermocycling conditions for mycoplasma testing 

Cycle step 
3-step protocol 

Cycles 
Temperature Time 

Initial denaturation 95C 2 min 1 

Denaturation I 94C 30 s 

5 Annealing I 50C 30 s 

Extension I 72C 35 s 

Denaturation II 94C 15 s 
30 

Annealing II 56C 15 s 
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Extension II 72C 30 s 

 

2.2.1 Mouse dermal fibroblasts (MDFs) 

WT, Ripk3-/-, and Mlkl-/- MDFs immortalized with SV40 large T antigen were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 8% (v/v) fetal calf serum 

(FCS) at 37C and 10% (v/v) CO2. These MDFs were gift from Professor John Silke (Walter and 

Eliza Hall Institute of Medical Research; WEHI) derived from C57BL/6 mice, and have been 

described previously (Hildebrand et al., 2014; Murphy et al., 2013; Newton et al., 2004).  

 For generation of primary MDFs, the dermis layer of a whole skin tail was separated 

from the epidermis layer by incubating with 2.1 U/mL Dispase II (Sigma; D4693) in serum-free 

DMEM media at 37C for 2 h. The dermis was then incubated in 0.4 mg/mL Collagenase type 

IV (Sigma, C5138) in serum-free DMEM media at 4C for 24 h. The following day, the dermis 

was passed through a 100 μm yellow Falcon sieve by using a sterile plastic syringe plunger 

and washed thoroughly with 8% FCS-supplemented DMEM media. Cells were grown and used 

for experiments for up to 2 weeks before entering senescence. 

2.2.2 Human colorectal adenocarcinoma cell line (HT-29) 

MLKL−/− HT-29 cells were gift from Ass. Prof. James Murphy (WEHI) which were generated 

using CRISPR/Cas9 technology as described previously (Petrie et al., 2018). Cells were cultured 

in DMEM supplemented with 8% (v/v) FCS at 37C and 10% (v/v) CO2. 

2.2.3 HEK293T cells 

Cells were cultured in DMEM supplemented with 8% (v/v) FCS at 37C and 10% (v/v) CO2. 

2.2.4 Bone Marrow Derived Macrophages (BMDMs) 

BMDMs were generated from the femoral and tibial bone marrow cells of WT and 

Ripk3K469R/K469R C57BL/6 mice. Upon harvest, bone marrow cells were cultured on 15 cm 

bacterial Petri dishes for 7 days in DMEM supplemented with 20% L929 conditioned media 

and 8% (v/v) FCS at 37C and 10% (v/v) CO2. Fresh media was added on day 3, and cells 

harvested, counted and used in experiments on day 6 or 7.  

2.2.5 Young adult mouse colonic epithelium (YAMC) 

YAMC cells were provided by Prof. Robert Ramsay (Peter MacCallum Cancer Centre), and 

were cultured in RPMI 1640 supplemented with 8% (v/v) FCS at 37C and 10% (v/v) CO2. 
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2.2.6 immortalised BMDMs (iBMDMs) 

Ripk3-/- BMDMs were immortalised with Cre-J2 virus, and cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 8% (v/v) fetal calf serum (FCS) at 37C and 10% 

(v/v) CO2 

2.3 Plasmids, mutagenesis, and transfection 

2.3.1 GFP and Ubiquitin constructs 

HA-GFP was cloned into a pcDNA5.5 vector, while HA-Ubiquitin WT was cloned into 

pEF6/Myc-His vector. Both constructs were kind gifts from Pascal Meier (London). HA-Sumo2 

WT (Addgene #48967) and HA-Sumo3 WT (Addgene #17361) constructs were kindly provided 

by Guy Salvesen (Bekes et al., 2011) and Edward Yeh (Kamitani et al., 1998), respectively. All 

constructs were transiently transfected into 293T cells following the Lipofectamine 2000 

Transfection protocol (ThermoFisher 11668-019). 

2.3.2 Cloning of RIPK3 constructs 

RIPK3-WT, -K5R, -K30R, -K56R, -K63R, -K145R, -K158R, -K264R, -K287R, and -K307R were 

synthesized by ATUM and supplied in the pJ204 vector (California, US). Constructs for RIPK3-

K359R, -K469R, -K158R/K359R, and -K359R/K469R were generated by polymerase chain 

reaction (PCR)-driven overlap extension technique as previously published (Heckman and 

Pease, 2007), and summarised in section 2.3.3. All constructs were cloned into an N-terminal 

FLAG-tagged doxycycline-inducible, pFTRE3G PGK puro vector (Moujalled et al., 2014; 

Moujalled et al., 2013; Murphy et al., 2013). Lentivirus was generated using Effectene 

Transfection Reagent (QIAGEN) in HEK293T cells, and target cells were infected in 4 g/mL 

Polybrene. Cells were selected in 5 g/mL puromycin. 

2.3.3 Site-directed mutagenesis by overlap extension PCR 

The overlap extension PCR was used for mutagenesis of lysine to arginine residue from a 

RIPK3-WT plasmid construct. Two primer pairs (AB and CD) were designed with 36-42C 

melting temperature on each side of the desired base pair change, assuming each A or T base 

pair is 2C, and G or C base pair is 4C (Figure 2.1). No software was used in calculating the 

flanking sequence Tm.  
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Figure 2.1. Schematic of site-directed mutagenesis by overlap extension PCR.  

Two primer pairs, AB and CD, were used to generate a point mutation in their overlapping 

region. A and D are the template primers, while B and C are the primers that introduce the 

mutation of interest as indicated by the red cross. The melting temperature (Tm) flanking the 

desired base pair change is kept within 36-42C. 

Primer pairs AB and CD used to generate RIPK3 mutants were listed in Table 2.8. 

Table 2.8. Primers used for overlap extension PCR 

RIPK3 Target Forward (5’-3’) Reverse (5’-3’) 

K359R (pair AB) CGCGGATCCTCTGTCAAGTTATGG

CCTAC 

CCTCTCAGGACATCTTCCAGGAACT

GG 

K359R (pair CD) CCAGTTCCTGGAAGATGTCCTGAG

AGG 

GCGGAATTCACTTGTGGAAGGGCT

GC 

K469R (pair AB) GGATCTGCGCCACCATGGATTAC GTGCTTGGTCATACCTGGCCGAACT

TG 

K469R (pair CD) CAAGTTCGGCCAGGTATGACCAAG

CAC 

CTAGTGAGACGTGCTACTTCCATTT

GTC 

 
All PCR reactions were performed using Phusion polymerase (ThermoFisher) following 

the company’s protocol. Briefly, a 50 L reaction mix was prepared as follows: 

Table 2.9. PCR reaction mix overlap extension PCR 

Component Volume (L) 

DNA (0.3-1 g) X 

5x Phusion HF Buffer 10 

Forward primer (50 M) 0.5 

Reverse primer (50 M) 0.5 

Tm= 36-42C Tm= 36-42C 
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dNTPs (10 mM) 1 

Phusion polymerase 0.5 

Water 37.5-X 

 

The reaction was subsequently subjected to the following thermocycling program: 

Table 2.10. Thermocycling conditions for overlap extension PCR 

Cycle step 
2-step protocol* 3-step protocol 

Cycles 
Temperature Time Temperature Time 

Initial 

denaturation 

98C 30 s 98C 30 s 
1 

Denaturation 98C 5 s 98C 5 s 

34 Annealing   YC** 5 s 

Extension 72C 25 s 98C 20 s 

Final 

extension 

72C 5 min 72C 5 min 1 

*The 2-step protocol was used for primer pair with annealing temperature of 72C. 

** YC is a variable temperature relative to each primer pair. 
 

To obtain the final DNA product containing the desired mutation, products from AB 

and CD primer pairs were purified using PCR Clean-Up System (Promega). The AB and CD pairs 

were then combined together with equal amount, and the reaction was repeated again to 

create AD product using primers A and D. All PCR products were separated by agarose gel 

electrophoresis with 1% agarose Tris-acetate gel containing ethidium bromide or GelRed® 

Nucleic Acid Gel Stain (Biotium). Gels were visualised with a UV trans-illuminator (Biorad), 

bands of the size corresponding to the sought amplicon were excised by scalpel, and DNA 

products were extracted with Wizard® SV Gel and PCR Clean-Up System (Promega) following 

the manufacturer’s protocol. 

2.2.4 Digestion, ligation and transformation of cDNAs 

All RIPK3 cDNAs generated by overlap extension PCR were digested with BamHI and EcoRI, 

and ligated into pFTRE3G PGK puro construct using T4 DNA ligase (Promega). Reaction was 

set up as follows: 
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Table 2.11. Ligation reaction mix 

Component Volume (L) 

Vector (25-50 ng)* X 

Insert (75-300 ng)* Y 

T4 DNA ligase 1 

Water Adjust to 10 or 20  

*The ratio between vector and insert was kept to 1:3 or 1:6. Concentration was estimated 

using NanoDrop (ThermoFisher). 

The ligation reaction was performed at 25C for 16-18 h, then transformed into chemically 

competent DH10B E. coli (ThermoFisher) by the heat shock method at 42C for 45 seconds. 

Competent cells were kindly provided by Masters Lab (WEHI). Cells were subsequently plated 

on LB Agar plates containing 100 g/mL ampicillin. Plates were incubated at 37C for 16-18 h. 

2.4 Reagents and antibodies 

All reagents and antibodies used throughout this research project are summarised in Table 

2.12 and Table 2.13, respectively. 

Table 2.12. List of reagents  

Reagent Company Catalogue # 
3x FLAG Peptide  APExBio A6001 

Bafilomycin A1 Enzo Life Sciences BML-CM110-

0100 

Biotinylated Wheat Germ Agglutinin (WGA) Sigma-Aldrich L5142 

CytoTox 96® Non-Radioactive Cytotoxicity Assay Promega G1780 

Collagenase from Clostridium histolyticum Sigma-Aldrich C5138 

Dispase II Sigma-Aldrich D4693 

Doxycycline Sigma-Aldrich D3447 

DyLight650-conjugated streptavidin ThermoFisher  84547 

Gentamycin Sigma Aldrich G-1397 

Glutathione Sepharose 4B GE Healthcare GEHE17-0756-

01 

GSK’872 SynKinase SYN-5481 
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Hoechst 33342 ThermoFisher  H3570 

Human TNF-Fc WEHI (Bossen et al., 

2006) 

IDN-6556 (Emricasan) Idun 

Pharmaceuticals 

N/A 

Immobilon Western Chemiluminescent HRP 

Substrate 

Merck WBKLS0500 

Lipopolysaccharide from E. coli O111:B4 InvivoGen tlrl-3pelps 

Lipofectamine 2000 ThermoFisher 11668-019 

MG132 Sigma-Aldrich M7449 

MitoTracker™ Deep Red FM Invitrogen M22426 

Mouse IL-1 beta/IL-1F2 DuoSet ELISA R&D Systems DY401 

IL-6 Mouse Uncoated ELISA Kit Invitrogen 5017219 

TNF Mouse Uncoated ELISA Kit Invitrogen 5017331 

Nec-1s Merck 504297 

Pierce™ BCA Protein Assay Kit ThermoFisher 23225 

Polybrene Sigma-Aldrich 107689 

Propidium iodide Sigma-Aldrich 81845 

Puromycin Sigma-Aldrich p8833 

Q-VD-OPh MP Biomedicals SKU 

03OPH10901 

SlowFade Gold Antifade reagent ThermoFisher S36937 

SMAC mimetic Compound A TetraLogic 

Pharmaceuticals 

N/A 

Ultrapure lipopolysaccharide from E. coli K Invivogen tlrl-peklps 

 
Table 2.13. List of antibodies 

Antibody Company Catalogue # 

Anti--actin Sigma-Aldrich A1987 

Anti-4E-BP1 Cell Signaling Technology 53H11 

Anti-AMPK Cell Signaling Technology 2532 
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Anti-ATG5 Cell Signaling Technology D5F5U 

Anti-ATG7 Cell Signaling Technology 2631 

Anti-Calreticulin Cell Signaling Technology 12238 

Anti-Caspase-3 Cell Signaling Technology 9662 

Anti-Cleaved Caspase-3 (D175) Cell Signaling Technology 9579 

Anti-Cleaved Caspase-8 (D387) Cell Signaling Technology 8592 

Anti-Flotilin-1 BD Transduction 

Laboratories 

610821 

Anti-GAPDH Merck MAB374 

Anti-GSDMD Abcam ab209845 

Anti-GM130 BD Transduction 

Laboratories 

610822 

Anti-HA Roche 11867423001 

Anti-Lamin A/C Santa Cruz Sc-20681 

Anti-LAMP 1 Santa Cruz 1D4B 

Anti-LC3B Cell Signaling Technology 2775 

Anti-MLKL WEHI Clone 3H1 

Anti-Mouse IgG (H+L) Secondary Southern Biotech 1010-05 

Anti-Mouse IgG (H+L) Secondary, Alexa Fluor 

594 

Invitrogen R37121 

Anti-p62/SQSTM1 Cell Signaling Technology 5114 

Anti-Phospho-4E-BP1 (S65) Cell Signaling Technology 9451 

Anti-Phospho-AMPK (T172) Cell Signaling Technology 40H9 

Anti-Phospho-MLKL (S345) Abcam Ab 196436 

Anti-Phospho-MLKL (S345) Cell Signaling Technology 37333 

Anti-Phospho-MLKL (S358) Abcam Ab 187091 

Anti-Phospho-RIPK3 (T231/S232) Genentech, Inc GEN-135-35-9 

Anti-Phospho-S6 (S240/244) Cell Signaling Technology D68F8 

Anti-Phospho-ULK1 (S317) Cell Signaling Technology D2B6Y 

Anti-Phospho-ULK1 (S555) Cell Signaling Technology D1H4 

Anti-Phospho-ULK1 (S757) Cell Signaling Technology D7O6U 
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Anti-Rabbit IgG (H+L) Secondary Southern Biotech 4010-05 

Anti-Rabbit IgG (H+L) Secondary, Alexa Fluor 

488 

Invitrogen A-11008 

Anti-Rabbit IgG (H+L) Secondary, Alexa Fluor 

647 

Invitrogen A31573 

Anti-Rat IgG (H+L) Secondary Southern Biotech 3010-05 

Anti-Rat IgG (H+L) Secondary, Alexa Fluor 594 Invitrogen A-11007 

Anti-RIPK1 Cell Signaling Technology 3493 

Anti-RIPK3 WEHI Clone 8G7 

Anti-S6 Cell Signaling Technology 5G10 

Anti-TGN 38 Santa Cruz sc-166594 

Anti-Ubiquitin Cell Signaling Technology 3936 

Anti-ULK1 Cell Signaling Technology D8H5 

 

2.5 Cell viability assays 

2.5.1 Propidium iodide (PI) uptake by flow cytometry or Incucyte Live-Cell Imaging 

Upon harvesting, cells were washed once with PBS, spun down at 300xg at 4C for 5 min, and 

resuspended in PBS containing 1 g/mL PI for analysis by flow cytometry on a FACSCalibur or 

LSR II W (BD Biosciences). Data were analysed using the FlowJo v10 software. For PI analysis 

using the Incucyte system, live cells treated with PI were analysed for PI positive cells using 

the software’s algorithm. The algorithm setting was adjusted to accurately detect the PI 

puncta. 

2.5.2 LDH release assay 

The LDH assay was performed using CytoTox 96® Non-Radioactive Cytotoxicity Assay kit 

(Promega; G1780). On harvest, 50 L supernatant from each condition was incubated with 50 

L of substrate solution at 37C for 20 min. The reaction was stopped with 50 L Stop solution 

and its absorbance was measured at 490 nm using the CLARIOstar microplate reader (BMG 

LABTECH). The % LDH release was calculated as: 

(Experimental value/positive control)x100%. 

The positive control was prepared according to the kit manual. 
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2.5.3 Long term clonogenic survival assay 

The clonogenic survival assay was performed as previously described (Franken et al., 2006). 

Briefly, approximately 1,000 cells were seeded in 6-well plate and grown for 1 week with or 

without Doxycycline (Dox) treatment at the concentration indicated to induce transgene 

expression. On harvesting, cells were fixed with 100% methanol for 5 min and subsequently 

stained with 0.1% w/v crystal violet for 30 min. The stain was removed and plates washed 

twice with distilled water. 

2.6 In vitro Salmonella infection on BMDM 

Studies were performed as previously described using Salmonella Typhimurium strain SL1344 

(Doerflinger et al., 2020). Bacteria were grown at 37C for 16-18h under 50 g/mL 

Streptomycin antibiotic selection. Multiplicity of infection (MOI) was calculated based on the 

OD600 reading, whereby OD600 = 1 = 109 CFU of bacteria/mL. An MOI 10 with 50,000 cells, for 

example, equates to 0.5 L of the bacterial culture in the cell media. Cells were infected in 

antibiotic-free DMEM for 30 min. Then, cells were harvested for Western blotting for a 30 

min time-point, or washed twice with PBS and replaced in DMEM supplemented with 20% 

L929 conditioned media, 8% (v/v) FCS, and 50 g/mL Gentamycin. Cells were incubated for a 

further 30 min for a 60 min time-point prior to Western blot analysis. 

2.7 Western blotting 

For whole cell lysates, cells were lysed directly in 2x SDS lysis buffer (126 mM Tris-HCl pH 8, 

20% v/v glycerol, 4% w/v SDS, 0.02% w/v bromophenol blue, 5% v/v 2-mercaptoethanol), 

boiled at 90C for 5 min, and resolved by reducing SDS-PAGE on either 4-12% NuPAGE Novex 

Bis-Tris (Invitrogen) or 4-15% Criterion TGX Stain-Free gels (Biorad). Gels were transferred 

onto nitrocellulose or PVDF membranes at 100 V for 1-2 h. For tissue lysate preparation, 

organs were firstly resuspended in DISC buffer (1% Triton X-100, 150 mM NaCl, 20 mM Tris 

pH 7.5, 10% glycerol, 2 mM EDTA) supplemented with complete protease inhibitor cocktail 

(Roche). A steel bead (Qiagen; 69989) was then inserted into the tube and tissue was lysed 

with TissueLyser II (Qiagen). Supernatant was carefully collected, while avoiding the top fat 

layer and pellet at the bottom, and was resuspended in SDS lysis buffer. The protein 

concentration was quantified by Pierce™ BCA Protein Assay Kit (ThermoFisher). Absorbance 

was measured at 570 nm using the CLARIOstar microplate reader (BMG LABTECH). 
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All membranes were blocked in 5% w/v skim milk in PBS containing 0.1% Tween-20 

(PBST) for 5 min, and probed with the relevant primary antibodies overnight. Membranes 

were then incubated in secondary antibodies for 1 h, developed using ECL (Milipore), and 

detected using a X-OMAT film developer with Amersham Hyperfilm MP (GE Healthcare), or 

the ChemiDoc Touch Imaging System (BioRad).  

All primary antibodies were diluted in 5% w/v BSA-containing PBST, while the 

secondary antibodies were diluted in 5% w/v skim milk in PBST. All membranes were washed 

3 times with PBST after antibody incubations with a 5-minute wash in-between. 

2.8 Subcellular fractionation 

Upon stimulation with Dox at the indicated concentration, cells were fractionated following 

published protocols (Holden and Horton, 2009) with modifications. The cytosol (C) was firstly 

extracted in 0.025% w/v digitonin in MELB buffer (20 mM HEPES pH 7.5, 100 mM sucrose, 2.5 

mM MgCl2, 100 mM KCl) for 10 min on ice. After a 2000xg spin, the membrane-bound 

organelles (N) were extracted by resuspending the cell pellet in 1% NP40, 150 mM NaCl, 50 

mM HEPES pH 7.4 for 30 min on ice. Lysates were centrifuged at 7000xg for 10 min, and the 

cell pellet resuspended in RIPA buffer [150 mM NaCl, 50 mM HEPES pH 7.4, 0.5% Sodium 

Deoxycholate, 0.1% SDS, 1 U/ml Benzonase (Sigma-Aldrich)] for 1 h at 4C with rotation. In 

the final step, after another centrifugation at 7000xg for 10 min, the cell pellet containing the 

insoluble aggregates (I) was resuspended directly in 2x SDS lysis buffer. All fractions collected 

(C, M, N, and I) were subsequently subjected to Western blotting. All buffers were 

supplemented with complete protease inhibitor cocktail (Roche). 

2.9 FLAG and HA immunoprecipitation (IP) 

For FLAG IP analysis, MDFs were seeded in 2x15 cm plates at 80% confluency. After Dox 

stimulation, cells were harvested and lysed in DISC buffer (see section 2.7 for recipe). Sample 

was clarified by centrifugation at 15000xg for 5 min, and the soluble lysate was incubated 

with 20 l of packed magnetic anti-FLAG beads (Sigma) per 15 cm plate at 4C with rotation 

overnight. Upon 2 washes with DISC buffer, sample was eluted twice in 50 L 1 mg/ml 3x 

FLAG peptide (APExBio) in TBS pH 7.5. The combined eluate was mixed with SDS lysis buffer 

for further analysis by Western blotting. 
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 For HA IP analysis, 293Ts were seeded in 6-well plates at 80% confluency. Cells were 

transiently co-transfected with 1 g HA construct and 1 g FLAG RIPK3-WT. Cells were 

stimulated with 20 ng/mL Dox overnight post-transfection, harvested and lysed in DISC buffer. 

Samples were processed similar to the FLAG IP, except that it was incubated with 20 l of 

packed magnetic anti-HA beads (ThermoFisher) at 4C with rotation overnight, and the beads 

were lysed directly in SDS lysis buffer after completing the incubation and wash steps. 

2.10 Blue-native PAGE 

The method was performed following the guidelines described previously (Hildebrand et al., 

2014). Cells were lysed in lysis buffer composing of 20 mM HEPES pH 7.5, 100 mM KCl, 2.5 

mM MgCl2, 100 mM sucrose, and supplemented with 0.025% digitonin, 2 μM N-ethyl 

maleimide, complete protease inhibitors (Roche), and phosphatase inhibitors. Lysates were 

centrifuged at 11,000 g for 5 min to yield cytoplasmic and membrane fractions. The former 

was mixed with 1% w/v digitonin, while the latter was resuspended in lysis buffer containing 

1% w/v digitonin. Lysed membrane fraction was centrifuged at 11,000 g for 5 min. Both the 

cytoplasmic and membrane fractions were resolved on a 4–16% BisTris native PAGE gel 

(ThermoFisher). Proteins were transferred onto PVDF membranes, and membrane was 

destained (in 50% methanol and 25% acetic acid) prior to denaturation in 6 M guanidine 

hydrochloride, 10 mM Tris-HCl pH 7.5 and 5 mM 2-mercaptoethanol for 1–2 h at room 

temperature, and Western blotting.  

2.11 Liquid chromatography–tandem mass spectrometry (LC-MS/MS) 

MDFs were seeded in 4x15 cm plates at 80% confluency, stimulated with 20 ng/mL Dox 

overnight, lysed in DISC buffer, and FLAG-purified as described above, except that sample was 

washed twice in MS buffer (1% Triton X-100, 1 M urea, 500 mM NaCl, 20 mM Tris pH 7.5, 10% 

glycerol, 2 mM EDTA) at 4C with rotation for 15 min. Eluted sample was subjected to tryptic 

digestion, following the FASP protocol described previously (Wisniewski et al., 2009). Peptides 

were analyzed by LC-MS/MS on Q-Exactive Orbitrap mass spectrometer (ThermoFisher).  

2.12. Recombinant protein purification of GST-UBA and GST-TUBE 

The recombinant GST-tagged Ubiquillin-UBA1x (UBA) and Ubiquillin-UBA4x (TUBE) were 

expressed from the pGEX-6P1 vector encoding the respective protein, and have been 

described elsewhere (Hjerpe et al., 2009). pGEX-6P1 plasmid encoding GST-TUBE was kindly 
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provided by Prof. David Komander (WEHI). Plasmids were transformed in E. coli BL21-Codon 

Plus (DE3) by electroporation method. Cells were subsequently plated on LB Agar plates 

containing 50 g/mL kanamycin. Plates were incubated at 37C for 16-18 h. The next day, a 

few colonies were selected and grown in 1-2 L Super broth with kanamycin. Once OD600 

reached 0.8-1.0, proteins were induced with 0.3 mM IPTG on a shaker at 180 rpm, 18C 

overnight. On harvesting, bacteria were centrifuged using SLA-3000 rotor at 5000 rpm, 4C 

for 5 min. Bacterial pellets were lysed by sonication in GST buffer [50 mM Tris pH 8.0, 50 mM 

NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol, and complete protease inhibitor cocktail (Roche)]. 

Lysates were clarified by centrifugation with SS34 rotor at 45000xg, 4C for 30 min prior to 

glutathione agarose beads (GE Healthcare) incubation with rotation at 4C for 1 h. Beads were 

washed twice with GST buffer, and elution was performed twice in 10 mM reduced 

glutathione (made in GST buffer) at 4C for 10 min. 

2.13 Purification of ubiquitylated proteome 

To purify ubiquitylated substrates, 50 g/mL of GST-UBAs or GST-TUBEs per experimental 

condition was pre-bound to glutathione Sepharose beads (GE Healthcare) for 30 min at 4C 

with rotation. Approximately 2x106 cells per condition were lysed in urea lysis buffer (4 M 

urea, 50 mM Tris pH 7.5, 120 mM NaCl, 1% NP-40, 1 mM EDTA) for 10 min on ice for efficient 

extraction of active RIPK3. Samples were centrifuged to remove the remaining insoluble 

species, and supernatant was diluted in Wash buffer (50 mM Tris pH 7.5, 120 mM NaCl, 1% 

NP-40, 1 mM EDTA) at a ratio of 1:1 to dilute the urea to 2M prior to incubation in 10-20 L 

of packed GST-UBA or GST-TUBE beads at 4C with overnight rotation. Beads were then 

washed twice in Wash buffer, followed by resuspension in 2x SDS lysis buffer. Samples were 

heated at 56C or 65C for 15 min, followed by a 17000xg centrifugation for 1 min, prior to 

SDS-PAGE and Western blot analysis. In the case of GST-TUBE pulldown of TX-100-

fractionated cells, cells were lysed in DISC buffer for 20 min on ice. Following centrifugation, 

the soluble cell lysate was directly incubated in 20 L GST-TUBE packed beads at 4C with 

overnight rotation, while the pellet was further lysed in 4M urea, and proceeded as above. 

All buffers were supplemented with 10 mM N-ethylmaleimide and complete protease 

Inhibitor Cocktail (Roche).  
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2.14 USP21 Assay 

Prior to the assay, USP21 DUB (kindly provided by Silke Lab) was activated in DUB reaction 

buffer (50 mM Tris pH 7.5, 50mM NaCl and 5 mM DTT) for 10 min at room temperature. 

Approximately 2 x 106 cells per condition were lysed and GST-UBA purified (50 g/mL per 

condition) to extract the ubiquitylated proteins as described above. After incubation and 

washing (see above), the packed beads were incubated in 3 M of activated USP21 at 37C 

for 1 h. The reaction was stopped by addition of 2x SDS lysis buffer and samples analysed by 

Western blot. 

2.15 Confocal imaging 

Cells were seeded in 8-well μ-slides (Ibidi) and treated as indicated. For plasma membrane 

staining, 2 L of biotinylated wheat germ agglutinin (WGA; Sigma-Aldrich) was added to each 

well 10 min prior to harvest. For mitochondria staining, cells were incubated in 100 nM 

MitoTracker Deep Red FM (Invitrogen) for 30 min prior to fixation. On harvest, cells were fixed 

with 4% PFA in PBS for 10 min, washed with PBS, and permeabilized with 0.1% saponin, 10% 

donkey serum in TBS (0.2 m filtered) for 30 min. Fixed samples were then incubated in 

primary antibodies as indicated for overnight at 4C. The next day, samples were washed 

twice in PBS, incubated in secondary antibodies at 1:1000 dilution for 1 h at room 

temperature. For nuclear staining, 2 g/mL of Hoechst 33342 (ThermoFisher) was applied for 

20 min, or with 1 g/mL DAPI (ThermoFisher) for 10 min. For WGA detection, 1-2 g/mL 

DyLight650-conjugated streptavidin (ThermoFisher) was used during the secondary antibody 

incubation step. After 2 washes with PBS, samples were mounted with SlowFade Gold 

Antifade reagent (ThermoFisher). All images were obtained using a 63x oil objective on a 

confocal laser scanning Leica TCS SP8 microscope with z-stacks, and subsequently analysed 

using FIJI software. 

 For live-cell imaging of autophagy, MDFs were seeded in a 35 mm μ-Dish (Ibidi), 

incubated in 75 nM LysoTracker Red DND-99 (ThermoFisher) for 2 h and 2 μg/ml Hoechst 

33342 (ThermoFisher) for 20 min. Quantification was automated via the Green and Red 

Puncta Colocalization Macro for FIJI (D. J. Shiwarski), as performed previously (Pampliega et 

al., 2013). 
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2.16 ELISA 

Detection of TNF (Invitrogen), IL-6 (Invitrogen), and IL-1 (R&D Systems) cytokines were 

performed according to manufacturer’s instructions. Absorbance was measured at 490 nm 

using the CLARIOstar microplate reader (BMG LABTECH). 

2.17 Statistical analysis 

For in vivo model of Salmonella infection, statistical analysis was performed with GraphPad 

Prism 8, implementing Mann-Whitney test to calculate significance values. A p-value of > 0.05 

was considered not significant (ns), *indicates P ≤0.05, ** for P≤ 0.01, *** for P≤ 0.001 and 

**** for P<0.0001.   
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CHAPTER 3 – UBIQUITYLATION OF RIPK3 BEYOND-THE-RHIM 

LIMITS RIPK3 ACTIVITY AND CELL DEATH  

3.1 Preface 

This chapter contains work which will be submitted for publication.  I, the author of this thesis, 

am the first author of the manuscript. I contributed to the following: 

• Experimental methodology, execution and validation, except for mass spectrometry 

data acquisition and analysis. 

• Compilation of figures 

• Writing of the original draft and incorporating changes to the manuscript as suggested 

by other co-authors  

In addition, I would like to acknowledge the contribution of the following researchers: 

• Jarrod Sandow one of my PhD supervisors, who assisted in mass spectrometry data 

acquisition and analysis, which resulted in the identification of two ubiquitylation sites 

and a number of phosphorylation sites on mouse RIPK3. 

• Maryam Rashidi and Ashley Weir (WEHI) for assisting with cell death analysis of RIPK3-

WT, RIPK3-K359R, RIPK3-K469R, and RIPK3-K359R/K469R  

3.2 Introduction 

Genetically-encoded caspase-independent necrosis, termed necroptosis, has emerged as an 

important host response against microbial infections and a potential disease-driver in 

conditions associated with exacerbated cell death-induced inflammation, such as kidney 

ischemia-reperfusion injury (Newton et al., 2016). Necroptotic killing of cancer cells has also 

been observed to elicit long-lasting anti-tumour immune responses (Aaes et al., 2016; Snyder 

et al., 2019). As such, there is significant interest in understanding the molecular determinants 

by which the necroptotic machinery is regulated, and how this might be therapeutically 

exploited to develop new treatments for infections, cancer and cell death-associated 

inflammatory conditions (Murphy and Vince, 2015). 

Necroptosis is elicited by both Pathogen Recognition Receptors (PRRs), such as Toll-

like Receptors (TLRs) and Z-DNA-binding protein 1 (ZBP1), and death receptors, such as TNF 

Receptor 1 (TNFR1). Upon pathogen or death ligand binding, these receptors engage Receptor 
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Interacting Serine/threonine Kinase-3 (RIPK3) (Cho et al., 2009; He et al., 2011; He et al., 2009; 

Kaiser et al., 2013a; Upton et al., 2012; Zhang et al., 2009). RIPK3 recruitment occurs through 

homotypic interactions of the RIPK3 receptor homotypic interaction motif (RHIM) that is also 

found in cytoplasmic necroptotic-inducing receptors (i.e. ZBP1), and TLR and TNFR1 

cytoplasmic adaptor proteins and their signalling components (i.e. TRIF and RIPK1) (Silke et 

al., 2015). Subsequently, RHIM-mediated oligomerisation of RIPK3 and its 

autophosphorylation (T231/S232 in mouse or S227 in human) allows it to phosphorylate and 

thereby activate the terminal effector of necroptotic cell death, Mixed Lineage Kinase 

Domain-Like Protein (MLKL) (Chen et al., 2013; Murphy et al., 2013; Sun et al., 2012). 

Activated MLKL associates with, and damages the plasma membrane to cause osmotic 

swelling and the eventual cellular rupture that triggers the release of immunogenic damage-

associated molecular patterns (Dondelinger et al., 2014; Hildebrand et al., 2014; Wang et al., 

2014a). 

Although RIPK3 kinase activity is essential for necroptosis, research has revealed that 

RIPK3 can also signal activation of apoptotic caspase-8. For example, genetic deficiency or 

chemical targeting of the Inhibitor of Apoptosis (IAP) proteins results in TLR- or TNFR1-

induced RIPK3 signalling that promotes caspase-8-mediated apoptosis (Lawlor et al., 2015; 

Vince et al., 2012; Yabal et al., 2014). The use of RIPK3 kinase inhibitors or generation of RIPK3 

kinase-dead mutants has documented that RIPK3-induced caspase-8 activation results from 

RIPK3 binding to RIPK1, leading to RIPK1 death domain recruitment of the adaptor FADD, 

which then engages the caspase-8; a complex often referred to as the ripoptosome 

(Feoktistova et al., 2011; Mandal et al., 2014; Newton et al., 2014; Tenev et al., 2011). Apart 

from its role in cell death, RIPK3 can also trigger inflammatory signalling pathways, such as 

the induction of NF-B (Moriwaki et al., 2014) and activation of the NLRP3 inflammasome to 

drive IL-1 maturation and inflammation (Conos et al., 2017; Duong et al., 2015; Kang et al., 

2013; Lawlor et al., 2017; Lawlor et al., 2015; Polykratis et al., 2019; Vince et al., 2012; Yabal 

et al., 2014). In addition, numerous mouse models of disease, mostly through genetic deletion 

studies, have alluded to RIPK3-induced apoptotic and/or necroptotic death as an important 

mediator of tissue damage (Silke et al., 2015). 

RIPK3 signalling is regulated by various post-translational modifications (PTMs), such 

as ubiquitylation (Choi et al., 2018; Lee et al., 2019; Moriwaki and Chan, 2016; Onizawa et al., 
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2015; Seo et al., 2016), phosphorylation (Chen et al., 2013; Sun et al., 2012), S-nitrosylation 

(Miao et al., 2015), and O-GlcNAcylation (Li et al., 2019). Despite the discovery of numerous 

RIPK3 PTMs, the roles of these PTMs, in particular ubiquitylation, are not fully understood. 

Studies to date have identified a number of ubiquitylation sites on RIPK3 within its N-terminus 

and kinase domain, most of which are associated with RIPK3 turnover by the proteasome 

(Choi et al., 2018; Moriwaki and Chan, 2016) or the lysosome (Seo et al., 2016), while others 

suggest a role for ubiquitylation in tuning RIPK1-RIPK3 complex assembly (Lee et al., 2019; 

Onizawa et al., 2015; Roedig et al., 2020).  

 Here, we identify that mouse RIPK3 is decorated by ubiquitin on lysine 469 (K469), 

which is situated 8 amino acids beyond-the-RHIM motif (BTR) on the C-terminal end. The 

mouse RIPK3 BTR (residues 461-486) has recently been identified as ubiquitylation sites 

important to regulate RIPK3 lysosomal turnover (Blessing et al., 2014) and restrict necroptosis 

(Roedig et al., 2020). Here we found that loss of RIPK3 K469 ubiquitylation promoted RIPK3 

ubiquitylation on another lysine, K359, which triggered enhanced RIPK3-mediated 

necroptosis and apoptosis signalling. Our results uncover an important functional role for 

RIPK3 ubiquitylation beyond the RHIM, and document how inhibitory ubiquitin modifications 

of one site can serve to block activating-ubiquitin events on distinct sites of the same protein. 

3.3 Results 

RIPK3 is ubiquitylated beyond-the-RHIM (BTR) on lysine 469  

To identify RIPK3 residues that are targeted for post-translational modification (PTM), we 

complemented immortalized Ripk3-/- mouse dermal fibroblasts (MDFs) with stably integrated, 

doxycycline (Dox)-inducible, FLAG-tagged wildtype (WT) RIPK3 (denoted hereafter as RIPK3-

WT). Following the addition of Dox to induce RIPK3 expression, RIPK3 was isolated by anti-

FLAG purification. Subsequent mass spectrometry analysis of trypsin-digested RIPK3-WT 

identified a Lys-ε-Gly-Gly (diGly) remnant on residue 469, which is situated 8 amino acids 

beyond the RHIM (BTR) of mouse RIPK3, RIPK3-K469 (Figure 3.1A and 3.1B). The diGly motif 

on RIPK3-K469 suggests that this lysine is targeted for ubiquitylation upon expression of RIPK3 

alone in the absence of an external cell death stimulus. Alignment of RIPK3 sequences from 

different animals showed that K469 is conserved in mouse and rat RIPK3 but not human RIPK3, 

although nearby lysines exist in all species of RIPK3 examined (Figure 3.1C).  
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Figure 3.1. Identification of a diGly motif situated beyond-the-RHIM (BTR) on lysine 469  

(A) LC-MS/MS analysis of FLAG-purified RIPK3-WT following doxycycline (Dox)-induced 

expression in Ripk3-/- MDFs for 16-18 h identified a diGly motif on K469. 

(B) The domain architecture of mouse RIPK3. The K469 diGly motif is situated at the C-

terminus, 8 amino acids beyond-the-RHIM (BTR). No structural information is available for 

this region, although it is predicted to be disordered.  

(C) Sequence alignment of mouse RIPK3-K469 generated by Clustal Omega (EMBL-EBI). 

 
 We assessed whether the diGly remnant found on RIPK3-K469 represents 

ubiquitylation. We complemented Ripk3-/- MDFs with RIPK3-WT and induced the expression 

of the protein with Dox and performed a GST-Ubiquitin-associated (UBA) domain pulldown 

to purify the ubiquitylated proteome. Consistent with RIPK3 being ubiquitylated, the purified 
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ubiquitylated proteome contained a substantial level of high molecular weight RIPK3 

laddering (Figure 3.2A). Importantly, treatment of the ubiquitylated proteome with USP21, a 

pan-deubiquitylating enzyme, collapsed the high molecular weight laddering of RIPK3, 

thereby demonstrating that RIPK3 is modified predominantly with ubiquitin chains (Figure 

3.2A). Consistent with this idea, only the co-expression of HA-tagged ubiquitin with mouse 

RIPK3-WT in 293T cells, but not the other HA-tagged ubiquitin-like proteins, Sumo2 and 

Sumo3, could co-precipitate high molecular weight, laddered, RIPK3 (Figure 3.2B). 

 

Figure 3.2. Abolishing RIPK3-K469 drives apoptosis and necroptosis 

(A) Stably integrated RIPK3-WT expression was induced with 20 ng/mL Dox for 16 h in Ripk3 
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-/- MDFs. A GST-UBA pulldown was subsequently performed, and lysate was incubated with 3 

M Usp21 for 1 h where indicated prior to Western blotting. Data are representative of 3 

independent experiments. 

(B) 293T cells were transiently transfected with the Dox-inducible mouse RIPK3-WT and either 

HA-GFP, ubiquitin, Sumo2, or Sumo3 constructs. After 16 h post-transfection, cells were 

harvested for HA immunoprecipitation (IP) and analysed by Western blotting. Data are 

representative of 4 independent experiments. 

(C) Stably integrated RIPK3-WT- or RIPK3-K469R-complemented Ripk3-/- MDFs were induced 

with Dox for 16-18 h and treated in the presence/absence of pan-caspase inhibitors IDN-6556 

or QVD-OPh, or the RIPK3 kinase inhibitor GSK’872. Cell death was measured by propidium 

iodide (PI) uptake and flow cytometry. Results are represented as mean± SEM of 3-4 

independent experiments (symbols). 

(D) Clonogenic survival analysis or Ripk3-/- MDFs reconstituted with either RIPK3-WT or RIPK3-

K469R post-dox induction for 7 days. Data are representative of 3 independent experiments. 

 

Loss of RIPK3-K469 ubiquitylation promotes RIPK3-induced necroptosis and apoptosis 

signalling in a cell type-dependent manner 

To examine the functional impact of RIPK3-K469 ubiquitylation, we generated a RIPK3 lysine 

to arginine mutation, RIPK3-K469R, to abolish its ability to be ubiquitylated whilst retaining a 

positive charge. Ripk3-/- MDFs were complemented with stably integrated, Dox-inducible, 

RIPK3-WT or RIPK3-K469R. Strikingly, Dox treatment alone to induce RIPK3 expression 

resulted in accelerated cell death in RIPK3-K469R-expressing cells compared to RIPK3-WT-

expressing cells, as measured by PI uptake at 16-18 h post Dox treatment (Figure 3.2C), and 

in long-term (7 days) clonogenic survival assays (Figure 3.2D). 

RIPK3 auto-phosphorylation on T231 and S232 allows RIPK3 to phosphorylate MLKL 

on S345, which causes MLKL activation and necroptosis (Chen et al., 2013). However, RIPK3 

can also signal apoptosis independent of its kinase activity, via RHIM-mediated recruitment 

and activation of caspase-8 (Mandal et al., 2014). Therefore, to define the type of cell death 

induced by RIPK3-K469R expression, MDFs were treated with pan-caspase inhibitors, IDN-

6556 or QVD-OPh, which block apoptosis and promote necroptosis, or with the RIPK3 kinase 

inhibitor, GSK’872, which blocks necroptosis and allows RIPK3 to trigger caspase-8-mediated 

apoptosis. Both pan-caspase inhibition or RIPK3 kinase inhibition still resulted in enhanced 
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cell death in RIPK3-K469R when compared to RIPK3-WT (Figure 3.2C). Because neither 

inhibitor could restore RIPK3-K469R-induced death kinetics to a level similar to RIPK3-WT, the 

result suggests that Dox-induced RIPK3-K469R can accelerate cell death through both 

apoptosis and necroptosis. 

To further define the biochemical activation of apoptotic and necroptotic responses, 

we analysed key markers of each cell death pathway by Western blot and mass spectrometry. 

Consistent with RIPK3-K469R inducing both apoptotic and necroptotic killing, Dox induction 

of RIPK3-K469R alone resulted in increased apoptotic caspase-8 and -3 processing, in addition 

to increased necroptotic-associated RIPK3 and MLKL phosphorylation on T231/S232 and S345, 

respectively, when compared to RIPK3-WT (Figure 3.3A and 3.3B). Moreover, quantitative 

mass spectrometry of FLAG-purified RIPK3-WT and RIPK3-K469R identified numerous RIPK3 

phosphorylation sites previously implicated in RIPK3 signalling (Chen et al., 2013). Notably, 

these sites were enriched 30 to 60-fold on RIPK3-K469R compared to RIPK3-WT, including 

T231/S232 (required for MLKL activation) and two novel sites, T386 and T407, of 

undetermined function (Figure 3.3C and 3.3D).  
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Figure 3.3. Loss of RIPK3-K469 ubiquitylation enhances caspase-8 and -3 processing, RIPK3 

phosphorylation and MLKL activation 

(A and B) Stably-integrated RIPK3-WT or RIPK3-K469R was expressed in Ripk3-/- MDFs by 20 

ng/mL Dox treatment for 16-18 h, and were subsequently analysed by Western blotting (A 

and B). Roman numerals to the left of blots (i, ii, and iii) indicate the membrane probed. Data 

are representative of three independent experiments.  

(C and D) Volcano plot (C) and schematic summary (D) of the level of phosphorylated RIPK3 

peptides of RIPK3-WT or RIPK3-K469R expressed in Ripk3-/- MDFs following treatment with 20 

ng/mL Dox for 16-18 h. Arrows indicate sites of particular interest. 

(E and F) Stably integrated RIPK3-WT or RIPK3-K469R was expressed in Ripk3-/- MDFs by 20 

ng/mL Dox treatment for 16-18 h and were subsequently analysed by (E) confocal microscopy. 

Scale bars are 10 m. Results were quantified by measuring the average intensity of p-

RIPK3T231/S232 staining (top panel) and average intensity of total RIPK3 staining (bottom panel) 

normalised to RIPK3-WT levels, and depicted as mean±SEM of 4 independent experiments 

(symbols). Approximately 20-50 cells were analysed in each experiment. 

 
We next assessed the impact of abolishing RIPK3-K469 ubiquitylation on RIPK3 activity 

at the single-cell level by confocal microscopy. Consistent with the above data, expression of 

mutant RIPK3-K469R alone drove a significant increase in p-RIPK3T231/S232 puncta, while overall 

RIPK3 expression levels between RIPK3-WT and RIPK3-K469R remained comparable (Figure 

3.3E and 3.3F). Of note, the p-RIPK3T231/S232 puncta were not present in all cells equally at any 

single time point. This suggests the kinetics of RIPK3 autophosphorylation varies between 

cells within the population, consistent with typical population-level cell death responses. 

Collectively, these data show that loss of RIPK3-K469 ubiquitylation leads to RIPK3 hyper-

activation and resulting RIPK3-mediated apoptosis and necroptosis. It defines a functional 

role for the RIPK3 C-terminal BTR ubiquitylation in modulating RIPK3 signalling. 

To complement the findings in MDFs, we expressed both RIPK3-WT and RIPK3-K469R 

in young adult mouse colonic epithelium (YAMC) and immortalised bone marrow-derived 

macrophage (iBMDM) cell lines. Similar to MDFs, the expression of RIPK3-K469R in YAMC cells 

also enhanced cell death through apoptosis and necroptosis when treated with GSK’872 or 

necroptotic stimuli TSI (TNF, smac-mimetic, and IDN-6556) (Figure 3.4A). However, treatment 

of iBMDMs with apoptotic stimuli TS or necroptotic stimuli TSI did not yield any observable 
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difference in cell death between RIPK3-WT and RIPK3-K469R expressing cells (Figure 3.4B). In 

agreement with RIPK3-K469R being hyperactive in a cell type-dependent manner, RIPK3-

K469R drives RIPK3 T231/S232 hyperphosphorylation in YAMC, but not in iBMDMs (Figure 

3.4C and 3.4D). Expression of RIPK3 by Dox alone in iBMDMs did not trigger 

autophosphorylation. Phosphorylation only occurred when cells were challenged with 

necroptotic stimuli TSI. Altogether, these results suggest that in cell types capable of RIPK3 

autophosphorylation by overexpression alone, such as MDFs and YAMCs, RIPK3-K469R 

increases its scaffolding activity which promotes both caspase-8 recruitment and apoptosis, 

in addition to RIPK3 autophoshorylation and necroptosis. 
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Figure 3.4. Loss of RIPK3-K469 ubiquitylation increases RIPK3 phosphorylation and cell 

death in a cell type-dependent manner 

(A-D) Stably integrated RIPK3-WT or RIPK3-K469R was expressed with 20 ng/mL Dox in  

Ripk3-/- mouse colonic epithelium (YAMC) cells (A and C) or 100 ng/mL Dox in iBMDMs (B and 

D) for 16-18 h, and were subsequently analysed by Western blotting or PI by FACS. In the case 

of YAMCs, cells were treated with or without 10 µM RIPK3 kinase inhibitor GSK’872, or in the 

last 1 hr stimulated with 100 ng/ml TNF (T), 1 µM Cp.A (S) and 5 µM IDN (I) (TSI), as indicated. 

For iBMDMs, cells were also treated with TS or TSI for 6 h (Western blot), or for 8 h (PI anlaysis). 

Data are represented as mean±SEM of 3 independent experiments (symbols; A and B), or 

representative of 3 independent experiments (C and D).  

 

The surface-exposed RIPK3 residues K158, K287 and K307 restrict both apoptotic and 

necroptotic RIPK3 in a similar manner to RIPK3-K469 

We next asked if other RIPK3 lysine residues, which are potential sites for ubiquitylation, 

might also influence RIPK3 activity and provide insight into the mechanism of RIPK3-K469R 

hyperactivation. Analysis of the mouse RIPK3 crystal structure, which incorporates only the 

kinase domain, revealed that there are 8 surface-exposed lysine residues that might be 

targeted for additional ubiquitin modifications (Figure 3.5A). Indeed, 3 of these lysines, K56, 

K264 and K307, in addition to K5, have been reported as being modified with ubiquitin to 

impact RIPK3 by i) targeting it for proteasomal (K264) or lysosomal (K56) turnover, ii) 

increasing RIPK1/RIPK3 complexation (K5), or iii) limiting RIPK1/RIPK3 complexation (K307) 

(Lee et al., 2019; Moriwaki and Chan, 2016; Onizawa et al., 2015; Seo et al., 2016) (Figure 

3.5B). A multiple sequence alignment of these RIPK3 lysine residues revealed that they were 

conserved across different species (Figure 3.5C).  
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Figure 3.5. Conservation of mouse RIPK3 surface-exposed lysine residues 

(A) Structure of the mouse RIPK3 kinase domain (PDB ID: 4M69) (Xie et al., 2013) showing 8 

conserved surface-exposed lysine residues K30, K56, K63, K145, K158, K264, K287 and K307.  

(B) Domain architecture of mouse RIPK3 depicting 4 published ubiquitylation sites (K5, K56, 

K264, and K307) and 5 other conserved surfaced-exposed lysine residues. 

(C) Multiple sequence analysis of murine RIPK3-K5, -K30, -K56, -K63, -K145, -K158, -K287, and 

-K307. Alignment was generated using Clustal Omega (EMBL-EBI). 

 
To examine the functional impact of the surface-exposed lysine residues on RIPK3 

signalling, we generated a series of Dox-inducible FLAG-tagged lysine to arginine RIPK3 

substitution mutants, including published ubiquitylated lysines (Figure 3.5B). All 9 RIPK3 
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mutants were used to complement Ripk3-/- MDFs and their expression levels were shown to 

be comparable upon Dox induction, with the exception of RIPK3-K307R which, when 

compared to RIPK3-WT, displayed moderately elevated levels when induced with 5 ng/ml of 

Dox, which was not evident upon induction with 20 ng/ml of Dox (Figure 3.6A).  
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Figure 3.6. Some, but not all, surface-exposed lysines on RIPK3 are required to limit RIPK3-

induced cell death 

(A) Ripk3-/- MDFs containing the indicated stably integrated Dox inducible RIPK3 constructs 

were treated with 5 or 20 ng/mL Dox for 16-18 h, and harvested for Western blot. The results 

are representative of 3 independent experiments. 

(B) Ripk3-/- MDFs complemented with stably integrated, Dox-inducible RIPK3 constructs. Each 

cell line was induced with 3 different concentrations of Dox as indicated for 16-18 h and cell 

death was measured by PI uptake and flow cytometry. Results are represented as mean ± 

SEM of 4-5 independent experiments (symbols). 

(C) Clonogenic survival assay of Ripk3-/- MDFs containing the indicated stably integrated Dox 

inducible RIPK3 constructs were treated with 10 ng/mL Dox over 7 days. Two independent 

MDF cell lines were analysed and data are representative of 3 independent experiments. 

 
To test RIPK3 killing activity, all RIPK3 lysine to arginine variants were treated with 

increasing doses of Dox, and subsequent cell death after 16 h was measured by PI uptake and 

quantified by flow cytometry, and long-term viability was assessed using a clonogenic survival 

assay. While RIPK3-WT, RIPK3-K56R, RIPK3-K63R and RIPK3-K264R induced a comparable low 

level of cell death upon expression (Figure 3.6B), RIPK3-K5R, RIPK3-K30R, RIPK3-K145R, 

RIPK3-K158R, RIPK3-K287R, and RIPK3-K307R resulted in markedly more cell death in both 

the short (Figure 3.6B) and long-term (Figure 3.6C) analyses. 

We subsequently focused on RIPK3-K145, -K158, -K287 and -K307 which were 

required to substantially restrict RIPK3 killing activity (Figure 3.6B). We did not further analyse 

the role of RIPK3-K30, as enhanced RIPK3-K30R killing was not re-capitulated when it was 

expressed in independently derived Ripk3-/- MDFs (data not shown). Upon Dox-induced 

expression alone, Western blot analysis demonstrated that RIPK3-K158R, RIPK3-K287R, and 

RIPK3-K307R variants led to enhanced p-RIPK3T231/S232 which correlated with enhanced p-

MLKLS345 (Figure 3.7A). The only RIPK3 variant that displayed increased killing capacity that 

did not enhance RIPK3 phosphorylation was RIPK3-K145R. However, RIPK3-K145R, in addition 

to RIPK3-K158R, RIPK3-K287R, and RIPK3-K307R, all increased caspase-8 and -3 processing 

relative to RIPK3-WT when induced by Dox treatment alone (Figure 3.7B). Similar to RIPK3-

K469R, Dox treatment over time demonstrated that the variants RIPK3-K158R, RIPK3-K287R, 

and RIPK3-K307R variants all substantially increased p-RIPK3T231/S232 within 4-6 hours prior to 
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the detection of cell death, while RIPK3-K145R behaved like RIPK3-WT (Figure 3.7C and 3.7D). 

Therefore, some, but not all, surface-exposed lysine residues on RIPK3 are important for 

restricting RIPK3-induced death. 

 

Figure 3.7. Surface-exposed K158, K287, and K307 of mouse RIPK3 restrict both apoptotic 

and necroptotic RIPK3 signalling 

(A-D) Ripk3-/- MDFs containing stably integrated Dox-inducible RIPK3-WT, -K145R, -K158R, -

K287R, -K307R, or -K469R were treated with 20 ng/mL Dox for 16-18 h (A and B) or for the 

timepoints indicated (C and D). Samples were analysed by Western blotting (A-C), or 

subjected cell death analysis by PI uptake and flow cytometry (D). Roman numerals to the left 
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of blots (i, ii, and iii) indicate the membrane probed. All data are representative of three 

independent experiments (A-C), or as mean±SEM of 3-4 independent (symbols) experiments 

(D). 

 

Loss of RIPK3-K469 ubiquitylation enhances its interaction with caspase-8 but does not 

impact RIPK3 turnover 

The misfolding and aggregation of proteins induce stress responses that can precipitate cell 

death. Therefore, to define if the enhanced killing observed in the RIPK3 lysine to arginine 

variants, particularly RIPK3-K469R, results in specific binding to apoptotic and necroptotic 

components, we immunopurified FLAG-RIPK3 upon Dox-induction in Ripk3-/- MDFs. This 

analysis showed that, when compared to RIPK3-WT, RIPK3-K469R displayed enhanced binding 

to caspase-8 and, to a lesser extent, RIPK1 (Figure 3.8). Immunopurified RIPK3-K469R 

phosphorylation on residues required for MLKL activation, RIPK3 T231/S232, was also 

dramatically elevated. Despite this, RIPK3-WT and RIPK3-K469R bound equivalent levels of 

MLKL, indicating that when activated by phosphorylated RIPK3, membrane-damaging MLKL 

is likely to be rapidly released from the RIPK3 complex (Figure 3.8). 

 

Figure 3.8. Ubiquitylation of RIPK3-K469 limits caspase-8 association  

Ripk3-/- MDFs containing Dox-inducible stably integrated RIPK3-WT or RIPK3-K469R were 

induced with 20 ng/mL Dox for 6 h and subsequently subjected to FLAG immunoprecipitation 
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and analysis by Western blotting. Roman numerals to the left of blots (i, ii, and iii) indicate the 

membrane probed. Data are representative of 3 independent experiments. 

We next asked if the hyperactivation of RIPK3-K469R might be due to reduced protein 

turnover. The ubiquitylation of RIPK3 has been implicated in targeting it for both lysosomal 

and proteasomal degradation (Ali and Mocarski, 2018; Moriwaki and Chan, 2016; Seo et al., 

2016). Therefore, to test if RIPK3-K469 ubiquitylation enhanced its degradation, Ripk3-/- MDFs 

complemented with Dox-inducible WT or mutant RIPK3-K469 were treated with Dox for 16-

18h and de novo RIPK3 transcription was subsequently prevented by removing Dox from the 

media prior to analysis by Western bloting. Both WT and mutant RIPK3-K469 were observed 

to diminish at a similar rate upon Dox removal, suggesting that RIPK3-K469 ubiquitylation 

does not play a role in regulating RIPK3 turnover (Figure 3.9A and 3.9B).  

 Consistent with previous observations (Ali and Mocarski, 2018; Moriwaki and Chan, 

2016), proteasomal inhibition with MG132 resulted in the accumulation of ubiquitylated 

RIPK3 suggesting that RIPK3 is targeted for proteasomal degradation under steady state 

conditions (Figure 3.9C). However, upon the activation of necroptotic signalling, pre-

treatment of MDFs with MG132 attenuated cell death (Figure 3.9D), in agreement with 

previous studies (Ali and Mocarski, 2018). The inhibition of lysosome function using 

Bafilomycin A1, on the other hand, had no impact on steady-state, or ubiquitylated, RIPK3 

levels (Figure 3.9E). Therefore, it is unlikely that RIPK3-K469 ubiquitylation limits RIPK3 killing 

activity by targeting RIPK3 for lysosomal or proteasomal degradation. 
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Figure 3.9. RIPK3-K469 ubiquitylation does not regulate RIPK3 turnover 

(A) Ripk3-/- MDFs containing stably integrated Dox-inducible RIPK3-WT or mutant RIPK3-

K469R were treated with 5 ng/mL Dox for 16-18 h. Cells were washed to remove Dox and 

subsequently RIPK3 levels analysed at the indicated time points by Western blotting. Data are 

representative of 3 independent experiments. 

(B) Densitometry analysis of (A). Levels of RIPK3 were quantified by Image Lab software 

(Biorad). Results are represented as mean±SEM of 4 independent experiments. 



72 
 

(C) Cell lysates from WT and Ripk3-/- MDFs treated with 20 µM MG132 for the indicated times 

were purified by a GST-UBA pulldown, and subsequently analysed by Western blotting. Data 

are representative of 3 independent experiments.  

(D) WT, Ripk3-/- and Mlkl-/- MDFs were pre-treated in the presence or absence of increasing 

concentrations of MG132 as indicated, prior to necroptotic challenge with 100 ng/ml TNF (T), 

1 µM Cp.A (S) and 5 µM IDN (I) (TSI) for 3 h. Cell death was examined by PI uptake and flow 

cytometry. Results are represented as mean±SEM of 3-5 independent experiments (symbols). 

(E) WT and Ripk3-/- MDFs treated with 20 µM MG132 or 100 nM Baf-A1 for 3 h were harvested 

for GST-UBA pulldown, and subsequently analysed by Western blotting. Data are 

representative of 3 independent experiments.  

 

Loss of RIPK3-K469 ubiquitylation via arginine substitution enhances total RIPK3 

ubiquitylation, which correlates with increased RIPK3 killing activity 

Previous studies suggest that substitution of single lysine sites targeted for ubiquitylation with 

arginine reduces overall levels of RIPK3 modified with ubiquitin chains (Choi et al., 2018; Lee 

et al., 2019; Moriwaki and Chan, 2016; Seo et al., 2016). We therefore asked if loss of 

ubiquitylation on RIPK3-K469 also leads to a reduction in total ubiquitylation by purifying the 

ubiquitylated proteome using Tandem Ubiquitin Binding Entities (TUBEs) (Hjerpe et al., 2009). 

Unexpectedly, when compared to RIPK3-WT, the total ubiquitylation of RIPK3-K469R, 

including the ubiquitylation of T231/S232-phosphorylated RIPK3-K469R, was enhanced 

(Figure 3.10A), which correlated with its increased killing capacity (Figure 3.2C). Blocking 

RIPK3 kinase activity and T231/S232 autophosphorylation with GSK’872 did not prevent RIPK3 

ubiquitylation and, if anything, increased high molecular weight RIPK3 ubiquitin modification 

(Figure 3.10B). This demonstrates that RIPK3 ubiquitylation can occur in the absence of RIPK3 

kinase activity and that it might precede RIPK3 phosphorylation. Consistent with this idea, 

MLKL was also dispensable for endogenous RIPK3 ubiquitylation upon necroptosis induction 

(Figure 3.10C). Moreover, the total ubiquitylation of RIPK3-K469R was not impacted by the 

loss of RIPK1 kinase activity, as demonstrated upon treatment with RIPK1 kinase-specific 

inhibitor Nec-1s prior to Dox-induced RIPK3-K469R expression and TUBE purification (Figure 

3.10D).   
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Figure 3.10. Ubiquitylation of RIPK3-K469 prevents overall increases in RIPK3 ubiquitylation 

independent of RIPK1 and RIPK3 kinase activity 

(A) Ripk3-/- MDFs containing stably integrated Dox-inducible RIPK3-WT or mutant RIPK3-

K469R were treated with 10 ng/mL Dox for 16-18 h. A GST-TUBE pulldown was subsequently 

performed and analysed by Western blotting. Data are representative of 3 independent 

experiments.  

(B) Ripk3-/- MDFs containing stably integrated Dox-inducible RIPK3-WT or mutant RIPK3-

K469R were treated with 20 ng/mL Dox for 16-18 h with or without 10 M RIPK3 kinase 

inhibitor GSK’872. A GST-TUBE pulldown was subsequently performed and analysed by 

Western blotting. Data are representative of 3 independent experiments. 

(C) WT and Mlkl-/- MDFs treated with 20 µM MG132 or necroptotic stimuli TSI for 3 h were 

harvested for GST-UBA pulldown, and subsequently analysed by Western blotting. Data are 

representative of 4 independent experiments.  

(D) Ripk3-/- MDFs containing stably integrated Dox-inducible RIPK3-WT or mutant RIPK3-

K469R were treated with 20 ng/mL Dox for 16-18 h with or without 10 M RIPK1 kinase 

inhibitor Nec-1s. A GST-TUBE pulldown was subsequently performed and analysed by 

Western blotting. Data are representative of 3 independent experiments. 

(E) Ripk3-/- MDFs containing stably integrated Dox-inducible RIPK3-WT, -K145R, -K158R, -

K287R, or -K307R was treated with 10 ng/mL Dox for 16-18 h. A GST-TUBE pulldown was 

subsequently performed and analysed by Western blotting. Data are representative of 3 

independent experiments. 

 
Next, we examined if the increased RIPK3 activation (i.e. phosphorylation) and killing 

activity of RIPK3-K158R, RIPK3-K287R, and RIPK3-K307R also correlated with enhanced RIPK3 

ubiquitylation. Indeed, TUBE purification demonstrated that these RIPK3 variants were all 

ubiquitylated more than RIPK3-WT upon Dox-induced expression in Ripk3-/- MDFs, including 

ubiquitylation of phosphorylated RIPK3 (Figure 3.10E). In contrast, RIPK3-K145R, which 

causes a reduction in RIPK3 autophosphorylation upon complementation of RIPK3-deficient 

MDFs (Figure 3.7A), displayed reduced ubiquitylation when compared to RIPK3-WT (Figure 

3.10E). Overall, these data suggest that RIPK3 decoration with ubiquitin chains and RIPK3 

autophosphorylation go hand-in-hand, and that these events are required for MLKL activation 

and subsequent necroptosis. 
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Loss of RIPK3-K469 ubiquitylation increases the transition of activated and ubiquitylated 

RIPK3 into detergent-insoluble fractions 

Activated MLKL associates with the plasma membrane, and potentially other intracellular 

membranes, to induce cell death (Dondelinger et al., 2014; Wang et al., 2014a). To study if 

cytosolic RIPK3 might also change in cellular localisation upon ubiquitylation and activation, 

we initially examined RIPK3 partitioning into Triton-X-100 (TX-100) detergent-soluble and -

insoluble fractions. Upon Dox-induced expression in Ripk3-/- MDF or YAMC cells, RIPK3-WT, 

RIPK3-K469R and MLKL were mainly detected in the TX-100-soluble fraction (Figure 3.11A 

and 3.11B). However, the majority of active and ubiquitylated RIPK3, and phosphorylated 

MLKL, were detected in the TX-100-insoluble membranes, and this transition was elevated 

upon loss of RIPK3-K469 ubiquitylation. Similar to RIPK3-K469R, expression of the hyper-

necroptotic RIPK3-K158R, RIPK3-K287R, and RIPK3-K307R mutants in Ripk3-/- MDFs also 

resulted in enhanced migration of active RIPK3 into the TX-100-insoluble membranes 

alongside activated MLKL (Figure 3.11C). 
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Figure 3.11. Loss of RIPK3-K158, -K287, -K307, and -K469 ubiquitylation promotes transition 

of active RIPK3 into a TX-100-insoluble fraction  

(A-C) Ripk3-/- MDFs (A and C) or YAMCs (B) containing stably integrated Dox-inducible RIPK3-

WT, -K145R, -K158R, -K287R, -K307R, or RIPK3-K469R were treated with 20 ng/mL Dox for 16-

18 h. Lysates were subsequently separated into 1% TX-100-soluble or -insoluble fractions 

prior to GST-TUBE pulldown and analysis by Western blotting. Roman numerals to the left of 

blots (i, ii) indicate the membrane probed. Data are representative of 3-4 independent 

experiments. 

 
The activation of necroptosis in WT MDFs by TSI also resulted in the migration of 

endogenous ubiquitylated p-RIPK3T231/S232 into the TX-100 insoluble fraction within 90 

minutes (Figure 3.12A), akin to hyperactivated RIPK3-K469R (Figure 3.11A). We performed a 

further fractionation of RIPK3-WT and RIPK3-K469R into digitonin-soluble, NP-40-soluble, 

RIPA-soluble, and RIPA-insoluble fractions, which allow examination of the cytosol, 

membrane-bound organelles, nuclei, and insoluble aggregates/lipid raft proteins, 

respectively (Holden and Horton, 2009). We detected the majority of the p-RIPK3T231/S232, but 

not inactive RIPK3, in the RIPA-insoluble fraction upon Dox expression, and this was enhanced 

in RIPK3-K469R-expressing MDF cells (Figure 3.12B). No notable p-RIPK3T231/S232 was found in 

the membrane-bound organelles or the RIPA-soluble fraction containing the nucleus. To 

complement the fractionation assay, we studied the localisation of activated p-RIPK3T231/S232 

by confocal microscopy in WT MDFs. Notably, we did not find any remarkable colocalisation 

of TSI-induced endogenous p-RIPK3T231/S232 puncta with any specific organelle examined, 

including the nucleus (Hoechst 33342), golgi (GM130 and TGN38), lysosome (LAMP1), 

mitochondria (Mitotracker), and plasma membrane/endosomes (WGA) (Figure 3.13A-13E). 

Altogether, these results suggest that loss of RIPK3-K469 ubiquitylation, which normally 

restrains RIPK3, results in the re-distribution of activated RIPK3 into a TX-100- and RIPA-

insoluble compartments. These results are in agreement with previous studies suggesting 

minimal association of the necrosome with any membrane-bound organelles; the complex is 

most likely a membraneless organelle (Chen et al., 2013; He et al., 2009; Samson et al., 2020).   
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Figure 3.12. Endogenous RIPK3 is associated with a detergent-insoluble fraction during 

necroptosis 

(A) Time-course analysis of WT MDFs treated with the necroptotic stimuli of 100 ng/ml TNF 

(T), 1 µM Cp.A (S) and 5 µM IDN (I) (TSI) as indicated. Lysates were subsequently separated 

into 1% TX-100-soluble or -insoluble fractions prior to GST-UBA pulldown and analysis by 

Western blotting. Roman numerals to the left of blots (i, ii) indicate the membrane probed. 

Data are representative of 3 independent experiments 

(B) Ripk3-/- MDFs containing the indicated stably integrated Dox inducible RIPK3-WT or RIPK3-

K469R constructs were treated with Dox for 16-18 h. Cells were progressively fractionated 

into 0.025% Digitonin-soluble (cytosol; C), 1% NP-40-soluble (membrane; M), RIPA-soluble 

(nuclei; N), and RIPA-insoluble fraction (insoluble aggregates; I), and subsequently analysed 

by Western blotting. Roman numerals to the left of blots (i, ii, iii, and iv) indicate the 

membrane probed. Panel on the right depicts different subcellular markers of each fraction 

in untreated (UT) condition of RIPK3-WT and RIPK3-K469R. Data is from 1 experiment.  
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Figure 3.13. Endogenous active RIPK3 is membraneless 

(A-E) MDFs were stimulated with the necroptotic stimuli 100 ng/ml TNF (T), 

1 µM Cp.A (S), and 5 µM IDN (I) (TSI) for 90 min prior to immunofluorescence analysis with p-

RIPK3T231/S232 and the organelle markers as indicated. Scale bars are 10 m. Data are 

representative of 3 independent experiments. WGA; wheat germ agglutinin. 
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RIPK3-K469 ubiquitylation restricts apoptosis and necroptosis by preventing upstream 

ubiquitylation on K359 

Because loss of RIPK3-K469 ubiquitylation enhanced overall RIPK3 ubiquitylation and cell 

death, we tested the hypothesis that RIPK3-K469 ubiquitylation is required to prevent further 

ubiquitylation of RIPK3 on other residues, which otherwise promote RIPK3 activation. To 

address this, we performed mass spectrometry directly comparing RIPK3-WT and mutant 

RIPK3-K469R modifications upon Dox expression alone in Ripk3-/- MDFs. This analysis revealed 

a new ubiquitylation site on RIPK3-K359, that was only detected on RIPK3-K469R, but not in 

the RIPK3-WT sample (Figure 3.14A). Sequence alignment of RIPK3 from different animal 

species demonstrated that RIPK3-K359 is highly conserved (Figure 3.14B).   

 

Figure 3.14. RIPK3-K359 is conserved across species 

(A) LC-MS/MS analysis of FLAG-purified RIPK3-K469R following doxycycline (Dox)-induced 

expression in Ripk3-/- MDFs for 16-18 h identified a diGly motif on K359. 
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(B) Multiple sequence analysis of mouse RIPK3 K359 generated by Clustal Omega (EMBL-EBI). 

 
To assess the significance of RIPK3-K359 ubiquitylation, we generated RIPK3-K359R 

alone or in combination with the RIPK3-K469R mutation (RIPK3-K359R/K469R). Strikingly, 

when expressed in Ripk3-/- MDFs, introduction of the RIPK3-K359R mutation on top of RIPK3-

K469R was sufficient to suppress the increased cell death promoted by RIPK3-K469R to a level 

comparable to RIPK3-WT, either upon Dox treatment alone, or in combination with apoptotic 

stimuli TS, or the necroptotic stimuli TSI (Figure 3.15A).  

We next assessed the level of RIPK3 ubiquitylation by TUBE purification of the 

ubiquitylated proteome. Consistent with the level of RIPK3 ubiquitylation correlating with its 

activation, the reduced cell death observed in RIPK3-K359R/K469R-expressing cells also 

correlated with a reduction in total ubiquitylation of both p-RIPK3T231/S232 and RIPK3 to a level 

that was similar to RIPK3-WT-expressing cells (Figure 3.15B). In agreement with this, Dox 

time-course analysis over 8 hours suggested delayed p-RIPK3T231/S232 kinetics in RIPK3-

K359R/K469R variant expressing cells (Figure 3.15C). These results demonstrate that RIPK3-

K469 ubiquitylation prevents increased apoptosis and necroptosis signalling by inhibiting 

ubiquitin conjugation onto RIPK3-K359. 

We hypothesised that other lysines that are required to prevent increased RIPK3 

activity, apart from RIPK3-K469, also suppress RIPK3-K359 ubiquitylation. To test this, we used 

one of the hyperactive variants, RIPK3-K158R (Figure 3.15C), and performed a site-directed 

mutagenesis on K359 to generate a double mutant of RIPK3-K158R/K359R. We found that, 

similar to the RIPK3-K359R/K469R variant, RIPK3-K158R/K359R also suppressed RIPK3-K158R 

hyperphosphorylation (Figure 3.15D) which translated to reduced p-MLKLS345 signalling and 

reduced cell death (Figure 3.15E and 3.15F). Altogether, these data suggest that RIPK3-K359 

ubiquitylation is potentially prevented by multiple lysines, and that the ubiquitylation of 

RIPK3-K359 can trigger RIPK3 activity and cell death. 
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Figure 3.15. RIPK3-K359 ubiquitylation limits RIPK3 hyperactivity 

(A-B) Ripk3-/- MDF cell line #1 containing stably integrated Dox-inducible RIPK3-WT, -K359R, -

K469R, and -K359R/K469R were treated with 20 ng/mL Dox for 16-18 h prior to PI analysis (A) 

or GST-TUBE pulldown (B). For PI analysis, cells were also additionally treated with 100 ng/ml 
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TNF (T) and 1 µM Cp.A (S) to induce apoptosis (TS), or TS combined with 5 µM IDN (I) (TSI) to 

induce necroptosis for the duration as indicated. Results were depicted as mean ± SEM of 3-

5 independent experiments (A, symbols), or representative of 3 independent experiments (B).  

(C-F) Ripk3-/- MDF cell line #2 containing stably integrated Dox-inducible RIPK3-WT, -K158R, -

K359R, -K469R, -K158R/K359R, and -K359R/K469R were treated with 10 ng/mL Dox in a time-

course manner as indicated for Western blot analysis (C-E), or at varying concentration of Dox 

for 8 h prior to PI analysis (F). Data are representative of 3 independent experiments (C-E), or 

depicted as mean ± SEM of 4 independent experiments (F, symbols). 

 

3.4 Discussion 

This chapter shows that murine RIPK3 is decorated by ubiquitin on the C-terminus region, 8 

amino acids beyond its RHIM on lysine 469, RIPK3-K469. Mutation of lysine 469 to arginine 

(RIPK3-K469R) to block its ubiquitylation led to increased necroptotic and apoptotic killing 

capacity. Our analysis subsequently revealed that the increased RIPK3-K469R-mediated cell 

death was conferred due to the triggering of activating ubiquitylation on RIPK3 lysine 359. 

Hence, inhibitory ubiquitin modification of RIPK3 beyond the RHIM acts to prevent ubiquitin 

being attached to upstream lysine residues that can trigger RIPK3 killing.  

RIPK3-K469 ubiquitylation was identified by mass spectrometry analysis upon the 

complementation of RIPK3-deficient MDFs with Dox-inducible RIPK3-WT. In short term 

overnight assays expression, RIPK3-WT displayed little, if any, capacity to induce cell death. 

This is consistent with our findings showing that RIPK3-K469 ubiquitylation limits increased 

RIPK3 killing activity. Although mouse RIPK3-K469 is not conserved in human RIPK3, the 

residue corresponding to mouse K469 in human RIPK3, T476, may be a target for non-

canonical ubiquitylation modification, such as the oxyester-linked ubiquitylation mediated by 

the ubiquitin E3 ligase, HOIL-1 (Kelsall et al., 2019). Alternatively, it is possible that the site is 

conserved spatially should the RIPK3 BTR region be structured; although it is notable that both 

human and mouse RIPK3 BTR sequences are predicted to be unstructured regions. Finally, 

because the regulatory mechanism between RIPK3 phosphorylation and ubiquitylation is 

increasingly recognised (Choi et al., 2018), it is possible that human RIPK3 T476 represents a 

phosphorylation site which acts like mouse K469 in regulating the ubiquitylation of other 

RIPK3 residues. 
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 Loss of RIPK3-K469 ubiquitylation correlated with enhanced p-RIPK3T231/S232,  

p-MLKLS345, cleaved caspase-8 and cleaved caspase-3, which translated to accelerated 

apoptosis and necroptosis. This is unusual in that RIPK3-induced apoptosis is typically induced 

following the inhibition of its kinase activity (Feoktistova et al., 2011; Mandal et al., 2014; 

Newton et al., 2014; Tenev et al., 2011). However, the overexpression of RIPK3 has been 

documented to activate apoptosis (Sun et al., 1999; Yu et al., 1999), while in bone marrow-

derived macrophages and -dendritic cells, we and others have reported endogenous RIPK3-

driven apoptotic signalling upon genetic or chemical targeting of IAP proteins (Feoktistova et 

al., 2011; Lawlor et al., 2015; Tenev et al., 2011; Vince et al., 2012; Vince et al., 2007), or 

influenza infection (Zheng et al., 2020).  

 Contrary to all RIPK3 ubiquitylation studies to date (Choi et al., 2018; Lee et al., 2019; 

Moriwaki and Chan, 2016; Onizawa et al., 2015; Roedig et al., 2020; Seo et al., 2016), we 

observed that loss of a RIPK3 ubiquitylation site does not always result in a reduction in total 

RIPK3 ubiquitylation levels. In fact, our results show that the loss of RIPK3 ubiquitylation at 

K469 triggered a substantial increase in the detection of ubiquitylated RIPK3 species. The 

pronounced increase in RIPK3-K469R ubiquitylation correlated with increased RIPK3-

mediated death, and RIPK3-K469R ubiquitylation was not dependent on RIPK1 or RIPK3 kinase 

activity, MLKL, or caspase activity. Therefore, ubiquitylation of RIPK3 BTR may serve to 

attenuate its kinase activity and subsequent autophosphorylation, as evidenced by the 

increased RIPK3-K469R ubiquitylation correlating with a 30 to 60-fold increase in RIPK3 

phosphorylated species, including phosphorylation of the residues T231/S232, which is 

required for MLKL activation. Alternatively, it is also possible that in cell types which are 

capable of RIPK3 autophosphorylation by overexpression alone, such as MDF and YAMC cells, 

loss of RIPK3 K469 ubiquitylation primes the system for hyperphosphorylation since this effect 

was not observed in iBMDMs, where expression of RIPK3 alone did not trigger 

phosphorylation. It remains unknown at this stage why certain cell types exhibit such 

difference in RIPK3 autophosphorylation status under overexpression condition. However, 

this finding is unsurprising as cell type-specific phenomena have also been reported 

previously in the context of TRADD regulation of RIPK1 function during TNFR1 and TLR3/4 

signalling, whereby TRADD assists in RIPK1 ubiquitylation in fibroblasts, but not in 

macrophages (Ermolaeva et al., 2008). 
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Ubiquitylated RIPK3-K469R also increased RIPK3 binding and activation of apoptotic 

caspase-8. Because the RIPK3 RHIM is required for oligomerisation of RIPK3 to promote its 

kinase activation (Li et al., 2012), and also recruits RIPK1 and caspase-8 (Cho et al., 2009), we 

suggest that RIPK3-K469 ubiquitylation serves to keep the RIPK3 RHIM in an inactive 

confirmation; by preventing its exposure and hence propensity to form oligomers. In this 

regard, sequences flanking the RIPK3 RHIM, including K469, are thought to be intrinsically 

unstructured, and it has been suggested these regions may hide the RHIM to limit 

oligomerisation (Li et al., 2012). Moreover, recent finding shows that the flanking regions 

contribute to the RHIM structure and are indispensable for functional necrosome signalling. 

Therefore, it is possible that RIPK3-K469 ubiquitylation disrupts the structural integrity of the 

flanking regions to downregulate RHIM signalling (Wu et al., 2020). On the other hand, our 

data also suggest that RIPK3 K359 ubiquitylation acts in the opposite manner to promote 

RIPK3 RHIM exposure and activation, particularly upon loss of RIPK3-K469 ubiquitin 

modification. It is tempting to speculate that these mechanisms may be conserved in other 

RHIM-containing proteins. For example, RIPK1 BTR ubiquitylation has been documented to 

occur via the E3 ligase MIB2, and MIB2 also functions to limit RIPK1 killing activity (Feltham et 

al., 2018).   

 Enhanced RIPK3 ubiquitylation and increased cell death signalling were also observed 

wherein 3 other surface-exposed and conserved RIPK3 lysine residues were mutated to 

arginine, i.e. RIPK3-K158R, RIPK3-K287R, and RIPK3-K307R. Of note, RIPK3-K307 is the mouse 

homologue of human RIPK3-K302, which has been reported as one of the sites targeted by 

the PARKIN E3 ligase (Lee et al., 2019). Consistent with this report, RIPK3 killing was increased 

upon the loss of RIPK3-K307 ubiquitylation, however, we did not observe a reduction in 

overall RIPK3 ubiquitylation but, similar to RIPK3-K469R, found that RIPK3-K307R killing 

correlated with increased ubiquitylation. It is therefore possible that the other surface 

exposed-lysines we identified, RIPK3-K158 and RIPK3-K287, which result in increased 

ubiquitylated and active RIPK3 when mutated to arginine, also represent sites modified by 

ubiquitin to limit RIPK3 signalling. Importantly, mutating RIPK3-K359 in another hyperactive 

RIPK3-K158R variant (RIPK3-K158R/K359R) reduced its activity to a level that is comparable 

as RIPK3-WT; a phenomenon similar to our findings with RIPK3-K359R/K469R. Given that 

RIPK3-K359 is highly conserved across species, ubiquitin targeting of this site may act as 
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general RIPK3 activation mechanism. Identification of the E3 ligases required for ubiquitin 

targeting of the new, functional, RIPK3 sites that we have characterised, RIPK3-K469 and 

RIPK3-K359, may present new therapeutic avenues for toggling RIPK3 signalling. 

 

CHAPTER 4 – ANALYSIS OF RIPK3 K469R MUTANT MICE: LOSS 

OF RIPK3 K469 UBIQUITYLATION IN VIVO 

4.1 Preface 

This chapter is an extension to the in vitro work from the previous chapter. Because loss of 

RIPK3-K469 ubiquitylation enhanced apoptosis and necroptosis in vitro, Ripk3K469R/K469R 

mutant mice were generated to examine its physiological relevance in vivo. I began by 

assessing the impact of RIPK3-K469R ex vivo by generating primary mouse dermal fibroblast 

(MDFs), bone marrow-derived macrophage (BMDMs), and bone marrow-derived dendritic 

cell (BMDCs). All cell types were subjected to challenges akin to previous in vitro experiments, 

however, without the need for the induction of RIPK3 expression. Moreover, these ex vivo 

experiments also allowed me to study the role of RIPK3-K469 ubiquitylation in regulating 

inflammation. As outlined in section 1.5.1, activated RIPK3 can also drive inflammatory 

responses, such as the NLRP3-caspase-1-IL-1 signalling axis. Therefore, the cell types of the 

immune system, in particular BMDMs and BDMCs, are suitable to examine RIPK3-mediated 

inflammatory signalling in Ripk3K469R/K469R animals. 

I subsequently  explored in vivo models where RIPK3-K469R might impact the phenotype: 

skin inflammation by antagonism of IAPs (Anderton et al., 2017), LPS endotoxic shock 

(Newton et al., 2016), K/B x N serum-mediated arthritis (Lawlor et al., 2015), and Salmonella 

Typhimurium challenge (Doerflinger et al., 2020; Robinson et al., 2012). Although the 

published studies utilising these models, in particular IAP-driven skin inflammation and LPS-

mediated endotoxic shock, reported minimal or no significant RIPK3 contribution, the findings 

were based on the Ripk3-null mouse background. Therefore, it does not exclude the potential 

for Ripk3K469R/K469R mice, where we expect RIPK3 to be hyperactive, to exhibit a difference 

when subjected to the challenge. 
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Institute) for assisting with running the serum transfer arthritis model 

• Greg Ebert (WEHI) and Jaclyn Pearson (Hudson Institute) for assisting with Salmonella 

infection 

4.2. Results  

RIPK3 tissue expression and blood analysis in Ripk3K469R/K469R mice  

We generated Ripk3K469R/K469R mice by CRISPR/Cas9 technology on a C57BL/6J background to 

study the impact of losing RIPK3-K469 ubiquitylation in vivo. Successful generation of founder 

RIPK3 mutant mice was confirmed by next-generation sequencing and these were 

subsequently backcrossed onto WT C57BL/6J mice for at least two generations prior to 

experiments. RIPK3 protein expression in organs and the composition of the blood 

compartment in Ripk3+/+ and Ripk3K469R/K469R mice, as well as Ripk3+/K469R to a certain extent, 

were initially assessed in the absence of any challenge. Tissue Western blot analysis suggested 

no difference in RIPK3 expression across the genotypes (Figure 4.1A-G). This is consistent with 

in vitro findings suggesting that loss of RIPK3-K469 ubiquitylation did not impact RIPK3 protein 

levels or stability (Figure 3.9A and 3.9B). 

Advia hematology analysis of white and red blood cell compartments comparing 

Ripk3+/+, Ripk3+/K469R, and Ripk3K469R/K469R mice revealed no substantial differences across all 

genotypes (Figure 4.2). Collectively, these results indicate that abolishing K469 ubiquitylation 

on RIPK3 does not perturb basal physiology, although an age-related phenotype, as observed 

for other RIPK3 activating mutants (Lee et al., 2019; Seo et al., 2016), has yet to be ruled out. 
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Figure 4.1. RIPK3 expression between Ripk3+/+ and Ripk3K469R/K469R mice is similar.  

Western blot analysis of bone marrow, sub-mandible bleed, tongue, lung, large intestine, 

thymus, and spleen. Ripk3+/K469R mice were also included for sub-mandible bleed analysis. 

Where indicated, Ripk3-/- mice were also included as a control for RIPK3 antibody specificity. 

All data are representative of at least 3 mice. 
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Figure 4.2. Advia hematology analysis of Ripk3+/+, Ripk3+/K469R, and Ripk3K469R/K469R mice. 

Blood was collected by sub-mandible bleeds from mice of the indicated genotypes. Results 

are depicted as mean±SEM from 5-7 male mice aged 8-11 weeks (symbols). 

 

Loss of RIPK3-K469 ubiquitylation enhances apoptosis in primary MDFs 

In vitro experiments complementing RIPK3-deficient cells with the overexpression of RIPK3-

K469R suggested that ubiquitylation on K469 is important to restrict RIPK3-induced cell death, 

especially in MDFs (Figure 3.2C and 3.2D). Therefore, primary MDFs were isolated from 
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Ripk3K469R/K469R mice and challenged with death stimuli. Consistent with in vitro findings, 

treatment of primary MDFs with the apoptotic stimuli TNF and SMAC mimetic (TS) led to 

increased cleavage of caspases in the absence of K469 ubiquitylation (Figure 4.3A). However, 

both Ripk3+/+ and Ripk3K469R/K469R primary MDFs induced RIPK3 phosphorylation at a similar 

rate in response to treatment with the necroptotic stimuli TS combined with the pan-caspase 

inhibitor IDN-6556 (TSI) (Figure 4.3B). In agreement with the Western blot data, analysis of 

cell death kinetics in real time demonstrated increased PI uptake (indicative of enhanced 

death) in response to TS treatment over 12 hours when K469 ubiquitylation was abolished 

(Figure 4.3C). In contrast, TSI-induced necroptosis resulted in a similar rate of PI uptake in 

primary MDFs, regardless of the genotype (Figure 4.3D). These results suggest that 

endogenous RIPK3-K469 ubiquityaltion is important for restricting apoptosis, but not 

necroptosis, in primary MDFs. 

My initial in vitro results demonstrated that regulation of RIPK3 through K469 

ubiquitylation occurs in fibroblast and colonic cell lines, but not in phagocytic cells such as 

macrophages (Figure 3.4B and 3.4D). Therefore, to test if these observations translate to 

primary cell types, we generated BMDMs from Ripk3K469R/K469R mice. Indeed, BMDMs derived 

from Ripk3K469R/K469R mice died with kinetics similar to those observed for WT cells upon 

apoptosis and necroptosis induction using TS and TSI treatments, respectively (Figure 4.3E).  

As BMDMs also respond to LPS stimulation, which engages TLR4 and is capable of inducing 

apoptosis or necroptosis, these cells were treated with apoptotic stimuli LPS and SMAC 

mimetic (LS) or with necroptotic stimuli LS combined with the pan-caspase inhibitor IDN-6556 

(LSI). However, the loss of RIPK3 K469 ubiquitylation did not impact LPS-triggered apoptosis 

or necroptosis (Figure 4.3E). Western blot analysis confirmed similar cleavage of caspase-3 

and levels of p-RIPK3T231/S232 upon BMDMs challenged with apoptotic or necroptotic stimuli 

(Figure 4.3F-H). I also measured PI uptake in BMDCs forced to undergo apoptosis and 

necroptosis. Similar to BMDMs, no observable difference was found between Ripk3+/+ and 

Ripk3K469R/K469R cells (Figure 4.3I). These results support my in vitro findings (Figure 3.4B and 

3.4D), which demonstrate a cell-type specific regulation of RIPK3-K469 ubiquitylation in 

preventing cell death. 
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Figure 4.3. Ubiquitylation on mouse RIPK3 K469 restricts apoptosis in primary MDFs but not 

BMDMs or BMDCs 

All cell types (primary MDF, BMDM, and BMDC) derived from Ripk3K469R/K469R mice were 

treated with either apoptotic stimuli or necroptotic stimuli for the indicated durations. 

Apoptotic stimuli consist of 100 ng/ml TNF (T) or 50 ng/mL LPS (L) combined with 1 µM Cp.A 

(S) (denoted as TS or LS). With necroptotic stimuli, 5 µM IDN (I) was added in addition to either 

LS (denoted LSI) or TS (denoted TSI). Cells were harvested for Western blot, or PI analysis by 

Incucyte imaging analysis or flow cytometry. Western blot results are representative of 3 

independent experiments (A, B, F, G and H). Incucyte results are represented as mean±SEM 

of 4 mice per genotype (C and D), while PI results by FACS are depicted as mean±SD of 2-4 

independent experiments (symbols). 

 

RIPK3-K469 ubiquitylation in SMAC mimetic-mediated skin inflammation 

RIPK3 has recently been implicated in a mouse model of RIPK1-driven skin inflammation 

(Anderton et al., 2017). In this model, SMAC mimetics are injected into the skin to deplete the 

IAP proteins, which results in epidermal apoptosis and the release of inflammatory cytokines. 

Although RIPK3 appears dispensable for initial epidermal death, loss of RIPK3 was shown to 

reduce subsequent injury of the dermis. Because primary fibroblasts lacking RIPK3-K469 

ubiquitylation exhibit enhanced apoptosis (Figure 4.3A and 4.3C), inflammation resulting 

from ectopic loss of IAPs in the skin might be amplified in Ripk3K469R/K469R mice. 

 SMAC mimetic was injected into WT and Ripk3K469R/K469R mice and skin lesions on mice 

examined after 1 day or 3 days, which is the reported timeframe for when these inflammatory 

lesions appear (Anderton et al., 2017). Both Ripk3+/+ and Ripk3K469R/K469R mice exhibited 

comparable skin lesion development on day 1 upon visual inspection or clinical scoring for 

redness, oedema, and Nikolsky’s Sign of detached epidermis upon rubbing, while on day 3 

there was a mild trend for increased Ripk3K469R/K469R lesion severity (Figure 4.4A and 4.4B). 

Because primary injury to the keratinocytes is driven by apoptosis (Anderton et al., 2017), 

Western blot analysis was performed on proteins extracted from the skin lesion to assess for 

caspase-3 cleavage. Consistent with macroscopic analyses, there was no observable 

difference in overall levels of epidermal caspase-3 cleavage between genotypes; cleaved 

caspase-3 was highest 1 day post-SMAC mimetic injection and subsided by day 3, and was 
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similar in WT and Ripk3K469R/K469R mice (Figure 4.4C). Collectively, these results suggest that 

RIPK3 K469 ubiquitylation does not dramatically exacerbate the initial onset and progression 

of skin lesions resulting from IAP loss (Anderton et al., 2017). However, it will be interesting 

to repeat and extend these experiments in order to define if the trend towards increased 

lesion severity observed in Ripk3K469R/K469R mice on day 3 post Smac-mimetic injection is 

consistent, and if these differences might become more pronounced at later time points. 
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Figure 4.4. SMAC-mimetic mediated skin inflammation is similar in Ripk3+/+ and 

Ripk3K469R/K469R mice.  

(A) Photographs of skin lesions in 5 mice from each genotype 1 and 3 day post-injection on 

the left and right flanks, respectively.  

(B) Clinical scoring of the skin lesions. 

(C) Western blot analysis of the excised skin lesions from 4 mice of each genotype. Sample 

number corresponds to the indicated mouse number in (A). Mice #5 and #10 were not 

analysed.  

 

RIPK3-K469 ubiquitylation is potentially pro-inflammatory in LPS-induced endotoxic shock, 

but not K/BxN serum-mediated arthritis  

Previous studies have demonstrated that RIPK3 deficiency significantly protected against TNF-

induced SIRS, but was dispensable for LPS-induced shock (Newton et al., 2016) despite the 

fact that LPS can signal to RIPK3 via the adaptor TRIF (Najjar et al., 2016). Interestingly, in this 

study (Newton et al., 2016), a high LPS dosage of 20 mg/kg was used, which resulted in rapid 

mortality and may therefore mask any RIPK3-dependent phenotype. As such, LPS was 

intraperitoneally injected into Ripk3+/+ and Ripk3K469R/K469R mice at 2 mg/kg and serum 

cytokine levels assessed by ELISA at 2 h and 6 h post-injection. Heterozygous Ripk3+/K469R mice 

were also included in the LPS challenge model to assess a potential gene dosage effect.   

Because LPS regulates transcription of IL-1, TNF and IL-6 (Kawai and Akira, 2010), 

serum analysis of these pro-inflammatory cytokines was used as a readout for the experiment. 

Serum analysis prior to LPS injection (prebleed) indicated similar levels of IL-1, TNF and IL-6 

in Ripk3+/+, Ripk3+/K469R, and Ripk3K469R/K469R mice (Figure 4.5A-C). At 2 h and 6 h post-LPS 

injection, however, there was a trend towards reduced IL-1 and TNF, but increased IL-6 

serum levels, in Ripk3K469R/K469R mice, while heterozygous Ripk3+/K469R mice displayed a partial 

reduction in IL-1 and TNF cytokines, suggestive of a gene dosage effect (Figure 4.5A and 

4.5B). On the other hand, all genotypes displayed a comparable temperature drop following 

LPS injection (Figure 4.5D). Overall, these preliminary results suggest that loss of RIPK3-K469 

ubiquitylation may act to limit inflammation in LPS-challenged mice, which based on my in 

vitro studies, may result from increased cell death of relevant cytokine-producing cells. 
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However, due to the large data spread, more experiments are required to draw any firm 

conclusions. 
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Figure 4.5. Loss of RIPK3-K469 ubiquitylation potentially impacts LPS responses in vivo, but 

does not play a role in the K/BxN serum transfer arthritis model. 

(A-C) IL-1, TNF and IL-6 ELISA analysis of serum from Ripk3+/+, Ripk3+/K469R and Ripk3K469R/K469R 

mice at steady state, 2 h, and 6 h post-LPS (2 mg/kg) intraperitoneal injection. 

(D) Rectal temperatures of mice post-LPS injection. All results (A-D) are from one experiment, 

represented as mean±SEM of 4-6 mice per genotype (symbols). 

(E-F) Assessment of arthritis severity (E) and weight change (in %; F) for the K/BxN serum 

transfer arthritis model. Results were from one experiment, represented as mean±SEM of 6-

7 mice per genotype. 

 

To further assess the potential role of RIPK3-K469 ubiquitylation in regulating 

inflammation, I examined disease severity of Ripk3K469R/K469R mice using the inflammatory 

K/BxN serum-induced arthritis model. Injection of pathogenic K/BxN serum induces an innate 

immune response which recapitulates several features of rheumatoid arthritis (Ditzel, 2004). 

In the KBxN serum transfer arthritis model, pathology is primarily driven by IL-1 as well as 

TNF to a certain extent (Ji et al., 2002; Joosten et al., 2009). Importantly, RIPK3 has been found 

to contribute to the severity of disease by promoting IL-1 secretion in the ankle joint (Lawlor 

et al., 2015). However, an initial study did not reveal a role for RIPK3-K469 ubiquitylation in 

this model, as clinical signs of arthritis scored by paw/ankle inflammation, and weight change, 

in both Ripk3+/+ and Ripk3K469R/K469R mice assessed over 11-days was comparable (Figure 4.5E 

and 4.5F). 

 

RIPK3-K469 ubiquitylation promotes Salmonella clearance in vivo 

RIPK3 has been previously implicated in Salmonella infection in which the pathogen was 

reported to induce RIPK3-mediated necroptosis in macrophages as an immune evasion 

strategy (Robinson et al., 2012). Therefore, Ripk3+/+ and Ripk3K469R/K469R mice were challenged 

with a growth-attenuated strain of Salmonella; Salmonella enterica serovar Typhimurium 

strain BRD509 (denoted hereafter as Salmonella). This Salmonella strain models the initial 

infection and recovery phases of disease. In both phases, the innate immune system and T-

cells are critical to limit pathogen burden and eventually clear the pathogen (Benoun et al., 

2018; Kupz et al., 2014). Mice were infected by oral gavage and bacterial load was analysed 2 
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weeks post-infection in the spleen, intestine (measured by bacterial burden in the faeces), 

and liver, all of which represent the major sites of bacterial replication. Preliminary data from 

this experiment suggest that Ripk3K469R/K469R mice had significantly increased bacterial 

burdens in the spleen and intestine, but not the liver (Figure 4.6A-C). There was also a 

significant difference in the spleen and liver weights between WT and Ripk3K469R/K469R mice 

(Figure 4.6D and 4.6E). Unfortunately, attempts to repeat this experiment were hampered by 

bacteria failing to colonise even WT animals upon oral gavage. Therefore, to bypass the gut 

barrier and ensure robust bacterial infection, mice were subsequently infected with 

Salmonella via intravenous (iv) injection. Notably, similar to oral challenge, Ripk3K469R/K469R 

mice also displayed increased bacterial numbers compared to WT animals in the spleen 2 

weeks post-infection (Figure 4.6F). However, increased bacterial burden was also observed 

in the liver of Ripk3K469R/K469R mice compared to WT when challenged via iv, but not orally 

(Figure 4.7G). Both mouse genotypes did not display any significant difference in spleen or 

liver weights (Figure 4.7H and 4.7I). As mice were injected with a low dose of Salmonella (100 

CFU), bacteria did not colonise the small intestine as none were found in the faeces (not 

shown). Nevertheless, the collective results of both these experiments suggest that RIPK3 

K469 ubiquitylation is required for efficient clearance of Salmonella. 
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Figure 4.6. RIPK3-K469 ubiquitylation promotes Salmonella clearance in vivo.  

(A-C) Analysis of bacterial load in spleen (A), faeces (B), and liver (C) of Salmonella-infected 

Ripk3+/+ and Ripk3K469R/K469R mice by oral gavage (109 CFU) at day 14. (D-E) Spleen and liver 

weights of A and C. (F-I) Analysis of bacterial load in spleen (F) and liver (G) with their 

respective weight (H and I) upon intravenous injection (100 CFU) at day 14. All results are 

depicted as mean±SEM of 5-6 mice per genotype for oral gavage challenge, or of 6 mice per 

genotype for iv challenge. *p<0.05; **p<0.01; ns: not significant (Mann-Whitney test). 

 

 To further elucidate the mechanism of perturbed Salmonella clearance in 

Ripk3K469R/K469R mice, I measured serum cytokine levels upon pathogen infection. Initial oral 

infection did not suggest any difference between Ripk3+/+ and Ripk3K469R/K469R mice in all serum 

cytokines analysed 2 weeks post-infection (Figure 4.7A-G). However, with iv injection, 

Ripk3K469R/K469R mice displayed reduced serum IFN and elevated MCP-1 (Figure 4.7H and 4.7I), 

while other serum cytokines were similar to WT animals (Figure 4.7J-M). In addition to 

cytokine levels, I also investigated if there was a difference in Salmonella-induced cell death. 

Recent finding demonstrates that macrophages undergo GSDMD-mediated pyroptosis to 

restrict Salmonella infectivity (Doerflinger et al., 2020). However, Western blot analysis did 

not reveal a difference in the generation of the GSDMD p30 active subunit in Salmonella-

infected Ripk3+/+ and Ripk3K469R/K469R BMDMs (Figure 4.7N). Consistent with these data, 

macrophage cell death, as measured by LDH release, demonstrated that Salmonella triggers 

a similar level of macrophage killing in Ripk3+/+ and Ripk3K469R/K469R BMDMs (Figure 4.7O). 
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Figure 4.7. RIPK3-K469 ubiquitylation potentially regulates IFN and MCP-1 cytokine levels 

in response to Salmonella infection  

(A-M) Cytokine analysis of Salmonella-infected Ripk3+/+ and Ripk3K469R/K469R mice by oral 

gavage (A-G), or by iv challenge (H-M) at day 14 post-infection. Results were depicted as 

mean±SEM of 5-6 mice per genotype for oral gavage challenge, or of 6 mice per genotype for 

iv challenge. *p<0.05; ns: not significant (Mann-Whitney test). (N) Western blot analysis of 

Salmonella-infected BMDM (MOI = 25) isolated from Ripk3+/+ and Ripk3K469R/K469R mice. 

Duration of infection was either 30 or 60 minutes, as indicated. Data are representative of 2 

independent experiments. (O) LDH release in the cell supernatant from Ripk3+/+ and 

Ripk3K469R/K469R BMDMs infected with Salmonella for 1 h (MOI = 25 or MOI = 50). MOI: 

multiplicity of infection. Results are depicted as mean±SD of 2 independent experiments. 
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Discussion 

Under basal conditions, Ripk3K469R/K469R mice do not exhibit anomalies with respect to blood 

composition and RIPK3 tissue expression. Comparable WT RIPK3 and RIPK3 K469R expression 

is consistent with in vitro data demonstrating that RIPK3-K469 ubiquitylation does not govern 

protein stability. Moreover, similar to in vitro MDF overexpression of RIPK3-K469R, 

Ripk3K469R/K469R primary MDFs displayed elevated sensitivity to apoptotic killing following 

RIPK3 activation by treatment with TNF and Smac-mimetic. However, whether necroptotic 

signalling is also enhanced in the absence of K469 ubiquitylation remains inconclusive as 

primary MDFs did not respond well to necroptotic stimuli. In this regard, the PI uptake 

observed at 36 h post-necroptotic TSI treatment may result from caspase-8-mediated 

apoptosis rather than necroptosis as the pan-caspase inhibitor IDN-6556 loses its activity 

when used long-term (Brumatti et al., 2016). One potential solution for future studies is to 

replenish the IDN-6556 at defined time intervals throughout incubation to counter any loss 

of activity.  

Although our preliminary SMAC mimetic injection model indicates no difference 

between Ripk3+/+ and Ripk3K469R/K469R mice, it warrants further investigation due to several 

caveats. Firstly, due to limited breeding capacity and time constraints, the mice used in the 

experiment were not littermate controls.  As the Ripk3+/+ mice were sourced from another 

facility they likely have a different skin microbiome and, hence, a potential for altered 

inflammatory responses upon SMAC mimetic treatment. Secondly, the timepoints chosen for 

SMAC mimetic injection (i.e. day 1 and day 3) in the experiment only address the onset and 

peak of the inflammatory skin lesion, and do examine disease resolution. It remains 

theoretically possible, therefore, that RIPK3 could assist in the wound healing process, which 

requires extending the experiment up to 11 days (Anderton et al., 2017). 

 Among the four in vivo models examined, we uncovered a role for RIPK3-K469 

ubiquitylation in controlling Salmonella infection. Mice defective for RIPK3-K469 

ubiquitylation had elevated bacterial load in their spleen regardless of the bacterial 

administration route - oral or intravenous (iv). We also observed significant bacterial burden 

in the liver of mice receiving Salmonella iv injection but not with oral administration. One 

possible explanation for the observed difference is that with iv administration, Salmonella is 

directly exposed to the circulatory system which allows immediate colonisation of the liver. 
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In contrast, when Salmonella is administered by oral gavage, the bacteria need to pass 

through the acidic environment of the stomach and the intestinal tract barrier, before 

accessing the blood and lymphatic system and, finally, the liver. The splenomegaly from iv 

injection was also likely to be attributed to direct exposure of the spleen to the Salmonella in 

a much higher quantity, hence, better colonisation compared to oral injection. While with the 

oral gavage method we also observed increased bacterial burden in the small intestine of 

Ripk3K469R/K469R mice based on the faecal CFU count, we could not detect bacteria in the faeces 

of mice infected through iv. This is most likely due to the low pathogen dose used in the iv 

route. 

How perturbation of RIPK3 K469 ubiquitylation increases Salmonella bacterial levels 

remains unclear at this stage, although the in vitro studies suggest it should result from excess 

cell death of a cell type, such as intestinal epithelial cell line, important for controlling the 

infection. Preliminary results also suggest that RIPK3-K469 ubiquitylation potentially 

regulates IFN and MCP-1 cytokine levels in response to Salmonella infection, although this 

difference was only observed in mice exposed to the bacteria via intravenous administration. 

However, a more detailed analysis of cytokine and bacterial levels at earlier timepoints, not 

just in the recovery (day 14) phase of infection, may identify similar changes in IFN and MCP-

1 responses, and potentially other cytokines, in both infection models.  

As IFN is critical for the initial control of Salmonella infection (Kupz et al., 2014), the 

reduced serum IFN of Ripk3K469R/K469R mice is consistent with their elevated bacterial burden. 

Meanwhile, the MCP-1 cytokine level was upregulated in Ripk3K469R/K469R mice which suggests 

increased immune infiltrates such as monocytes, T cells, and dendritic cells to the Salmonella-

infected sites. With regard to the cell death response, Ripk3K469R/K469R BMDM induces GSDMD-

mediated pyroptosis as efficiently as in Ripk3+/+ BMDM when infected with Salmonella, 

consistent with previous studies showing that GSDMD-induced death is the first line of 

defence in response to pathogen challenge (Doerflinger et al., 2020). However, it is premature 

to conclude that there is no altered cell death response resulting from absent RIPK3-K469 

ubiquitylation in Salmonella-infected mice especially since our in vitro work demonstrates 

that RIPK3-K469R is hyperactive in a cell type-dependent manner, particularly in fibroblasts 

and colonic epithelial cell lines. Therefore, it is possible that Ripk3K469R/K469R mice do not clear 

Salmonella effectively due to an altered cell death response. Whether cell death is delayed or 
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accelerated upon infection is difficult to predict because of conflicting literature reports. On 

the one hand, Salmonella was proposed to activate RIPK3 to induce necroptosis in 

macrophages as part of their immune evasion strategy (Robinson et al., 2012), where loss of 

RIPK3 silences cellular necroptosis and therefore promotes bacterial control. On the other 

hand, recent findings demonstrate that activation of programmed cell death pathways is 

critical for Salmonella clearance (Doerflinger et al., 2020).   
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CHAPTER 5 - ACTIVATED MLKL ATTENUATES AUTOPHAGY 

FOLLOWING ITS TRANSLOCATION TO INTRACELLULAR 

MEMBRANES 

5.1 Preface 

This chapter contains the following publication: 

Frank, D., Vaux, D.L., Murphy, J.M., Vince, J.E., and Lindqvist, L.M. (2019). Activated MLKL 

attenuates autophagy following its translocation to intracellular membranes. J Cell Sci 132.  

 

I, the author of this thesis, was the first and primary author of the above publication. I 

contributed 100% to the following: 

• Experimental methodology, execution and validation. 

• Compilation of figures 

• Writing of the original draft and incorporating changes to the manuscript as 

suggested by other co-authors  

 

I would like to acknowledge the contributions of the other co-authors to the manuscript as 

follows: 

• David L. Vaux and James M. Murphy as PhD supervisors, and for reviewing and editing 

the manuscript. 

• James E. Vince and Lisa M. Lindqvist as PhD supervisors and co-senior author of the 

manuscript. Both authors were involved in the initial conceptualisation of the project, 

experimental methodology, analysis of the results, reviewing and editing of the 

manuscript, and response to the reviewers. 
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CHAPTER 6 –GENERAL DISCUSSION AND FUTURE DIRECTIONS 

RIPK3 is decorated with several post-translational modifications to control its activities in the 

regulation of inflammatory and cell death processes. Ubiquitylation, in particular, is a 

modification that can result in several functional outcomes, such as increased protein 

turnover, altered protein trafficking or the regulation of signaling complex formation. The 

precise functions of RIPK3 ubiquitylation are of enormous interest to properly understanding 

how RIPK3 is regulated to control cell death and inflammation in health and disease. My 

research has demonstrated that the decoration of RIPK3-K469 by ubiquitin limits RIPK3 

activity in inducing apoptosis and necroptosis upon expression in MDFs and YAMCs, and that 

K469 ubiquitylation helps to defend against Salmonella infection. Furthermore, I have 

demonstrated that ubiquitylation sites on RIPK3 are more interconnected than previously 

thought. RIPK3-K469 ubiquitylation downregulates RIPK3 activation indirectly by preventing 

ubiquitylation from occurring upstream on K359. Finally, in addition to the post-translational 

control of RIPK3 activity, I have also examined how necroptotic signalling impacts autophagy 

and discovered that active MLKL downregulates the autophagic flux. 

6.1 Ubiquitylation as an accelerator and brake on RIPK3 signalling 

The function of RIPK3 ubiquitylation in overall RIPK3 signalling can be two-fold: either 

ubiquitylation targets RIPK3 for degradation, thus dampening its activity; or ubiquitylation 

alters the capability of RIPK3 to form efficient cell death signalling complexes. All 

ubiquitylation sites identified on RIPK3 (from 2015-2020), including RIPK3-K469, are mapped 

on the RIPK3 domain architecture in Figure 6.1. There are 23 and 24 lysine residues on mouse 

and human RIPK3 respectively, and based on the structure of the RIPK3 kinase domain (Xie et 

al., 2013), at least 8 of these are surface-exposed: K30, K56, K63, K145, K158, K264, K287, 

K307. While 3 lysines (K56, K264, and K307) have been validated as being modified by 

ubiquitin (Lee et al., 2019; Moriwaki and Chan, 2016; Seo et al., 2016), the remaining 5 

surface-exposed lysines remain potential candidates. Nearly all identified RIPK3 

ubiquitylation sites are clustered around the kinase domain and RHIM motif (Choi et al., 2018; 

Lee et al., 2019; Moriwaki and Chan, 2016; Onizawa et al., 2015; Seo et al., 2016). 
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Ubiquitylation has been reported to enhance RIPK3 turnover either by PELI1 E3 

ubiquitin ligase-mediated K48 ubiquitylation, which delivers RIPK3 to the proteasome (Choi 

et al., 2018; Moriwaki and Chan, 2016), or via CHIP E3 ubiquitin ligase-dependent modification 

of RIPK3 which transports it to the lysosome (Seo et al., 2016). In both scenarios, the loss of 

the relevant RIPK3 ubiquitylation sites (K55, K89, K363, and K501) resulted in the 

accumulation of RIPK3 and increased RIPK3-mediated cell death. In contrast, it has also been 

suggested that RIPK3 ubiquitylation on the kinase domain, specifically on K5, accelerates 

RIPK1-RIPK3 necrosome formation and subsequent necroptosis (Onizawa et al., 2015). 

Although the E3 ligase responsible for RIPK3-K5 ubiquitylation remains to be identified, the 

deubiquitylating function of A20 was demonstrated in T cells and fibroblasts to play an 

essential role in countering K63 ubiquitin chain assembly on RIPK3-K5. It is unsurprising, 

therefore, that when RIPK3-K5 ubiquitylation occurs in the context of A20 deficiency, 

hyperactive RIPK3 contributes to enhanced cell death and inflammation. More recently, the 

 

Figure 6.1. The 2020 ubiquitin map of RIPK3.  

Nearly all discovered ubiquitylated lysine (Lys; K) sites on RIPK3 are clustered around its N-

terminal and RHIM domain, and have been identified in human cell lines. In contrast, only 

the discovery of K5 and K264 RIPK3 ubiquitylation were made in mouse cell lines. Mouse 

lysine sites indicated in black bold have not been experimentally validated, but are 

conserved in human RIPK3. Sites highlighted in blue are surface-exposed lysines which 

might serve as potential ubiquitylation sites. m: mouse; h: human.   
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ubiquitin E3 ligase Parkin, which plays a conventional role in mitophagy, has been reported 

to negatively regulate human RIPK3 action via an atypical K33 ubiquitin linkage on K197, K302, 

and K364 (Lee et al., 2019) (Figure 6.1). Similar to A20-deficiency, the absence of Parkin also 

manifests in RIPK3 hyperactivity and severe inflammation.  

My data suggest that RIPK3-K469 ubiquitylation does not impact its stability but limits 

its ability to signal for apoptosis and necroptosis. The death-restricting effect of mouse RIPK3-

K469 ubiquitylation is, therefore, functionally similar to the impact of human RIPK3-K197, 

K302, and K364 ubiquitylation (Lee et al., 2019). However, my data further show that RIPK3-

K469 ubiquitylation restrains RIPK3 hyperactivity in an indirect manner, by preventing RIPK3 

activating ubiquitylation of K359. This means that it is RIPK3-K359 ubiquitylation that 

accelerates RIPK3 activity, and can drive caspase-8-mediated apoptosis and MLKL-mediated 

necroptosis. Moreover, these findings demonstrate that ubiquitylation sites are 

interconnected with each other so that when one site is ubiquitylated, it prevents another 

lysine site from being ubiquitylated elsewhere. A similar regulatory mechanism has also been 

reported between phosphorylation and ubiquitylation, whereby T182 phosphorylation on 

human RIPK3 primes PELI-1-mediated ubiquitylation on K363 as a signal for proteasomal 

degradation, hence, limiting RIPK3 toxicity (Choi et al., 2018). Nevertheless, precisely how 

RIPK3-K469 suppresses K359 ubiquitylation requires further investigation. One plausible 

mechanism is that RIPK3-K469 ubiquitylation induces a RIPK3 conformational change so that 

RIPK3-K359 is masked from being surface-exposed. To test this hypothesis, hydrogen 

deuterium exchange mass spectrometry (HDX-MS) experiments could be undertaken to 

examine and compare RIPK3-WT and RIPK3-K469R protein dynamics (Masson et al., 2019). In 

addition to suppressing RIPK3-K469R hyperactivity, I observed that loss of RIPK3-K359 

ubiquitylation also limits killing by the RIPK3-K158R hyperactive variant. As such, future 

investigations to assess if RIPK3-K359 ubiquitin modification also contributes to the reported 

hyperactive phenotypes caused by loss of other RIPK3 ubiquitylation sites, such as RIPK3-K307, 

are warranted (Lee et al., 2019). 

Mouse RIPK3-K359 is conserved in human as K364 (Figure 6.1), and RIPK3-K364 has 

been reported as a substrate for Parkin E3 ligase (Lee et al., 2019). However, the study did 

not specifically examine the loss of RIPK3-K364 ubiquitylation. Therefore, it remains unknown 

whether human RIPK3-K364 ubiquitylation leads to hyperactivity similar to mouse RIPK3-
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K359. Although short-term cell viability (PI uptake) experiments suggest comparable cell 

death kinetics between RIPK3-WT and RIPK3-K359R, a long-term clonogenic survival assay 

would be useful in determining whether RIPK3-K359R limits apoptosis and necroptosis.  

 Among the RIPK3 lysine mutants examined, I found that RIPK3-K5R, K145R, K287R, 

and K307R confer hyperactivity, in addition to RIPK3-K158R and RIPK3-K469R. It is not clear 

at this stage why majority of these lysine mutants are hyperactive. One possibility is that 

mutating a lysine to arginine results in increased electrostatic interactions with neighbouring 

residues, which in some way, such as via an altered protein conformation, enhances RIPK3 

capability in inducing apoptosis and necroptosis. However, it is worth noting that not all lysine 

to arginine variants increased RIPK3 killing activity, as RIPK3-K56R, -K63R, and -K264R did not 

impact RIPK3-induced cell death. In addition, while RIPK3-K145R enhanced RIPK3-mediated 

apoptosis, it did not lead to RIPK3 hyperphosphorylation. It is therefore also possible that the 

hyperactive lysine variants I discovered are also genuine ubiquitylation sites, which act to 

repress RIPK3 killing activity. Nonetheless, my mass spectrometry analysis did not detect any 

diGly motifs present on these previously uncharacterised lysine variants, in particular on 

RIPK3-K145, K158, and K287, or the confirmed ubiquitylation lysine sites, such as RIPK3-K307. 

Two ubiquitylation sites beyond-the-RHIM (BTR) of RIPK3 have been identified to date: 

K501 and K518 (Roedig et al., 2020; Seo et al., 2016). These two lysine residues are only found 

in human RIPK3 and are not conserved with mouse RIPK3. RIPK3-K501 is an additional 

substrate for CHIP E3 ligase-mediated RIPK3 lysosomal degradation (Seo et al., 2016). The 

terminal RIPK3-K518 ubiquitylation site also served as a brake to limit RIPK3-induced death 

(Roedig et al., 2020), although the mechanism by which this occurs remains undefined. As 

such, when RIPK3-K518 is mutated to R, cell death is enhanced. Moreover, the DUB USP22 

was reported to remove ubiquitin chains from RIPK3, including K518, and thereby increase 

necroptotic signaling.  

Identifying the E3 ubiquitin ligase or DUB responsible for regulating RIPK3-K469 and 

RIPK3-K359 ubiquitylation will shed further insight into the mechanism of RIPK3-K469R 

hyperactivity. One experimental approach to address this is to perform an E3 ubiquitin ligase 

or DUB CRISPR screen to silence each ubiquitin ligase or DUB, and subsequently assess the 

impact on cell death in RIPK3-WT cells. The potential candidates would be the E3 ubiquitin 

ligases that, when deleted, result in accelerated RIPK3-mediated cell death and also alter 
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RIPK3 ubiquitylation. It is unlikely that the E3 ubiquitin ligase CHIP, or the DUB USP22, which 

both act on the BTR region, regulate RIPK3-K469 ubiquitylation. This is because CHIP 

ubiquitylation targets RIPK3 for lysosomal degradation rather than altering the capability of 

RIPK3 to form cell death signalling complexes. On the other hand, the pro-necroptotic USP22 

is also unlikely to act on RIPK3-K469 as K469 ubiquitylation is detectable in WT cells. If USP22 

removes K469 ubiquitylation during RIPK3-induced cell death, then K469 ubiquitylation would 

not be detectable by mass spectrometry in RIPK3-WT cells. Moreover, mutant RIPK3-K518R 

results in reduced total RIPK3 ubiquitylation (Roedig et al., 2020), contrary to RIPK3-K469R. 

6.2 The impact of losing RIPK3 ubiquitylation site in vivo 

To date, the impact of RIPK3 ubiquitylation sites in vivo has been poorly characterised. The 

majority of studies assessing the role of RIPK3 ubiquitylation in mice have associated loss of 

RIPK3 ubiquitylation with spontaneous inflammation or tumour formation in the absence of 

any external challenge. However, a major caveat to these findings is that the in vivo 

phenotype attributed to losing RIPK3 ubiquitylation was assessed based on the deletion of 

the corresponding ubiquitin E3 ligase or DUB (which can have many protein targets), not 

mutation of specific RIPK3 residues modified by ubiquitin chains. In the case of CHIP-mediated 

RIPK3 ubiquitylation, for instance, loss of CHIP was shown to drive inflammation in the thymus 

and small intestine, and is lethal after birth (Seo et al., 2016). Although this phenotype was 

rescued by crossing the Chip-/- with Ripk3-/- mice, it remains undetermined if RIPK3-K55R, 

K89R, K363R, or K501R mutants would also achieve similar phenotypes to Chip-/- mice. A 

similar inflammatory profile was also reported for Parkin-mediated ubiquitylation of human 

RIPK3-K197, K302, and K364 whereby loss of Parkin enhances inflammation in the spleen and 

small intestine, which primes tumour formation (Lee et al., 2019). Neither study assessed the 

impact of ubiquitylation sites directly in vivo. Therefore, to directly assess the impact of RIPK3-

K469 ubiquitylation in vivo, I generated Ripk3K469R/K469R mice. These mice breed normally and 

no tissue anomalies were observed, demonstrating that loss of RIPK3-K469 ubiquitylation 

does not result in spontaneous inflammation in unchallenged conditions.  

Importantly, my work shows for the first time that under microbial stress, in this case 

Salmonella infection, RIPK3-K469 ubiquitylation aids in clearing the pathogen in vivo. It will 

be intriguing to test if this ubiquitylation site also offers protection against other bacterial 

infections, particularly in cases where RIPK3 signalling has previously been shown to play a 



128 
 

significant role. For instance, RIPK3 was reported to promote Staphylococcus aureus infection, 

and though not fully understood, the increased bacterial burden upon loss of RIPK3 was 

proposed to result from RIPK3 crosstalk with the IL-1 signalling pathway, which ultimately 

drives excessive inflammatory responses (Kitur et al., 2016). As my preliminary LPS endotoxic 

model experiment indicates that RIPK3-K469 ubiquitylation is potentially pro-inflammatory, 

it would be interesting to challenge Ripk3K469R/K469R mice with Staphylococcus aureus to test 

the hypothesis that loss of K469 ubiquitylation ameliorates the inflammation induced by 

bacteria. 

The mechanism of how RIPK3-K469 ubiquitylation promotes Salmonella clearance in 

mice requires further investigation. Because Ripk3K469R/K469R mice display altered IFN and 

MCP-1 levels upon encountering Salmonella, it is possible that RIPK3-K469 ubiquitylation 

regulates the transcriptional response of cytokines in addition to its role in restricting cell 

death. Previous findings have implicated RIPK3 in regulating the NF-B pathway and the 

NLRP3-IL-1 signalling axis (Lawlor et al., 2015; Moriwaki et al., 2014; Wong et al., 2014). 

Therefore, a thorough transcriptional analysis in the organs of WT and Ripk3K359R/K469R mice 

that are primary targets for Salmonella infection (e.g. splenocytes and hepatocytes) is worth 

considering. In addition, histological studies of the liver, spleen, and small intestine are 

required to understand why Ripk3K359R/K469R mice respond poorly upon infection. These would 

include hematoxylin and eosin stain to assess for potential disruption in tissue architecture or 

the presence of necrosis, TUNEL staining to assess cell death, and CD45 staining to gauge the 

level of immune infiltrates. Ultimately, generating a Ripk3K359RRipk3K469R double mutant 

mouse would allow in vivo testing of whether the loss of activating RIPK3-K359 ubiquitylation, 

which is triggered upon loss of RIPK3 K469 ubiquitylation, restores the capability of 

Ripk3K469R/K469R mice to combat Salmonella infection.   

6.3. Why autophagy matters in cells committing suicide 

The status of pre-mortem autophagy varies depending on which death pathway the cell is 

committed to. Regardless of the cell death modality, it is increasingly appreciated that 

autophagy modulates the immunogenicity of dying cells. In BAX/BAK-mediated apoptosis, 

autophagy is activated to clear damaged mitochondria and to internalise pro-inflammatory 

IFN- (Lindqvist et al., 2017). Whether other pro-inflammatory cytokines are also internalised 

during apoptosis to further dampen apoptotic immunogenicity remain to be investigated. 
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 Contrary to the activation of autophagy in apoptotic cells, my research findings 

suggest that MLKL is responsible for shutting down the autophagy pathway during 

necroptosis (Frank et al., 2019). How MLKL silences autophagy requires further experimental 

work, although I propose that MLKL may directly perforates the lysosomal, autolysosomal and 

autophagosomal membranes. One method to address this question is by undertaking live cell 

imaging with lattice-light sheet microscopy to examine whether fluorescently-labelled active 

MLKL perforates the LC3B-associated organelles or LAMP1-stained lysosomes. A subcellular 

fractionation assay could also be performed to complement the imaging studies to determine 

if active MLKL is located in the same fraction as the autophagic organelles and the lysosome, 

although this method does not provide a direct examination of MLKL action at these 

membranes.   

In addition to elucidating the mechanism underlying MLKL-mediated inhibition of 

autophagy, the significance of autophagy silencing during necroptosis also requires further 

investigation. If active autophagy dampens inflammatory responses during apoptosis 

(Lindqvist et al., 2017), then it would be intriguing to test if MLKL extinguishes autophagy to 

maintain necroptotic immunogenicity. I demonstrated through genetic deletion that 

canonical autophagy does not influence the kinetics of necroptosis, thus allowing one to 

assess the cytokine response without being confounded by the difference in death. Immune 

cell lines, such as BMDMs or THP-1 cells, could be used to test the idea. Cells could be 

transfected with a Doxycyline (Dox)-inducible transcription factor EB (TFEB), a master 

regulator of autophagosome and lysosomal biogenesis, to enhance the cellular autophagy 

rate (Settembre et al., 2011). Cells could then be subjected to necroptotic challenge with or 

without Dox, and the production of various cytokines, such as TNF and IL-1, could be 

subsequently assessed by ELISA. The overexpression system should theoretically overwhelm 

the ability of endogenous active MLKL to inhibit autophagy, thus allowing one to test the 

hypothesis that necroptotic cells with active autophagy secrete less DAMPs compared to 

when autophagy is silenced. Nevertheless, the alternative scenario is also possible in which 

the inhibition of autophagy prevents necroptotic cells from eliciting an excessive immune 

response, which would otherwise be detrimental to the host. For example, it was reported 

that autophagy assists in IL-1 secretion by incorporating the cytokine into the lumen of 

autophagosomes (Zhang et al., 2015). As such, since active MLKL also induces NLRP3-
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mediated IL-1 secretion (Conos et al., 2017; Kang et al., 2015; Kang et al., 2013; Lawlor et al., 

2015), it is possible that MLKL simultaneously attenuates autophagy to limit release of IL-1 

during necroptosis. 

Apart from its role in modulating the immune system, autophagy also plays an 

antibacterial role—a process known as xenophagy (Sharma et al., 2018). In Salmonella-

infected cells, autophagy aids in degrading approximately 20% of the pathogens to limit their 

intracellular growth (Birmingham et al., 2006). Because loss of RIPK3-K469 ubiquitylation 

drives MLKL activity, it is possible that the autophagy pathway is impaired in Ripk3K469R/K469R 

mice which compromises their ability to clear Salmonella. 

Finally, although the status of autophagy in other inflammatory cell death pathways, 

in particular pyroptosis, remain poorly defined, it is tempting to speculate that autophagy is 

also inhibited similar to its downregulation during necroptosis to maximise the immunogenic 

potential of lytic cell death signalling. As such, it is tempting to speculate that the pyroptotic 

effector, GSDMD, might also perforate autophagic organelles to block autophagy during 

pyroptosis.   
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