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Abstract
RIPK1 is a Ser/Thr kinase critically involved in mediating multiple signaling pathways
activated by TNFα. When cells are stimulated by TNFα, RIPK1 is rapidly recruited to the
intracellular domain of TNFR1 to form the TNF-RSC (TNF receptor signaling complex). When
survival signals are limited, RIPK1 transitions to form a pro-apoptotic cytosolic complex,
independently of its kinase activity. Under apoptosis-deficient conditions, RIPK1 may be
activated to mediate necroptosis. On the other hand, when TNF-RSC members TAK1 or cIAP1/2
are inhibited, cells may activate a form of apoptosis mediated by RIPK1 kinase activity, termed
RIPK1 dependent apoptosis, or RDA. Most studies of RIPK1 focus on its role in necroptosis,
while the mechanism that mediates the activation of RIPK1 in RDA is not well understood.
Here, I investigated and compared the mechanism of RIPK1 activation in RDA,
apoptosis, and necroptosis and identified a unique RIPK1 activation profile in RDA. To
characterize the regulation of this unique profile, I carried out a targeted siRNA screen of posttranslational modification genes, including kinases, phosphatases, ubiquitin ligases and
deubiquitinating enzymes for protectors and sensitizers of RDA. I identified a set of genes which
selectively promoted RDA, but not TNFα/cycloheximide-induced apoptosis or necroptosis. In
particular, I identified a novel E3 ligase which was recruited to the TNF-RSC to promote the
modification and activation of RIPK1 in RDA. Further, I demonstrated that several known TNFRSC components and a novel E3 ligase play a role in limiting RDA. Finally, my data revealed
iii

the existence of two distinct necroptosis initiation pathways by TNFα. Taken together, my study
provides important insights into the mechanism of RIPK1 activation in RDA, and identifies a set
of enzymes that uniquely modulate RIPK1 activity in RDA but not necroptosis.
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Glossary

Programmed Cell Death
Apoptosis: Caspase-dependent cell death. In this work, this term, along with “classical
apoptosis” specifically refers to TNF-induced, RIPK1-independent apoptosis, such as that
induced by TNF/CHX.
Necroptosis: RIPK3/MLKL-dependent programmed necrosis. In this work, “classical
necroptosis” refers specifically to necroptosis induced by TNF/CHX/zVAD.
RDA: RIPK1-kinase dependent apoptosis. RDA is induced by TNF when the early cell death
checkpoint is blocked.
Early cell death checkpoint: Checkpoint in TNFR1 signaling which prevents RDA; requires
cIAP1/2 and TAK1 kinase activity, along with TRAF2, Sharpin, NEMO, and IKK.
Late cell death checkpoint: Checkpoint in TNFR1 signaling which prevents classical apoptosis
and classical necroptosis; requires NF-κB-mediated cFLIP expression.

Proteins and Protein Complexes
Complex II: FADD containing pro-death complex forming following disassembly of the TNFRSC. This includes the RIPK1-FADD-Caspase-8 complex as well as the soluble necrosome (due
to discrepancies in the literature regarding the identities of complex IIb vs complex IIc, lettering
is not used).
C8: Caspase-8
Necrosome: May refer to either the soluble FADD-RIPK1-RIPK3-MLKL complex II or an
insoluble RIPK1-RIPK3 amyloidal complex.
TNF: Tumor necrosis factor-α
TNF-RSC: Transient TNF-receptor 1 signaling complex which forms at the cytoplasmic domain
of TNFR1 upon stimulation with TNF.
Ub: Ubiquitin
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Compounds

CHX: cycloheximide, protein translation inhibitor
Nec-1: RIPK1 kinase inhibitor Necrostatin-1
Nec-1s: 7-Cl-O-Nec-1, a highly specific analog of Nec-1
Oxo: 5Z-7-oxozeaenol, TAK1 inhibitor
SM: Smac mimetic, leads to degradation of cIAP1/2
zVAD: zVAD.fmk, caspase inhibitor
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Chapter 1: Introduction

Programmed cell death is required for organism development, maintaining homeostasis,
and response to infection, and its dysregulation can lead to diseases such as neurodegeneration
and cancers. Programmed cell death can be triggered by both intrinsic events, such as extensive
DNA damage, or extrinsic factors, such as death receptor engagement. The death receptor
TNFR1 (tumor necrosis factor receptor 1) is of particular interest, due to its key role in mediating
immune responses in healthy organisms as well as its critical role in many pathological
conditions (Aggarwal, 2003; Varfolomeev and Vucic, 2016; Vassalli, 1992). TNFR1 signaling is
extremely intricate and is tightly regulated by protein post-translational modifications, including
ubiquitination and phosphorylation (Hayden and Ghosh, 2014; Wertz and Dixit, 2008). This
intricacy allows the cell to respond in two dramatically different ways to TNFR1 engagement,
depending on the cellular context: cell survival and cytokine production, or programmed cell
death. RIPK1 (receptor interacting protein kinase 1) has emerged as a critical node integrating
signals downstream of TNFR1 to control this life-or-death decision (Christofferson et al., 2014;
Ofengeim and Yuan, 2013; Peltzer et al., 2016).
Further, recent work reveals at least three distinct modes of programmed cell death that
can be induced by TNFR1: apoptosis independent of RIPK1 (referred to simply as apoptosis or
as “classical” apoptosis), necroptosis, and RIPK1-dependent apoptosis (referred to as RDA)
(Ting and Bertrand, 2016; Vanden Berghe et al., 2014). The kinase activity of RIPK1 mediates
necroptosis and RDA, while the scaffolding function of RIPK1 holds these cell death pathways
in check and promotes cell survival. Induction of RIPK1 kinase activity in human ALS and MS
patient samples demonstrates the potential pathophysiological relevance of RIPK1 kinase
activation downstream of TNFR1 (Ito et al., 2016; Ofengeim et al., 2015). Targeting RIPK1
kinase activity has been proposed as a novel therapeutic strategy, and an analog of the RIPK1
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kinase inhibitor Necrostatin-1 has entered human clinical trials for AD and ALS. However,
surprisingly little is known about how and when RIPK1 is activated and how its activity is
regulated downstream of TNFR1.
This dissertation presents my work elucidating the spatial and temporal regulation of
RIPK1 kinase activity in RDA and necroptosis, and identifying novel regulators of RIPK1
activity through a targeted siRNA screen. Here, I first briefly summarize the TNFR1 signaling
pathway, followed by an examination of RIPK1 structure and function. Next is a detailed look at
each of the four major branches of TNFR1 signaling, with a focus on the role of RIPK1 in each:
cell survival and cytokine production via NF-κB, apoptosis, necroptosis, and RDA. Finally, I
explore the physiological role of RIPK1-mediated programmed cell death to provide a context
for the relevance of my findings to human health and disease.

TNFR1 signaling proceeds via two sequential signaling complexes with two cell
death checkpoints
TNFR1 signaling proceeds through formation of two sequential supramolecular
complexes, both of which RIPK1 is a member of (Figure 1.1A). First, TNFα (tumor necrosis
factor alpha, referred to simply as TNF) binds to TNFR1 trimers at the plasma membrane and
induces a conformational change to initiate signaling (Chan, 2007). TNF is produced
predominantly by activated macrophages, but is also produced by other types of immune cells as
well as other cell types (Chen and Goeddel, 2002; Varfolomeev and Vucic, 2016; Vassalli,
1992). The transmembrane receptor TNFR1 is ubiquitously expressed (Varfolomeev and Vucic,
2016).

3
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TNFR1 ligation leads to recruitment of RIPK1, TRADD, TRAF2/5, cIAP1/2, and other
proteins to this membrane associated complex, termed the TNF-RSC (TNF receptor signaling
complex) or complex I (Micheau and Tschopp, 2003). At this point, ubiquitination of RIPK1 by
cIAP1/2 and possibly other E3 ligases can lead to transcription factor NF-κB activation via
activation of TAK1 and the IKK complex. NF-κB subsequently mediates the transcription of
pro-survival proteins, which is designated the late cell death checkpoint (Bertrand et al., 2008;
Ting et al., 1996).
Then, the deubiquitination of RIPK1 by CYLD or A20, the internalization of TNFR1, or
an as yet unidentified signal leads to disassociation of complex I and formation of an
intracellular pro-apoptotic complex II (Hayden and Ghosh, 2014; Hitomi et al., 2008; Schütze et
al., 2008). This complex consists of RIPK1, caspase-8, TRADD, and FADD and leads to
caspase-8 activation in cases when NF-κB mediated prosurvival signals are insufficient to
prevent it (Antwerp et al., 1996; Beg and Baltimore, 1996; Micheau and Tschopp, 2003). Active
caspase-8 cleaves its substrates to initiate apoptosis either directly via downstream effector
caspases or through amplification of the apoptotic signal by the mitochondria.
This mode of apoptosis, which arises through disruption of the late NF-κB-dependent cell
death checkpoint, does not require RIPK1 or RIPK1 kinase activity (Degterev et al., 2008;
Degterev et al., 2005). However, inhibition or depletion of TNF-RSC members TAK1, IKK or
cIAP1/2 results in disruption of an early cell death checkpoint and leads to a form of apoptosis
which does require RIPK1 kinase activity, and is termed RIPK1 dependent apoptosis, or RDA
(Ting and Bertrand, 2016) (Figure 1.1B).
On the other hand, when caspases are inhibited, RIPK1 is recruited to RIPK3 to form an
alternate cytosolic complex, the necrosome (Cho et al., 2009; He et al., 2009; Zhang et al., 2009).
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RIPK1 and RIPK3 kinase activity are required for necrosome formation (He et al., 2009).
Formation of the necrosome leads to phosphorylation of MLKL and permeabilization of the
plasma membrane, leading to necroptosis (Cai et al., 2014; Dondelinger et al., 2014; Hildebrand
et al., 2014; Sun et al., 2011).

6

Structure and function of RIPK1

RIPK1 is a multifunctional protein, mediating cell survival, inflammation, and cell death,
and is highly conserved in vertebrates (Dondelinger et al., 2016). Loss of RIPK1 leads to
postnatal death by 0-3 days in mice, depending on the genetic background, demonstrating the
critical role of RIPK1 in cell survival (Kelliher et al., 1998; Rickard et al., 2014). Extensive cell
death is apparent in Ripk1-/- neonates, including apoptosis in lymphoid and adipose tissue as
well as the lung, liver, and intestine, along with necrosis in the liver and thymus (Kelliher et al.,
1998; Rickard et al., 2014). Understanding how RIPK1 switches from a pro-survival to pro-death
protein is an active area of investigation. RIPK1 has a C-terminal death domain as well as an Nterminal kinase domain which mediate programmed cell death, and these are linked by an
intermediate domain with important scaffolding and regulatory functions (Figure 1.2).

RIPK1 Death Domain

RIPK1 was first identified as a 74 kDa protein with a death domain (DD) that interacts
with Fas (CD95), as well as TNFR1 (Stanger et al., 1995). The death domain, in turn, was first
identified as a region of homology between TNFR1 and Fas that was required for TNFR1induced cell death (Tartaglia et al., 1993). Since then, a total of 32 proteins in the human
proteome with a death domain have been identified, including both receptors in the TNFR
superfamily (death receptors) and cytosolic proteins (Park et al., 2007a). Death domains are
composed of a six helical bundle which form homotypic DD-DD interactions, resulting in
oligomeric protein complexes (Weber and Vincenz, 2001). In particular, a crystal structure of
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two DD proteins in complex, PIDD and RAIDD, demonstrates that DD proteins can form highorder, asymmetrical oligomers, in this case composed of 5 PIDD DDs and 7 RAIDD DDs, using
three different types of DD-DD interactions (Park et al., 2007b). RIPK1 is recruited to TNFR1
and Fas via DD-DD interactions, either directly or via another DD protein, TRADD.
The pro-apoptotic function of RIPK1 is mediated primarily by its interaction with another
DD containing protein, FADD. In TNFR1 signaling, the RIPK1-FADD interaction occurs
following the transition of RIPK1 from TNFR1 to the cytosolic complex II (Micheau and
Tschopp, 2003). FADD contains a death effector domain (DED) as well as a DD, which is
structurally related to the DD and forms oligomers through DED-DED interactions. The FADD
DED recruits the DED-containing caspase-8, which can lead to caspase activation and apoptosis.
Interestingly, caspase-8 contains two separate DED domains, and initial recruitment of caspase-8
to FADD via one DED domain can lead to formation of a caspase-8 chain via its second DED
and amplification of a pro-apoptotic signal (Dickens et al., 2012).

RIPK1 Intermediate Domain

The intermediate domain of RIPK1 linking the death domain and kinase domain contains
three important features: a RHIM (RIP homotypic interaction motif), a caspase cleavage site, and
lysine and serine residues that are ubiquitinated or phosphorylated, respectively, during TNFR1
signaling to initiate NF-κB activation and prevent programmed cell death. The RHIM domain of
RIPK1 allows for its binding to a homologous RHIM domain in RIPK3 to form the necrosome
and may also be important for activation of RIPK1, as discussed in the next section (Cho et al.,
2009; He et al., 2009; Li et al., 2012; Sun et al., 2002). The RHIM domain follows the caspase
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cleavage site at D324 of RIPK1, and so RIPK1 cleavage by caspase-8 separates its kinase
domain from its RHIM domain and limits necroptosis (Lin et al., 1999; Oberst et al., 2011).
Interestingly, overexpression of a RIPK1 mutant in which the intermediate domain is deleted in
L929 cells, which are sensitive to necroptosis induction by TNF alone, switches the cell death
mode to RDA (Duprez et al., 2012). This is consistent with reports that E3 ligases and kinases
which modify or bind to the intermediate domain of RIPK1 normally hold RDA in check.
However, it is not clear if the RHIM is dispensable for RDA when RIPK1 is expressed at
endogenous levels in cells which respond typically to TNF.

RIPK1 Kinase Activity
RIPK1 contains a serine/threonine kinase domain, which is a member of the tyrosine
kinase-like group, at its N-terminus. Little is known about how RIPK1 kinase activity is
regulated, but comparison to B-RAF, another member of the tyrosine kinase-like group, RIPK1
mutational analysis, and a crystal structure of the inactive RIPK1 kinase domain provide some
insight (Degterev et al., 2008; Xie et al., 2013).
RIPK1 has a canonical kinase structure (Xie et al., 2013). Protein kinases are composed
of two lobes, an N-terminal lobe and a C-terminal lobe, which are connected by a short
polypeptide linker. This linker, or hinge region, is critical for ATP binding, and is preceded
immediately by a gatekeeper residue, which helps determine the size of the ATP binding site.
The N-terminal lobe contains a conserved α helix, termed the αC helix, which regulates kinase
activity by stabilizing the active site and orienting the phosphate groups of ATP when in the
active αC-in conformation. The C-terminal lobe forms the substrate binding site, contributes key
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catalytic residues, and contains a critical regulatory element, termed the activation segment.
(Huse and Kuriyan, 2002; Matthews and Gerritsen, 2010)
The activation segment begins with the D(F/L)G consensus sequence, which can exist in
an active DLG-in or inactive DLG-out conformation. The extreme specificity of the RIPK1
inhibitor 7-Cl-O-Nec-1 (Nec-1s) stems from its binding to an unusual inactive αC-out/DLG-out
conformation of RIPK1 (Christofferson et al., 2012; Xie et al., 2013). The activation segment
also contains the activation loop, or T-loop. Phosphorylation of residues in the T-loop can lead to
a conformational change of the activation segment and is a common mechanism for activating
kinases. Several RIPK1 autophophorylation sites have been identified, including S161 and S166
in the T-loop, and in fact the main consequence of RIPK1 kinase activation appears to be
autophosphorylation of RIPK1 itself (Degterev et al., 2008; Ofengeim and Yuan, 2013). S161 of
RIPK1 corresponds to T598 of B-RAF, the autophosphorylation of which is an important
regulator of B-RAF activity (Zhang and Guan, 2000). The RIPK1 S161A mutation leads to
diminished RIPK1 activity, but this is not sufficient to prevent necroptosis (Degterev et al., 2008;
McQuade et al., 2013). Meanwhile, phosphorylation of S166 has been established as a bona fide
marker for RIPK1 activation (Berger et al., 2014; Degterev et al., 2008; Ofengeim et al., 2015).
Artificial dimerization of RIPK1 can induce RIPK1 activation and necroptosis (Degterev
et al., 2005). In cells, a similar result may be achieved with the assembly of oligomeric
complexes containing RIPK1, such as the necrosome. In fact, RIPK1 and RIPK3 form amyloidal
fibrils in necroptosis through interaction of their RHIMs, which requires RIPK1 activity and
helps to sustain this activity in a feed-forward mechanism (Li et al., 2012). RIPK1 can also form
homocomplexes through self-interactions through its RHIM domain, and mutation of RIPK1
RHIM residues leads to diminished RIPK1 activity in vitro (Li et al., 2012). Overall, these data
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suggest that RIPK1 kinase activity may be regulated in part by formation of RIPK1-containing
complexes, which allows for RIPK1 autophosphorylation of its T-loop and other possibly
important sites.
RIPK1 may also be negatively regulated by phosphorylation. RIPK1 S89A was found to
be hyperactive and sensitized cells to necroptosis, although while RIPK1 S89D had diminished
activity, it did not protect cells from necroptosis (McQuade et al., 2013). However, this points to
the possibility that other kinases and phosphates may regulate RIPK1 activity.
Two residues are known to be critical for RIPK1 activity, K45 and D138. The K45
residue of RIPK1 forms an ion pair interaction with E63 in the αC helix, which is important for
forming the active site and maintaining the αC-in conformation (Berger et al., 2014). The D138
residue of RIPK1 interacts with the substrate –OH group and is thus an important catalytic
residue (Polykratis et al., 2014). Interestingly, K45A or D138N RIPK1 knock-in mice are viable,
grossly normal, and fertile, demonstrating that the kinase activity of RIPK1 is dispensable for
normal development (Berger et al., 2014; Polykratis et al., 2014).

Assembly of the TNF-RSC and NF-κB Activation
The pro-survival function of RIPK1 stems at least in part from its role as a scaffold for
NF-κB activation, which is independent of its kinase activity (Christofferson et al., 2014;
Degterev et al., 2008; Degterev et al., 2005; Lee et al., 2004; Ofengeim and Yuan, 2013). This
was first discovered by identification of a RIPK1-deficient clone in a screen for Jurkat cell
mutants with abrogated NF-κB activity (Ting et al., 1996). While wild-type and kinase dead
RIPK1 restored NF-κB activation in response to TNF in the RIPK1 deficient cells, RIPK1
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deletion constructs lacking the intermediate domain or death domain did not (Ting et al., 1996).
At the same time, it was established that cells lacking canonical NF-κB signaling due to deletion
of the NF-κB subunit p65 are hypersensitive to TNF-induced apoptosis (Beg and Baltimore,
1996). Since then, intensive investigation of TNFR1 signaling shows that ubiquitinated RIPK1 in
the TNF-RSC serves as a platform for IKK (IκB kinase) activation, which in turn leads to NF-κB
activation (Figure 1.3).
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Orchestration of signaling at the TNF-RSC leads to recruitment and activation of IKK

The first step in TNFR1 signaling is recruitment of TRADD to the TNF-TNFR1 complex
via its death domain. TRADD then recruits TRAF2/5 through its TRAF binding domain, and
RIPK1 through its death domain (Hayden and Ghosh, 2014; Hsu et al., 1996b; Tsao et al., 2000).
TRAF2 is likely the predominant TRAF recruited to TNFR1, but TRAF5 is able to compensate
for loss of TRAF2 (Tada et al., 2001; Yeh et al., 1997). While RIPK1 can be directly recruited to
TNFR1 via its DD and may possibly recruit TRAF2, under normal conditions efficient
recruitment of RIPK1 and TRAF2 to the TNF-RSC requires TRADD (Ermolaeva et al., 2008;
Hsu et al., 1996a; Pobezinskaya et al., 2008). Therefore, while RIPK1 can mildly compensate for
loss of TRADD in some cell types, robust NF-κB activation also requires TRADD and TRAF2/5
(Ermolaeva et al., 2008; Pobezinskaya et al., 2008; Tada et al., 2001; Vince et al., 2009; Zheng et
al., 2006).
TRAF2/5, in turn, recruit the cellular inhibitor of apoptosis proteins, cIAP1/2, to the
TNF-RSC through binding of their BIR (baculovirus IAP repeat) domains (Rothe et al., 1995;
Shu et al., 1996). TRAF2/5 and cIAP1/2 are RING E3 ubiquitin ligases, and cIAP1/2 and
possibly TRAF2 directly ubiquitinate RIPK1 at K377 in the intermediate domain (Alvarez et al.,
2010; Ea et al., 2006; Li et al., 2006; Park et al., 2004). Similar to TRAF2/5, there is redundancy
between cIAP1 and cIAP2, and knockout of a single cIAP does not block NF-κB activation
(Mahoney et al., 2008; Varfolomeev et al., 2008). Loss of both cIAP1/2 through genetic deletion,
Smac mimetic, or IAP antagonist treatment does result in loss of RIPK1 ubiquitination and
prevents NF-κB activation (Bertrand et al., 2008; Mahoney et al., 2008). Consistent with the
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requirement of RIPK1 ubiquitination in this pathway, mutation of RIPK1 K377 also prevents
NF-κB activation (Ea et al., 2006; Li et al., 2006; O'Donnell et al., 2007).
Ubiquitin linkages in polyubiquitin chains can occur through eight different residues on
ubiquitin, M1 and its seven lysine residues, with K11, K48, and K63 chains the most common
(Ikeda, 2015; Komander and Rape, 2012). Different linkage types result in different structural
conformation of the polyubiquitin chain and allow for differential recognition by ubiquitinbinding proteins (Kulathu and Komander, 2012). RIPK1 is polyubiquitinated by cIAP1/2 with
linear (M1), K11, and K48, and K63-linked chains (Bertrand et al., 2011; Dynek et al., 2010).
Along with ubiquitinating RIPK1, cIAP1/2 ligase activity leads to the recruitment of the
LUBAC (linear ubiquitin chain assembly complex) (Gerlach et al., 2011; Haas et al., 2009). The
LUBAC consists of three proteins, HOIL-1, HOIP, and Sharpin, with catalytic activity conferred
by the RING-in-between-RING (RBR) domain of HOIP (Gerlach et al., 2011; Ikeda et al., 2011;
Kirisako et al., 2006). Depletion of any of these three components leads to diminished NF-κB
activation (Gerlach et al., 2011; Haas et al., 2009; Ikeda et al., 2011; Tokunaga et al., 2009).
Mass spectrometry of the TNF-RSC demonstrates that RIPK1 is in fact ubiquitinated by linear,
K11, K48, and K63-linked chains in this complex (Gerlach et al., 2011). However, it is unclear if
the linear chains are due to cIAP1/2, the LUBAC, or both.
In either case, polyubiquitinated RIPK1 serves as a platform for recruitment of TAK1
(transforming growth factor ß-activated kinase) via the TAK1-binding proteins TAB2/3 as well
as NEMO (NF-κB essential modifier) (Ea et al., 2006; Kanayama et al., 2004; Wu et al., 2006).
TAB2/3 contain a Npl4 zinc finger (NZF) domain which specifically binds to K63-linked
ubiquitin chains (Kanayama et al., 2004; Kulathu et al., 2009; Sato et al., 2009). On the other
hand, NEMO binds preferentially to linear ubiquitin chains (Lo et al., 2009; Rahighi et al.,
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2009). Next, NEMO recruits IKKα/ß to the TNF-RSC, which are activated by phosphorylation
by TAK1 in their activation loop (Ea et al., 2006; Wang et al., 2001; Wu et al., 2006).
Several events regulate TAK1 activation once it is recruited to the TNF-RSC. TRAF2
conjugates K63-linked ubiquitin chains to TAK1 at K158, which is required for TAK1 activation
and NF-κB activation (Fan et al., 2010). TAB2/3 binding to K63-linked polyubiquitin results in a
conformational change in TAK1 and results in TAK1 autophosphorylation in its activation loop
(Kulathu et al., 2009; Sato et al., 2009). While TAB2 and TAB3 are redundant for TAK1
activation, TAB2 specifically is required for efficient deactivation of TAK1 following TNF
treatment by recruitment of protein phosphatase 6 (PP6) (Broglie et al., 2010). TAB1, which
binds to TAK1 constitutively, is dispensable for TNF-induced TAK1 activation (Ajibade et al.,
2013; Komatsu et al., 2002). Further, it should be noted that TAK1 also activates the MAPK
cascade, including JNK, ERK, and p38 kinase, in addition to IKK. However, unlike loss of NFκB, inhibition of MAPK signaling does not result in apoptosis in response to TNF (Liu et al.,
1996; Natoli et al., 1998).
Recruitment of RIPK1 to the TNF-RSC, RIPK1 ubiquitination, and activation of IKK
occur within minutes of TNF stimulation, typically peaking by 3-5 minutes (Blackwell et al.,
2013; Micheau and Tschopp, 2003). Rapid disassembly of the TNF-RSC allows for controlled,
transient NF-κB activation. This is partly achieved by deubiquitinases (DUBs), such as CYLD
(cylindromatosis), which remove polyubiquitin chains from RIPK1, as well as other
ubiquitinated TNF-RSC components (Kovalenko et al., 2003; Trompouki et al., 2003). CYLD,
which is indirectly recruited to the TNF-RSC by HOIP, removes linear and K63-ubiquitin chains
from RIPK1, TRAF2, and NEMO, thus limiting NF-κB activation (Draber et al., 2015; Kupka et
al., 2016). A20 is another important ubiquitin-editing enzyme recruited to the TNF-RSC via
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ubiquitin-binding zinc finger (ZnF) domains (Bosanac et al., 2010; Draber et al., 2015; Lu et al.,
2013; Tokunaga et al., 2012; Wertz et al., 2015). Interestingly, it has both DUB and E3 ligase
activity, which together with its linear ubiquitin-binding ZnF domain serve to inhibit NF-κB
activation as well as potently suppress cell death by a complex mechanism (Draber et al., 2015;
Onizawa et al., 2015; Wertz and Dixit, 2014; Wertz et al., 2015; Wertz et al., 2004). Specifically,
A20 binds to linear ubiquitin chains to both mask and stabilize them, while deubiquitinating
K63-ubiquitin chains and possibility promoting K48-ubiquitination of RIPK1 and TNFR1
(Draber et al., 2015; Wertz et al., 2015).

IKK activates NF-κB: the late cell death checkpoint
Following recruitment and activation of the IKK complex in the TNF-RSC, IKK can
phosphorylate IκBα . IKKα and IKKß are redundant in the context of TNF signaling for IκBα
phosphorylation (Dondelinger et al., 2015). IκBα normally binds to p50/p65 NF-κB dimers and
maintains their cytoplasmic localization by masking their nuclear localization signal. IκBα
phosphorylation leads to its degradation via the proteasome, which allows nuclear translocation
of NF-κB (Hayden and Ghosh, 2014). Once in the nucleus, NF-κB serves as a transcription
factor for a variety of genes, including cytokines such as IL-6, the anti-apoptotic cFLIP, and, as
part of a negative feedback loop, IκB itself.
While TNF-mediated NF-κB activation occurs through the classical p50/p65 pathway
described above, other NF-κB dimers and activation pathways exist, such as the noncannonical
p52/RelB pathway (Hayden and Ghosh, 2014). Despite many studies demonstrating the
requirement for RIPK1 and RIPK1 ubiquitination for NF-κB activation by TNF, a recent study
called this into question by demonstrating largely intact NF-κB signaling in RIPK1 deficient
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cells (Wong et al., 2010). This may be due to activation of the noncannonical NF-κB pathway, or
possibly due to the genetic background of the cells (Gentle et al., 2011).
Interestingly, the lethality of Ripk1-/- mice is rescued by genetic deletion of RIPK3 and
TNFR1, RIPK3 and Caspase-8, or RIPK3 and FADD, and thus Ripk1-/-Ripk3-/-Tnfr1-/-, Ripk1/-Ripk3-/-Caspase-8-/- and Ripk1-/-Ripk3-/-Fadd-/- mice survive to become viable adults (Dillon
et al., 2014). Further genetic manipulations revealed that RIPK1 prevents perinatal lethality by
suppressing two main pathways: (1) TRIF/IFN-mediated activation of RIPK3, independent of
TNFR1 and (2) TNFR1-mediated apoptosis through FADD/caspase-8 activation, due to loss of
the late NF-κB dependent cell death checkpoint (Dillon et al., 2014; Rickard et al., 2014).

Apoptosis can occur independently of RIPK1 when survival signals are limited

Induction of apoptosis in response to TNF requires disassociation of the TNF-RSC and
inhibition of NF-κB-mediated cFLIP production in order to form the cytosolic complex II and
activate caspases. This complex requires TRADD, FADD, and caspase-8. While RIPK1 is a
member of complex II, it is not required for its formation or caspase-8 activation for apoptosis
induced by TNF/NF-κB inhibition or TNF/cycloheximide (Legarda-Addison et al., 2009;
O'Donnell et al., 2007; Wang et al., 2008).
cFLIP is a catalytically inactive paralog of caspase-8 that inhibits caspase-8 activation
(Dillon et al., 2012; Tsuchiya et al., 2015). Besides induction by TNF, levels of cFLIP are
regulated by additional pathways, as well as by NF-κB activation mediated by cytokines other
than TNF. For example, PI-3 kinase/Akt activity positively regulates cFLIP levels, while JNK
activation leads to cFLIP degradation (Chang et al., 2006; Panka et al., 2001). Depletion of
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cFLIP to allow apoptosis induction by TNF can be achieved with a variety of methods in cell
culture, including actinomycin D to prevent transcription, cycloheximide to prevent translation,
siRNA knockdown of cFLIP, deletion or knockdown NF-κB, deletion of RIPK1, or expression
of a mutant “super repressor” IκBα (IκBαSR) (Antwerp et al., 1996; Beg and Baltimore, 1996;
Christofferson et al., 2014; O'Donnell et al., 2012).
Once the initiator caspase-8 is activated, it can cleave and thus activate downstream
executioner caspases to lead to apoptotic cell death (Degterev et al., 2003; Juo et al., 1998).
Caspase activation in apoptosis results in controlled destruction of the cell that is generally
thought to minimize an inflammatory response (Taylor et al., 2008). This includes DNA
fragmentation, membrane blebbing and packaging of cellular contents into apoptotic bodies, and
release or display of “find me” signals by the cells to attract monocytes to promote their
clearance by phagocytosis (Poon et al., 2014). As mentioned previously, caspase-8 can also
cleave RIPK1 and RIPK3, which serves as a brake on necroptosis. In fact, mouse embryonic
lethality due to deletion of FADD or caspase-8 can be rescued by concomitant deletion of RIPK3
(Dillon et al., 2012; Kaiser et al., 2011; Oberst et al., 2011).

Necroptosis

Discovery of a programmed cell death pathway leading to necrosis

In contrast to the programmed nature of apoptotic cell death, necrotic cell death was long
assumed to be an uncontrolled process resulting from overwhelming cellular stress, and hence
was not studied until relatively recently despite its role in many pathological conditions. The first
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indications that necrosis could, in some cases, be a regulated event came from studies showing
that death receptor (DR) activation by TNFα or FasL could lead to necrotic death in cases when
caspases were inactivated or mutated (Kawahara et al., 1998; Vercammen et al., 1998). DR
engagement was soon found to result in necrosis in a variety of cell types and conditions. For
example, Jurkat cells treated with the pan-caspase inhibitor zVAD.fmk succumbed to necrosis in
response to the DR agonists TNFα, TRAIL, or FasL (Holler et al., 2000). Caspase inhibition also
did not block DR-agonist induced cell death in NIH3T3 cells, mouse embryonic fibroblasts,
HT29 epithelial cells, and others, instead leading to necrotic cell death (Khwaja and Tatton,
1999; Lin et al., 2004; Wilson and Browning, 2002). Importantly, nor did caspase inhibition
prevent activation-induced cell death (AICD) in primary human and murine T cells or
spontaneous cell death in murine primary macrophages, again leading instead to death with
necrotic features (Hitomi et al., 2008; Holler et al., 2000).
Finally, the discovery of a small molecule inhibitor, Necrostatin-1, of these various forms
of necrosis led to the conclusion that a common cellular pathway, termed necroptosis, was
inducing cell death in all of these cases (Degterev et al., 2005). The identification of RIPK1
kinase as the target of Necrostatin-1 established its requirement for TNFR1-induced necroptosis,
and led many groups to use Necrostatin-1 to probe for the contribution of RIPK1 kinase activity
and necroptosis to disease pathology in a variety of mouse models (Degterev et al., 2008).

Regulation of necrosome formation and execution of necroptosis

The kinase activity of RIPK1 is required for its binding to RIPK3 to form the necrosome
in necroptosis signaling (Cho et al., 2009; He et al., 2009; Zhang et al., 2009). RIPK3 is

19

homologous to RIPK1 but lacks a death domain. RIPK3 ubiquitination promotes necrosome
formation, and A20 suppresses necroptosis partly by deubiquitinating RIPK3 (Onizawa et al.,
2015). In contrast, CYLD promotes necroptosis by deubiquitination of RIPK1 in the necrosome
(Draber et al., 2015; Hitomi et al., 2008; Moquin et al., 2013). As discussed previously, the
RIPK1-RIPK3 interaction occurs via their RHIM domains, which can mediate formation of
amyloid fibrils that help to sustain RIPK1 and RIPK3 activity (Li et al., 2012).
Once activated in the necrosome, RIPK3 phosphorylates the activation loop of the
pseudokinase MLKL (mixed lineage kinase like) (Murphy et al., 2013; Sun et al., 2011). This
results in the formation of MLKL oligomers which bind to and disrupt the plasma membrane, by
an as yet incompletely understood mechanism, leading to necrotic cell death (Cai et al., 2014;
Dondelinger et al., 2014; Hildebrand et al., 2014). A phospho-mimic mutation of a key MLKL
residue phosphorylated by RIPK3, S345, leads to spontaneous necroptosis independent of RIPK1
and RIPK3, and phospho-S345 of MLKL is used as a biomarker for necroptosis (Murphy et al.,
2013; Rodriguez et al., 2015).
Unlike the caspase-mediated packaging of cellular debris in apoptosis, the early plasma
membrane permeabilization that occurs in necroptosis results in release of cellular contents,
including pro-inflammatory damage-associated molecular patterns (DAMPs) (Kaczmarek et al.,
2013). Thus, TNFR1 signaling can lead to an inflammatory response independently of NF-κB
mediated cytokine production.
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RIPK1-dependent apoptosis (RDA) is suppressed by multiple TNF-RSC members

TNF-RSC members required for NF-κB activation inhibit cell death through an additional NFκB-independent mechanism

While much of the increased sensitivity to TNF-induced cell death in cells deficient in
NF-κB activation has been ascribed to said loss in NF-κB activity, it has become increasingly
clear that loss of TNF-RSC components such as cIAP1/2, Sharpin, TAK1, IKK, and NEMO
actually sensitizes cells to RDA, independently of deficient NF-κB signaling. The first lines
evidence of a cell death pathway induced by TNF independently of NF-κB deficiency came from
studies of TRAF2, which show that loss of TRAF2 sensitizes cells to TNF-induced apoptosis
despite largely intact NF-κB activation (Natoli et al., 1998; Tada et al., 2001; Yeh et al., 1997).
Next, complementation of RIPK1-null Jurkat cells, which are deficient in NF-κB, with RIPK1
ubiquitination site mutant RIPK1-K377R surprisingly resulted in increased sensitivity to TNFinduced apoptosis, particularly at early time points (O'Donnell et al., 2007). Further, addition of
“super-repressor” IκBαSR, a dominant-negative form of IκBα that prevents NF-κB activation,
resulted in slower and less potent TNF-induced apoptosis in RIPK1-WT cells compared to
RIPK1-K377R cells (O'Donnell et al., 2007). Thus, TRAF2 and cIAP1/2-mediated
ubiquitination of RIPK1 at K377 was established a pro-survival signal independent of its role in
NF-κB activation.
Further, loss of NEMO or mutation of NEMO’s ubiquitin binding domain, which is
required for its recruitment to ubiquitinated RIPK1, was also shown to sensitize to TNF-induced
cell death (Legarda-Addison et al., 2009). This sensitization occurred even in a background of
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NF-κB inhibition with IκBαSR, and was rescued by knockdown of RIPK1 (Legarda-Addison et
al., 2009). Overall, these data led to the idea of “dual sequential cell death checkpoints” in
TNFR1 signaling: an early, NF-κB-independent checkpoint restricting RIPK1-mediated cell
death and a late NF-κB-dependent checkpoint (Legarda-Addison et al., 2009; O'Donnell and
Ting, 2010; Wang et al., 2008) (Figure 1.4). Of note, cell death due to disruption of the NF-κBindependent checkpoint occurs at least about twice as quickly as classical apoptosis, as
determined by both caspase activation and cell death, and is induced at a lower dose of TNF
(Dondelinger et al., 2015; Legarda-Addison et al., 2009; O'Donnell et al., 2012; O'Donnell et al.,
2007).
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Discovery of RIPK1-dependent apoptosis (RDA) as a consequence of disruption of the early cell
death checkpoint and RIPK1 ubiquitination in RDA

The first indication that RIPK1’s kinase activity was required for caspase activation and
cell death due to disruption of the early cell death checkpoint comes from a study of TNF/Smac
mimetic induced cell death in Panc-1 cells. Smac is a protein released from damaged
mitochondria, and Smac and small molecule Smac mimetics (SM) bind to and activate cIAP1/2
and lead to their degradation (Chai et al., 2000; Du et al., 2000; Li et al., 2004; Wu et al., 2000).
TNF treatment following cIAP1/2 depletion with SM leads to NF-κB-independent caspase
activation and cell death, which is blocked by the RIPK1 kinase-dead mutation (Wang et al.,
2008). TNF/SM was also found to induce RDA, that is caspase activation and cell death
requiring RIPK1 kinase activity, in MEFs (Dondelinger et al., 2013).
This data, along with the previous studies on the role of TRAF2 and RIPK1-K377 in
regulating the early cell death checkpoint, led to the model that ubiquitination of RIPK1 in the
TNF-RSC is a critical survival signal which acts a “brake” or “leash” on RDA (O'Donnell and
Ting, 2011; Peltzer et al., 2016; Ting and Bertrand, 2016; Varfolomeev and Vucic, 2016).
Accordingly, the Sharpin-null cpdm mutation was also found to sensitize cells to TNF-induced
RDA (Dondelinger et al., 2015). However, the demonstrated role of NEMO in the early cell
death checkpoint suggested that while RIPK1 ubiquitination initiates this checkpoint, it is not
sufficient to prevent RDA. Instead, additional critical mechanisms suppressing the early cell
death checkpoint may be downstream of RIPK1 ubiquitination in the TNF-RSC.
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The kinase activity of TAK1 and IKK suppress RDA

RIPK1 ubiquitination by cIAP1/2 results in recruitment of TAK1 to the TNF-RSC, along
with NEMO and IKKα/ß. Tak1-/- MEFs are highly sensitive to cell death induced by TNF alone,
and the discovery of Nec-1 allowed identification of the form of cell death as RDA (Arslan and
Scheidereit, 2011). In this study, the ability of TAK1 to suppress RDA was found to be
independent of its kinase activity (Arslan and Scheidereit, 2011). However, several later studies
established that, in fact, inhibition of TAK1 kinase or TAK1 kinase dead mutation was sufficient
to strongly sensitize cells to RDA (Dondelinger et al., 2013; Guo et al., 2016; Lamothe et al.,
2013; Morioka et al., 2014). Further, the role of TAK1 in suppressing RDA is not just specific to
MEFs. Tak1-/- bone marrow derived monocytes undergo spontaneous cell death in culture,
which is blocked by deletion of TNFR1 or by Nec-1 (Lamothe et al., 2013). Bone marrow
derived macrophages, RAW264.7 and BV-2 cells also undergo RDA upon TAK1 inhibition and
TNF treatment (Wang et al., 2015).
Since TAK1 activates IKK, the role of IKK in RDA was also examined. While knockout
of IKKα or IKKß alone does not substantially sensitize cells to RDA induced by TNF, double
knockout of IKKα/ß or inhibition of IKKα/ß does (Dondelinger et al., 2015). Further,
phosphorylation of RIPK1 at the TNF-RSC is reduced in cIAP1/2-/-, Tak1-/-, Nemo-/-, and
IKKα/ß-/- MEFs but not p65-/- MEFs, and IKKα/ß may directly phosphorylate RIPK1 in vitro
(Dondelinger et al., 2015). Therefore, a current model for RDA proposes that the ability of
multiple TNF-RSC members to suppress RDA converges on IKK phosphorylation of RIPK1 in
the TNF-RSC (Dondelinger et al., 2015; Ting and Bertrand, 2016). However, it remains to be
shown if alanine mutation of identified IKK phosphorylation cites on RIPK1 is necessary or
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sufficient to sensitize to RDA, and it is unclear how RIPK1 phosphorylation by IKK prevents
RDA. Further, it cannot be ruled out that cIAP1/2, Sharpin, TAK1, Nemo, and even IKK play
additional roles in suppressing RDA.

Complex II formation in RDA

RDA requires FADD, and the kinase activity of RIPK1 is required for formation of the
RIPK1-FADD-Caspase-8 complex II in RDA, unlike in classical apoptosis (Arslan and
Scheidereit, 2011; Dondelinger et al., 2013; Dondelinger et al., 2015; Lamothe et al., 2013).
Unlike classical apoptosis, which requires TRADD for complex II formation, TRADD
suppresses RDA induced by TNF/SMAC mimetic (Wang et al., 2008). This may be due to
TRADD’s role in recruiting TRAF2 to the TNF-RSC, competition between TRADD and RIPK1
for recruitment to the TNF-RSC in RDA, or TRADD binding to RIPK1 suppressing RIPK1FADD interaction in RDA. Knockdown of CYLD, which protects against necroptosis, results in
diminished complex II formation and cell death in RDA induced by TNF/SMAC mimetic
(Dondelinger et al., 2013; Wang et al., 2008). However, there are contradictory reports of the
role of CYLD in RDA induced by TNF/TAK1 inhibition (Dondelinger et al., 2013; Guo et al.,
2016). There is also conflicting data about the role of RIPK3 in RDA, but it is clear that it is not
required for complex II formation. Two groups found that RIPK3 does not play a role in RDA,
while one group found that RIPK3 promoted RDA independently of its kinase activity or effect
on complex II (Dondelinger et al., 2013; Lamothe et al., 2013; Morioka et al., 2014).
Interestingly, as with classical apoptosis, caspase inhibition following RDA induction can switch
the cell death mode to necroptosis, which does require RIPK3 (Lamothe et al., 2013). Overall,
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the basis for the ability of RIPK1 kinase to regulate RIPK1 binding to FADD and the formation
of complex II in RDA is not known.

RDA occurs in vivo

Importantly, RDA can occur in vivo, and in fact, the discovery of RDA and the
development of RIPK1 kinase-dead knock-in mice have shed light on the long-standing mystery
of why IKKß-/- and Nemo-/- mice die earlier than p65-/- mice. IKKß or NEMO deficiency lead
to liver apoptosis, inflammation and embryonic lethality at E14.5, while p65 knockout mice
survive to E15.5-E16.5 (Beg et al., 1995; Rudolph et al., 2000; Tanaka et al., 1999). Complex
genetic models demonstrate that NEMO prevents apoptosis through suppressing RDA and
through activating NF-κB in different tissues. In particular, NEMO deficiency in intestinal
epithelial cells leads to RIPK1 kinase-driven complex II formation and caspase activation, which
leads to cell death, inflammation, and subsequent microbiota-dependent colitis (Vlantis et al.,
2016). Deletion of NEMO in hepatocytes causes RIPK1-dependent apoptosis, which leads to
liver damage, inflammation, and hepatocellular carcinoma (Kondylis et al., 2015). Further, the
severe dermatitis and multiorgan inflammation in Sharpin-null cpdm mice is completely blocked
by kinase-dead RIPK1 (Berger et al., 2014). Intriguingly, these studies establish that RDA can be
pro-inflammatory, since RIPK1 kinase-dead knock-in prevents not only apoptosis but
inflammation due to NEMO deficiency or Sharpin deficiency (Ting and Bertrand, 2016). Loss of
RIPK3 did not prevent inflammation in these models, confirming that RDA rather than
necroptosis was the cause. It will be interesting to see if the apoptosis and inflammation leading

27

to embryonic lethality of cIAP1-/-cIAP2-/- mice and Tak1-/- mice is partially due to RDA
induction.

Physiological and clinical relevance of RIPK1-dependent apoptosis and necroptosis
RIPK1 kinase-mediated cell death likely evolved due to providing a survival advantage in
the face of infection. Today, aberrant cell death and inflammation caused by RIPK1 activity
provides an attractive target for pharmacological inhibition for clinical benefit in
neurodegeneration, ischemia/reperfusion injury, and genetic disorders which result in disruption
of the early cell death checkpoint in TNFR1 signaling. On the other hand, induction of RDA may
be exploited for cancer treatment. (Figure 1.5)
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However, it can be difficult to differentiate between classical apoptosis, RDA,
necroptosis, unregulated necrosis, and an expanding number of programmed cell death modes in
vivo. The identification of molecular markers distinguishing these pathways is critical for
understanding disease pathogenesis and targeting the appropriate mode of cell death.

Response to Infection
Many viruses encode inhibitors of apoptosis in an effort to block programmed cell death
of the infected cell to allow for effective viral replication. Viral caspase inhibitors include, but
are by no means limited to, viral FLIP in Kaposi’s sarcoma herpesvirus, caspase-8 inhibitor UL39 in herpesvirus HSV-1 an HSV-2, XIAP homolog in baculoviruses, and the serpin caspase
inhibitor in vaccinia (Saleh and Degterev, 2015). Necroptosis may have evolved to eliminate
infected cells in such cases when apoptosis was inhibited. For example, vaccinia virus infection
induces host cell death by necroptosis, and blocking necroptosis by deletion of RIPK3 increases
viral load and decreases survival of vaccinia infected mice (Cho et al., 2009). It should be noted,
however, that there is currently no data regarding the role of RIPK1-mediated cell death in
controlling infection in humans.
A variety of stimuli can lead to inactivation of RDA suppressors in the context of
infectious disease. A particularly important one in human evolutionary history may be the
bubonic plague, or “black death”. The plague is caused by Yersinia pestis, which is known to
cause high levels of cell death upon infection (Philip and Brodsky, 2012). This cell death appears
to be a beneficial response that actually helps to control the infection by eliminating infected
cells, and limiting cell death enhances bacterial virulence (Brodsky and Medzhitov, 2008). Cell
death induced by Y. pests is mediated by the type III secrection system effector YopJ, which
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disrupts the early cell death checkpoint by inhibiting IKKß and TAK1 in host cells via their
acetylation (Paquette et al., 2012). Y. pestis infection of bone marrow derived macrophages
results in YopJ dependent cell death by RDA, as shown by complex II formation, caspase-8
activation, and cell death blocked by RIPK1 kinase inhibition but not deletion of RIPK3 (Weng
et al., 2014). Additional examples of bacterial inhibitors of TAK1 include YopP in Y.
enterocolitica and NleE in enteropathogenic E. coli (Ajibade et al., 2013). This suggests that
since bacteria may encode specific inhibitors of TAK1 or IKK in an effort to limit host NF-κB
signaling and cytokine production, sensing this inhibition by the host can allow for rapid
elimination of the infected cell by RDA.
More generally, activation of immune cells and production of cytokines in response to
infection may disrupt the early cell death checkpoint. The best example is TNF ligation of
TNFR2, which is highly expressed in myeloid cells and can potentiate TNFR1-mediated
apoptosis by degradation of TRAF2 and cIAP1/2 (Fotin-Mleczek et al., 2002; Li et al., 2002).
Constitutive stimulation of CD30, a TNF receptor super family member (TNFRSF) expressed in
activated T-cells and B-cells, results in degradation of TRAF2 and sensitizes cells to TNFinduced apoptotic death (Duckett and Thompson, 1997). Activation of other TNFRSF members
can also lead to substantial degradation of TRAF2/cIAP1/2 (Varfolomeev et al., 2012). While
studies of RDA thus far have been limited to severe depletion or inhibition of a single TNF-RSC
component, physiological induction of RDA may occur through partial depletion or inhibition of
multiple RDA suppressors via activation of multiple TNFRSF members (Ting and Bertrand,
2016). This would allow RIPK1 to serve as a finely tuned sensor integrating multiple signaling
pathways to affect an appropriate cellular response.
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Neurodegeneration

Inhibition of RIPK1 or the RIPK1 kinase-dead mutation is protective in several mouse
models of neurodegenerative disorders, including amyotrophic lateral sceloris (ALS), multiple
sclerosis (MS), and Huntington’s disease (HD) (Ito et al., 2016; Ofengeim et al., 2015; Re et al.,
2014; Zhou and Yuan, 2014; Zhu et al., 2011). In particular, the use of the newly available
antibodies for RIPK1 activation provides exciting evidence that RIPK1 kinase activity is
upregulated in human patients with ALS and MS (Ito et al., 2016; Ofengeim et al., 2015).
Recently initiated human clinical trials for a highly specific analog of the RIPK1 kinase inhibitor
Nec-1 for ALS and AD will address if RIPK1 kinase activity contributes to human
neurodegeneration.

Ischemia/reperfusion injury

RIPK1 kinase activity contributes to cell death and cytokine production following
ischemia/reperfusion (I/R) injury in a variety of tissues, including transient focal cerebral I/R,
myocardial I/R, renal I/R, and retinal I/R (Christofferson et al., 2014; Degterev et al., 2005).
RIP3 also plays a role in myocardial and renal I/R, and in retinal I/R, Nec-1s prevents necrosis
but not apoptosis, suggesting that in these conditions, necroptosis may occur (Lau et al., 2013;
Luedde et al., 2014; Rosenbaum et al., 2010). Interestingly, Nec-1s reduces not just overall
infarct volume but also caspase activation following stroke induced by transient middle cerebral
artery occlusion (MCAO), suggesting that in this case, RIPK1 kinase activity may induce RDA
as well as necroptosis (Degterev et al., 2005). Along with an increase in TNF levels, MCAO is
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reported to lead to reduction in TAK1 activity, suggesting that conditions for the pathological
activation of RDA may occur following ischemic stroke (White et al., 2012)

Genetic disorders

LUBAC deficiency in humans caused by inherited mutation of HOIL-1 leads to chronic
autoimmunity as well as susceptibility to invasive bacterial infection (Boisson et al., 2012). The
mouse Sharpin null cpdm mutant has a similar phenotype with multiorgan inflammatory
pathology, which is completely rescued by RIPK1 kinase-dead knock-in as well as by deletion of
TNF (Berger et al., 2014; Gerlach et al., 2011).
Human NEMO mutation causes incontinentia pigmenti (IP), an X-linked disease
typically causing male lethality and widespread, multi-system abnormalities in heterozygous
females, including dermatitis and skin lesions, vision impairment, and neurological deficits
(Berlin et al., 2002; Makris et al., 2000; Schmidt-Supprian et al., 2000; Smahi et al., 2000;
Zonana et al., 2000). Loss of NF-κB signaling was long believed to be responsible for pathology
caused by NEMO mutation, however, recent studies in NEMO deficient mice and
complementation of Nemo-/- cells with a NEMO IP mutant suggest that increased sensitivity to
RDA and necroptosis due to disruption of the early cell death checkpoint may also play an
important role (Kondylis et al., 2015; Pescatore et al., 2016; Vlantis et al., 2016).
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Smac mimetics for cancer therapy

RDA and necroptosis may be exploited to kill tumor cells resistant to other types of
programmed cell death. Smac mimetics, which can be used to induce both RDA and necroptosis,
were developed as a way to sensitize cancer cells to cell death (Li et al., 2004; Lu et al., 2008; Lu
et al., 2011; Petersen et al., 2007). Various Smac mimetics are currently in clinical trials for
different types of cancer, including multiple myeloma, lymphomas, CMML, and solid tumors
(Fulda, 2015). It will be interesting to see if the clinical efficacy of Smac mimetics is partly due
to disruption of the early cell death checkpoint and induction of RDA.

Summary

Programmed cell death is critical for organismal health and in both prevention and
pathogenesis of disease. The idea of a regulated cell death pathway was first proposed fifty years
ago, but cell death remained an obscure field until the discovery of a human caspase homolog
responsible for apoptosis in C. elegans (Degterev et al., 2003; Miura et al., 1993; Yuan et al.,
1993). Since then, an explosion of research has elucidated a multiplicity of programmed cell
death pathways, and the detailed mechanisms of each – although many questions still remain.
The recent identification of two distinct apoptotic cell death pathways induced by TNF, arising
from disruption of two distinct cell death checkpoints, and differentially regulated by RIPK1,
presents an exciting opportunity to further our understanding of TNFR1 signaling and
modulation of RIPK1 kinase activity, and to potentially leverage this knowledge for clinical
benefit.
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In the following chapters, I present my work investigating the regulation of RIPK1 kinase
activity in RIPK1-dependent apoptosis (RDA) and necroptosis, and exploring the mechanism of
RDA. In Chapter 2, I use a biochemical approach to follow and compare the detailed sequence of
events in TNFR1 signaling in RDA, necroptosis, and classical apoptosis. This work clarifies how
the early cell death checkpoint functions, elucidates two temporally and spatially distinct RIPK1
activation pathways, and identifies insoluble RIPK1 “ladders” as a marker to distinguish if cell
death arises from disruption of the early or late cell death checkpoint. In Chapter 3, I perform a
targeted siRNA screen to identify novel regulators of RDA and necroptosis. This work identifies
E3 ubiquitin ligases Apc11 and c-Cbl, and the kinase LRRK2, as important modulators of RIPK1
kinase activity. I further show that c-Cbl promotes RIPK1 modification in the TNF-RSC, which
is important for full activation of RIPK1, the formation of insoluble RIPK1 ladders, and
ultimately cell death. Finally, through a sensitizer screen, I identify TRIM32 as a novel
suppressor of RDA.
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Chapter 2: TAK1 Suppresses RIPK1 Activation at the TNF-RSC
Palak Amin, Marcus Florez, Dimitry Ofengeim, Jiefei Geng, Yasushi Ito, and Junying Yuan
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tested RIPK1-pS166 antibodies. Junying Yuan supervised the work.
Manuscript is in preparation and will be submitted for publication in the near future, in
combination with data from the next chapter.

Summary
RIPK1 is a key regulator in the cellular decision to live or die in response to TNF.
TNFR1 activation by TNF can result in three distinct forms of cell death, RIPK1-independent
apoptosis, necroptosis, or RIPK1-dependent apoptosis (RDA). RIPK1 kinase activity is required
for necroptosis and RDA. However, little is known about how and when RIPK1 is activated
downstream of TNFR1. Here, I show that upon TNF stimulation, activation of RIPK1 in RDA
occurs within minutes at the TNF-RSC, while in necroptosis, it occurs slowly in the cytosol.
Thus, TAK1 and cIAP1/2 normally prevent RIPK1 activation in the TNF-RSC. TAK1 or
cIAP1/2 deficiency leads to the formation of a unique TNF-RSC, which contains substantially
higher levels of RIPK1 that are sustained by RIPK1 kinase activity. This is followed by the
formation of unique highly ubiquitinated RIPK1 insoluble aggregates and then the RIPK1FADD-Caspase-8 cytosolic complex, which leads to caspase activation and cell death.
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Results and Discussion

The cellular decision to live or die in response to TNF is dictated by dual cell death
checkpoints (Ting and Bertrand, 2016). Disruption of the early cell death checkpoint, which is
controlled by multiple members of the TNF-RSC, including TAK1, leads to RIPK1 kinasedependent apoptosis (RDA). RIPK1 is a serine/threonine kinase that is also required for
necroptosis and is activated in human diseases such as MS and ALS, but the mechanisms
regulating its activity are not well understood (Degterev et al., 2008; Ito et al., 2016; Ofengeim et
al., 2015). Here, we use a biochemical approach to follow and compare the detailed sequence of
events in TNFR1 signaling following disruption of the early cell death checkpoint in RDA or the
late cell death checkpoint in classical apoptosis or necroptosis, in order to shed light on how
RIPK1 activity is regulated.

Inhibition or deletion of TAK1 leads to rapid induction of RIPK1 kinase activity and RIPK1dependent cell death

It was previously reported that disruption of the early cell death checkpoint by deletion of
NEMO or inhibition of IKKα/ß leads to rapid induction of RDA by TNF, compared to slow
induction of classical apoptosis by disruption of the late NF-κB-dependent cell death checkpoint
(Dondelinger et al., 2015; O'Donnell et al., 2012). We hypothesized that 5Z-7 Oxozeaenol (Oxo)
inhibition of TAK1, the upstream kinase responsible for IKKα/ß activation in TNF signaling,
would also lead to rapid RDA with TNF treatment. In fact, TNF/Oxo kills over 50% of cells by 6
hours, while classical apoptosis induced by TNF/CHX kills only about 10% of cells at this time
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(Figure 2.1A). Further, inhibition of protein translation is not responsible for slower cell death,
since TNF/Oxo/CHX further speeds cell death compared to TNF/Oxo (Figure 2.1A). Finally, we
confirmed that TNF/Oxo requires RIPK1 kinase activity while classical apoptosis does not with
the use of the highly specific RIPK1 kinase inhibitor 7-Cl-O-Necrostatin-1 (Nec-1s) (Figure
2.1A).
We wondered what the consequences of a rapid form of apoptosis may be. Caspase
activation in apoptosis results in release or display of “find me” signals by the cells to attract
monocytes to promote their clearance by phagocytosis (Poon et al., 2014). This includes caspasemediated opening of the plasma membrane channel protein pannexin 1, resulting in selective
secretion of nucleotides in apoptosis (Chekeni et al., 2010). We hypothesized that rapid caspase
activation and cell death in RDA may allow of rapid secretion of ATP prior to depletion of
cellular ATP levels. In fact, at similar levels of cell death, approximately four-fold higher levels
of ATP are detected in conditioned media from cells dying by RDA versus classical apoptosis
(Figure 2.1B). This is likely due to caspase activation, rather than RIPK1 activation or
necroptosis, since caspase inhibition blocks selective ATP release but not cell death (Figure
2.1C). While apoptosis is typically immunologically silent, studies of NEMO and Sharpin
deficient mice have demonstrated that RDA can be pro-inflammatory in vivo, and it is possible
that the increased nucleotide secretion in RDA observed here is partly responsible (Berger et al.,
2014; Kondylis et al., 2015; Taylor et al., 2008; Ting and Bertrand, 2016; Vlantis et al., 2016).
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RIPK1 kinase activation in RDA is assumed to occur prior to or simultaneously with
complex II formation, since it is required for complex II and caspase activation. However, this
has not been formally shown since the tools have been lacking. We utilized the newly available
RIPK1-pS166 antibody, which has been shown to be a bona fide marker of RIPK1 kinase
activity, to investigate the time course of RIPK1 activation in RDA (Berger et al., 2014;
Ofengeim et al., 2015). One group did recently report detection of RIPK1-pS166 following
TNF/Oxo treatment in HT-29 cells, but only examined a single late time point of 4 hours (Guo et
al., 2016). We found clear and rapid induction of RIPK1 activation as early as 30 minutes
following TNF/Oxo treatment, which preceded caspase activation and was blocked by Nec-1s
(Figure 2.2A-B). Importantly, no RIPK1 activation was detected in classical apoptosis induced
by TNF/CHX (Figure 2.2B).
Comparison of time courses of RDA and classical apoptosis revealed other important
differences (Figure 2.2B). First, we confirmed that caspases were activated and caspase
substrates such as RIPK1, CYLD, and PARP were cleaved earlier in RDA. Interestingly, even at
similar levels of almost complete PARP cleavage at 2 hours TNF/Oxo and 8 hours TNF/CHX,
higher levels of active executioner caspases were present in RDA.
Next, previous reports demonstrate that RIPK1 may form insoluble aggregates in human
MS patients or in mouse models of ALS, as well as form insoluble amyloidal fibrils with RIPK3
in necroptosis (Ito et al., 2016; Li et al., 2012; Ofengeim et al., 2015). We found that upon RDA
induction, RIPK1 forms distinct ladder-like insoluble aggregates in the 6M urea fraction, which
are not present in classical apoptosis (Figure 2.2B). This modified RIPK1 insoluble ladder forms
prior to caspase activation.
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Finally, there are conflicting reports about the role of necroptosis mediator RIPK3 in
RDA (Dondelinger et al., 2013; Lamothe et al., 2013). However, the activation of RIPK3
substrate and downstream necroptosis effector MLKL has not been examined in RDA.
Surprisingly, we found that TNF/Oxo induced robust phosphorylation of MLKL at the RIPK3
site, even in the presence of robust caspase activity (Figure 2.2B).
Due to this result, we sought to clarify the roles of caspases, RIPK3, and MLKL on cell
death and cell death morphology in RDA. Consistent with a previous report examining RDA in
TAK1 deficient monocytes (Lamothe et al., 2013), we found that caspase inhibition did not
block RDA, but rather switched RDA to necroptosis (Figure 2.3). Knockdown of RIPK3 and
MLKL did not protect cell death induced by TNF/Oxo, but did protect cell death when a caspase
inhibitor was added (Figure 2.3C). Further, examination of cell death morphology by electron
microscopy demonstrated that cells undergoing RDA induced by TNF/Oxo or by TNF in Tak1-/MEFs had an intact plasma membrane and chromatin condensation consistent with apoptosis,
which was switched to a necrotic morphology upon caspase inhibition (Figure 2.3D).
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Next, we compared this form of necroptosis induced by TNF/Oxo/zVAD with
necroptosis induced by TNF/CHX/zVAD. Since RIPK1-dependent apoptosis due to disruption of
the early cell death checkpoint differs from classical apoptosis due to disruption of the late cell
death checkpoint, as described above, we hypothesized that necroptosis following from
disruption of the two distinct checkpoints may also be distinct. In fact, we found that RIPK1 was
activated much earlier in necroptosis induced by TNF/Oxo/zVAD, as early as 15 minutes,
compared to activation at 2-4 hours in necroptosis induced by TNF/CHX/zVAD (Figure 2.4B).
MLKL phosphorylation and cell death also occurred earlier in necroptosis following TAK1
inhibition (Figure 2.4). Further, we were somewhat surprised to find that while there was a mild
increase in total RIPK1 levels in the urea fraction in TNF/CHX/zVAD induced classical
necroptosis, the distinct ladder-like modified RIPK1 aggregates were found only in
TNF/Oxo/zVAD necroptosis (Figure 2.4B). Activated RIPK1-pS166 was also increased and
formed a similar ladder-like pattern in the urea fraction in TNF/Oxo/zVAD necroptosis.
Then, we used an independently developed RIPK1-pS166 antibody (RIPK1-pS166
SIOC) in order to confirm our results by immunoprecipitation of activated RIPK1. Consistent
with our earlier findings, we found RIPK1 was activated in RDA as early as 10-15 minutes
following TNF stimulation (Figure 2.5). No RIPK1 activation was detected with TNF alone in
WT cells, or with classical apoptosis induced by TNF/CHX (Figure 2.5B-C), while it was only
detected at 4 hours with necroptosis induced by TNF/CHX/zVAD (Figure 2.5C). Further, this
rapid activation was not due to off-target effects of Oxo, since it also occurred with TNF alone in
Tak1-/- MEFs. Finally, we confirmed that no activated RIPK1 was detected in the presence of
Nec-1s or in RIPK1 kinase-dead knock-in MEFs, RIPK1 D138N, treated with TNF/Oxo.
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In light of the different kinetics of RIPK1 activation in RDA and classical necroptosis,
we examined RIPK1 activation in the context of complex II formation. It is well established that
RIPK1 kinase activity is required for complex II formation in both of these modes of cell death
(Christofferson et al., 2014; Ting and Bertrand, 2016) (Figure 2.6A). We found high levels of
active, modified (likely ubiquitinated) RIPK1 in complex II in RDA (Figure 2.6B). Active
RIPK1 was also detected in complex II in necroptosis, particularly at later time points (Figure
2.6B). Consistent with our previous data, we found that complex II in RDA had peaked and then
disassembled by 1 hour following TNF/Oxo treatment, while in classical necroptosis it had just
started to form at 1 hour.
Overall, these data suggest that TAK1 suppresses early RIPK1 activation in response to
TNF, and the rapid mode of RIPK1 activation that occurs when TAK1 is inhibited is distinct
from slower RIPK1 activation in necroptosis induced by TNF/CHX/zVAD.

RIPK1 is activated at a novel, sustained TNF-RSC in RDA

Since RIPK1 is activated in RDA at a time point consistent with RIPK1 recruitment to
the TNF-RSC, we immunoprecipitated the TNF-RSC following TNF/Oxo treatment, and found
high levels of modified, presumably ubiquitinated, activated RIPK1-pS166 in the TNF-RSC. In
contrast to previous reports (Arslan and Scheidereit, 2011; Wang et al., 2008), we found a
massive increase in total RIPK1 levels in the TNF-RSC following FLAG-mTNF IP after
TNF/Oxo versus TNF alone, concomitant with RIPK1 activation (Figure 2.7A). We obtained
similar results with TNF treatment alone in WT versus Tak1-/- MEFs (Figure 2.7B). RIPK1
levels at the TNF-RSC in WT MEFs and Tak1-/- MEFs were similar at 5 minutes, but rapidly
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diminished in WT MEFs, while continuing to increase until 15 minutes in Tak1-/- MEFs. We
also detected activated, modified RIPK1 in the purified TNF-RSC prior to its detection in the
input lysates.
Since we use mouse TNF (mTNF), we wondered if our results were due to IP of TNFR2,
even though TNFR2 reportedly binds only to membrane-bound TNF. Thus, we used human TNF
(hTNF), which binds only to TNFR1 in mouse cells. However, we found a similar pattern of
dramatically increased levels of RIPK1 at the TNF-RSC with both hTNF and mTNF (Figure
2.7C). We also confirmed our result with an alternate method of TNF-RSC purification using
anti-TNFR1, and a different RIPK1 antibody for detection (Figure 2.7D). Further, we showed
that RIPK1 recruitment to the TNF-RSC in classical apoptosis induced by TNF/CHX is very
similar to TNF alone, and reduced and transient compared to TNF/Oxo (Figure 2.7D). Finally,
we compared the TNF-RSC in classical necroptosis versus RDA, and found activated RIPK1 and
higher, sustained levels of highly modified RIPK1 only in RDA (Figure 2.7E). Overall, we
conclude that TAK1 suppresses RIPK1 activation at the TNF-RSC and that increased, sustained
levels of RIPK1 and RIPK1 activation at the TNF-RSC are unique to RDA.
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We next asked if RIPK1 kinase activity had an effect on the TNF-RSC. Indeed, Nec-1s
treatment led to substantially decreased levels of RIPK1 at the TNF-RSC following TNF/Oxo
treatment (Figure 2.8A). An extended time course in Tak1-/- MEFs revealed that Nec-1s leads to
a very mild reduction in RIPK1 levels at the TNF-RSC at 5 minutes, but prevents sustained
RIPK1 accumulation, resulting in a dramatic decrease at later time points (Figure 2.8B). Similar
results are seen with RIPK1 D138N kinase-dead knock-in primary MEFs (Figure 2.8C). Further,
Nec-1s does not affect RIPK1 levels at the TNF-RSC in necroptosis induced by
TNF/CHX/zVAD (Figure 2.8D). These data suggest that a feed-forward loop may exist between
RIPK1 recruitment and activation at the TNF-RSC, similar to the feed-forward mechanism
proposed to exist between RIPK1-RIPK3 amyloidal complex formation and RIPK1/RIPK3
activation in necroptosis (Li et al., 2012).
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Insoluble RIPK1 ladders precede complex II and are composed of linear and K63-ubiquitinated
RIPK1

The highly modified RIPK1 accumulating in the TNF-RSC appears similar to the RIPK1
insoluble ladders which later form in the course of RDA. Further, the appearance of the ladders
at 15 to 30 minutes following TNF/Oxo treatment suggests that they may form prior to complex
II. Therefore, we examined the time course of insoluble RIPK1 ladder formation in relation to
the TNF-RSC and complex II in Tak1-/- MEFs. Indeed, we found that RIPK1 levels in the TNFRSC peaked at 15 minutes, followed by peak insoluble ladder levels at 30 minutes, complex II
formation at 45 minutes, and caspase activation at 60 minutes (Figure 2.9). Thus, we speculate
that activated, ubiquitinated RIPK1 from the TNF-RSC transitions to the cytosol as insoluble
aggregates, which may help to preserve RIPK1 activation and facilitate RIPK1-FADD-Caspase8 oligomerization for rapid complex II formation and caspase activation.
Consistent with this hypothesis, RIPK1 kinase activity and inhibition of TAK1 is
required for ladder formation (Figure 2.10A). Further, this insoluble RIPK1 ladder in RDA is
distinct from the insoluble necrosome which forms in necroptosis (Figure 2.4B, 2.10B). In
particular, we compared RIPK1, RIPK3, and MLKL levels in the insoluble fraction with and
without caspase inhibition following TNF/Oxo treatment. Highly modified RIPK1 appeared in
the 6M urea fraction at 30 minutes, before the insoluble necrosome, as indicated by upshifted
RIPK3 and modified MLKL at 2 hours (Figure 2.10B). Caspase inhibition also preserved the
insoluble RIPK1 ladders, demonstrating that this RIPK1 is still susceptible to cleavage by
caspase-8.
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RIPK1 has been reported to be modified by linear, K11, K48, and K63-liked
polyubiquitin chains in the TNF-RSC (Gerlach et al., 2011). While linear and K63-linked
ubiquitin chains are typically used to orchestrate signaling, K11 and K48-linked chains usually
target proteins for proteasomal destruction (Tokunaga and Iwai, 2012). We wondered if the
insoluble RIPK1 ladder in RDA was in fact composed of ubiquitinated RIPK1, and if so, the type
of linkages. To address this question, ubiquitin chain-specific antibodies were used for
immunoprecipitation from the urea fraction following induction of RDA. It should be noted that
use of a lower dose of TNF (1 ng/mL vs 10 ng/mL) allows for prolonged survival of the
insoluble RIPK1 ladders (Figure 2.10A), which was exploited to increase their capture by
immunoprecipitation. We did not detect any increase in K11 or K48-linked ubiquitinated RIPK1,
suggesting that the insoluble RIPK1 ladders are not proteasome-targeted RIPK1 that is failed to
be degraded. Instead, the experiment revealed that the insoluble RIPK1 ladders contain linear
and K63-linked polyubiquitin chains (Figure 2.10C).
The primary mediators of linear and K63-linked ubiquitination of RIPK1 at the TNFRSC are cIAP1/2, both directly and through recruitment of the LUBAC (Bertrand et al., 2011;
Dynek et al., 2010; Gerlach et al., 2011; Haas et al., 2009). Like inhibition of TAK1, depletion of
cIAP1/2 disrupts the early cell death checkpoint and leads to RDA induction by TNF (Wang et
al., 2008). Thus, it has been proposed that ubiquitination of RIPK1 in the TNF-RSC is a critical
survival signal which acts a “brake” or “leash” on RDA (O'Donnell and Ting, 2011; Peltzer et
al., 2016; Ting and Bertrand, 2016; Varfolomeev and Vucic, 2016), which is seemingly at odds
with the increase in ubiquitinated RIPK1 we detect at the TNF-RSC and in the urea fraction in
RDA. Another model proposes that the ubiquitination of RIPK1 is not important for suppressing
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RDA in and of itself, but because it is required for recruitment and activation of TAK1/IKK
(Dondelinger et al., 2015; Ting and Bertrand, 2016), which is better supported by our findings.
To investigate the role of RIPK1 ubiquitination in RDA, we employed Smac mimetic
(SM) to deplete cIAP1/2, both on its own and in combination with TAK1 inhibition by Oxo. As
a validation of our approach to TNF-RSC purification, SM blocked A20 and IKKß recruitment
to the TNF-RSC (Figure 2.11A). Also as expected, RIPK1 ubiquitination was blocked with
TNF/SM treatment. However, RIPK1 levels were increased at the TNF-RSC, particularly at 15
minutes, with TNF/SM compared to TNF alone. We also found that like TAK1 deficiency, loss
of cIAP1/2 results in RIPK1 activation at the TNF-RSC (Figure 2.11A). This suggests that
increased levels of RIPK1 at the TNF-RSC and activation of RIPK1 at the TNF-RSC are
common mechanisms underlying different modes of inducing RDA. This also supports our
model that RIPK1 levels at the TNF-RSC and its activation are related in a possible feed-forward
mechanism.
Further, cIAP1/2 depletion prior to treatment with TNF/Oxo leads to decreased RIPK1
ubiquitination at the TNF-RSC, although it does not abolish it (Figure 2.11A). In particular,
higher-order polyubiquitination of RIPK1 is reduced, leading to an increased level of unmodified
RIPK1 at the TNF-RSC. This suggests that the increased RIPK1 ubiquitination observed at the
TNF-RSC in conditions of TAK1 deficiency is a consequence, rather than a cause, of increased
RIPK1 levels. It would be interesting to see if residual RIPK1 ubiquitination following
TNF/Oxo/SM treatment is due to incomplete degradation of cIAP1/2, or if additional E3 ligases
can ubiquitinate RIPK1 under these conditions.
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We next determined the role of cIAP1/2 in insoluble RIPK1 ladder formation. Similar to
its effect on RIPK1 in the TNF-RSC, cIAP1/2 depletion reduces higher molecular weight RIPK1
in the urea fraction, both with TNF/SM alone and with TNF/SM in a TAK1 deficient background
(Figure 2.11B-C). However, an increase in lower molecular weight modified RIPK1 is still clear
with TNF/SM treatment in both conditions. Therefore, RIPK1 insoluble ladder formation may be
a shared and distinguishing characteristic of cell death resulting from disruption of the early cell
death checkpoint, since it forms following treatment with TNF/Oxo, TNF/SM, TNF/Oxo/zVAD,
and TNF/Oxo/SM, but not TNF/CHX or TNF/CHX/zVAD.

Model for differential regulation of RIPK1 kinase activation in TNFR1 signaling

Overall, we conclude that there are three distinct modes of RIPK1 activation induced by
TNFR1 (Figure 2.12). Classical apoptosis proceeds without RIPK1 activation. In RDA,
inhibition of TAK1 or depletion of cIAP1/2 leads to a massive increase in RIPK1 levels at the
TNF-RSC and RIPK1 activation in this complex, despite opposite effects on RIPK1
ubiquitination. Further, RIPK1 kinase activity is required for the continued accumulation of
RIPK1 in the TNF-RSC, demonstrating for the first time that RIPK1 kinase activity can regulate
this complex. In contrast, in necroptosis, RIPK1 activation occurs slowly in the cytosol.
Based on these distinct modes of RIPK1 activation, we speculate that the MLKL
phosphorylation observed in RDA may be due to the timing of RIPK1 activation: in RDA,
RIPK1 arrives in complex II pre-activated and is rapidly able to promote RIPK3 activation and
subsequent MLKL phosphorylation, whereas in classical apoptosis RIPK1 is not substantially
activated before complex II formation, and thus is cleaved by caspase-8 before it can activate
RIPK3. While we observed that cells undergoing RDA had an apoptotic morphology and did not
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require RIPK3 or MLKL for cell death, it is possible that MLKL activation allows for rapid
induction of secondary necroptosis if cells are not rapidly cleared, and thus contributes to the
pro-inflammatory nature of RDA.
Following accumulation of activated RIPK1 at the TNF-RSC in RDA, this highly
modified RIPK1 forms ladder like insoluble aggregates composed of linear and K63ubiquitinated RIPK1, after which the RIPK1-FADD complex forms and caspases are activated
(Figure 2.12). Since this occurs in both TNF/Oxo and TNF/SM induced RDA, we propose that
formation of an insoluble RIPK1 ladder may be a useful for tool for determining if RIPK1
activation observed in vivo is a result of RDA or of necroptosis.
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Chapter 3: A targeted siRNA screen identifies novel regulators of RIPK1
dependent apoptosis.
Palak Amin, Marcus Florez, Ayaz Najafov, Slawomir Dziedzic, and Junying Yuan
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screen data with previous screens in the lab. Slawomir Dziedzic initially identified conditions for
apoptosis by TNF/CHX in RGC-5 cells and provided the positive control for the sensitizer
siRNA secondary screen. Junying Yuan supervised the work.
Manuscript is in preparation and will be submitted for publication in the near future, in
combination with data from the previous chapter.

Summary
RIPK1 kinase activity is required for both RIPK1-dependent apoptosis (RDA) and
necroptosis. RDA results from TNFR1 signaling when an early, NF-κB independent cell death
checkpoint is disrupted, while necroptosis can occur when apoptosis is blocked due to caspase
inhibition. While the mechanism of necroptosis has been the subject of intense investigation,
little is known about RDA. Previously, I established that RIPK1 is activated in a novel, sustained
TNF-RSC in RDA, followed by formation of insoluble ubiquitinated RIPK1 ladders and then
RIPK1-dependent caspase activation. To identify novel components of this pathway and
regulators of RIPK1 kinase activity, I carried out a targeted siRNA screen of post-translational
modification genes for protectors and sensitizers of RDA. I identified a set of genes required for
RDA, but not TNF/cycloheximide-induced apoptosis, including Apc11, the catalytic E3 subunit
of the APC/C, Parkinson’s associated kinase LRRK2, and the tumor suppressor c-Cbl. Apc11,
LRRK2, and c-Cbl promote RIPK1 activation in RDA. In particular, the E3 ligase c-Cbl is
recruited to the TNF-RSC, where it promotes RIPK1 modification and activation, and
subsequent RIPK1 insoluble ladder formation and caspase activation in RDA. Further, a subset
of genes required for RDA, including LRRK2 and c-Cbl, are required for necroptosis only when
TAK1 is inhibited, supporting the existence of two distinct necroptosis initiation pathways by
TNF. Finally, the E3 ligase TRIM32, along with the TNF-RSC member A20, was found to limit
RDA. Overall, this work identifies several novel regulators of RIPK1 activity and RDA.

73

Results and Discussion

A siRNA screen for protectors of RDA

To identify novel regulators of RIPK1 activation and RDA, I conducted a targeted siRNA
screen of a set of post-translational modification genes for their role in RDA, including kinases,
phosphatases, ubiquitin E1, E2, E3 ligases, and deubiquitinases (Figure 3.1). Of 1288 initial
genes, I identified 66 that when knocked down protected against RDA induced by TNF/Oxo. I
then screened these 66 genes for their role in classical apoptosis induced by TNF/CHX, classical
necroptosis induced by TNF/CHX/zVAD, and necroptosis induced by TNF/Oxo/zVAD. Genes
that are generally required for TNFR1 signaling would promote all four modes of cell death. 18
genes fell into this category, including CYLD (Figure 3.1D). Genes that promote caspase
activation would be required for TNF/Oxo and TNF/CHX. We were particularly interested in
genes that promote only the modes of cell death which require RIPK1 kinase activity: TNF/Oxo,
TNF/Oxo/zVAD, and TNF/CHX/zVAD. 15 genes fell into this category, including RIPK1, thus
validating our approach, and the E3 ligase Apc11. We were also particularly interested in genes
required specifically for cell death following from disruption of the early cell death checkpoint,
TNF/Oxo and TNF/Oxo/zVAD, as they may regulate the unique features of RDA described in
Chapter 2, such as rapid RIPK1 activation in the TNF-RSC or RIPK1 insoluble ladder formation.
18 genes fell into this category, including E3 ligase c-Cbl and kinase LRRK2.
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Further, based on my earlier finding that RIPK1 activation in necroptosis induced by
TNF/Oxo/zVAD occurred rapidly in the TNF-RSC, while it occurred slowly in the cytosol in
classical necroptosis induced by TNF/CHX/zVAD, I postulated that these represented two
distinct modes of RIPK1 activation and necroptosis initiation. Consistent with this model, the
majority (85%) of the genes which promoted RDA (TNF/Oxo) also promoted TNF/Oxo/zVAD,
but only a smaller fraction promoted classical necroptosis (TNF/CHX/zVAD) (Figure 3.2A). To
remove any bias based on the arbitrary cutoff used to classify genes as protectors, I plotted the
fold protection of each siRNA duplex in each mode of cell death versus its fold protection in
RDA. Indeed, I found that the correlation between protection in TNF/Oxo/zVAD vs RDA was
significantly higher than in TNF/CHX vs RDA or TNF/CHX/zVAD vs RDA (Figure 3.2B).
I selected three genes to validate these results: Apc11, one of the strongest hits in the
screen, along with CYLD; LRRK2, which is associated with Parkinson’s disease and has been
reported to bind to FADD; and c-Cbl, which is associated with leukemia and may be connected
to TNFR1 signaling (Figure 3.1C). As predicted by the tertiary siRNA screen results, Apc11
knockdown strongly protected against RDA and TNF/Oxo/zVAD, while providing mild but
significant protection against classical necroptosis and none against classical apoptosis (Figure
3.2C). LRRK2 and c-Cbl knockdown resulted in mild but significant protection against RDA and
TNF/Oxo/zVAD, but did not protect classical apoptosis or necroptosis at all (Figure 3.2C).
Knockdown of c-Cbl did provide strong protection against another RDA model, TNF/SM (Smac
mimetic). Overall, the differential regulation of TNF/Oxo/zVAD versus TNF/CHX/zVAD by
LRRK2 and c-Cbl, as well as Apc11, supports the model of two distinctly regulated mechanisms
of necroptosis initiation.
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Positive regulation of RIPK1 kinase activity by Apc11, LRRK2, and c-Cbl

Next, we further investigated the role of Apc11, LRRK2, and c-Cbl in RDA. Due to
conflicting reports about the role RIPK3 and CYLD in RDA in different cell lines, we first
sought to determine if these proteins played a role in RDA in an additional cell line. In fact,
knockdown of Apc11 and LRRK2 protected Tak1-/- MEFs from RDA induced by TNF (Figure
3.3A-C). Further, c-Cbl-/- MEFs were substantially and significantly protected from RDA
induced by TNF/Oxo, TNF/SM, and TNF/Oxo/SM, but were not protected from classical
apoptosis induced by TNF/CHX (Figure 3.3E-G).
Apc11 is the catalytic E3 ubiquitin ligase subunit of the APC/C (anaphase promoting
complex/cyclosome). The APC/C is a large, multi-subunit complex which targets its substrates
for degradation via K11 and K48-linked polyubiquitination as well as multisite
monoubiquitination (Chang and Barford, 2014; Dimova et al., 2012). While it is most wellknown for its role in regulating the cell cycle, it is active throughout the cell cycle as well as in
post-mitotic cells such as neurons (Konishi et al., 2004; Sivakumar and Gorbsky, 2015).
Knockdown of Apc11 led to reduced RIPK1 activation, RIPK1 insoluble ladder formation and
caspase activation in RDA induced by TNF/Oxo, without a significant effect on cell proliferation
(Figure 3.2D, Figure 3.4A).
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LRRK2 is a particularly interesting kinase due to its association with Parkinson’s disease
(PD) (Bae and Lee, 2015; Paisán-Ruíz et al., 2004; Zimprich et al., 2004). Further, LRRK2 is
actually a member of the RIPK family of kinases, and is also known as RIPK7. LRRK2 is widely
expressed and has been reported to have a multitude of functions, and along with its kinase
domain, it has a GTPase domain, leucine-rich repeat domain, and a WD40 domain. Several PD
LRRK2 mutants were reported to cause spontaneous apoptosis in neuronal cells via increased
binding to FADD and subsequent caspase-8 activation (Ho et al., 2009). We found that LRRK2
knockdown resulted in decreased caspase activation in RDA (Figure 3.2D). However,
knockdown of LRRK2 also inhibited RIPK1 activation at both early and late time points, and
blocked RIPK1 insoluble ladder formation, suggesting that LRRK2 may act upstream to regulate
RIPK1 at the TNF-RSC in RDA (Figure 3.2D, Figure 3.4B). Many PD-associated LRRK2
mutations enhance its kinase activity, which has led to development of LRRK2 kinase inhibitors
(Nichols et al., 2009; Nomanbhoy et al., 2011). Inhibition of LRRK2 with two different
inhibitors did not block RDA, suggesting that its function in RDA is independent of its kinase
activity (Figure 3.3D). Instead, it is possible that a cryptic RHIM domain in LRRK2 serves a
scaffold function in RDA.
Finally, c-Cbl is a RING E3 ligase that mediates the downregulation of tyrosine kinases
through conjugation of either K48 or K63-linked ubiquitin chains (Swaminathan and Tsygankov,
2006). Inactivating c-Cbl mutations, which lead to accumulation of c-Cbl substrates such as
EGFR, are found in certain cancers, including CML (Katzav and Schmitz, 2015). Interestingly,
c-Cbl knockdown was found to sensitize cells to TRAIL-induced apoptosis, which is the
opposite of the effect observed for RDA induced by TNF (Kim et al., 2013). Knockdown of c-
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Cbl led to diminished RIPK1 activation and insoluble ladder formation in RDA (Figure 3.4C).
The results in c-Cbl-/- MEFs were even more striking (Figure 3.3G).

c-Cbl is recruited to the TNF-RSC, where it promotes modification of RIPK1 and subsequent
RIPK1 activation and insoluble ladder formation

Due to this strong phenotype, we further compared RIPK1 activation and insoluble ladder
formation in an extended time course in c-Cbl-/- MEFs. While activated RIPK1-pS166 was
induced by 15 minutes following TNF/Oxo treatment in WT MEFs, and formed insoluble
ladders in the urea fraction, only low levels of activated RIPK1 were observed starting at 30
minutes in c-Cbl-/- MEFs and virtually no insoluble ladder formation occurred (Figure 3.5A).
Since we previously established that RIPK1 is activated at the TNF-RSC in RDA at 5-15
minutes following TNF stimulation, we hypothesized that c-Cbl may be regulating RDA at the
level of the TNF-RSC. In fact, we found that c-Cbl is recruited to the TNF-RSC following 5
minutes TNF/Oxo treatment. While we consistently observed c-Cbl in the TNF-RSC in RDA, cCbl recruitment in response to TNF alone varied depending on the cell line and method of
immunoprecipitation, so we cannot draw any conclusions about differential recruitment of c-Cbl
in RDA (Figure 3.5B). Loss of c-Cbl, either by deletion or knockdown, resulted in decreased
levels of highly modified RIPK1 in the TNF-RSC in RDA (Figure 3.5C-D). Finally, coexpression of c-Cbl and RIPK1 in 293T cells demonstrated that c-Cbl promotes ubiquitin-like
modification of RIPK1, and binds to RIPK1, either directly or indirectly (Figure 3.5E).
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Identification of TRIM32 as a novel suppressor of RDA

In addition to positive regulators of RDA, we were interested in identifying genes that
normally inhibit RIPK1 activity and the RDA pathway, as this may point to novel clinical
applications of RIPK1 kinase inhibitors for pathological conditions linked to these genes. We
identified potential sensitizers from the primary siRNA screen data, and rescreened these genes
using an optimized protocol for detecting sensitizers (Figure 3.6A-B). Many of the hits were
known TNF-RSC components that are known to sensitize cells to TNF-induced apoptosis,
including LUBAC components HOIL-1 and HOIP, XIAP, and A20. The role of A20 specifically
in RDA has not previously been reported, however.
One particularly interesting sensitizer hit was the RING E3 ligase TRIM32. TRIM32
mutations cause muscular dystrophy, while TRIM32 levels are elevated in a variety of cancers,
including head and neck squamous cell carcinoma (Lazzari and Meroni, 2016). TRIM32 has
been reported to inhibit apoptosis induced by TNF/UVB, and also to promote apoptosis by
degrading XIAP (Horn et al., 2004; Ryu et al., 2011). TRIM32 can degrade a variety of
substrates via K48-linked chains and may also produce K63-linked chains (Lazzari and Meroni,
2016; Napolitano et al., 2011).
We found that knockdown of TRIM32 results in significant sensitization to RDA induced
by both TNF/Oxo and TNF/SM, and this death is in fact dependent on RIPK1 kinase activity
(Figure 3.6C). While depletion of TRIM32 had no clear effect on RIPK1 kinase activation, it led
to enhanced cleavage of caspase substrates RIPK1 and PARP in RDA (Figure 3.6D).
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Proposed model for role of novel regulators of RDA

Overall, we have identified three novel regulators of RIPK1 activity: Apc11, LRRK2,
and c-Cbl (Figure 3.7). All three proteins promoted RIPK1 activation in RDA at a time point
consistent with RIPK1 localization to the TNF-RSC. However, the mechanism by which Apc11
and LRRK2 accomplish this is unknown. It will be interesting to see if Apc11 directly regulates
RIPK1 by ubiquitination, or if it controls degradation of a RIPK1 inhibitor. We hypothesize that
the APC/C regulatory subunit Cdh-1 is responsible for the role of Apc11 in RDA, since it is
responsible for targeting the APC/C during G and S phases of the cell cycle, but this remains to
be explored (Konishi et al., 2004; Sivakumar and Gorbsky, 2015).
Our results indicate that c-Cbl may regulate RIPK1 activity via association with the TNFRSC, where it promotes higher-order polyubiquitination of RIPK1, RIPK1 activation, and
RIPK1 insoluble ladder formation. In support of this hypothesis, one group has reported that
CIN85, an 85-kDa protein interacting with Cbl, is recruited to the TNF-RSC via Src upon TNF
treatment and that overexpression of CIN85 results in a 10-fold increase in susceptibility to TNFinduced apoptosis (Narita et al., 2005). Thus, future exploration of the role of CIN85 and Src in
RDA may prove to be fruitful. Further work determining the requirement for c-Cbl E3 ligase
activity in RDA by complementation of c-Cbl-/- MEFs with WT or E3-null c-Cbl, as well as in
vitro ubiquitination assays with c-Cbl and RIPK1, will also clarify the precise role of c-Cbl in
RDA. Finally, through a secondary screen for sensitizers of RDA, we have identified TRIM32 as
a novel suppressor of this pathway.
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Chapter 4: Conclusions

In this dissertation, I have described my work investigating the regulation of RIPK1
kinase activity in RIPK1-dependent apoptosis (RDA) and necroptosis, as well as my work
exploring the mechanism of RDA. In Chapter 2, I used a biochemical approach to follow and
compare the detailed sequence of events in TNFR1 signaling in RDA, necroptosis, and classical
apoptosis. In Chapter 3, I performed a targeted siRNA screen to identify novel regulators of
RDA and necroptosis. This work results in the following advances in our understanding of
TNFR1 signaling and RIPK1 activation:

1.

Disruption of the early cell death checkpoint by TAK1 deficiency or cIAP1/2 depletion
leads to RIPK1 activation and c-Cbl-dependent RIPK1 modification in a novel TNFRSC featuring increased and sustained levels of RIPK1. One model for RDA posits that
ubiquitination of RIPK1 at the TNF-RSC stabilizes the complex and prevents RDA
(O'Donnell and Ting, 2011; Peltzer et al., 2016; Ting and Bertrand, 2016; Varfolomeev and
Vucic, 2016). The results presented here demonstrate that ubiquitination of RIPK1 is not
important for suppressing RDA in and of itself, but most likely because it is required for
recruitment and activation of TAK1/IKK. My data supports an alternate model which
identifies RIPK1 phosphorylation by TAK1/IKK as the critical step regulating early cell
death checkpoint (Dondelinger et al., 2015; Ting and Bertrand, 2016). Further, the role of cCbl in promoting ubiquitin-like RIPK1 modification at the TNF-RSC and subsequent cell
death suggests that RIPK1 ubiquitination at specific sites with specific chain types may
actually be pro-death.
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2.

RIPK1 kinase activity can regulate RIPK1 levels at the TNF-RSC. While previous
studies have focused on the role of RIPK1 kinase activity on complex II formation (Arslan
and Scheidereit, 2011; Dondelinger et al., 2013; Dondelinger et al., 2015; Lamothe et al.,
2013), this is the first reported example of modulation of the TNF-RSC by RIPK1 kinase
activity. Further, this finding supports a model of control of RIPK1 kinase activity by
RIPK1 oligomerization (Li et al., 2012). Phosphorylation of RIPK1 is reported to occur in
the TNF-RSC by IKK, or as data from our lab suggests, directly by TAK1 (Dondelinger et
al., 2015; Geng et al., 2016). This specific phosphorylation(s) of RIPK1 by IKK/TAK1 may
serve as a trigger leading to disassociation of RIPK1 from the TNF-RSC, or may directly
prevent additional RIPK1 recruitment to the TNF-RSC. In the absence of IKK/TAK1, an
initial increase in RIPK1 levels at the TNF-RSC occurs, either due to increased recruitment
and/or decreased disassociation. This may then allow RIPK1 autophosphorylation and lead
to a feed-forward loop where an increase in RIPK1 levels and RIPK1 activation are
mutually reinforcing.

3.

Highly ubiquitinated insoluble RIPK1 “ladders” may be a critical part of the signaling
pathway in RDA leading to rapid, RIPK1 dependent complex II formation, and are
also an important marker for distinguishing between cell death arising from
disruption of the early versus late cell death checkpoints. The identification of three
proteins, particularly c-Cbl, that both prevent RIPK1 insoluble ladder formation and caspase
activation in RDA supports the model that in addition to serving as a marker, insoluble
RIPK1 ladders are an important platform for rapid complex II formation.
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4.

Apc11 and LRRK2 may promote RIPK1 activity. Investigation into the mechanisms by
which this occurs, along with work exploring the roles of novel RDA sensitizers such as
TRIM32, may provide fruitful avenues of future research.

5.

Two distinct pathways of necroptosis initiation by TNF exist (Figure 4.1). Currently,
there is some confusion in the literature about where necroptosis falls in the TNFR1
pathway in relation to RDA and classical necroptosis, with many lumping necroptosis with
RDA due to their mutual dependence on RIPK1 activity. I propose that explicit naming of
the two different necroptosis pathways induced by TNF due to disruption of the two
different cell death checkpoints will clarify TNFR1 and necroptotic signaling and allow for
more detailed study. Type I necroptosis arises from the disruption of the late, NF-κB
dependent cell death checkpoint, such as with TNF/CHX/zVAD. Type II necroptosis arises
from the disruption of the early cell death checkpoint, such as with TAK1 inhibition
(TNF/Oxo/zVAD) or cIAP1/2 depletion (TNF/SM/zVAD). RIPK1 activation occurs slowly
in the cytosol in Type I necroptosis, whereas it occurs rapidly in the TNF-RSC in Type II
necroptosis. RIPK1 insoluble ladder formation occurs in RDA and Type II necroptosis, but
not Type I necroptosis or classical apoptosis. Further, c-Cbl and LRRK2 specifically
promote Type II but not Type I necroptosis, and Apc11 plays a more significant role in
Type II necroptosis than Type I necroptosis, demonstrating that the two pathways are
differentially regulated.

Overall, my data support a model for two distinct modes of RIPK1 activation in TNFR1
signaling and provide critical insights on the mechanism of RIPK1 activation in RDA.
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Materials and Methods

Antibodies and reagents
The following commercial antibodies were used in this study: RIPK1-pS166, Cell Signaling
Technology (31122); Caspase-3, BD Biosciences; Cleaved caspase-3, Cell Signaling Technology
(9661); Caspase-8, Enzo (804-447-C100); MLKL-pS345, Abcam (ab196436); MLKL, Sigma
(SAB1302339); TAK1, Novus Biologicals (NBP1-76441); RIPK1, Cell Signaling Technology
(3493) and BD Biosciences (610459); p-IKKα/β, Cell Signaling Technology (2697); IKKα, BD
Biosciences (556532); IKKß, Cell Signaling Technology (8943); IκBα, Santa Cruz (sc-371);
CYLD, Cell Signaling Technology (8462); FADD, Abcam (ab124812) and Santa Cruz (6036);
α-Tubulin, Sigma-Aldrich (T9026); β-actin, Santa Cruz (81178); anti-linear ubiquitin, Millipore
(MABS199); anti-ubiquitin Kll linkage antibody, Millipore (MABS107); TNFR1, Cell Signaling
Technology (13377) and R&D Systems (AF-425-PB), A20, Cell Signaling Technology (5630),
RIPK3, Biorad (AHP1797); APC11, Cell Signaling Technology (14090S); HA-Tag, Abmart Inc
(M20003); LRRK2, Cell Signaling Technology (5559) and Abcam (ab133474); c-Cbl, Cell
Signaling Technology (2747). Antibodies for ubiquitin IP were a gift from Genentech (Newton
et al., 2008). Antibody for RIPK1-pS166 IP was made at the Shanghai Institute of Organic
Chemistry (SIOC). FLAG-TNF was from Enzo (mouse, ALX-522-009-C050; human ALX-522008-C050).

Compounds
7-Cl-O-Nec-1 (Nec-1s) was made by custom synthesis and used at 10 uM. 5Z-7-Oxozeaenol was
from Sigma-Aldrich (O9890) and was used at 500 nM with 1 hour pretreatment. zVAD.fmk was
from Sigma and was used at 20 uM. Smac mimetic SM-164 (Lu et al., 2008) was used at 500 nM
with 2 hours pretreatment.
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Cell lines and tissue culture
TAK1F/F MEFs were immortalized spontaneously in culture and infected by lentivirus for the
expression of Cre recombinase to generate Tak1-/- MEFs; WT MEFs refer to TAK1F/F. RGC-5
cells were obtained from Dr. Dong Feng Chen. Cells were grown at 37 degrees with 5% carbon
dioxide in DMEM with 8.5% fetal bovine serum supplemented with penicillin and streptomycin.

Cell Titer Glo Assay
CellTiter Glo luminescent cell viability kit was from Promega. Cells were plated in 384-well
dishes and cell death induced 1-3 days later. Cell viability was measured according to
manufacturer’s instructions. For measuring ATP released by cells, conditioned media was
centrifuged at 5000xg at 4 degrees to remove cell debris, and then transferred to a 384 well plate.
An equal amount of CellTiter Glo reconstituted reagent was added followed by incubation for 10
minutes and then luminescence measurement.

Toxilight Assay
Toxilight Bioassay Kit was from Lonza. 10 uL of conditioned cell media was transferred to a
384 well plate and 25 uL of reconstituted Toxilight reagent was added followed by luminescence
measurement according to manufacturer’s instructions.

siRNA Knockdown
RGC-5 cells were forward-transfected with 20 nM siRNA using RNAiMax according to
manufacturer’s instructions. MEFs were also forward-transfected with 50 nM siRNA using

106

RNAiMax. Cells were plated, transfected, and then treated 72 hours later in the same plate
without any splitting in between. For western blotting, cells were plated in 24 well plates, while
for survival assays, cells were plated in 384 well plates.

siRNA Screen
Dharmacon siRNA mouse library was used for the siRNA screen with TNFR1SF1a as a
positive control. RGC-5 cells were maintained as subconfluent monolayers in high-glucose
DMEM with 8.5% FBS, 50 units/mL penicillin G, and 50 ug/mL streptomycin sulfate. On the
morning of transfection, RGC-5 cells were harvested by trypsinization and resuspended in
DMEM + 8.5% FBS + pen/strep (full media) at a density of 50,000 cells/mL. The cells were
plated in white-opaque 384 well plates (Corning #3570) at 20 uL per well, for a final density of
1000 cells per well. The plated cells were briefly centrifuged at 700 rpm for 2-3s. For each
library plate, 6 assay plates were prepared. Cells were then incubated for 2.5 hrs at 37 degrees C,
5% CO2 incubator, during which times cells attached to the plate.
500 uL Lipofectamine-RNAiMAX was diluted into 29.3 mL Opti-MEM (1.7%
RNAiMAX). 51 uL was then aliquoted into each well of a 384 well plate(Axygen Scientific,
P384120SQCSI, 120 uL Deep well, sterile, individually wrapped (Polypropylene, diamond
bottom). Using the Bravo, 7 uL of 1 uM siRNA, from a library, cherry pick, or control siRNA
plate, was then added to the 384-well plates and complexes allowed to form for 20 minutes.
Using the Bravo, 8 uL of the complex was then added to each replicate plate, followed by 20 uL
of full media using the Wellmate. Cells were briefly centrifuged at 700 rpm for 2-3s. Cells were
incubated at 37 degrees with 5% CO2 following transfection.
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72 hrs after transfection, 3 replicate plates were treated with 6 uL full media, and 3
replicate plates treated with a final concentration of 0.5 uM 5Z-7 + 0.2 ng/mL mTNF in 6 uL
full media. After 9 hours, plates were removed from the incubator and allowed to come to room
temperature for 30 minutes. Cell Titer Glo reagent was then added to each well at 18 uL per well
and plates covered with foil and incubated for 20 minutes at room temperature. Luminescence
was read on the EnVision plate reader with crosstalk correction.
Data analysis: (1) For each replicate plate respectively, the average of negative controls
(minimum of 16 wells) was calculated as well as their standard deviation (5-10%). Each
experimental well in the plate was divided by the average of the negative controls to normalize
values. (2) The normalized values of the 3 control replicate plates were averaged to generate an
average control value for each siRNA. The normalized values of the 3 experimental replicate
plates (5Z-7+TNF) were averaged to generate an average experimental value for each siRNA. (3)
The average experimental value was divided by the average control value to calculate a ratio
(exp/cntrl). Ratios > 1.5 are protector hits (Strong: >2; Medium: >1.75; Weak: >1.5) and ratios <
0.45 are sensitizer hits (Strong: < 0.2; Medium: < 0.35; Weak: < 0.45). The ratio is the "result
numeric". (4) For the individual duplexes that were screened (DUBs and E3s), the ratio is
calculated for each individual duplex and scored as in (3). A gene is considered a strong
protector hit if (# duplex protecting - # duplex sensitizing) is 3 or 4, medium if 2, and weak if 1.
A gene is considered a strong sensitizer hit if (# duplex sensitizing - # duplex protecting) is 3 or
4, medium if 2, and weak if 1. For follow up screens, genes were considered hits if 2 or more
siRNAs showed protection or sensitization.
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Immunoprecipitation
The following buffer was prepared for immunoprecipitation or immunoblotting, with the
addition of either 0.2% NP-40 (for FADD M-19, RIPK1-pS166 SIOC), 0.5% NP-40 + 0.5%
Triton X-100 (for TNFR1, FLAG-TNF), or 0.2% NP-40 + 1% Triton X-100 (for western
blotting) depending on the application: 20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, 5 mM
glycero-2-phosphate, 5 mM NaF, 10% Glycerol and 0.1% BME. Buffers were filtered and used
within 2 months. Buffers were freshly supplemented with 1X protease inhibitor cocktail (Roche),
1 mM sodium vanadate, 1 mM PMSF, and 5 mM NEM. NEM (N-ethylmaleimide) was prepared
fresh from powder as a 50 mg/mL solution in ethanol each day. For IPs, cells were plated in 10
cm dishes, except for detection of c-Cbl in complex I and chain-specific ubiquitin IPs, where 15
cm dishes were used. Cells were harvested in 700 uL IP buffer, rotated at 4 degrees for 60
minutes, and centrifuged at 21,000x g for 30 minutes. The supernatant was used for IP with
incubation of antibody or antibody/bead conjugates overnight, followed by addition of UltraLink
Protein A/G beads for 3 hours with rotation at 4 degrees. Beads were washed 4 times in IP buffer
with rotation at 4 degrees for 10 minutes for the last wash and immunocomplexes eluted with
SDS-PAGE sample buffer at 90 degrees for 10 minutes.

Urea fractionation and ubiquitin immunoprecipitation
Soluble fraction was prepared as for IP. After centrifugation of the total cell lysate, the pellet was
washed with PBS and then resuspended in 6M urea + lysis buffer (made fresh daily) and rotated
at 4 degrees for at least 1 hour prior to recentrifugation at 21,000x g for 30 minutes. The
supernatant is termed the “6M urea” fraction. If only 0.2% NP-40 lysis buffer was used, the
insoluble pellet was first extracted with lysis buffer + 1% Triton prior to solubilization with 6M
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urea. For chain specific ubiquitin IP, the 6M urea was diluted to 3M urea with lysis buffer (K11,
K48, K63), or left undiluted (M1) and 0.5 ug of antibody added followed by Protein A beads.

Immunoblotting
Samples were prepared as for IP and run on SDS-PAGE gels prior to transfer to nitrocellulose
for immunoblotting.

Electron Microscopy
Cells were plated in 6 well dishes and treated with cell death inducers (90-100 minutes for
RDA). Fixative (1.25% formaldehyde, 2.5 % glutaraldehyde and 0.03% picric acid in 0.1 M
Sodium cacodylate buffer, pH 7.4) was directly added 1:1 to the cell media followed by
incubation at room temperature for 1 hour. Routine embedding protocol was used, with 1%
Osmiumtetroxide/1.5% Potassiumferrocyanide followed by 1% Uranyl Acetate followed by
dehydration and embedding. Samples were imaged by transmission electron microscopy on a
Tecnai G2 Spirit BioTWIN.

Statistical Analysis
Data are expressed as the mean +/- the standard deviation. For cell viability measurements, the
average of 4 - 6 biological replicates are shown. For cell death measurements by Toxilight, the
average of three technical repeats are shown. All experiments were performed at least three
independent times with similar, statistically significant results. Two-tailed Student’s t-test was
used for comparison of two groups, and one-way ANOVA was used for multiple comparisons
with Bonferroni’s post-hoc test. In all cases where p values for ANOVA are reported, the global
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p value was ≤ 0.01.
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Appendix: RIPK1 kinase activity contributes to neuronal loss after middle
cerebral artery occlusion

Palak Amin, Fanny Herisson, Dimitry Ofengeim, Yasushi Ito, Marcus Florez, Michael
Moskowitz, and Junying Yuan

Author Attributions: Palak Amin carried out the experiments. Fanny Herisson and Michael
Moskowitz provided invaluable guidance learning MCAO and setting up to perform MCAO in
our lab. Dimitry Ofengeim and Yasushi Ito provided guidance on mouse work and
immunostaining. Marcus Florez assisted with mouse genotyping. Junying Yuan supervised the
work.

RIPK1 kinase activity contributes to cell death and cytokine production following
ischemia/reperfusion (I/R) injury in a variety of tissues, including transient focal cerebral I/R,
myocardial I/R, renal I/R, and retinal I/R (Christofferson et al., 2014; Degterev et al., 2005).
Interestingly, Nec-1s reduces not just overall infarct volume but also caspase activation
following stroke induced by transient middle cerebral artery occlusion (MCAO), suggesting that
in this case, RIPK1 kinase activity may induce RDA as well as necroptosis (Degterev et al.,
2005). Along with an increase in TNF levels, MCAO is reported to lead to reduction in TAK1
activity, suggesting that conditions for the pathological activation of RDA may occur following
stroke (White et al., 2012).
I performed MCAO to determine if RDA indeed occurs following stroke. I found that
RIPK1 D138N kinase-dead knock-in mice were protected from neuronal loss following MCAO
(Figure 6.1A). However, I was not able to detect caspase activation even in WT mice, either by
immunoblotting at 3, 6, 18 hours reperfusion, or by immunostaining of fixed brain sections (data
not shown). Interestingly, I found that 50% of aged, obese mice WT mice died within 24 hours
of MCAO, while all RIPK1 D138N mice survived (Figure 6.1B). Overall, my findings confirm
that RIPK1 kinase activity contributes to neuronal loss following stroke, but do not distinguish
between contributions of necroptosis and RDA.
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Animal studies. All animal studies were performed according to procedures approved by the
Institutional Animal Care and Use Committee (IACUC) at Harvard Medical School. Mice were
maintained on a standard rodent chow diet (5053, 4.5% fat) or high fat diet for obese mice (5058,
9% fat) with 12 hours light and dark cycles with water and food ad libitum. RIPK1 D138N
kinase dead mice (C57/bl6 strain) were back crossed to our C57/bl6 mice for three generations.
Male mice were used at 8-9 weeks old (<25 g), while aged obese mice were 14 weeks old (50-55
g). 30 minutes MCAO with 7-0 filament was performed following a standard protocol for
surgery and buprenorphine used for analgesia. Brains were harvested 24 hours after reperfusion,
sliced at 1 mm, and evaluated by TTC staining. (Engel et al., 2011)
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