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Abbreviation

ACACA/ACC Acetyl-CoA carboxylase alpha

ACD Accidental cell death

AMP Adenosine monophosphate

AMPK AMP-activated protein kinase

Apaf-1 Apoptotic protease activating factor-1

ATG Autophagy-related
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DAI DNA-dependent activator of IFN-regulatory factors
DD Death domain

DED Death effector domain

DFCP1 Double FYVE domain-containing protein 1

DISC Death-inducing signaling complex

DR Death receptor

DUBs Deubiquitinases

EBSS Earle’s Balanced Salt Solution

ER Endoplasmic reticulum

ESCRT Endosomal sorting complexes required for transport
FADD Fas-Associated Death Domain Protein

FasL Fas ligand
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GFP
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HMGB1
HSC70
ID

IFN

LIR

IkB

IKK
LKB1
LPS
LUBAC
(MAP1)LC3
MAPK
MCMV
MEF
MK2
MLKL
MOMP
MTOR
NAP1
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NEMO
NF-kB
OTULIN
PINK1
RPTOR
PCD

PE

Focal adhesion kinase (FAK) family interacting protein of 200 kD
GSK872

Green fluorescent protein

Four helical bundle domain

High-mobility group box 1

Heat shock-cognate chaperone of 70 kDa
Intermediate domain

Interferon

LC3-interacting region

Inhibitor of NF-«B

IkB kinase

Liver Kinase B1

Lipopolysaccharide

Linear ubiquitin chain assembly complex
Microtubule-associated protein 1 light chain 3
Mitogen-activated protein kinase

Murine cytomegalovirus

Mouse embryonic fibroblast

MAPK-activated protein kinase 2

Mixed lineage kinase domain-like

Mitochondrial outer membrane permeabilization
Mechanistic target of rapamycin

Nucleosome assembly protein 1

Nomenclature Committee on Cell Death

NF-kB essential modulator

Nuclear factor k light-chain enhancer of activated B cells
OTU deubiquitinase with linear linkage specificity
PTEN-induced putative kinase protein 1
Regulatory associated protein of MTOR complex 1
Programmed cell death

Phosphatidylethanolamine



PIK3C3 Phosphatidylinositol 3-kinase catalytic subunit type 3

PIK3R4 Phosphoinositide 3-kinase regulatory subunit 4
PIPs Phosphatidylinositol phosphates

PLA Proximity ligation assay

poly(l:C) Polyinosinic:polycytidylic acid

PRRs Pattern-recognition receptors

PtdIns Phosphatidylinositol

Ptdins3K Phosphoinositide 3-kinase

Ptdins3P Phosphatidylinositol 3-Phosphate

Q Q-VD-OPh
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RCD Regulated cell death

RHIM C-terminal RIP homotypic interaction motif
RIPK1/3 Receptor-interacting protein 1/3

RPTOR Regulatory associated protein of MTOR complex 1
S Smac mimetics

Smac Second mitochondria-derived activator of caspases
SNAP29 Synaptosomal-associated protein 29

SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein receptor
SPATA2 Spermatogenesis-associated protein 2

SQSTM1 Sequestosome-1

STK11 Serine/Threonine Kinase 11

STX17 Syntaxin 17

T TNFa

TAB2/3 TAK1-binding proteins 2/3

TAK1 Transforming growth factor B-activated kinase 1
TANK TRAF family member-associated NF-kB activator
tBid Truncated Bid

TBK1 TANK-binding kinase 1

TIR Toll/interleukin-1 receptor

TLR3/4 Toll-like receptor 3/4
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1. Summary

Autophagy, apoptosis and necroptosis are three well studied intracellular signaling pathways to
modulate cell fate. Among them, apoptosis and necroptosis predominantly regulate cell death and
extrinsic apoptosis shares the same upstream signal transduction with necroptosis. Apoptotic cell death
is mediated by the activation of a family of cysteine proteases termed caspases. However, when the
activity of caspase 8 is inhibited, apoptotic cell death can switch to necroptotic cell death that is
controlled by the RIPK1-RIPK3-MLKL protein complex. Although under certain conditions autophagy can
also cause cell death via degrading pro-survival proteins, in general autophagy represents a pro-survival
pathway via degrading misfolded proteins, damaged organelles and invaded pathogens to maintain
intracellular homeostasis. While the cross-regulation of apoptosis and autophagy is under investigation
for many years, the crosstalk of necroptosis and autophagy is a new field and so far poorly understood
due to limited research. Therefore, my thesis focused on the cross-regulation of necroptosis and
autophagy to explore the underlying mechanisms, specifically on the two protein kinase complexes of
RIPK1-RIPK3 and AMPK-ULK1 that represent the signaling nodes of necroptosis and autophagy,

respectively.

In the first part of this thesis, it was shown that autophagy induced by amino acid starvation blocks
necroptosis induction upon TNFa treatment in L929 cells. Since the Ser/Thr kinases ULK1 and RIPK1
represent the core of autophagy and necroptosis, respectively, and they are required for autophagy and
necroptosis initiation, this part of my study focused on the ULK1-RIPK1 axis. The knockdown of ULK1 can
enhance necroptotic cell death in L929 cells and necroptotic/apoptotic cell death in MEFs. Furthermore,
ULK1 interacts with RIPK1 and restricts RIPK1 activity by direct phosphorylation at Ser 357. Moreover,
ULK1-mediated phosphorylation of RIPK1 blocks the formation of complex Il (RIPK1, FADD, caspase8
and/or RIPK3) and thereby cell death induced by TNFa.

In the second part of this thesis, it was demonstrated that necroptosis also cross-regulates autophagy in
L929 cells. This cross-regulation is mediated by the AMPK-RIPK3 axis. In L929 cells, TNFa-induced
necroptosis inhibited LC3-1l degradation by lysosomes. Meanwhile, TNFa-induced necroptosis also
promotes autophagy via activating early pro-autophagic proteins, e.g., the phosphorylation of ULK1 at
Ser 555, Beclinl at Ser 91 and AMPK at Thr 172/Thr 183, or the formation of ATG14 puncta. This work
identified necroptosis-related RIPK3 as a new regulator of autophagy. RIPK3 interacts with AMPK and

directly phosphorylates it at Thr 172/Thr 183 to control AMPK activity and hence regulate autophagy.



In summary, autophagy plays a pro-survival role in cell death mediated by TNFa since autophagy
deficiency enhances TNFa-induced cell death. More importantly, this work provides new evidence for
the cross-regulation between autophagy and necroptosis/apoptosis induced by TNFa and identifies
mechanistic details, which might potentially provide novel therapeutic targets in the future. A scheme of
the cross-regulatory mechanisms between autophagy and necroptosis/apoptosis identified in this thesis
is shown in figure 1. Since my study mainly focuses on necroptosis and autophagy, a short introduction

to these pathways is provided. In order to understand necroptosis, apoptosis will also be introduced

briefly.
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Figure 1. Summary of the cross-regulatory mechanisms of autophagy and necroptosis. Upon TNF stimulation, the autophagy-
initiating kinase ULK1 phosphorylates the apoptosis/necroptosis-regulatory kinase RIPK1 at Ser 357 in the cytosol to inhibit
RIPK1 activity and cytotoxic complex llb/necrosome formation, thereby blocking apoptosis and necroptosis-mediated cell
death. In turn, the pro-necroptotic protein RIPK3 can control AMPK activity via direct phosphorylation of AMPK at Thr 172/Thr
183 upon TNF stimulation to regulate autophagy.



2. Introduction

2.1 Regulated cell death

Cell death critically maintains developmental and immune homeostasis in multicellular organisms
through removing damaged and infected cells. In human bodies, billions of cells undergo programmed
cell death efficiently and silently each day and are replaced by new healthy cells to maintain the
homeostasis and prevent diseases (Grootjans et al., 2017; Kolb et al., 2017). In 1973, three different
types of cell death were classified into types I, Il, and Il by Schweichel and Merker depended on the
morphology and structure of tissue and cells upon stimuli (Schweichel and Merker, 1973). The three
different types of cell death correspond to apoptosis, autophagy and necrosis, respectively (Grootjans et
al., 2017; Tang et al., 2019). Long time ago, necrosis was only considered as an unregulated type of cell
death, however recent evidence has shown that necrotic cell death is indeed regulated under certain
conditions, especially after the identification of the regulated necrosis inhibitor necrostatin-1 (Degterev
et al., 2005). In the last two decades, cell death-related research is advanced and new classification
methods have also been re-defined and re-interpreted by the Nomenclature Committee on Cell Death
(NCCD). Nowadays, cell death can be basically classified into accidental cell death (ACD) and regulated
cell death (RCD) (Galluzzi et al., 2015; Galluzzi et al., 2018; Galluzzi et al., 2012; Kroemer et al., 2005;
Kroemer et al., 2009). Regulated cell death (RCD) is also known as programmed cell death (PCD) only
under physiological conditions like shaping of organs during development etc. (Pasparakis and
Vandenabeele, 2015; Tang et al., 2019). ACD can be triggered by severe physical attack (e.g., high
pressures, high temperatures, or osmotic forces), chemical (e.g., extreme pH variations), or mechanical
stress (e.g., shear forces), which occur beyond any regulated mechanisms (Galluzzi et al., 2018). In
contrast, RCD involves a dedicated molecular machinery that can be modulated (Galluzzi et al., 2018).
According to different molecular regulatory processes, RCD can be additionally divided into different
subtypes: apoptosis, necroptosis, pyropotosis, ferroptosis, autophagy-dependent cell death, entotic cell
death, alkaliptosis, netotic cell death, parthanatos, lysosome-dependent cell death, immunogenic cell

death, and oxeiptosis (Galluzzi et al., 2018; Tang et al., 2019).

2.2 Apoptosis — a quiet and clean cell death in the body

Apoptosis (derived from Ancient Greek anontwolg meaning "falling off" of leaves from a tree) named

and defined by John Kerr, Andrew Wyllie, and Alastair Currie in 1972 (Kerr et al., 1972), is the most



common form of programmed cell death. It is accompanied by particular morphological features
including cell shrinkage, membrane blebbing, chromatin condensation, DNA fragmentation, and
eventually the formation of membrane-bound ‘apoptotic bodies’. The apoptotic bodies containing
intracellular components are ultimately engulfed and digested by phagocytes. This process is called
efferocytosis (He and Wang, 2018; Nagata, 2018). Since apoptotic bodies contain considerable
intracellular damage-associated molecular patterns (DAMPs) like DNA, RNA, high-mobility group box 1
(HMGB1), ATP, IL-1b and others, efferocytosis prevents unexpected immune responses (Green et al.,
2009). In the past decades, many groups have identified a family of cysteine proteases called caspases
involved in apoptosis. Based on their distinct functions, the caspase protein family can be further divided
into three subfamilies: initiator caspases (caspase 2, 8, 9 and 10 (human)), executioner caspases (caspase
3, 6, and 7), and inflammatory caspases (caspase 1, 4, and 5 in human; caspase 1 and 11 in mice)
(Galluzzi et al., 2016; Kolb et al., 2017; Mcllwain et al., 2013, 2015; Taylor et al., 2008). Apoptosis can be
triggered by death receptors (DRs) in the extrinsic pathway or by mitochondrial outer membrane

permeabilization (MOMP) in the intrinsic pathway (He and Wang, 2018; Kolb et al., 2017).

2.2.1 The extrinsic pathway of apoptosis

The extrinsic apoptotic pathway is induced by death ligands of the TNF (tumor necrosis factor) family
(FasL, Fas ligand, also known as CD95L; TNFa, tumor necrosis factor a; TRAIL, TNF-related apoptosis-
inducing ligand, also known as TNFSF10) in combination with their corresponding death receptors (Fas,
also known as APO-1 or CD95; TNFR1, TNF receptor 1, also known as TNFRSF1A or CD120a; and TRAIL-R1
(DR4) or TRAIL-R2 (DR5)) (Nagata, 1997, 2018; Schulze-Osthoff et al., 1998; Vincenz, 2001). Subsequently,
the activation of caspase 8 facilitates apoptosis that can be inhibited by specific caspase inhibitors.
However, under certain conditions such as the treatment with cellular inhibitor of apoptosis protein
(clAP) antagonists in combination with blocked caspase 8 activity, the death ligands can induce
necroptotic cell death. Hence, necroptosis and apoptosis derive from the same upstream stimulation.
Compared to TNFa, FasL and TRAIL induce stronger apoptosis, whereas TNFa mainly activates gene

transcription. The details of the TNFa signaling pathway are described in section 2.3.

The binding of the death ligands FasL or TRAIL to their corresponding receptors Fas or TRAIL-R induces
the trimerization of Fas or TRAIL-R. The trimerized receptors directly recruit the adaptor Fas-Associated

Death Domain Protein (FADD) via their death domains (DDs). Subsequently, caspase 8 is recruited to



FADD via their death effector domains (DEDs) and forms the death-inducing signaling complex (DISC)
with FADD and the death receptors (Reed et al., 2004; Walczak, 2013), where caspase 8 is activated by
self-cleavage. Active caspase 8 cleaves and activates the downstream executioner caspase 3, 6, and 7 to
induce apoptosis independent of receptor-interacting protein 1 (RIPK1). However, FasL and TRAIL
stimulation combined with clAP antagonists can lead to the recruitment of RIPK1 and the formation of a
complex containing RIPK1, FADD and caspase 8, which induces caspase 8-mediated apoptosis depended
on RIPK1 kinase activity (Pasparakis and Vandenabeele, 2015). In contrast, if activation of caspase 8 is
inhibited by caspase inhibitors like Q-VD-OPh or z-VAD-FMK, apoptotic cell death can switch to
necroptotic cell death. In this process, cellular Fas-associated DD-like interleukin 1B-converting enzyme-
inhibitory protein (cFLIP) can negatively regulate DR-mediated cell death. Specifically, long splicer of
CFLIP (cFLIP.) contains two N-terminal tandem death effector domains (DEDs) and a C-terminal region.
The C-terminus resembles the enzyme segment of caspases but lacks a catalytic cysteine residue critical
for the cleavage between DED and p18 domains that is necessary to activate apoptosis (Barnhart et al.,
2003; Riley et al., 2015; Tibbetts et al., 2003), whereas shorter splicers of cFLIP (short cFLIP, cFLIPs; and
Raji cFLIP, cFLIPg) only have the tandem DEDs at the N-terminal regions, but not the pseudo-caspase
domain at the C-terminal region. Thereby, all of cFLIP splicers can form a heterodimer with procaspase 8
at the DISC via their DEDs and hence prevent its dimerization that is required for self-cleavage and
subsequent apoptotic activity (Riley et al., 2015; Walczak, 2013). Only cFLIP, but not cFLIPs or cFLIPg is
able to induce the conformational changes in procaspase 8 that is required for processing between the
p18 and p12 subunits and for creating its active site (active non-apoptotic protease) (Riley et al., 2015).
So, cFLIP, can keep active, not apoptotic caspase 8 in the heterodimer, thus not only inhibiting caspase 8-
mediated apoptosis but also necroptosis by enabling the cleavage of RIPK1 and RIPK3 (Feng et al., 2007;
Oberst et al., 2011; Pop et al., 2011). Consequently, mice carrying the deletion of cFLIP die at embryonic

day 10.5 (E10.5) due to aberrant apoptotic and necroptotic cell death (Dillon et al., 2012).

2.2.2 The intrinsic pathway of apoptosis

This intrinsic apoptosis pathway is activated by various intracellular signals (e.g., developmental signals,
DNA damage, unfolded protein aggregation, hypoxia, etc.) (Kolb et al., 2017; Tait and Green, 2010),
causing mitochondrial outer membrane permeabilization (MOMP) and resulting in the release of
mitochondrial pro-apoptotic proteins into the cytoplasm such as cytochrome ¢, normally locating in the
inner mitochondrial membrane (IMM) (Nagata, 2018). The cytosolic cytochrome ¢ then forms a complex

with the adaptor apoptotic protease activating factor-1 (Apaf-1), termed apoptosome (Yuan et al., 2010).



The formation of the apoptosome leads to the recruitment and activation of initiator caspase 9 and
subsequent cleavage of downstream executioners caspase 3, 6, and 7 (Li et al., 1997; Mcllwain et al.,
2013). This process is strictly controlled by Bcl-2 family proteins, which consist of three subfamilies: pro-
apoptotic BH3-only members (Bim, Bid, Puma, Noxa, Hrk, Bmf, and Bad), pro-apoptotic effector
molecules (Bax and Bak), and anti-apoptotic Bcl-2 family proteins (Bcl-2, Bcl-xL, etc.) (Czabotar et al.,
2014; Nagata, 2018; Warren et al., 2019). In healthy cells, Bax/Bak preferentially locate in the cytosol and
are controlled by anti-apoptotic Bcl-2 proteins (Westphal et al., 2011). Upon apoptotic stimuli, BH3-only
proteins are upregulated to directly induce Bax/Bak oligomerization or to indirectly antagonize the anti-
apoptotic Bcl-2 family proteins. The Bax/Bak oligomer translocates to mitochondria to stimulate the
release of cytochrome c (Nagata, 2018). Another pro-apoptotic mitochondrial protein is second
mitochondria-derived activator of caspases (Smac, also known as Diablo), which can interact with IAPs to
induce auto-degradation of IAPs by activating their intrinsic E3 ubiquitin ligase activity (Yang and Du,
2004) and hence promotes the formation of RIPK1, FADD and caspase 8 complex to facilitate apoptosis
(Riley et al., 2015). In addition, the activation of the extrinsic apoptosis signaling pathway can also
facilitate the intrinsic apoptosis pathway through caspase 8-mediated cleavage of Bid (Li et al., 1998).
The truncated Bid (tBid) translocates from the cytosol to mitochondria and results in the release of

cytochrome c.
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Figure 2. The extrinsic and intrinsic apoptosis pathways. For the extrinsic pathway, the activation of
death receptors (Fas and TRAIL-R) results in the recruitment of FADD. FADD can further recruit caspase 8
and forms the death-inducing signaling complex (DISC), which causes the activation of caspase 8. Active
caspase 8 cleaves and activates the downstream caspases 3/6/7 and thereby induces apoptosis. Intrinsic



apoptosis pathway is triggered by cytokine withdrawal or DNA damage, which causes the upregulation of
BH3-only proteins. BH3-only proteins directly (or indirectly via antagonizing anti-apoptotic Bcl-2 proteins)
induce Bax/Bak oligomerization, which causes the subsequent translocation from the cytosol to the
mitochondria and pore formation in the mitochondrial outer membrane. The mitochondrial outer
membrane permeabilization (MOMP) leads to the release of cytochrome ¢ and Smac to the cytosol.
Cytochrome c together with APAF-1 forms the apoptosome complex, where caspase 9 is recruited and
activated. In turn, active caspase 9 cleaves caspases 3/6/7 and induces apoptosis. Moreover, the
extrinsic apoptosis pathway can enhance intrinsic apoptosis via cleaving Bid. Truncated Bid translocates
to mitochondria and promotes the release of pro-apoptotic proteins. Of note, FasL and TRAIL can directly
induce apoptosis, which is independent of RIPK1. Combined with IAPs antagonists, RIPK1 can be
recruited to the DISC and induce RIPK-dependent apoptosis. During this process, the absence of caspase
8 activity can lead to necroptosis.

2.3 Necroptosis — an inflammatory cell death pathway by the rupture of plasma membrane

The necrotic cell death induced by TNFa was firstly reported by Linda R Gooding’s group in 1988 (Laster
et al., 1988). At that time, necrosis was thought to be uncontrolled, whereas necrotic cell death triggered
by TNFa/FasL had proved to be indeed under regulation in 2005, termed necroptosis (Degterev et al.,
2005). Subsequent studies have shown that the protein complex RIPK1, RIPK3 and MLKL modulates
necroptotic cell death induced by TNF family cytokines such as TNFa, FasL and TRAIL (Degterev et al.,
2008; He et al., 2009; Sun et al., 2012). Necroptosis displays similar morphological features to necrosis,
e.g., cell swelling, swelling of cellular organelles and rupture of plasma membrane that leads to the
release of damage-associated molecular patterns (DAMPs) and thereby inflammatory reactions
(Annibaldi and Meier, 2018; Yatim et al., 2015). Necroptosis triggered by death receptors (DRs) is similar
to apoptosis, but the inactivity of caspase 8 is required. In addition to DRs (TNFR1, Fas and TRAIL-R),
other stimuli can also initiate necroptosis such as the activation of toll-like receptors (e.g., toll-like
receptors 3 and 4 (TLR3 and TLR4)), nucleic acid sensors (e.g., Z-DNA binding protein 1 (ZBP1, also known
as DAI), etc. (Tang et al., 2019). So far, the activation mediated by death receptors, especially TNFR1 is

the best studied mechanism.

Similar to the extrinsic apoptosis pathway, the binding of TNFa to its death receptor TNFR1 induces its
trimerization and initiates the formation of TNFR1 signaling complex (TNFR1-SC) or complex | of TNFR1
signaling (Peltzer et al., 2016), resulting in the recruitment of RIPK1 and adaptor protein TNFR1-
associated death domain (DD) protein (TRADD) to the TNFR1 mediated by their dead domains (DDs)

(Micheau and Tschopp, 2003). Subsequently, TRADD recruits TNF receptor-associated factor 2/5



(TRAF2/5) by its N-terminal domain (Micheau and Tschopp, 2003; Peltzer et al., 2016). Next, the E3
ubiquitin ligases clAP1/2 are recruited to TRAF2 mediated by the TRAF2-TRAF1 heterocomplex (Rothe et
al.,, 1995), leading to ubiquitination of several components of complex |, especially RIPK1 and clAPs
themselves (Bertrand et al., 2008; Dynek et al., 2010; Varfolomeev et al., 2008; Yang et al., 2000). The
ubiquitin chains in complex | generated by clAP1/2 allow the recruitment of linear ubiquitin chain
assembly complex (LUBAC) that consists of the central catalytic component HOIL-1 interacting protein
(HOIP) together with the accessory proteins heme-oxidized IRP2 ubiquitin ligase-1 (HOIL-1) and SHANK
associated RH domain interactor (SHARPIN) (Peltzer et al., 2016). LUBAC exclusively catalyzes the
generation of linear (also known as M1-linked) ubiquitin chains on several components of complex I,
including RIPK1, NF-kB essential modulator (NEMO), TRADD, and TNFR1 (Haas et al., 2009; Peltzer et al.,
2016). LUBAC and clAPs cooperatively generate ubiquitin chains of various linkage types (K63, K48 and
K11 by clAPs; linear by LUBAC; and cross-branched chains) on RIPK1 and other components of complex |
(Bertrand et al.,, 2008; Dynek et al., 2010; Mahoney et al., 2008; Varfolomeev et al., 2008). These
ubiquitin chains in combination with the branched ubiquitin chains provide scaffolds to recruit different
downstream kinase complexes, such as transforming growth factor B-activated kinase 1 (TAK1)/TAK1-
binding proteins 2/3 (TAB2/TAB3) (TAK/TAB complex) (Ori et al.,, 2013) and IkB kinase a/f (IKK
o/B)/NEMO (IKK complex) (Rahighi et al., 2009). Recruitment of these kinase complexes ultimately
results in the activation of nuclear factor k light-chain enhancer of activated B cells (NF-kB) and mitogen-
activated protein kinase (MAPK) signaling and the production of cytokines and pro-survival proteins,
such as cFLIP, Bcl-2, clAPs etc., which also explains why cell death cannot be induced upon TNFa

stimulation in healthy cells.

Upon disruption of pro-survival signals from complex | by stress (e.g., poly-ubiquitin chains of RIPK1 are
inhibited by clAP antagonists or removed by the deubiquitinase cylindromatosis (CYLD) (Wang et al.,
2008), or the phosphorylation of RIPK1 and the activity of NF-kB signaling is affected through disturbing
TAK1, IKK, MAPK-activated protein kinase 2 (MK2) or TANK-binding kinase 1 (TBK1) kinases activities
(Peltzer and Walczak, 2019)), TNFa can induce the formation of the secondary cytotoxic complex
(termed complex Il) that contains TRADD, RIPK1, FADD, Caspase 8/10 (human specific), cFLIP, and RIPK3.
The cFLIP generates a heterodimer with caspase 8 in complex Il to inhibit the release of activated
caspase 8 and results in the inhibition of apoptosis. Moreover, the caspase 8/cFLIP, heterodimer can also
cleave RIPK1 and RIPK3 in complex Il to prevent necroptosis. However, when the stimulation of gene

activation is reduced or blocked, cFLIP levels are downregulated so that fully activated caspase 8 is
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completely released into the cytosol and leads to apoptosis. If caspase 8 activity is completely absent or
inhibited by pharmacological compounds (e.g. Q-VD-OPh or z-VAD-FMK) (He et al., 2009) or in certain
physiological conditions (e.g. viral infections) (Cho et al., 2009), RIPK1 can interact and activate RIPK3 and
form an amyloid-like signaling complex called necrosome to induce necroptosis (Li et al., 2012). This
necroptosis depends on RIPK1 and RIPK3 kinase activities. Activated RIPK3 further recruits and
phosphorylates the downstream executioner mixed lineage kinase domain-like (MLKL). So far, there are
several models to explain how MLKL translocates into the plasma membrane to execute necroptosis, but
the most common one is that phosphorylated MLKL possesses a different conformation, leading to its
oligomerization and recruitment to the plasma membrane where it generates pores, finally inducing

membrane rupture and necroptosis (Grootjans et al., 2017).

2.3.1 RIPK1 - the central regulator of cell death

RIPK1 is a member of the serine/threonine protein kinases family, which contains four domains: an N-
terminal kinase domain (KD), an intermediate domain (ID), a C-terminal RIP homotypic interaction motif
(RHIM) and a death domain (DD) (Ofengeim and Yuan, 2013). RIPK1 is the core regulator of apoptotic or
necroptotic cell death. Stimulation of TNFR1 by TNFa immediately ignites a series of signaling cascades
from complex |, including ubiquitination and phosphorylation, particularly on RIPK1. Although TNFa
mainly has pro-inflammation functions through complex |, destabilization of complex | via disturbing the
ubiquitination and/or phosphorylation of RIPK1 can result in the formation of cytotoxic complex
(complex Il). The complex Il in turn determines cellular responses (apoptosis or necroptosis). Hence, it is

important to keep the stabilization of RIPK1 in complex | by various checkpoints.

Of note, RIPK1 scaffolding function plays an important role in protection. This may be more surprising
since RIPK1 mostly demonstrates its pro-cell death function in cells dependent on its kinase activity
(Peltzer and Walczak, 2019). However, Genetic ablation of ripkl causes postnatal lethality which cannot
be prevented by deficiency of Caspase 8, FADD, RIPK3 or MLKL (Dillon et al., 2014; Rickard et al., 2014b).
By contrast, Ripk1”'Ripk3” Caspase 8 and Ripk1”'Ripk3”-Fadd”" mice can survive and mature normally,
demonstrating that RIPK1 can block aberrant cell death induced by FADD-caspase 8 and RIPK3-MLKL
signaling pathways in mice (Dillon et al., 2014; Rickard et al., 2014b). The inhibitory function of RIPK1 on

FADD-caspase 8 and RIPK3-MLKL signaling pathways in mice is independent of RIPK1 kinase activity since
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RIPK1 kinase dead knock-in mice mature normally (Berger et al., 2014; Kaiser et al., 2014; Newton et al.,

2014).

2.3.2 RIPK1 ubiquitination in complex |

Currently, there are three important ubiquitin E3 ligases (clAP1, clAP2, and LUBAC) to modify and
stabilize RIPK1 in complex I. Upon TNFa stimulation, RIPK1 is promptly ubiquitinated by clAP1/2 with K63,
K48 and K11 ubiquitin (Ub) linkage types, which provide scaffolds to recruit the ubiquitin-binding
proteins TAB2/3 and their associated kinase TAK1 (Witt and Vucic, 2017). Of note, TAB2/3 specifically
binds to K63 linked Ub chains (Shan et al., 2018; Witt and Vucic, 2017). The Ub chains by clAP1/2 are
required to stabilize complex | and the deprivation of clAP1/2 results in the loss of RIPK1 ubiquitination
and thereby the inactivation of NF-kB signaling (Varfolomeev et al., 2008). In addition, clAPs also
participate in preventing cells death through inhibiting complex Il formation as the absence of clAP1/2 by
genetic ablation or antagonists renders cells sensitive to TNF-induced cell death (Annibaldi et al., 2018;
Varfolomeev et al., 2008). In addition, the absence of clAP1/2 also spontaneously causes formation of a
complex termed ripoptosome that includes RIPK1, FADD, caspase 8 and RIPK3 and is similar to complex II,
but independent of TNF stimulation (Pasparakis and Vandenabeele, 2015). Although formation of the
ripoptosome complex alone is not sufficient to induce cell death, it constitutes a potential threat under

certain conditions (e.g., combination with other stimuli such as TNF).

In vivo the importance of clAPs in TNF-induced cell death has been also displayed by many reports in the
past two decades. Although single deprivation of clAP1, clAP2, or XIAP is not lethal to mice (Conte et al.,
2006; Conze et al., 2005; Moulin et al., 2012), deletion of clAP1 with clAP2 or XIAP causes mid-embryonic
lethality (Moulin et al., 2012). In contrast, Xiap” clap2” mice are viable (Moulin et al., 2012). The lethality
of clAP1 and clAP2 double knockout mice is rescued to birth by deletion of TNFR1, and single knockout of
RIPK1 or RIPK3 delays embryonic lethality in clAP1/clAP2 double knockout mice (Moulin et al., 2012).
However, another study demonstrates the completely opposite phenotype that XIAP/clAP1 null mice are
viable and display a dramatical upregulation of clAP2 protein (Heard et al., 2015). The differential
expression of clAP2 observed in diverse mouse strains (low clAP2 expression in the lethal strain (Moulin
et al.,, 2012) and high clAP2 expression in the viable strain (Heard et al., 2015)) indicates that clAP2

expression regulates aberrant cell death upon deletion of clAP1 and XIAP.
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In addition to clAPs, the ubiquitin E3 ligase complex LUBAC consisting of the catalytic component HOIP
with the two regulatory proteins HOIL-1 and SHARPIN generates linear ubiquitin chains on RIPK1 and
other components of the TNFR1 signaling complex. The catalytic function of HOIP to produce linear
ubiquitin chains on substrates requires the combination with either one or both complex members HOIL-
1 and SHARPIN by their ubiquitin-like (UBL) domains (Fujita et al., 2018; lkeda et al., 2011). Linear-linked
Ub chains on NEMO, a key adaptor of the IKK, induce homodimerization of the IKKB. This results in the
activation of IKK by trans autophosphorylation and subsequent activation of NF-kB signaling pathway
(Fujita et al., 2014), in which the phosphorylation of IKK by TAK1 also plays an crucial role (Kanayama et
al.,, 2004; Wang et al., 2001). Another key function of LUBAC is the involvement in the regulation of
TNFR1-triggerred cell death. LUBAC-catalyzed linear ubiquitin chains on RIPK1 are required to prevent
TNF-induced cell death. Similar to the deprivation of IAPs, deletion of HOIP also results in aberrant
endothelial cell death, defective vascularization and early embryonic lethality at (E)10.5 (Peltzer et al.,
2014). HOIP-deficient cells are sensitive to cell death induced by both TNF and lymphotoxin-a (LT-a), and
display aberrant complex Il formation (Peltzer et al., 2014). However, these phenotypes can be
prevented by ablation of TNFR1 (Peltzer et al., 2014). In addition, mice with Sharpin®®™ (chronic
proliferative dermatitis mice) mutation demonstrate spontaneous inflammation in multiple organs and
cells from Sharpin®®™ mice are also very sensitive to TNF stimulation (Rickard et al., 2014a). The
phenotypes are almost reversed in Sharpin™™Caspase8” Ripk37~ (Rickard et al.,, 2014a) or
Sharpin™™Ripk1¥4**/¥4>A mice (Berger et al., 2014). Intriguingly, deletion of HOIL-1, another component of
the LUBAC complex is not lethal to mice and does not show any inflammatory responses in some reports
(Rodgers et al., 2014; Tokunaga et al., 2009). However, a recent report demonstrates that the deletion of
HOIL-1 results in embryonic lethality at E10.5 by aberrant TNF-mediated cell death (Peltzer et al., 2018).

In summary, these ubiquitin E3 ligases are required to restrict RIPK1-mediated cell death.

2.3.3 RIPK1 de-ubiquitination in complex |

As shown above, the ubiquitination has a profound effect on NF-kB signaling and TNF-mediated cell
death. In order to keep the dynamic equilibrium of ubiquitination, various deubiquitinating enzymes
(DUBs) are also involved in the regulation of TNFa stimulation. So far, the three DUBs cylindromatosis
(CYLD), TNFa-induced protein 3 (TNFAIP3, also known as A20) and OTU deubiquitinase with linear
linkage specificity (OTULIN) are the best studied. CYLD can be recruited to the TNFR1- and NOD2-
associated signaling complexes by directly binding to HOIP (Draber et al., 2015) or indirectly by a linker

spermatogenesis-associated protein 2 (SPATA2) (Elliott et al., 2016; Kupka et al., 2016; Schlicher et al.,
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2016; Wagner et al., 2016). Once CYLD is recruited to the membrane-associated complex, it can affect
NF-kB activation and cell death by removing K63 and linear poly-ubiquitin chains on components of
TNFR1- and NOD2-associated complexes (Kupka et al., 2016). Previous reports showed that A20 has a
similar function on the regulation of NF-kB activation by removing K63 and K48 linked ubiquitin chains of
RIPK1 and other components of the TFNR1 signaling complex (Komander and Barford, 2008; Tokunaga et
al., 2012; Wertz et al., 2004). However, recent studies display completely different roles of A20 in the
regulation of cell death upon TNFa since A20 can be recruited to linear ubiquitin chains by its C-terminal
zinc-finger 7 (ZF7) domain and prevents the linear ubiquitin chains from cleavage by CYLD and hence
inhibit TNF-induced death (Draber et al., 2015). Of note, A20 still plays a negative role in gene activation
through competitively binding to linear Ub chains with these factors required for gene activation (Draber
et al., 2015). In addition, OTULIN cannot be recruited to complex |, but is also very important to regulate
NF-kB activation and cell death by regulating the activity of LUBAC in the cytosol and hence affecting the
linear Ub chains of other components of complex | (Draber et al., 2015). For example, a recent finding
shows that OTULIN can activate LUBAC via removing the linear poly-ubiquitin chains from LUBAC itself to

promote NF-kB activation and prevent cell death upon TNFa stimulation (Heger et al., 2018).

2.3.4 RIPK1 phosphorylation in complex |

Upon TNFa stimulation, E3 ubiquitin ligases like clAPs and LUBAC are recruited to the complex of TNFR1
signaling to ubiquitinate RIPK1 and other components, which reinforces complex | and blocks the
formation of cytotoxic complex Il. In addition to ubiquitination of RIPK1, several serine/threonine kinases
also play crucial roles in regulation of RIPK1 activity, e.g., TAK/TAB complex (TAK1/TAB2/TAB3) and IKK
complex (IKKa/IKKB/NEMO), which are recruited to complex | by K63 Ub chains and linear Ub chains,
respectively (Witt and Vucic, 2017). Previously, it was thought that TAK/TAB complex only inhibited TNF-
mediated cell death via gene activation and cFLIP production (Jaco et al., 2017). However, a recent
finding shows that TAK1 can directly phosphorylate RIPK1 at Ser 320 (mouse)/Ser 321 (human) to block
its autophosphorylation at Ser 166 and thus its activity (Geng et al., 2017). At the same time, three other
groups also report that p38/MK2, the downstream kinase of TAK1 can inhibit RIPK1 activity through the
direct phosphorylation of RIPK1 at Ser 320 and Ser 335 (Dondelinger et al., 2017; Jaco et al., 2017;
Menon et al., 2017). Although p38/MK2 is not recruited to complex |, it serves as the safeguard in the
cytosol to limit RIPK1 activity and hence the cytotoxic complex Il formation. IKK can inhibit complex I
formation via NF-kB activation and the direct phosphorylation of RIPK1 (Annibaldi et al., 2018). Recently,

two groups report that the TANK-binding kinase 1 (TBK1) and IKKe can be recruited to complex | by the
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interaction between NEMO and the adaptors TRAF family member-associated NF-kB activator (TANK)
and nucleosome assembly protein 1 (NAP1), where TBK1 directly phosphorylates RIPK1 at Thr 189
(human)/Thr 190 (mouse) to inhibit RIPK1 activity (Lafont et al., 2018; Xu et al., 2018). Additionally, TBK1
deficiency leads to the sensitivity to TNFa-mediated apoptosis and necroptosis. The importance of TBK1
is also shown in mice, since Thk17" mice die between E13.5 and E14.5 while the phenotype can be

completely rescued by RIPK1 kinase-dead D138N mutation (Xu et al., 2018).

2.3.5 RIPK3 —the key to open the door of necroptosis

Activation of RIPK3 is required for initiating necroptosis in the absence of caspase 8 (Cho et al., 2009; He
et al., 2009; Zhang et al., 2009). Similar to RIPK1, RIPK3 also harbors an N-terminal kinase domain (KD),
an intermediate domain (ID) and a C-terminal RIP homotypic interaction motif (RHIM). The only
difference is that RIPK3 lacks the C-terminal death domain (DD) (Grootjans et al., 2017). RIPK3 is
activated by the interaction with RIPK1 via RHIM domains, which leads to the formation of an amyloid-
like signaling complex (termed necrosome). Activated RIPK3 results in its autophosphorylation at Ser 227
(human) (Sun et al., 2012) or at Thr 231 and Ser 232 (mouse) (Chen et al., 2013), which are necessary to
recruit and further activate the downstream executioner MLKL via the phosphorylation of Thr 357 and
Ser 358 (human) or Ser 345, Ser 347, Thr 349 and Ser 352 (mouse) (Murphy et al., 2013; Wang et al.,,
2014; Xie et al., 2013). Phosphorylated MLKL exhibits a changed conformation and exposes its four-
helical bundle domain, which can be translocated to plasma membrane and cause membrane rupture

(Hildebrand et al., 2014; Murphy et al., 2013).

In addition to RIPK1, other adaptor proteins containing RHIM domains can also directly activate RIPK3 to
induce necroptosis through their corresponding RHIM-mediated interaction, e.g., TIR domain-containing
adaptor-inducing interferon-B (TRIF) (He et al., 2011) and ZBP1 (Upton et al., 2012). TRIF is a downstream
adaptor of TLR3 and TLR4, belonging to the family of pattern-recognition receptors (PRRs). Diverse TLRs
are sensitive to different ligands through their extracellular N-terminal leucine-rich repeats domains. For
example, TLR3 recognizes viral double-strand RNA (dsRNA) or synthetic analog of dsRNA poly(l:C)
(Alexopoulou et al.,, 2001), whereas TLR4 is sensitive to lipopolysaccharide (LPS) of Gram-negative
bacteria (Hoshino et al., 1999). Upon the activation of TLR3 or TLR4, TRIF interacts with RIPK3 via their
RHIM domains and subsequently induces necroptosis in the absence of caspase 8 (He et al., 2011).

However, RIPK1 is dispensable for TLR3-mediated necroptosis in mouse fibroblast cells, which indicates
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that RIPK3 is directly activated by the interaction with TRIF (Kaiser et al., 2013). In contrast, RIPK1 kinase
activity is essential for TLR4-mediated necroptosis in macrophages (He et al., 2011; Kaiser et al., 2013).
ZBP1 is necessary for RIPK3-mediated necroptosis upon infection by murine cytomegalovirus (MCMV) or
influenza A virus. Previously, ZBP1 was identified as a sensor of dsDNA only (Takaoka et al., 2007), but a
recent finding shows that endogenous RNA can also activate ZBP1 via binding to its Z-binding domain
(zBD) (Maelfait et al., 2017). Activated ZBP1 then interacts with RIPK3 via their RHIM domains to induce

necroptosis.

2.3.6 MLKL - the executioner of necroptosis

Currently, MLKL is known as the sole executioner of canonical necroptosis, which consists of an N-
terminal four helical bundle domain (4HBD), two-helix linker (the “brace” helices, also known as brace
region, BR) and a C-terminal pseudokinase domain (KD), lacking the catalytic residues and hence its
kinase function (Murphy et al., 2013; Murphy et al., 2014). Although phosphorylation of MLKL by RIPK3 is
a key step to execute necroptosis, the mechanism how phosphorylated MLKL precisely translocates to
the plasma membrane and ruptures it is still largely debated. Normally, it is thought that the
phosphorylation of MLKL is required for inducing its structural change and exposing its four-helical
bundle domain, which results in brace region-mediated oligomerization and translocation to the plasma
membrane (Grootjans et al., 2017). In this process, some reports propose that oligomerized MLKL binds
to phosphatidylinositol phosphates (PIPs) of the plasma membrane by its positively charged residues and
directly permeabilizes the plasma membrane, which is demonstrated by the observation that wildtypic
MLKL, but not a mutant lacking the positively charged residues, can induce the leakage of PIP-containing
liposomes in vitro (Dondelinger et al., 2014; Hildebrand et al., 2014; Wang et al., 2014). Later, another
group proposed that the recruitment of MLKL to the plasma membrane is a stepwise activity. Firstly,
MLKL oligomerization mediated by the brace region is required. Then, the oligomer is translocated to
phosphorylated inositol polar head groups of PIP phospholipids on the plasma membrane through its
4HBD. However, this is a low-affinity binding. Next, high-affinity PIP binding regions of MLKL are exposed
through 4HBD rolling over, which is ‘probably’ responsible for the membrane rupture since the
downstream steps of PIP binding were not addressed in this study (Quarato et al., 2016). Anyway, the
exact mechanisms how MLKL ruptures the plasma membrane is controversial and many possibilities exist
based on the direct pore formation or indirect ion channels on the plasma membranes (Grootjans et al.,
2017). Since MLKL can rapture plasma membranes and induce cell death, it is crucial for normal cells to

have regulators to surveil the aberrant accumulation of phosphorylated MLKL and to prevent cell death.
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Indeed, the endosomal sorting complexes required for transport (ESCRT)-lll accumulates at MLKL-
damaged sites on the membrane to prevent membrane rupture and cell death. ESCRT-III facilitates the
shedding of MLKL-damaged plasma membrane from intact cells when MLKL activation is not strong
enough (Gong et al.,, 2017). Alternatively, phosphorylated MLKL can also be removed from the
membrane by endocytosis. In this process, the lipid raft-associated proteins flotillin-1 and flotillin-2 are
required. Subsequently, the phosphorylated MLKL is degraded in lysosomes (Fan et al., 2019). Thereby,
phosphorylated MLKL cannot induce necroptosis on the membrane until they conquer the checkpoints.
In addition to MLKL, a recent finding shows that RIPK3 can also induce myocardial necroptosis mediated
by the activity of Ca**-calmodulin-dependent protein kinase (CaMKII) rather than MLKL (Zhang et al.,
2016).
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Figure 3. The induction of necroptosis by TNFa. Upon TNF stimulation, TNF receptor 1 (TNFR1) trimerizes and forms the TNFR1
signaling complex (TNFR1-SC or complex I). Then, the adaptor protein TRADD and the kinase RIPK1 are recruited to TFNR1.
Subsequently, TRADD recruits TRAF2/5. In turn, TRAF2 enables the recruitment of the E3 ubiquitin ligases clAP1/2, resulting in
poly-ubiquitination of RIPK1 and other components of complex I. The ubiquitin chains in complex | cause the recruitment of
LUBAC that exclusively generates linear ubiquitin chains on RIPK1 and other components of complex |. Ubiquitin chains
generated by clAP and LUBAC further recruit downstream kinases, i.e. TAB/TAK complex (preferably linked to K63 Ub) and the
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IKK complex (preferably linked to linear Ub), which leads to downstream gene activation. Additionally, TBK1/IKKe can be
recruited to complex | via the interaction between NEMO and TANK1/NAP1. The ubiquitin chains on complex | stabilize itself and
directly inhibit RIPK1 activity. In addition, the phosphorylation mediated by TAK1, IKK, and/or TBK1 in complex | inhibits RIPK1
activity and blocks the formation of the cytotoxic complex Il. Thereby, the ubiquitination and phosphorylation of complex | can
inhibit cytotoxic complex Il formation and activate downstream gene activation and promote cell survival. However, under
certain conditions, i.e. when the pro-survival signal from complex | is disturbed, the secondary cytotoxic complex Il can be
formed. For example, cycloheximide (CHX) treatment can downregulate cFLIP levels to cause complex lla formation (TRADD,
FADD and caspase 8) and caspase 8 activity, thereby leading to apoptosis independent of RIPK1. In addition, inactivation or
absence of clAPs, TAK1, IKKa/B or TBK1 induces complex llb formation (RIPK1, RIPK3, FADD and caspase 8) and leads to
apoptosis dependent of RIPK1. When caspase 8 activity is inhibited, RIPK1 interacts with RIPK3 and forms the amyloid-like
complex termed necrosome. Activated RIPK3 further recruits and phosphorylates the executioner MLKL. Phosphorylated MLKL
translocates to the plasma membrane to rupture it and induce necroptosis, which is negatively regulated by ESCRT-III or Flotillin-
mediated exocytosis or endocytosis, respectively.

2.4 Autophagy — a recycling factory for intracellular harmful materials

Autophagy (Greek for “self-eating”) regulates cellular homeostasis via ‘eating’ intracellular unfolded
proteins or damaged organelles that is mediated by lysosomes upon some stresses, e.g., amino acid
starvation, hypoxia, energy deprivation, ER stress, etc. This process is highly conserved in all eukaryotes.
Although autophagy is generally known as a dynamic recycling system and pro-survival mechanism,
autophagy might selectively degrade certain pro-survival proteins, ultimately resulting in cell death
(termed autophagy-dependent cell death, a form of regulated cell death (RCD)). Hence, autophagy is

crucial to keep the balance between cell death and survival (Galluzzi et al., 2018).

Autophagy was termed by Christian de Duve in 1963 from the observation that intracellular components
can be delivered to and degraded in lysosomes, which contain numerous hydrolytic enzymes (Feng et al.,
2014). Although autophagy was numerously reported at that time, owing to the limitation of
experimental methods, the molecular mechanisms remained unclear until to the identification of the
first autophagy-related gene ATG1 in yeast by Yoshinori Ohsumi, who was awarded the Nobel Prize in
Physiology or Medicine in 2016. To date, 42 ATG genes have been identified. The gene products are
involved in different steps of autophagy, which plays crucial roles in neurodegenerative diseases, cancer,
and inflammatory diseases (Mizushima, 2018). Currently, autophagy is classified into three subtypes:
macroautophagy, microautophagy and chaperon-mediated autophagy (CMA). So far, microautophagy is
not well characterized due to the limitation of observation techniques. However, it is thought that
cytosolic materials are directly invaginated by lysosomal or late endosomal membranes (Bhutia et al.,
2019; Sahu et al.,, 2011). In chaperone-mediated autophagy, cargo harboring a Lys-Phe-Glu-Arg-GlIn

(KFERQ)-like pentapeptide is selectively recognized by cytosolic heat shock-cognate chaperone of 70 kDa
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(HSC70). Subsequently, the cargo is translocated into the lysosomal lumen with the combination of
transmembrane protein Lamp-2A, serving as a receptor on the lysosomal membrane (Mizushima and
Komatsu, 2011). Macroautophagy (hereafter referred to as autophagy) is the best investigated pathway
in the three autophagic subtypes. Cargoes in the cytosol are engulfed by double-membraned vesicles,
named autophagosomes, and finally degraded in lysosomes via the fusion of autophagosomes and
lysosomes. The fusion process is mediated by soluble N-ethylmaleimide-sensitive-factor attachment
receptor proteins (SNAREs), e.g., syntaxinl7 (Itakura et al., 2012) or Ykt6 (Bas et al., 2018; Matsui et al.,

2018) and generates the so called autolysosomes.

2.4.1 Autophagic regulation by upstream kinases

Autophagy can be initiated and induced by several stimuli, whereas amino acid starvation is the best
studied so far. Upon the deprivation of nutrient or energy (due to the decrease of the cellular ATP/AMP
ratio), the energy-sensing kinase AMP-activated protein kinase (AMPK) is activated by Liver Kinase Bl
(LKB1, also known as STK11 (Serine/Threonine Kinase 11)) (Shackelford and Shaw, 2009; Shaw et al.,
2004). AMPK is a heterotrimeric complex, containing a-catalytic subunits (AMPKal/PRKAA1l or
AMPKa2/PRKAA?2), B-scaffold subunits (AMPKB1/PRKAB1 or AMPKB2/PRKAB2) and regulatory y-subunits
(AMPKy1/PRKAG1, AMPKy2/PRKAG2 or AMPKy3/PRKAG3) (Shackelford and Shaw, 2009). However, LKB1
mainly phosphorylates AMPKal at Thr 183 or AMPKa2 at Thr 172 to regulate the activation loop upon
energy stimulus. In addition to LKB1, both Ca?*/calmodulin-dependent protein kinase kinase 2 (CaMKK2)
and TAK1, can activate AMPK at Thr 183 or Thr 172, depending on the cytosolic Ca?* level (Woods et al.,
2005) or drug treatments (e.g., oligomycin, the antidiabetic drug metformin, 5-aminoimidazole-4-

carboxamide riboside (AICAR)) (Xie et al., 2006), respectively.

In nutrient-rich conditions, the Ser/Thr kinase complex mTORC1, a central regulator of cell growth and
rather sensitive to amino acids, growth factors, cellular energy and oxygen levels (Rabanal-Ruiz et al.,
2017), is activated and inhibits autophagy by phosphorylating ATG13 at Ser 258 (mouse amino acid
sequence) (Puente et al., 2016) and UNC-51-like kinase 1 (ULK1, the mammalian homolog of yeast Atgl)
(at Ser 638 and Ser 758, human amino acid sequence) (Kim et al.,, 2011; Shang et al., 2011). These
phosphorylation events inhibit ULK1 activity and the interaction between ULK1 and AMPK and hence
prevent autophagy initiation (Kim et al., 2011). In contrast, upon nutrient deprivation, activated AMPK

directly inhibits mTORC1 via phosphorylating the regulatory associated protein of MTOR complex 1
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(Raptor) (Gwinn et al., 2008) or indirectly by phosphorylating the tuberous sclerosis complex subunit 2
(TSC2) (Inoki et al., 2003b). The later one promotes the transformation of Rheb-GTP (activator for
mMTORC1 kinase) to Rheb-GDP (inactivator for mTORC1 kinase) (Inoki et al., 2003a) and thereby inhibits
MTORC1 activity. The inhibition of mTORC1, subsequently, leads to the dissociation of mTORC1 from
ULK1 complex and the dephosphorylation of mTORC1-mediated phospho-sites in ULK1, hence leading to
ULK1 activation (Alers et al.,, 2012). In parallel, activated AMPK can directly interact with and
phosphorylate ULK1 at Ser 317, Ser 556, and Ser 638 (human amino acid sequence) to initiate autophagy
(Alers et al., 2012). In addition, AMPK can also activate the pro-autophagy phosphatidylinositol 3-kinase
catalytic subunit type 3 (PIK3C3, also known as VPS34) complex to induce autophagy by the
phosphorylation of Beclinl (Kim et al., 2013). After ULK1 is activated, it can further phosphorylate ATG13
and FIP200, which in turn promotes ULK1 activity and reinforces ULK1 complex formation (ULK1, ATG13,
FIP200 and ATG101) (Jung et al., 2009; Mizushima, 2010). In addition, activated ULK1 also promotes the
autophagic flux via phosphorylating several downstream effectors, e.g., Beclinl (Russell et al., 2013),

ATG14 (Park et al., 2016), ATG9 (Zhou et al., 2017), etc.

2.4.2 Autophagy nucleation

Upon nutrient deprivation, the ULK1 complex is translocated from the cytosol to subdomains of the ER
to nucleate autophagosome formation. Currently, it is generally accepted that the early autophagic
complex nucleates at the subdomains of ER, but exact location remains still controversial, e.g., the
contact sites of ER-mitochondria (Hamasaki et al., 2013), autophagy-specific ER exit sites (Graef et al.,
2013; Suzuki et al., 2013), ATG9-marked ER tubulovesicular regions (Karanasios et al., 2016), ER-Golgi
intermediate compartment (Ge et al., 2013), isolation membrane-associated tubular/vesicular structures
(Uemura et al., 2014) and phosphatidylinositol synthase (PIS)-enriched ER subdomains (Nishimura et al.,
2017). In addition, the process of ULK1 translocation to the ER also requires additional proteins. For
example, the Rab GTPase Rab1l and its effector C9orf72 regulate trafficking of ULK1 complex to the
phagophores (Webster et al., 2016).

Following the recruitment of the ULK1 complex, another catalytic initiator complex is recruited to these
subdomains of ER, i.e. the class lll phosphoinositide 3-kinase (PtdIns3K, also known as PI3K). The core
components of this lipid kinase complex are the catalytic subunit phosphatidylinositol 3-kinase catalytic

subunit type 3 (PIK3C3, also known as VPS34), the accessory proteins Beclinl and phosphoinositide 3-
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kinase regulatory subunit 4 (PIK3R4, also known as VPS15 or p150). Depending on diverse regulatory
mechanisms, the core complex can bind to ATG14 or UV radiation resistance associated gene (UVRAG),
resulting in the formation of PtdIns3K (PI3K) complex | or Il, respectively. Complex | is required for
producing phosphatidylinositol 3-phosphate (Ptdins3P, also known as PI3P) at these subdomains and
thereby positively regulates autophagosome nucleation and formation (ltakura et al., 2008). In contrast,
complex Il is mainly involved in endocytic sorting (Itakura et al., 2008), autophagosome and endosome
maturation (Kim et al., 2015), and tubule scission of lysosomes (Munson et al., 2015). The PtdIns3K
complex | can be recruited to the subdomains of ER by direct binding of Beclinl (Huang et al., 2012) and
ATG14 (Matsunaga et al., 2010) or via indirect recruitment by the interaction between ATG13 of the
ULK1 complex and ATG14 (Park et al., 2016). At the subdomains, the PtdIns3K kinase is activated by
ULK1-mediated phosphorylation of Beclinl and ATG14 to promote the production of a pool of PI3P and
drive omegasome formation (Egan et al., 2015; Park et al., 2016; Russell et al., 2013). Meanwhile, PI3P
effectors are recruited to the emerging omegasome, e.g., double FYVE domain-containing protein 1
(DFCP1), which binds to PI3P by its two FYVE domains. Of note, DFCP1 is dispensable for autophagy
induction, but it is specific marker for monitoring omegasomes and phagophores (Axe et al., 2008).
Currently, in addition to ULK1 and PtdIns3K complexes, many reports have also shown the roles of ATG9
in autophagosome nucleation at ER subdomains (Karanasios et al., 2016; Kishi-Itakura et al., 2014;

Nishimura et al., 2017).

2.4.3 Isolation membrane formation, elongation and closure

Subsequently, WD-repeat domain phosphoinositide-interacting proteins (WIPIs) are recruited to the
omegasomes and facilitate the formation of phagophores. The WIPI protein family comprises four
members (WIPI1-4), in which WIPI1 and WIPI2b were firstly identified to be recruited to omegasomes.
Similar to DFCP1, WIPI1 can be used as a marker for omegasomes and phagophores (Mercer et al., 2018;
Yoshii and Mizushima, 2017). In turn, WIPI2b can directly recruit ATG5—-ATG12-ATG16L1 via the binding
to ATG16L1 to facilitate LC3 lipidation and isolation membrane formation (Dooley et al., 2014). WIPI3

and WIPI4 are also thought to promote autophagosome formation (Bakula et al., 2017).

In mammals, a group of ATG8 family proteins was identified based on their amino acid sequence
homology to yeast Atg8. This protein family consists of two subgroups: the LC3 subfamily (LC3A [variant
1 and variant 2], LC3B and LC3B2, and LC3C) (Bai et al., 2012), and the GABARAP/GATE-16 subfamily
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(GABARAP, GABARAPL1, GABARAPL2 (also known as GATE-16) and GABARAPL3) (Weidberg et al., 2010).
Both LC3 and GABARAP/GATE-16 proteins are indispensable for autophagosome formation, but it is
thought that they act at distinct steps. LC3 mediates the elongation of the isolation membranes
(phagophores) whereas GABARAP/GATE-16 functions at late steps of autophagosome formation and
presumably at the closure of autophagosomes (Weidberg et al., 2010). To date, LC3B is the most
extensively studied member and is used as a well-established marker for autophagosomes. Yeast Atg8
and its mammalian homologs (hereafter referred to as LC3) are ubiquitin-like proteins that are
predominantly synthesized as precursors, unlipidated forms in the cytosol (known as LC3-l). The
elongation of isolation membranes requires the covalent binding of the LC3 C-terminus to the amino
group of phosphatidylethanolamine (PE), a major membrane phospholipid (Ichimura et al., 2000) and
component of autophagosomes (Mizushima et al., 2011). The LC3—PE conjugation process requires
another ubiquitin-like conjugation system: ATG12—-ATG5. First of all, ubiquitin-like ATG12 harbors an
exposed glycine at its C-terminus and is activated by the E1-like enzyme ATG7. Subsequently, ATG12 is
transferred to the E2-like enzyme ATG10, and eventually conjugated to ATG5. The ATG12—-ATG5 complex
harbors E3-like enzyme activity. The ATG12-ATG5 complex also recruits ATG16L1 via the direct
interaction between ATG5 and ATG16L1 and finally generates a multimeric protein complex through
homodimerization of ATG16L1. Eventually, the complex is recruited to the isolation membranes by a

direct binding between ATG16L1 and WIPI2 (Dooley et al., 2014).

For LC3-PE conjugation, pro-LC3 is C-terminally cleaved by the cysteine protease ATG4 to expose the
glycine residue. Subsequently, the cleaved LC3-I is activated by the E1-like enzyme ATG7 and transferred
to the E2-like enzyme ATG3. Finally, the LC3-I-ATG3 conjugate is also recruited to the isolation
membranes by a direct interaction between ATG3 and ATG12, where LC3-I is covalently linked to PE in
the membrane (known as LC3-Il) via the E3-like catalytic function of ATG12—-ATG5 (Mercer et al., 2018;
Metlagel et al., 2013). LC3—PE (LC3-l) is located at the inner and outer membranes of the phagophores.
Autophagy receptors can bind to LC3-Il via an LC3-interacting region (LIR) motif. The LIR motif is
constituted by the amino acid sequence W/Y/F-x-x-L/1/V and allows the recruitment of the autophagy
receptors from the cytosol to autophagosomes. Autophagy receptors are also required for selective
forms of autophagy and include sequestosome-1-like receptors (SLRs) (SQSTM1/p62, NBR1, NDP52,
TAX1BP1, OPTN), mitophagy receptors (FUNDC1, BNIP3, Atg32, NIX), or other specialized receptors (Cbl,
Stbd1) (Birgisdottir et al., 2013). So far, p62 is the best studied one and is also used as a marker for

autophagosomes. The elongation of the isolation membranes and autophagosome maturation require
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numerous lipids that is thought to be delivered from ATGY9 vesicles since these constantly shuttle

between multiple organelles like Golgi and endosomes and isolation membranes (Orsi et al., 2012).

2.4.4 The fusion of autophagosomes and lysosomes

After maturation, autophagosomes fuse with lysosomes to degrade the cargo delivered by
autophagosomes. The fusion process between autophagosomes and lysosomes requires the activation
of SNAREs. The fusion is mediated by the interaction between syntaxin 17 (STX17) and synaptosomal-
associated protein 29 (SNAP29), which are recruited to the complete autophagosomes, and vesicle-
associated membrane protein 8 (VAMP8), which is present on lysosomes (Itakura et al., 2012). Recently,
some reports also show that Ykt 6 as a novel autophagosomal SNARE protein facilitates the fusion of
autophagosomes and lysosomes, which is independent of syntaxin 17 (Matsui et al., 2018; Takats et al.,

2018).
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Figure 4. The autophagy pathway. In nutrient-rich conditions, mTORC1 interacts with the autophagy-initiating ULK1 complex
and inhibits autophagy via restricting ULK1 complex activity. Upon energy deprivation, AMPK is activated and phosphorylates
mTORC1, which in turn disassociates from the ULK1 complex and releases ULK1 activity. Moreover, activated AMPK can also
directly phosphorylate the ULK1 complex and promote its activity, thus inducing autophagy. Activated ULK1 complex is recruited
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to subdomains of ER to initiate autophagy. Subsequently, class 11l PtdIns3K lipid kinase complex is recruited to the sites, where it
is activated by ULK1 and produces a pool of PI3P to form omegasomes. Omegasomes represent the sites of autophagic
membrane initiation. PI3P further recruits the effectors DFCP1 and WIPIs to initiate membrane formation. LC3—PE bound on the
membrane and lipid from ATG9 vesicles are required for the formation and the elongation of the isolation membranes. LC3—PE
is located at the outer and inner membrane of the autophagosome. Autophagy receptors recognized by LC3 located at the inner
autophagosomal membrane via their LIR motifs can selectively transfer cargos to autophagosomes. Eventually, autophagosomes
fuse with lysosomes mediated by STX17 and SNAP29 on autophagosomal membranes and VAMPS8 on the lysosomal membrane.
Alternatively, this process can be mediated by Ykt6 independent of STX17. The cargo is degraded to amino acid and fatty acid in
autolysosomes, which ultimately are transported back to the cytosol through lysosomal permeases and recycled for anabolic
and catabolic processes.

2.5 Apoptosis and autophagy

Autophagy and apoptosis represent two distinct signaling pathways, in which autophagy mainly
regulates cellular homeostasis and facilitates cell survival, whereas apoptosis predominantly promotes
caspase-mediated cell death. However, these two pathways can cross-regulate each other under certain
conditions. First of all, autophagy slows down apoptotic cell death e.g. by removing damaged
mitochondria. In intrinsic apoptosis-mediated cell death, mitochondrial outer membrane
permeabilization (MOMP) results in the release of pro-apoptotic proteins from mitochondria, which
causes the reduction of the inner mitochondrial potential. As consequence, this can cause the
accumulation of the kinase PTEN-induced putative kinase protein 1 (PINK1) on mitochondria and further
recruits the E3 ubiquitin ligase parkin from the cytosol to the damaged mitochondria. Parkin then
ubiquitylates several mitochondrial proteins. Finally, the ubiquitinated mitochondria are recognized by
the ubiquitin-binding autophagy receptor p62 and removed by lysosomes (Marino et al., 2014; Youle and
Narendra, 2011). Additionally, autophagy can also regulate apoptotic cell death by selectively degrading
apoptosis-related proteins (Marino et al., 2014; Rubinstein and Kimchi, 2012). However, under some
conditions, apoptosis can be activated by autophagy. For example, in cells treated by SKI-I (a pan-
sphingosine kinase inhibitor) and bortezomib (a proteasome inhibitor), caspase 8 forms a complex with
FADD and ATG5, which colocalizes with autophagosomes. Of note, the activity of caspase 8 is dependent

on autophagosome formation, but not the degradative process (Young et al., 2012).

On the other side, apoptosis can also regulate autophagy. A series of caspases are highly activated during
apoptosis to cleave multiple substrates, including several ATG proteins, e.g., ATG3 (Oral et al., 2012),
ATG4D (Betin and Lane, 2009), and Beclinl (Luo and Rubinsztein, 2010; Wirawan et al., 2010). The
cleavage of these ATG proteins disturbs the autophagy process. Moreover, some truncated domains
from the cleaved ATG proteins can in turn enhance apoptosis through translocating to mitochondria.

Similar to caspase-mediated cleavage, ATG5 can also be cleaved by calpain, an apoptosis-related
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protease. The truncated ATG5 translocates from the cytosol to mitochondria where it binds to the anti-
apoptotic protein Bcl-xL and causes the release of cytochrome ¢ and hence induces apoptosis (Yousefi et

al., 2006).

2.6 Necroptosis and autophagy

Similar to the interconnection of apoptosis and autophagy, necroptosis and autophagy are also two
contrary cell fate pathways. Necroptosis-mediated cell death can trigger severe inflammation via the
release of damage-associated molecular patterns (DAMPs) since necroptosis does not generate
apoptotic body-like compartments, which contain the DAMPs. Accordingly, the process is strictly
regulated by the complex of RIPK1, RIPK3 and MLKL. So far, some reports have shown the association
between necroptosis and autophagy, but the precise role of autophagy in cell death and necroptosis in
autophagy is still poorly understood, especially how exactly autophagy and necroptosis modulate each
other on the molecular level. One study shows that mouse prostate cells lacking Map3k7 (also known as
TAK1) are sensitive to TRAIL-mediated necroptotic cell death. In this process the necrosome (RIPK1,
RIPK3 and MLKL) is recruited to autophagosomes by the interaction between p62 and RIPK1. Therefore,
autophagy can control cell death by serving as a scaffold (Goodall et al., 2016). Another report
demonstrates that pro-necroptotic protein RIPK3 serves as a negative regulator of selective autophagy
via disturbing p62-LC3 complex formation (Matsuzawa et al., 2015). In contrast, the results from another
group indicate that RIPK3 positively regulates autophagy since depletion of RIP3 inhibits autophagic flux
and leads to the accumulation of autophagosomes and amphisomes (Harris et al., 2015). Additionally,
RIPK1 shows its negative regulatory function on basal autophagy via regulating transcription factor TFEB,
which controls the expression of autophagy-related and lysosomal genes (Yonekawa et al., 2015). Taken
together, it is crucial to explore the underlying mechanisms of the interconnection of necroptosis and
autophagy. This knowledge will not only widen our understanding of the signaling pathways, but might
also contribute to establish potential therapeutic targets in the future. The central aim of my thesis was
the characterization of the cross-regulation between autophagy and necroptosis signaling pathways.
From my work, two manuscripts were prepared which have been submitted for publication. The
manuscript texts are included in this dissertation as a supplement. Additionally, | contributed to three

additional manuscripts that have been published.
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3. Manuscripts
Two manuscripts are from the thesis:

Wenxian Wu’, Xiaojing Wang", Niklas Berleth, Jana Deitersen, Nora Wallot-Hieke, Philip Bohler, David
Schliitermann, Fabian Stuhldreier, Jan Cox, Katharina Schmitz, Sabine Seggewil3, Christoph Peter, Anja
Stefanski, Kai Stuhler, Astrid Tschapek, Axel Godecke & Bjorn Stork. The autophagy-initiating kinase ULK1
controls RIPK1-mediated cell death. Submitted to CELL REPORTS. “equal first author. The author of this
dissertation conceived and designed the project, carried out the majority of these experiments,

independently wrote the raw manuscript. Total contribution: about 70%.

Wenxian Wu, Xiaojing Wang, Niklas Berleth, Jana Deitersen, David Schlitermann, Fabian Stuhldreier,
Nora Wallot-Hieke, Maria José Mendiburo, Christoph Peter & Bjorn Stork. Pro-necroptotic RIPK3 controls
AMPK activity to regulate autophagy. Submitted to AUTOPHAGY. The author of this dissertation conceived
and designed the project, carried out the majority of these experiments, independently wrote the raw

manuscript. Total contribution: about 80%.
Additional publications:

Wallot-Hieke N, Verma N, Schlitermann D, Berleth N, Deitersen J, Bohler P, Stuhldreier F, Wu W,
SeggewiR S, Peter C, Gohlke H, Mizushima N and Stork B. (2018) Systematic Analysis of ATG13 Domain

Requirements for Autophagy Induction. Autophagy 14(5): 743-763.

Schlitermann D, Skowron MA, Berleth N, Bohler P, Deitersen J, Stuhldreier F, Wallot-Hieke N, Wu W,
Peter C, Hoffmann MJ, Niegisch G and Stork B. (2018) Targeting Urothelial Carcinoma Cells by Combining
Cisplatin with a Specific Inhibitor of the Autophagy-Inducing Class 11l PtdIns3K Complex. Urol Oncol 36(4):
160.e1-160.e13

Bohler P, Stuhldreier F, Anand R, Kondadi AK, Schlitermann D, Berleth N, Deitersen J, Wallot-Hieke N,
Wu W, Frank M, Niemann H, Wesbuer E, Barbian A, Luyten T, Parys JB, Weidtkamp-Peters S, Borchardt A,
Reichert AS, Pefia-Blanco A, Garcia-Sdez AJ, ltskanov S, van der Bliek AM, Proksch P, Wesselborg S and
Stork B. (2018) The Mpycotoxin Phomoxanthone A Disturbs the Form and Function of the Inner
Mitochondrial Membrane. Cell Death Dis 9(3): 286.
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4. Discussion

Apoptosis is a form of programmed cell death accompanied by high caspase activation, ultimately
resulting in the cleavage of multiple cellular proteins. Necroptosis, another form of regulated cell death,
is strictly controlled by caspase 8 and mediated by RIPK1, RIPK3 and MLKL. In most conditions,
autophagy serves as pro-survival mechanism by degrading harmful intracellular materials. However,
autophagy can sometimes promote cell death via selectively degrading pro-survival proteins and act as a

form of regulated cell death.

So far, apoptosis and necroptosis are both well characterized signaling pathways, which cross-regulate
each other via controlling the activity of caspase 8. Specifically, necroptosis can occur if caspase 8-
mediated apoptotic cell death is inhibited by pharmacological compounds (e.g. Q-VD-OPh or z-VAD-FMK)
under certain conditions. Meanwhile, pro-necroptotic RIPK3 can also function as a platform for the
induction of apoptosis, independent of its kinase activity (Mandal et al., 2014; Newton et al., 2014). The
crosstalk between apoptosis and autophagy is also well studied and is regulated by the balance of
caspases, ATG proteins and Bcl-2. Nevertheless, the cross-regulation between necroptosis and
autophagy is still poorly understood duo to the limited amount of studies so far. In this context, my
thesis focused on the study of the cross-regulation of necroptosis and autophagy, with special regard to
the RIPK1-RIPK3 and AMPK-ULK1 kinase complexes that represent the central signaling nodes of

necroptosis and autophagy, respectively.

RIPK1 is a master regulator of apoptotic and necroptotic cell death. During these processes, its kinase
activity is essential for the induction of necroptosis and most often required for the induction of
apoptosis. Thereby, RIPK1 kinase activity has to be tightly controlled via posttranslational modifications
including ubiquitination and phosphorylation. Ubiquitin chains on RIPK1 not only stabilize TNF receptor
signaling complex | and inhibit RIPK1 activity, but also serve as a platform to recruit other kinases to
further inhibit RIPK1 activity via direct phosphorylation. For example, linear-linked ubiquitin chains in
complex | recruit IKK kinase complex (IKKa, IKKB, and NEMO) via the interaction between NEMO and
ubiquitin chains, where IKK kinase directly phosphorylates RIPK1 in the kinase domain (Ser 25, Ser 166)
and in the intermediate domain (Ser 296, Ser 331, Ser 416) to inhibit RIPK1 activity and hence complex ||
formation (Dondelinger et al., 2015). In addition, TAK/TAB kinase complex (TAK1/TAB2/TAB3) can also be
recruited to complex | via K63-linked ubiquitin chains, where TAK1 kinase directly phosphorylates RIPK1
at Ser 320 to block its activity (Geng et al., 2017). But this report is challenged by the studies from three
other groups who showed that MK2/p38, the downstream kinase of TAK/TAB directly mediates the
phosphorylation of RIPK1 at Ser 320 and Ser 335 (Dondelinger et al., 2017; Jaco et al., 2017; Menon et al.,
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2017). Although the two phospho-acceptor sites Ser 320 and Ser 335 were also identified by mass
spectrometry using recombinant ULK1 in this thesis, exchange of both serines for alanines did not
change the detected signal of ULK1-dependent phosphorylation in vitro. However, the mutation of Ser
357 to alanine clearly reduced ULK1-mediated phosphorylation and additionally enhanced the formation
of complex Il and hence TNF-mediated cell death. Furthermore, a specific RIPK1 phospho-Ser 357
antibody was generated and the ULK1-dependent phosphorylation at Ser 357 was further confirmed in
vivo. Recently, two groups reported that TBK1 is also recruited to complex | to phosphorylate RIPK1 and
to restrict its activity (Lafont et al., 2018; Xu et al., 2018). To date, several kinase complexes contribute to
the regulation of RIPK1 activity in complex | (TAK1, IKK, TBK1) or in the cytosol (MK2/p38, ULK1), but it
appears that they function as inhibitory kinases independently of each other, since mutant cells

harboring single deletion of these kinases are still sensitive to TNFa treatment.

One central question of this study was where ULK1 phosphorylates RIPK1, in the membrane-associated
complex | or in the cytosol. The results indicate that the phosphorylation events predominantly occur in
the cytosol, even though ULK1 can be recruited to the complex I. This might be explained by two models:
1) since there are various ubiquitin ligases and kinases in complex I, it is possible ULK1 can be
ubiquitinated and/or phosphorylated and is thereby kept in an inactive state; 2) the poly-ubiquitin chains
on RIPK1 prevent the interaction with ULK1 and hence block the phosphorylation within complex I.
Although ULK1 cannot phosphorylate RIPK1 in complex |, it seems that the recruitment of ULK1 to
complex | inhibits the translocation of activated RIPK1 from complex | to the cytosol. One explanation
might be that ULK1 binds to the Ub chains of complex | and prevents the cleavage of Ub chains by de-

ubiquitinases, thereby stabilizing complex I.

Although most reports have shown that the ULK1 complex (ULK1, ATG13, FIP200 and ATG101) mainly
functions at early stages of the autophagic machinery, it appears that there exist stress-induced
autophagy pathways that are either independent of ULK1 or independent of ULK1 association with the
remaining complex components (Alers et al., 2011; Hieke et al., 2015; Wallot-Hieke et al., 2018).
Furthermore, ULK1 also participates in distinct cellular signaling pathways apart of autophagy. For
example, a recent finding shows that ULK1/2 localize to stress granules and phosphorylate valosin-
containing protein (VCP), thereby increasing VCP’s activity and ability to disassemble stress granules
(Wang et al., 2019). Additionally, ULK-mediated phosphorylation of SEC16A can modulate the assembly
of ER exit sites and ER-to-Golgi trafficking of specific cargo to regulate cellular homeostasis (Joo et al.,
2016). Next, ULK1 can also serve as a key mediator of type | IFNR-generated signals that control gene

transcription and induction of antineoplastic responses (Saleiro et al., 2015). Moreover, ULK1 directly
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phosphorylates STING (stimulator of interferon genes) to prevent sustained innate immune signaling
triggered by cyclic dinucleotides (Konno et al., 2013). Additionally, ULK1-dependent phosphorylation of
Syntenin-1 (@ PDZ domain-containing adaptor that controls trafficking of transmembrane proteins)
regulates the interaction between Syntenin-1 and ubiquitin chains (Rajesh et al., 2011). According to the
data obtained in this study, one additional autophagy-independent function of ULK1 was identified and

characterized, i.e. the regulation of necroptosis via controlling RIPK1 activity and complex Il formation.

The second central finding of this thesis is the observation that necroptosis can also regulate autophagy.
One group showed that pro-necroptotic protein RIPK3 positively regulates autophagy flux since
deficiency of RIPK3 blocks autophagic flux and results in the accumulation of autophagosomes and
amphisomes (Harris et al., 2015). Another group reported that RIPK3 rather serves as a negative
regulator of selective autophagy by binding to p62/SQSTM1 and thus regulating the interaction of the
p62/SQSTM1-LC3 complex (Matsuzawa et al., 2015). So far, the precise molecular mechanism about the
interconnection of autophagy and necroptosis is not clear. Here, a new regulatory function of RIPK3 in
autophagy was identified upon TNFa/Q-VD-OPh (QVD) treatment in L929 cells. RIPK3 regulates
autophagic flux upon TNFa/QVD treatment since deletion of RIPK3 inhibits LC3-1l accumulation in L929
cells. More interestingly, during this process early pro-autophagic signals are not blocked, they are even
activated (e.g. pro-autophagic markers like phosphorylation of ULK1 at Ser 555, Beclinl at Ser 91 and
AMPK at Thr 172/Thr 183). These phosphorylation events are directly mediated via the RIPK3-AMPK axis,
i.e., RIPK3 phosphorylates AMPK at Thr 172/Thr 183 to induce its activity. Reversely, active AMPK can
then affect autophagy flux via phosphorylating downstream kinases such as ULK1 and PI3K complexes.
One open question is why RIPK3 has different regulatory functions on autophagy: on one side, RIPK3
inhibits LC3-Il degradation in lysosome upon TNFa/QVD stimulation; on the other side, RIPK3 activates
pro-autophagic proteins to induce autophagy. In order to profoundly explain the controversial results,
the regulatory functions of RIPK3 in early and late autophagy have to be separated. As most reports
show, the high phosphorylation status of autophagic proteins like ULK1, Beclinl or AMPK indicates a
potential autophagic activating effect (Egan et al.,, 2011; Kim et al.,, 2013). Although TNFa-induced
necroptosis results in the activation of early autophagic signals, it is possible that necroptosis
simultaneously inhibits the growth of autophagosomes, resulting in the accumulation of incomplete and
immature autophagosomes. Of note, depletion of WIPI4 results in high LC3-1l levels and the
accumulation of enlarged and unclosed autophagosomes, suggesting that WIPI4 can regulate the growth
and hence affect the size of autophagosomes (Bakula et al., 2017; Lu et al., 2011). A similar phenotype
can be observed for the deletion of ATG2A and ATG2B, leading to the increase of LC3-Il levels and the
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formation of enlarged LC3 dots (Velikkakath et al., 2012). Accordingly, it has to be determined how
necroptosis mediates LC3-1l accumulation in the final step of autophagy upon TNFa/QVD treatment. It
seems that the treatment of TNFa/QVD has no effect on lysosomal functions in L929 cells since the
lysosomal cathepsins CTSB and CTSL remain functional, which is not the case upon treatment with
bafilomycin Al as positive control. There exist three models how the observed phenomenon can be
explained: 1) Necroptosis induced by TNFa might mediate the degradation of SNARE proteins like
syntaxinl7 or Ykt 6 to disturb the fusion between autophagosomes and lysosomes; 2) Necroptosis
induced by TNFa might inhibit the fusion of autophagosomes and lysosomes via disturbing the complex
formation of syntaxin17/SNAP-29/VAMP8 which is essential for the process; 3) TNFa-induced
necroptosis might disturb autophagosome growth via regulating the expression of intracellular WIPIs,

ATG2A or ATG2B.

Another point to be discussed here is the regulation of AMPK activity. As AMPK is the central energy
sensor of a cell, it is sensitive to the energy status, reactive oxygen species (ROS) levels or even
pharmacological treatments. As described in the introduction, LKB1, CaMKK2, and TAK1 can
phosphorylate AMPK. In this thesis, RIPK3 was identified as a novel AMPK activator. Nevertheless, a
contribution of RIPK3-independent activation of AMPK during necroptosis cannot be excluded since a
previous study has shown that necroptosis can result in decreased intracellular ATP levels, indicating that
LKB1 probably also contributes to AMPK activation during necroptosis. In summary, within this thesis
two new cross-regulatory pathways in the autophagy and necroptosis signaling network were identified,
i.e., the RIPK1-ULK1 and RIPK3-AMPK axes. These data might pave the way for further studies focusing

on the crosstalk between autophagy and necroptosis.
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SUMMARY

Autophagy, apoptosis and necroptosis are stress responses governing the ultimate fate of a cell.
However, the crosstalk between these cellular stress responses is not entirely understood. Especially,
it is not clear whether the autophagy-initiating kinase ULK1 and the apoptosis/necroptosis-regulating
kinase RIPK1 are involved in this potential crosstalk. Here, we identify RIPK1 as a novel substrate of
ULK1. ULK1-dependent phosphorylation of RIPK1 reduces complex llb/necrosome assembly and
TNFa-induced cell death, whereas deprivation of ULK1 significantly enhances TNFo-induced cell
death. We observe that ULK1 phosphorylates multiple sites of RIPK1, but it appears that especially
phosphorylation of S357 within the intermediary domain of RIPK1 mediates this cell death-inhibiting

effect. Collectively, we propose that ULK1 is a novel regulator of RIPK1-mediated cell death.



INTRODUCTION

Tumor necrosis factor a (TNFa) is a proinflammatory cytokine that regulates both transcription of
inflammatory and prosurvival genes and cell death pathways. The receptor-interacting kinase 1
(RIPK1) is a central mediator of TNFa-induced signaling cascades. RIPK1 is composed of an N-terminal
kinase domain, an intermediary domain (ID) containing a RIPK homotypic interaction motif (RHIM),
and a C-terminal death domain (DD). Upon TNFa. stimulation, RIPK1 is recruited to the TNF receptor 1
(TNFR1) via its DD, ultimately leading to the formation of a TNFR1 signaling complex termed complex
I. RIPK1 becomes ubiquitinated in its ID within complex |, and cell death is prevented. Upon
dissociation of RIPK1 from complex |, different cytosolic RIPK1-containing complexes have been
described (complex Ila, complex Ilb, or necrosomes) (reviewed in (Annibaldi and Meier, 2018;
Grootjans et al.,, 2017)). These complexes support either apoptosis (complex lla, complex llb) or
necroptosis (necrosomes), which is the prototype of programmed necrosis. TNFa-induced apoptosis
requires non-ubiquitinated RIPK1 and active caspase-8 within complex lla or Ilb (Brenner et al., 2015).
Necroptosis represents an inflammatory form of cell death triggered by several stimuli, including
death receptor ligands, interferons, lipopolysaccharide or dsRNA (Grootjans et al.,, 2017).
TNFa-induced necroptosis is the best characterized necroptotic pathway. The execution of
necroptosis is mainly mediated by receptor-interacting kinase 3 (RIPK3) and mixed lineage kinase
domain-like (MLKL) (reviewed in (Annibaldi and Meier, 2018; Grootjans et al., 2017)). The RHIM
domains of RIPK1 and RIPK3 are indispensable for the formation of amyloid microfilaments called
necrosomes. Necroptosis and the formation of necrosomes can be inhibited by caspase-8-dependent
cleavage of RIPK1 or RIPK3 (Feng et al., 2007; Lin et al., 1999; O'Donnell et al., 2011). Accordingly,
necroptosis can be enhanced by caspase inhibitors such as Q-VD-OPh or z-VAD-FMK (Cho et al., 2009;
He et al., 2009; Trichonas et al., 2010; Zhang et al., 2009). Most importantly, the kinase activities of
both RIPK1 and RIPK3 are required for assembling and activating RIPK1-RIPK3 necrosomes, since
specific kinase inhibitors (necrostatin 1 or the GSK inhibitors of RIPK3) or kinase-dead variants of
RIPK1/3 block necroptosis (Degterev et al., 2005; Mandal et al., 2014). Recently it became evident
that RIPK1 has a scaffolding function independent of its kinase activity and that RIPK1 can, under
certain conditions, suppress RIPK3 and thus block RIPK3-dependent necroptosis (Dannappel et al.,

2014; Dillon et al., 2014; Kaiser et al., 2014; Kearney et al., 2014; Orozco et al., 2014; Rickard et al.,



2014). Upon oligomerization of RIPK3 within the necrosome, RIPK3 autophosphorylates and becomes
activated. Subsequently, MLKL is recruited to the necrosome and becomes phosphorylated by
activated RIPK3. Phosphorylated MLKL is translocated to the plasma membrane, ultimately leading to
the disruption of the plasma membrane (Sun et al., 2012). In the last decade, necroptosis has been
demonstrated to be involved in host defense against viruses, inflammation, tissue injury, and cancers
(Aaes et al., 2016; Artal-Sanz and Tavernarakis, 2005; Cho et al., 2009; Christofferson and Yuan, 2010;

Kaiser et al., 2011; Trichonas et al., 2010; Wang et al., 2014).

Macroautophagy (hereafter referred to as autophagy) is another cellular stress response contributing
to cellular homeostasis. During autophagy, cytoplasmic components including long-lived or damaged
proteins and organelles are sequestered by a double-membraned vesicle termed autophagosome.
Subsequently, autophagosomes fuse with lysosomes and the engulfed material becomes degraded
(Levine and Kroemer, 2008; Mizushima and Komatsu, 2011; Wesselborg and Stork, 2015; Yang and
Klionsky, 2010). The ULK1 complex is central for the initiation of autophagic processes. The core
complex is composed of the Ser/Thr kinase unc-51 like kinase 1 (ULK1) and the associated proteins
autophagy-related (ATG) protein 13 (ATG13), focal adhesion kinase family interacting protein of 200
kDa (FIP200), and ATG101. To date, several autophagy-relevant substrates of ULK1 have been
identified, including the associated components of the ULK1 complex, several subunits of the class Il
phosphatidylinositol 3-kinase PIK3C3/Beclin 1 complex, and others (Egan et al., 2015; Joo et al., 2011;
Jung et al., 2009; Lim et al., 2015; Papinski et al., 2014; Park et al., 2016; Russell et al., 2013; Wu et al.,
2014; Zhou et al., 2017). Next to autophagy-relevant proteins, additional ULK1 substrates with no or
at least no apparent function in autophagy have been described, such as Syntenin-1,
mitogen-activated protein kinase (MAPK) p38a, stimulator of interferon genes (STING), and SEC16
homolog A (SEC16A) (Joo et al., 2016; Konno et al., 2013; Rajesh et al., 2011; Saleiro et al., 2015).
These substrates and additional ULK1-interacting proteins already indicate that ULK1 — next to its

essential role for the induction of autophagy — participates in additional cellular signaling pathways.

Autophagy, apoptosis and necroptosis regulate cell death and survival to support cellular homeostasis.
However, the relationship between these processes downstream of the TNFR1 remains enigmatic so

far. Although some recent reports suggest a crosstalk between the effector proteins of these cellular
5



stress responses (Goodall et al., 2016; Harris et al., 2015; Matsuzawa et al., 2015; Yonekawa et al.,
2015), the underlying mechanisms are poorly understood. Especially, it is unknown whether the
autophagy-initiating kinase ULK1 and/or the cell death-regulating kinase RIPK1 are involved in this
crosstalk. In this study, we aimed at investigating the influence of autophagy on TNFa-induced cell
death in general and the influence of ULK1 on RIPK1 in particular. We observe that
autophagy-modulating treatments affect TNFa-induced cell death in murine L929 fibroblasts, i.e.
inhibition of autophagy promotes cell death whereas induction of autophagy by starvation strongly
blocks TNFa-induced cell death. Further, we find that ULK1 is an important regulator of cell death
induced by TNFa. Ablation of ULK1 expression significantly enhances TNFa-induced complex
llb/necrosome formation and cell death. Furthermore, we identified RIPK1 as substrate of ULK1.
ULK1-dependent phosphorylation of RIPK1 reduces TNFa-induced cell death. This effect largely
depends on ULK1-dependent phosphorylation of RIPK1 within the intermediary domain at S357,
leading to destabilized complexes llb/necrosomes. In summary, we identified a regulatory mechanism

between the autophagy-initiating kinase ULK1 and the cell death-regulating kinase RIPK1.



RESULTS

Autophagy in general and ULK1 in particular inhibit TNFa-induced cell death in the murine fibroblasts

In order to investigate the influence of autophagy on TNFa-induced cell death, we induced or
inhibited autophagy, respectively, and analyzed TNFa-induced cell death in the murine fibroblast cell
line L929. In this cell line, TNFa treatment predominantly induces cell death by necroptosis (Zhang et
al.,, 2009). We found that inhibiting early autophagy with the PtdIns3K inhibitor 3-methyladenine
(3-MA) enhanced cell death induced by TNFa (Figure S1A and S1B). In contrast, induction of
autophagy by amino acid starvation (EBSS) reduced cell death induced by TNFa compared to TNFa
treatment alone (Figure S1A and S1B). These data indicate that autophagy generally affects
TNFa-induced cell death. As the ULK1 complex is central for the initiation of autophagic processes,
we next aimed at investigating the specific function of ULK1 during TNFa-induced cell death. For that,
we silenced ULK1 by siRNA. We found that knockdown of ULK1 significantly increased TNFa-induced
cell death for different incubation times or TNFo. concentrations compared to control siRNA (Figures
1A-1D). Since we observed increased necroptosis upon ULK1 knockdown, we analyzed MLKL
phosphorylation under these conditions. We found that ULK1 silencing in L929 cells resulted in an
increased phosphorylation of MLKL at S345, indicating a higher RIPK3 activity compared to scramble
siRNA-transfected cells (Figure 1E). In order to confirm our results in a further cellular model system,
we analyzed the effect of ULK1 silencing on cell death induction in murine embryonic fibroblasts
(MEFs). For that, we employed the standard treatment for apoptosis/necroptosis induction, i.e. TNFa
(T) in combination with a SMAC mimetic (S) (here Birinapant), either without or with the pan caspase
inhibitor z-VAD (Z), from now on TS or TSZ, respectively (He et al., 2009; Jaco et al., 2017). Also in
MEFs, cell death was significantly increased in cells with down-regulated ULK1 (Figure 1F). To
ultimately confirm that the kinase activity of ULK1 is important for the regulation of TNFa-induced
cell death, we made use of ulk1 ulk2 double-knockout (DKO) MEFs reconstituted with either wild-type
ULK1 or a kinase-dead variant. TNFa-induced cell death was increased in DKO MEFs and in MEFs
expressing the kinase-dead variant of ULK1, whereas cell death was reduced in cells expressing
wild-type ULK1 (Figure 1G). Collectively, these data indicate that ULK1 exerts an inhibitory effect on

TNFa-induced cell death, and that this effect depends on the kinase activity of ULK1.



ULK1 inhibition results in increased complex Ilb/necrosome formation

In order to further investigate the effect of ULK1 on the TNFa-induced cell death signaling pathway,
we analyzed complex llb/necrosome assembly under control or ULK1-inhibiting conditions,
respectively. ULK1 was inhibited using the compound MRT68921 (Petherick et al., 2015). Complex
lIb/necrosome was purified using anti-FADD antibodies. We analyzed RIPK1 autophosphorylation at
S166, which correlates with the formation of cytotoxic RIPK1 complexes (Degterev et al., 2008;
Dondelinger et al., 2017; Jaco et al., 2017; Menon et al.,, 2017; Newton et al.,, 2016), and
necroptosis-related RIPK1 ubiquitination, which has been shown to maintain RIPK1 kinase activity in
the necrosome (de Almagro et al.,, 2017). We observed slightly increased and earlier RIPK1
association with FADD and RIPK1 autophosphorylation at S166 upon TNFo/QVD (TQ) in L929 cells
treated with MRT68921 (Figure 2A). Furthermore, we observed increased RIPK1 ubiquitination in
complex llb/necrosome, and increased generation of the p43 fragment of caspase-8 in
MRT68921-treated cells (please note that caspase inhibition using z-VAD or QVD does not block the
generation of the p43 fragment, ref. (Biton and Ashkenazi, 2011; Guo et al., 2016)). Similar results
were obtained using MEFs treated with TSZ (Figure 2B) or TZ (Figure S2) in the presence of MRT68921.
Furthermore, these results were confirmed using the alternative ULK1 inhibitor SBI-0206965 (Egan et
al., 2015) (Figure 2C). In order to exclude non-specific effects of the ULK1 inhibitors, we also
investigated complex llb/necrosome assembly in the ulkl ulk2 DKO MEFs described above. RIPK1
association with FADD and RIPK1 autophosphorylation at S166 were increased in ULK1/2-deficient
MEFs and in MEFs expressing the kinase-dead variant of ULK1 compared to cells expressing wild-type
ULK1 (Figure 2D), confirming the results obtained with the ULK1 inhibitors. Next, we analyzed the
interaction between RIPK1 and RIPK3 in L929 and MEFs. We observed enhanced association of these
two proteins in cells treated with the ULK1 inhibitor MRT68921 (Figures 2E and 2F). Taken together, it
appears that ULK1 inhibition or deficiency result in an increased association of autophosphorylated

and ubiquitinated RIPK1 with complex llb/necrosome.

ULK1 interacts with RIPK1

According to our data, ULK1 directly affects TNFa-induced cell death and complex Ilb/necrosome



formation in L929 cells and MEFs. We next tested if ULK1 can interact with RIPK1. First, we transiently
transfected cDNA encoding FLAG-RIPK1 into HEK293 cells inducibly expressing GFP or GFP-ULK1,
respectively. Following induction of GFP or GFP-ULK1 expression and anti-GFP purification, we
detected co-purification of FLAG-RIPK1 from GFP-ULK1-expressing cells, but not from cells expressing
GPF alone (Figure S3A). In a similar approach, we co-purified GFP-ULK1 from MYC-RIPK1-expressing
cells following an anti-MYC immunopurification (Figure S3B). In the next step, we aimed at
investigating the interaction between endogenously expressed ULK1 and RIPK1. Purification of ULK1
clearly led to the co-purification of RIPK1, and it appears that this interaction is increased upon
TNFo/QVD treatment (Figure S3C). Similarly, an increased interaction upon TNFa treatment was
observed when endogenous RIPK1 was purified from GFP-ULK1-expressing cells (Figure S3D). Next to
immunopurifications, we performed affinity purifications using GST fusion proteins containing full
length and truncated versions of RIPK1. FLAG-ULK1 was co-purified with full length GST-RIPK1 (Figure
S3E) and the truncated versions of RIPK1 containing amino acids 250-475 or 476-671, respectively,
associated with GFP-ULK1 (Figure S3F). In order to analyze the interaction between ULK1 and RIPK1
by an alternative approach, we performed a proximity ligation assay that allows detection of a
protein-protein interaction using antibody-mediated recognition combined with exponential signal
amplification by PCR. We employed ripkl KO MEFs transfected with either empty vector or cDNA
encoding FLAG-tagged human RIPK1. The RIPK1-expressing cells displayed strong signals with
significant difference to control cells (Figure S3G). Of note, we also found that poly-ubiquitination of
RIPK1 apparently affects the interaction between RIPK1 and ULK1 since abolishment of RIPK1
poly-ubiquitination (RIPK1 K377R mutant, ref. (Ea et al., 2006)) resulted in a stronger interaction with

ULK1 (Figure S3H). Collectively, these data indicate that ULK1 can associate with RIPK1.

ULK1 directly phosphorylates RIPK1 within the intermediary domain at S357

Since we observed that ULK1 interacts with RIPK1, we next tested if ULK1 can phosphorylate RIPK1. In
a first approach, we expressed FLAG-RIPK1 in GFP-ULK1-expressing cells and observed a
post-translational modification of RIPK1 that was sensitive towards treatment with alkaline
phosphatase (Figure S4A). We next analyzed serine phosphorylation of kinase-dead MYC-RIPK1

purified from cells expressing GFP-ULK1, a kinase-inactivated version of GFP-ULK1, or GFP alone by



immunoblotting. Kinase-dead RIPK1 was employed in order to exclude signals derived from
autophosphorylation. Serine phosphorylation of RIPK1 was reduced in cells expressing GFP alone or
the kinase-dead version of ULK1 (Figure S4B). For an in vitro kinase assay with recombinant ULK1, we
employed the truncated GST-RIPK1 fusion proteins described above as substrates. Notably, we only
detected phosphorylation of GST-RIPK1(250-475), but not of GST-hRIPK1(1-249) or
GST-hRIPK1(476-671) (Figure 3A). The human RIPK1 peptide 250-475 contains 33 serine/threonine
residues. Using mass spectrometry, we identified phospho-acceptor sites of GST-RIPK1(250-475) at
S262, S291, S296, S320, S333, S335, T337, S345, S346, S357, and S389 (Table S1). Of these, S357
gained our major interest, since it nicely fits the previously reported ULK1 consensus phosphorylation
motif. It has been suggested that ULK1 prefers hydrophobic residues at the -3, +1, and +2 positions
(Egan et al., 2015). Furthermore, this residue is conserved across diverse species (Figure 3B). We
exchanged S357 for alanine in the GST-RIPK1(250-475) fusion protein and observed a clearly reduced
phosphorylation signal in the in vitro kinase assay (Figure S4C). Importantly, this reduction could not
be achieved by exchanging any other of the identified residues for alanine (Figure S4C). Next, we
aimed at confirming the central role of $S357 as ULK1-dependent phospho-acceptor site and thus
generated a phospho-specific RIPK1 S357 antibody. We repeated the in vitro kinase assay using GST
alone, GST-RIPK1(250-475) or GST-RIPK1(250-475) S357A as substrates. The phospho signal
completely disappeared for the S357A variant (Figure 3C). Subsequently, we wanted to investigate
S357 phosphorylation in our cellular model systems. First, we confirmed the specificity of the
phospho-specific antibody in ripk1 KO MEFs transfected with either empty vector or cDNA encoding
wild-type RIPK1 (Figure S4D). Next, we expressed either wild-type RIPK1 or the S357A variant in
GFP-ULK1-expressing HEK293 cells and analyzed the corresponding lysates by immunoblotting for
RIPK1 phospho-S357. We observed that cellular phosphorylation was reduced for the S357A variant
(Figure 3D). Furthermore, S357 phosphorylation of wild-type RIPK1 was sensitive towards alkaline
phosphatase treatment (Figure 3E) or treatment with the ULK1 inhibitor MRT68921 (Figure 3F).
Finally, we repeated the analysis shown in Figure S4B using the phospho-specific antibody and found
that phosphorylation of kinase-dead RIPK1 at S357 was reduced in cells expressing GFP alone or the
kinase-dead version of ULK1, but was clearly detectable in cells expressing wild-type GFP-ULK1
(Figure 3G). Collectively, our results suggest that S357 within the intermediary domain (ID) of RIPK1

represents the major ULK1-dependent phospho-acceptor site. We also used the phospho-specific
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antibody in order to investigate whether complex I-associated or cytosolic RIPK1 becomes
phosphorylated by ULK1. For that, we treated ulk1/2 DKO MEFs transfected with either empty vector
or cDNA encoding FLAG-ULK1 with mTNFa. Then, complex | was immunopurified by
anti-TNFR1-antibodies. RIPK1 association with complex | was slightly increased in ULK1 expressing
MEFs, although RIPK1 activity was similar in both cell lines (Figure 4). Of note, RIPK1 phosphorylation
at S357 was almost not detectable in complex I, although ULK1 was co-purified. We also analyzed
post-TNFR1 IP lysates depleted of complex I. In this fraction, RIPK1 phosphorylation at S357 was
clearly detectable and RIPK1 activity was reduced by ULK1 expression (Figure 4). Taken together, it
appears that ULK1 supports the association of RIPK1 with complex | and negatively regulates the

activity of cytosolic RIPK1.

ULK1-dependent phosphorylation of RIPK1 at S357 inhibits TNFa-induced cell death

So far, our data demonstrate that the autophagy-initiating kinase ULK1 inhibits TNFa-induced cell
death pathways. Furthermore, we observed the interaction between ULK1 and RIPK1 and the
ULK1-dependent phosphorylation of RIPK1 at S357 within the ID. Next, we wanted to analyze
whether this phosphorylation mediates the inhibitory effect of ULK1 on TNFa-induced cell death. For
that, we reconstituted ripkl KO MEFs with cDNAs encoding either wild-type RIPK1 or the S357A
variant, respectively. First, we investigated both RIPK1 and MLKL phosphorylation upon treatment
with TSZ. In cells expressing the phosphorylation-incompetent S357A variant of RIPK1, both RIPK1
autophosphorylation at S166 and MLKL phosphorylation at S345 were clearly increased, indicating an
augmented induction of necroptosis (Figure 5A). Second, we analyzed cell death induction by
propidium iodide. Also in this readout, TS- or TSZ-induced cell death was enhanced in cells expressing
the RIPK1 S357A variant (Figure 5B). Of note, siRNA-mediated knockdown of ULK1 sensitized only
RIPK1 wild-type-expressing cells to TSZ-induced cell death, but not cells expressing the S357A variant
(Figure 5B), indicating that ULK1 indeed targets this site in RIPK1 in order to regulate TNFa-induced
cell death. Finally, we investigated complex llb/necrosome formation upon TSZ treatment in these
two cell lines. In RIPK1 S357A-expressing cells, the complex llb/necrosome was clearly stabilized, as
deduced from increased RIPK1 S166 phosphorylation, increased generation of the p43 caspase-8

fragment, and increased association of RIPK3 (Figure 5C). Collectively, our data suggest that
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autophagy and specifically ULK1 play a vital role in regulating TNFa-induced cell death. ULK1
associates with and phosphorylates RIPK1. ULK1-dependent phosphorylation of S357 within the ID of
RIPK1 is sufficient to reduce TNFa-induced cell death (Figure S5). In turn, complex Ilb/necrosome
formation and TNFo-induced cell death are intensified in cells expressing a RIPK1 variant which

cannot be phosphorylated by ULK1.
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DISCUSSION

Autophagy, apoptosis and necroptosis influence cellular homeostasis. To date, it is not known if and
how the effector proteins of autophagy and TNFa-induced signaling pathways cross-regulate each
other, although recent reports have suggested the existence of this crosstalk (Goodall et al., 2016;
Harris et al., 2015; Yonekawa et al., 2015). In this study, we have identified and characterized the
crosstalk between autophagy and TNFa-induced cell death pathways. More specifically, we revealed
that the autophagy-inducing kinase ULK1 controls the cell death-regulating kinase RIPK1. Initially, we
observed that siRNA-mediated reduction of ULK1 expression or the pharmacological inhibition of
autophagy in general or ULK1 in particular enhance TNFa-induced cell death. In turn, promoting
autophagy by EBSS suppresses TNFa-induced cell death. These data clearly support the generally
cyto-protective function of autophagy. Furthermore, we found that ULK1 directly interacts with and
phosphorylates RIPK1. ULK1-dependent phosphorylation of RIPK1 at S357 is sufficient to mediate the

inhibitory effect of ULK1 on TNFa-induced cell death.

Initially, we observed that EBSS-mediated induction of autophagy reduces TNFa-induced cell death.
EBSS treatment represents a rather harsh method of starvation-induced autophagy, and we do not
postulate that the observed effect of EBSS on TNFa-induced cell death is solely mediated via ULK1. In
contrast, we believe that there exist multiple layers of crosstalk between autophagy and necroptosis,
similar to the crosstalk between autophagy and apoptosis. Along these lines, 3-MA targets the class Il
phosphatidylinositol 3-kinase PIK3C3/Beclin 1 complex, which is downstream of ULK1. Although ULK1
should not be affected by 3-MA treatment, we observed an increase in TNFa-induced cell death,
indicating that there are different autophagy-dependent pathways to regulate necroptosis. This has
also been confirmed by observations of other groups. Matsuzawa-Ishimoto et al. reported that
ATG16L1—which is a component of the autophagy-regulating ubiquitin-like conjugation systems and
also downstream of ULK1—prevents necroptosis in the intestinal epithelium (Matsuzawa-Ishimoto et
al., 2017). Additionally, Lu et al. reported that phosphoglycerate mutase family member 5 (PGAM5)
regulates mitophagic protection against necroptosis (Lu et al., 2016). Nevertheless, we demonstrate
that the inhibition, knockdown or complete loss of ULK1 increase TNFa-induced cell death, clearly

supporting a necroptosis-regulatory function of this autophagy-activating kinase.
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RIPK1 is a central regulator of the cell fate decision, and RIPK1 signaling can mediate survival,
apoptosis, and necroptosis. These functions are controlled by diverse post-translational modifications,
including ubiquitination, phosphorylation, or caspase-mediated cleavage (reviewed in (Annibaldi and
Meier, 2018; Grootjans et al., 2017)). Within the TNFa receptor-associated complex I, RIPK1 becomes
ubiquitinated, autophosphorylates and is thus activated. In 2008, Degterev et al. reported that
necrostatin-1 inhibits RIPK1 kinase activity (Degterev et al., 2008). Using RIPK1 kinase assays, the
authors observed that S14/15, S20, S161 and S166 represent autophosphorylation sites, whereas
other residues of RIPK1 (S6, S25, S303, S320, $330/331 and $333) were phosphorylated even without
kinase reaction (Degterev et al., 2008). Of note, all autophosphorylated serine residues are located in
the N-terminal kinase domain. Next to this autophosphorylation, in recent years other kinases have
been reported to phosphorylate RIPK1 in order to establish a “RIPK1 phospho-barcode” responsible
for the divergent RIPK1 signaling outcomes. Ubiquitination of RIPK1 and other components of
complex | leads to the recruitment of further kinase complexes, such as TAK1-TAB2-TAB3 or
IKKo-IKKB-NEMO, respectively (Annibaldi and Meier, 2018; Ori et al., 2013; Rahighi et al., 2009).
IKKo-IKKB directly phosphorylate RIPK1 within complex | and thus prevent the formation of complex
Il and ultimately the induction of RIPK1-dependent cell death (Dondelinger et al., 2015). The
IKKoi-IKKB-dependent phospho-sites of RIPK1 are located in the kinase domain (S25, S166) and in the
ID (5296, S331, S416) (Dondelinger et al., 2015). Recently, three works reported the phosphorylation
of cytosolic RIPK1 by MK2, which acts downstream of the TAK1-TAB2-TAB3 complex (Annibaldi and
Meier, 2018; Dondelinger et al., 2017; Jaco et al.,, 2017, Menon et al., 2017). Similar to the
IKKo-IKKB-mediated phosphorylation of RIPK1, the MK2-dependent phosphorylation prevents
formation of complex Il and cell death induction. The three groups reported phosphorylation of RIPK1
at $320 and S335 (Annibaldi and Meier, 2018; Dondelinger et al., 2017; Jaco et al., 2017; Menon et al.,
2017). Finally, two other groups suggested the phosphorylation of $320 by IKK or TAK1 (Annibaldi and
Meier, 2018; Geng et al., 2017; Mohideen et al., 2017). Although we have also identified $320 and
S335 in our mass spectrometric analyses, exchange of these serines for alanines did not alter the
intensity of the ULK1-dependent phosphorylation pattern. However, mutation of S357 to alanine
clearly reduced ULK1-mediated phosphorylation. To our knowledge, phosphorylation of RIPK1 at
S357 has not been reported so far. Similar to the IKKa-IKKB- or MK2-mediated phosphorylation of

RIPK1, ULK1-dependent phosphorylation inhibits the pro-death signaling pathways of RIPK1. Both
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IKKo-IKKB and MK2 have been proposed to suppress RIPK1 autoactivation as detected by
autophosphorylation of S166 (Annibaldi and Meier, 2018; Dondelinger et al., 2017; Dondelinger et al.,
2015; Jaco et al., 2017; Menon et al., 2017). Along these lines, our data similarly suggest that
abrogation of the ULK1-dependent phosphorylation of RIPK1, as achieved by expression of the S357A
variant, increases RIPK1 kinase activity, since we also observe an increased autophosphorylation of
this RIPK1 variant at S166 compared to wild-type RIPK1. Furthermore, we observed increased
association of RIPK3 and the p43 fragment of caspase-8 with RIPK1 S357A, indicating an increased
stability of complex Ilb/necrosome in these cells. For IKKa-IKKB and MK2 it has been suggested that
these upstream kinases do not depend on each other but rather operate additively. Accordingly, we
think that the phosphorylations of RIPK1 by IKKa-IKKB, MK2 or ULK1 complement each other in order
to suppress cell death. It has been suggested that different subcellular pools of RIPK1 are targeted by
IKKo-IKKB and MK2, i.e. complex |-associated RIPK1 vs. cytosolic RIPK1 (Annibaldi and Meier, 2018;
Dondelinger et al., 2017; Jaco et al., 2017; Menon et al., 2017). Whereas IKKa-IKK[ targets complex
l-associated RIPK1, MK2 phosphorylates both complex I-associated and cytosolic RIPK1, although
MK2 itself is apparently not recruited to the TNFR1-associated complex (Jaco et al., 2017). With
regard to ULK1, it appears that cytosolic RIPK1 is preferentially phosphorylated. Furthermore,
especially the cytosolic activity of RIPK1 is reduced in ULK1l-expressing cells. In contrast,
TNFR1-associated RIPK1 does not reveal a detectable phosphorylation of S357, although RIPK1
appears to be stabilized in this complex I. We think that ULK1 associates with both complex I-bound
and cytosolic RIPK1, and that ULK1-dependent phosphorylation might be hampered by RIPK1
ubiquitination. Additionally, RIPK1 that is not phosphorylated at S357 is stabilized in complex I. In
contrast, cytosolic RIPK1 becomes phosphorylated by ULK1, resulting in a reduced RIPK1 activity.
Future studies will have to reveal whether the inactivation of all upstream regulatory kinases is
required for “complete” induction of the pro-death RIPK1 activity or whether indeed different
subcellular pools of RIPK1 are targeted by these kinases. Generally, it is conceivable that the
autophagy-inducing and thus bona fide cyto-protective kinase ULK1 contributes to the control of
RIPK1-mediated cell death.

In summary, we describe a novel cross-regulation between the executioner kinases of autophagy and
TNFa-induced cell death pathways. Presumably, there exist several additional levels of crosstalk

between these two cellular stress responses and the understanding of this molecular crosstalk will be
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important for the optimization of current and future therapeutic approaches.
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EXPERIMENTAL PROCEDURES

Antibodies and reagents

Anti-Actin (Sigma-Aldrich; A5316), anti-FLAG (Sigma; F3165), anti-GFP (D5.1) (Cell Signaling
Technology; 2956), anti-GST (SIGMA; G7781), anti-MLKL (Sigma; SAB1302339), anti-MLKL
phospho-S345 [EPR9515(2)] (Abcam; ab196436), anti-MYC (9B11) (Cell Signaling Technology; 2276),
anti-Phosphoserine antibody (Abcam; ab9332), anti-RIPK1 (BD Biosciences; 610459), anti-RIPK1 (Cell
Signaling Technology; 3493S), anti-RIPK1 phospho-S166 (Cell Signaling Technology; 31122 for mouse
and 65746 for human), anti-RIPK1 phospho-S357 (developed in collaboration with Cell Signaling
Technology; 1:500 for immunoblotting), anti-FADD (Santa Cruz; sc-6036 for IPs shown in Figures 2A,
2B, 2C and 2D), anti-FADD (Merck Millipore; 05-486 for IP shown in Figure S2A), anti-caspase-8
(mouse) monoclonal antibody (1G12) (Enzo Life Sciences; ALX-804-447-C100), anti-cleaved caspase-8
(Asp387) (D5B2) XP® Rabbit mAb (Cell Signaling Technology; 8592s), anti-TNFR1 antibody (BD
Pharmingen; 559915), and anti-ULK1 (clone D8H5) (Cell Signaling Technology; 8054). IRDye 800- or
IRDye 680-conjugated secondary antibodies were purchased from LI-COR Biosciences (926-32210/11,
926-68070/71, 926-68024 and 926-32214). 3-Methyladenine (Sigma; M9281), FLAG-mTNFa (Enzo
Life Sciences; ALX-522-009-C050), TNF Recombinant Mouse Protein (Thermo Scientific, PMC3014),
active GST-hULK1 (1-649) (Sigma; SRP5096), Q-VD-OPh (Selleck Chemicals; S7311 and MP
BIOMEDICALS; 030PH109), z-VAD-FMK (Selleck Chemicals; $7023), SBI-0206965 (Xcess Biosciences;
M60268), MRT68921 HCI (Selleck Chemicals; S7949), Birinapant [SMAC-mimetic] (Selleck Chemicals;
S7015), Alkaline Phosphatase (Thermo Fisher; EF0654), Protein G Sepharose 4 Fast Flow (GE
Healthcare Life Sciences; 17061801), Protein A/G PLUS-Agarose (Santa Cruz; sc-2003), Lipofectamine
RNAIMAX Transfection Reagent (Thermo Fisher; 13778150), Lipofectamine® 2000 Transfection
Reagent (Thermo Fisher; 11668027; used in L929 cells), Fugene 6 (Promega; E2692; used in PlatE or

HEK293 cells).

Constructs and siRNAs

MYC-hRIPK1 was kindly provided by Prof. Sudan He (Cyrus Tang Hematology Center, Soochow

University, China). AMPKB2 cDNA was cloned from HEK293 cDNA. Then, AMPKB2 cDNA was
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subcloned into pGEX-6P-1 (GE Healthcare). pMSCVblast/GFP-ULK1 was previously described (Hieke et
al., 2015). cDNA of full length hRIPK1 or truncated hRIPK1(1-249), hRIPK1(250-475), hRIPK1(476-671)
harboring Xho | and Not | restriction enzyme sites were amplified from MYC-hRIPK1. PCR fragments
were inserted into pGEX-5X-3 vector to generate cDNAs encoding GST-hRIPK1 variants. cDNA of full
length hRIPK1 harboring Xho | and Not | restriction enzyme sites amplified from MYC-hRIPK1 was
inserted into pCl-neo-3xFLAG-RIPK3 vector (kindly provided by Prof. Sudan He (Cyrus Tang
Hematology Center, Soochow University, China)) digested with Xho | and Not | restriction enzymes to
generate pCl-neo-3xFLAG-RIPK1. cDNA of full length 3xFLAG-hRIPK1 harboring Bgl Il and Not |
restriction enzyme sites amplified from pCl-neo-3xFLAG-RIPK1 was inserted into pMSCVpuro vector
to generate pMSCVpuro-3xFLAG-RIPK1. cDNA of full length hRIPK1 single or multi point mutants
(S320A, S333A, S335A, T337A, S345A, S346A, S357A, K377R) harboring Xho | and Not | restriction
enzyme sites amplified from MYC-hRIPK1 by overlap PCR was inserted into pMSCVpuro-3xFLAG-RIPK1
digested with Xho | and Not | restriction enzymes to generate pMSCVpuro-3xFLAG-RIPK1 mutants.
cDNAs of GST-hRIPK1(250-475) single or multi point mutants (S320A, S333A, S335A, T337A, S345A,
S346A, S357A) harboring Xho | and Not | restriction enzyme sites and amplified from corresponding
pMSCVpuro-3xFLAG-RIPK1 vectors were inserted into pGEX-5X-3 vector digested with Xho | and Not |
restriction enzymes to generate cDNAs encoding GST-hRIPK1 mutants. Alternatively, cDNAs of
GST-hRIPK1(250-475) single or multi point mutants (S262A, S291A, S296A, S389A) were generated
from GST-hRIPK1(250-475) WT via one-step PCR (one pair of fully complementary primers).
Sequences of all oligonucleotides used for amplification or mutagenesis PCRs are listed in Table S2.
Mouse ULK1 (ON-TARGETplus siRNA SMARTpool, L-040155-00-0010) and control siRNAs

(ON-TARGETplus non-targeting pool, D-001810-10-20) were obtained from Dharmacon.

Cell lines

Ripk1 KO MEFs were kindly provided by Michelle Kelliher (University of Massachusetts Medical School,
USA). Ripk3 KO MEFs were kindly provided by Jiahuai Han (School of Life Sciences, Xiamen University,
China). Ulk1/2 DKO MEFs were kindly provided by Tullia Lindsten (Memorial Sloan Kettering Cancer
Center, New York, USA). Flp-In™ TREx™ 293 inducibly expressing GFP-VECTOR, GFP-ULK1 or

GFP-ULK1 kinase dead (KD) were described previously (Loffler et al., 2011). For the generation of
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L929 cells stably expressing GFP-ULK1, or MEFs stably expressing FLAG-hRIPK1, the vectors
pMSCVblast/GFP-ULK1 or pMSCVpuro/FLAG-hRIPK1 were transfected into PlatE cells (kindly provided
by Toshio Kitamura, Institute of Medical Science, University of Tokyo, Japan) using FUGENE® 6
(Promega; E2692). After 48h, retroviral supernatant was collected and used for the infection of L929
cells or MEFs in combination with 10 pug/ml polybrene. After 12 h, cells were selected in medium
containing puromycin (2.5 ug/ml for MEFs; 50 pg/ml for L929 cells) or blasticidine (35 pug/ml for MEFs
and L929 cells). MEFs and Flp-In™ T-REx™ 293 cell lines were cultured in high D-glucose DMEM
(Thermo Fisher; 41965-039) supplemented with 10% FCS (GE Healthcare; A15-101, or Thermo Fisher;
10270-106), 100 U/ml penicillin and 100 ug/ml streptomycin at 37°C and 5% CO. For the induction of
GFP, GFP-ULK1 or GFP-ULK1 kinase dead (KD), Flp-In™ T-REx™ 293 were cultured in full medium

including 0.1 pg/ml doxycycline (Clontech; 631311) overnight.

Protein expression and purification

PGEX-5X-3- or pGEX-6P-1-based vectors containing cDNAs of interest were transformed into E. coli BL
21. Target protein expression was induced by 0.1-1 mM IPTG for 3-5 h at 30°C. Bacteria were
harvested and resuspended in bacterial lysis buffer (300 mM NaCl, 50 mM Tris-HCI (pH 8.0), 5 mM
EDTA, 0.01% lIgepal, 100 ng/ml lysozyme, 1x protease inhibitor cocktail). After sonification and
centrifugation at 10,000 g for 20 min, the supernatant was incubated with glutathione Sepharose 4B
beads (GE Healthcare; 17-0756-01) overnight. After washing 3 times with lysis buffer, soluble proteins
were obtained by incubation of the beads with elution buffer (50 mM Tris-HCl (pH 8.0), 20 mM
glutathione reduced) for 10 min at room temperature (3-5 times). Purified proteins were stored at

-20 or -80°C.

In vitro kinase assay

For in vitro kinase assays, 1-2 ug substrate were incubated with 0.25-0.5 pg activated kinase in kinase
buffer (50 mM Tris-Cl pH 7.5, 0.1 mM EGTA, 1 mM DTT, 7.5 mM Mg(CH3COO);, 2 uM ATP
(non-radioactive) with or without 10 uCi [y-**P]-ATP) for 45 min at 30°C. The kinase reaction was

stopped after adding the loading buffer and boiling for 5 min at 95°C. After Coomassie staining or
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immunoblotting, autoradiography was performed or phosphorylation was detected using
anti-phosphoserine antibody. ATP (non-radioactive) (Cell Signaling Technology; #9804), Mg(CHsCOO),
(AppliChem; #A6999), [y-32P]-ATP (Hartmann Analytics; #SRP 301). Activated ULK1 (1-649) (SIGMA;

SRP5096).

Protein dephosphorylation assay

Two duplicate samples were separated by the same SDS-PAGE and then transferred to the same PVDF
membrane. Following blocking with 5% BSA in TBS-T for 1 h at room temperature, the PVDF
membrane was washed with TBS-T twice (5 min each). The membrane was cut into two halves with
one sample on each membrane. The two membranes were placed into two tubes with or without
10 U alkaline phosphatase (2 ml reaction volume) and incubated for 1 h at 37°C with shaking (350
rpm). After washing twice with TBS-T (5 min each), the membranes were incubated with the

corresponding primary antibodies at 4°C overnight.

Immunoblotting and Immunopurification

For immunoblotting, cells were lysed in 1% NP-40 lysis buffer (50 mM Tris-Cl pH 7.5, 150 mM NacCl , 1
mM EDTA, 1% NP-40, 10% glycerin, 1 mM Na3V0Os, 50 mM NaF and protease inhibitor cocktail
[Sigma-Aldrich; P2714]). An equal amount of protein (30-50 ug) were separated by SDS-PAGE, and
then transferred to PVDF membrane (Millipore; IPFLO0010). Target proteins were detected by the
indicated primary antibodies, followed by the corresponding IRDye®800- or IRDye®680-conjugated
secondary antibodies (LI-COR Biosciences). Signals were detected with an Odyssey Infrared Imaging
system (LI-COR Biosciences). For immunopurification, cells were lysed in the same lysis buffer for 30
min on ice. After 10,000 g centrifugation for 10 min, the supernatants were incubated with indicated
beads [GFP-Trap®_A (ChromoTek; gta-20 or ANTI-FLAG® M2 Affinity Gel (Sigma; A2220) or
ANTI-c-Myc Agarose Affinity Gel (Sigma; A7470)] overnight. Thereafter, the beads were washed five
times with lysis buffer, and boiled in sample buffer for 5 min at 95°C. Purified proteins were analyzed

by immunoblotting.
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For complex | IP, cells were stimulated with 100 ng/ml mTNFa as indicated. Cells were lysed in 0.5%
NP-40 IP lysis buffer (20 mM Tris-HCI, [pH 7.4], 150 mM NaCl, 0.5% Nonidet P40, 10% glycerol, 1x
complete protease inhibitor Cocktail (Sigma; P2714), 1x PhosSTOP (Roche; 04906837001) and 10 uM
PR619) and rotated for 20 minutes at 4°C. After centrifugation at 17,000 g for 10 min, the
supernatant was precleared using Protein G Sepharose beads for 30 min at 4°C. After that, the
precleared supernatant was incubated with FLAG beads (Sigma; A2220) overnight. Beads were
washed 4 times using IP buffer and eluted with 2x SDS-Loading buffer for 10 minutes at 95°C. For
complex Il IP, MEFs and L929 cells were stimulated as indicated in the figure legends and cells were
lysed in 1% Triton X-100 IP lysis buffer (30 mM Tris-HCl [pH 7.4], 120 mM NaCl, 2 mM EDTA, 2 mM KCl,
1% Triton X-100, complete protease-inhibitor cocktail) on ice for 20 minutes and centrifuged at
17,000 g for 10 min. Supernatant was precleared using Protein G Sepharose beads for 30 min at 4°C.
25 ul protein G beads were blocked for 1 h with lysis buffer containing 1% BSA and bound with 1.5 pg
FADD antibody (Santa Cruz; sc-6036) for 2 h and incubated with lysates for 4 h at 4°C or lysates were
incubated with 3 ug FADD antibody (Merck Millipore; 05-486) for 6-8 h and then incubated with 25 pl
protein G beads blocked for 1 h with lysis buffer containing 1% BSA overnight. Beads were washed 4

times using IP buffer and were boiled with 2x SDS-Loading buffer for 10 min at 95°C.

GST-Pulldown

GST fusion proteins were purified from E. coli BL21 with glutathione Sepharose 4B beads (GE
Healthcare; 17-0756-01). For GST pulldown, 2 pg of GST fusion protein were incubated with 1 mg of
Flp-In™ T-REx™ 293 cell lysate in 1% NP-40 lysis buffer at 4°C overnight and then washed five times
with lysis buffer. The beads were boiled with sample buffer at 95°C for 5 min and purified proteins

were analyzed by Coomassie and immunoblotting.

Cell death and cell viability assay

Total cells treated with indicated stimuli were trypsinized and collected, then incubated in propidium
iodide (Pl) (5 ug/ml) solution at 4°C for 1 h. Pl-positive cells were measured by flow cytometer
(LSRFortessa, BD Biosciences). For cell viability assay, ATP level is measured by CellTiter-Glo® kit

(Promega; G7570) according to the manufacturer’s instructions.
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Mass spectrometry

Acetone precipitation of protein samples was performed for 4 h at -20°C. After incubation, the
proteins were resuspended in 40 mM ammonium bicarbonate and digested with trypsin (Promega,
trypsin:protein ratio 1:100) over night at 37°C. Digests were quenched by acidification with
trifluoracetic acid (TFA) and concentrated in vacuum. Subsequently, mass spectrometry based
analysis of peptides was carried out.

Peptide separation and analysis was performed on an UltiMate3000 LC system coupled online to an
Orbitrap XL mass spectrometer (both Thermo Fisher Scientific). Peptides were concentrated using
in-house packed 100 um ID reversed-phase (RP) precolumn (ReproSil-Pur C18-AQ 3 um resin, Dr.
Maisch GmbH) with 0.1% (v/v) TFA and then separated on a 75 um ID x 18 cm RP column (in-house
packed, ReproSil-Pur C18-AQ 3 um resin, Dr. Maisch GmbH) using a binary gradient (solvent A: 0.1%
formic acid, solvent B: 0.1% (v/v) formic acid in 84% (v/v) acetonitrile) delivered at 230 nl/min: 40%
solvent B in 65 min and 98% solvent B in 15 min.

Peptides were directly eluted to nano-electrospray ion source equipped with distal coated SilicaTip
Emitter (New Objective). The electrospray voltage was set at 1.5 V and the capillary temperature was
maintained at 200°C. At first a full scan (m/z 350-2000, automatic gain control target value of 1e®,
resolution r = 60,000 at m/z 400) was performed in the orbitrap analyzer. Up to the ten most intense
multiple charged ions in each full scan MS/MS spectra were acquired in the linear ion trap with the
following parameters: normalized collision energy 35%, dynamic exclusion 30 s, automatic gain
control 5,000 ions. Multistage activation was enabled using neutral loss masses of phosphoric acid at
98, 49 and 32.6 m/z.

Raw data were processed with MaxQuant v. 1.5.3.30. (ref. (Cox and Mann, 2008)) MS/MS spectra
were searched against protein sequences of generated fusion proteins and human ULK1 (Swiss-Prot
2016_08) with default search parameters unless otherwise stated. Phosphorylation of serine,
threonine and tyrosine, oxidation of methionine and acetylation of protein N-termini were set as
variable modifications. The resultant peptide list was filtered for phosphorylated peptides with a
score greater than 40 and a posterior error probability score (PEP) less than 0.01. Only
phosphorylation sites with a localization probability score over 0.75 were considered.

Alternatively, samples were separated by a 4-12% polyacrylamide gel. After Coomassie brilliant blue
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staining, the protein containing bands were excised and processed as described elsewhere
(Poschmann et al.,, 2014). Briefly, bands were destained, washed, reduced with dithiothreitol,
alkylated with iodoacetamide and digested with trypsin (Serva) in 50 mM NH4HCOs overnight at 37°C.
Peptides were extracted with 0.1% trifluoroacetic acid and subjected to liquid chromatography. For
peptide separation over a 55 minute LC-gradient with 300 ml/min an Ultimate 3000 Rapid Separation
liquid chromatography system (Thermo Scientific) equipped with an Acclaim PepMap 100 C18 column
(75 pm inner diameter, 25 cm length, 2 mm particle size from Thermo Scientific) was used. MS
analysis was carried out on a Q-Exactive plus mass spectrometer (Thermo Scientific) operating in
positive mode and equipped with a nano electrospray ionization source. Capillary temperature was
set to 250°C and source voltage to 1.4 kV. Survey scans were carried out over a mass range from
200-2,000 m/z at a resolution of 70,000 (at 200 m/z). The target value for the automatic gain control
was 3,000,000 and the maximum fill time 50 ms. The 20 most intense peptide ions (excluding singly
charged ions) were selected for fragmentation. Peptide fragments were analyzed using a maximal fill
time of 50 ms and automatic gain control target value of 100,000 and a resolution of 17,500 (at 200
m/z). Already fragmented ions were excluded for fragmentation for 10 seconds. Acquired spectra
were searched using Mascot 2.4 within Proteome Discoverer version 1.4.1.14 against the SwissProt
homo sapiens proteome dataset (release 2016_06, 20200 sequences). Carbamidomethyl at cysteines
was set as fixed modification and phosphorylation at serine, threonine and tyrosine and methionine
oxidation were considered as variable modifications as well as tryptic cleavage specificity (cleavage
behind K and R) with a maximum of two missed cleavage sites. Predefined values were used for other
parameters including a false discovery rate of 1% on peptide level, a main search precursor mass

tolerance of 10 ppm and mass tolerance of 10 mmu for fragment spectra.

Statistical analysis

For CellTiter-Glo® assays, shown data represent mean of at least triplicates + SD. Cell viability of
untreated control cells was set to 100%. For Pl uptake, shown data represent mean of at least three
independent experiments + SD. Absolute values are shown. For the quantification of immunoblots,
the density of each protein band was divided by the average of the density of all bands from the

same protein on the membrane. Subsequently, fold changes were calculated by dividing each
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normalized ratio (protein to loading control) by the average of the ratios of the control lane (as
indicated in the corresponding figure legend). For figures 1A-F and 5A, statistical analyses were
performed using repeated measures two-way ANOVA (corrected by Sidak’s multiple comparisons
test). For figure 1G, statistical analysis was performed using repeated measures two-way ANOVA
(corrected by Tukey’s multiple comparisons test). For figure 5B, statistical analysis was performed
using repeated measures two-way ANOVA (corrected by Sidak’s multiple comparisons test or by
Tukey’s multiple comparisons test). For figure S3G, statistical analysis was performed using an
unpaired t test with Welch’s correction. Compared treatments or cell lines are indicated in the bar
diagrams or the corresponding legends. P values < 0.05 were considered statistically significant. All

statistical data were calculated with GraphPad Prism (version 7.01).
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FIGURE LEGENDS

Figure 1:

ULK1 inhibits TNFa-induced cell death in L929 cells. (A) and (B) L929 cells were transfected with
scramble or ULK1 siRNAs. 48 h post transfection, cells were treated with 10 ng/ml TNFa. for indicated
times. Then cell viability was measured by the quantification of ATP levels using CellTiter-Glo® kit and
cell death was determined by the flow cytometric measurement of propidium iodide (Pl) uptake.
Data represent mean of four (cell viability) or three independent experiments (Pl uptake) + SD. (C)
and (D) L929 cells were transfected with scramble or ULK1 siRNAs. 48 h post transfection, cells were
treated with indicated concentrations of TNFa for 6 h. Subsequently, cell viability was measured by
the quantification of ATP levels using CellTiter-Glo® kit and cell death was determined by the flow
cytometric measurement of propidium iodide (Pl) uptake. Data represent mean of triplicates + SD. (E)
L929 cells were transfected with scramble or ULK1 siRNAs. 48 h post transfection, cells were exposed
to 10 ng/ml TNFa for indicated times. Then, cells were lysed and cleared cellular lysates were
subjected to SDS-PAGE and immunoblotting for ULK1, phospho-MLKL (S345), MLKL, and Actin. The
quantifications of the ratios of phospho-MLKL/Actin and MLKL/Actin are shown in the bar diagrams.
(F) Murine embryonic fibroblasts (MEFs) were transfected with scramble or ULK1 siRNAs. 48 h post
transfection, cells were exposed to 30 ng/ml TNFo. and 100 nM SMAC-mimetic with or without 20 uM
z-VAD for 4 h (TS or TSZ). Cell death was determined by the flow cytometric measurement of
propidium iodide (PI) uptake. Data represent mean of six independent experiments + SD. (G) ulk1/2
DKO MEFs transfected with either empty vector (VC) or cDNAs encoding wild-type (WT) or
kinase-dead (KD) ULK1 were exposed to 30 ng/ml TNFo. and 100 nM SMAC-mimetic with or without
20 uM z-VAD for 6 h (TS or TSZ). Cell death was determined by the flow cytometric measurement of
propidium iodide (Pl) uptake. Data represent mean of three independent experiments + SD. (A-G) For
CellTiter-Glo® assays (A and C), cell viability of untreated control cells was set to 100%. For Pl uptake,
absolute values are shown (B, D, F and G). For the quantification of the immunoblot (E), the density
of each protein band was divided by the average of the density of all bands from the same protein on
the membrane. Then, fold changes were calculated by dividing each normalized ratio (protein to

loading control) by the average of the ratios of the control lane (0 h TNFa for each cell line). Statistical
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analyses were performed using repeated measures two-way ANOVA (corrected by Sidak’s multiple
comparisons test for A-F and corrected by Tukey’s multiple comparisons test for G), comparing
scramble siRNA- to the corresponding siULK1-transfected cells (A-F) or comparing vector or ULK1 KD

to ULK1 WT upon TS or TSZ treatments (G). ¥*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

Figure 2:

ULK1 restricts the formation of complex llb/necrosome. (A) L929 cells were pretreated with DMSO
or 5 uM MRT68921 (ULK1 inhibitor) for 1 h, followed by treatment with 10 ng/ml TNFa, and 30 uM
QVD (TQ) for indicated times. Cells were lysed and TNFoa-induced complex-llb/necrosome was
purified using anti-FADD antibodies. Purified proteins were subjected to SDS-PAGE and
immunoblotting for FADD, RIPK1, phospho-RIPK1 (S166), caspase-8, and cleaved caspase-8. (B) MEFs
were pretreated with DMSO or 5 uM MRT68921 for 1 h, followed by treatment with 30 ng/ml TNFa,
20 uM z-VAD and 100 nM SMAC-mimetic for 1 h (TSZ). Cells were lysed and TNFa-induced
complex-llb/necrosome was purified using anti-FADD antibodies. Purified proteins were subjected to
SDS-PAGE and immunoblotting for FADD, RIPK1, phospho-RIPK1 (S166), caspase-8, and cleaved
caspase-8. (C) MEFs were pretreated with DMSO or 10 uM SBI-0206965 (ULK1 inhibitor) for 1 h,
followed by treatment with 30 ng/ml TNFo. and 20 uM z-VAD with 100 nM SMAC-mimetic 1 h (TSZ).
Cells were lysed and TNFa-induced complex-llb/necrosome was purified using anti-FADD antibodies.
Purified proteins were subjected to SDS-PAGE and immunoblotting for FADD, RIPK1, phospho-RIPK1
(5166), caspase-8, and cleaved caspase-8. (D) ulk1/2 DKO MEFs transfected with either empty vector
(VC) or cDNAs encoding wild-type (WT) or kinase-dead (KD) ULK1 were exposed to 30 ng/ml TNFa
and 20 uM z-VAD for 4 h (TZ). Cells were lysed and TNFa-induced complex-llb/necrosome was
purified using anti-FADD antibodies. Purified proteins were subjected to SDS-PAGE and
immunoblotting for FADD, RIPK1, phospho-RIPK1 (S166), caspase-8, and cleaved caspase-8. The input
was additionally subjected to immunoblotting for ULK1. (E) L929 cells were pretreated with DMSO or
5 uM MRT68921 for 1 h, followed by treatment with 10 ng/ml TNFo. and 30 uM QVD (TQ) for
indicated times. Cells were lysed and cleared cellular lysates were subjected to immunopurification
with anti-RIPK1 antibodies. Purified proteins were subjected to SDS-PAGE and analyzed by

immunoblotting for RIPK1, phospho-RIPK1 (S166), MLKL, phospho-MLKL (S345), and RIPK3. (F) ripk3
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KO MEFs stably expressing FLAG-mRIPK3 were pretreated with DMSO or 5 uM MRT68921 for 1 h,
followed by treatment with 30 ng/ml TNFo, 20 uM z-VAD and 100 nM SMAC-mimetic (TSZ) for
indicated times. Cells were lysed and TNFo-induced complex-llb/necrosome was purified using
anti-FLAG beads. Purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for

RIPK1, phospho-RIPK1 (S166), MLKL, phospho-MLKL (S345), and RIPK3.

Figure 3:

ULK1 directly phosphorylates RIPK1 at Serine 357. (A) For in vitro kinase assay, purified GST,
GST-hAMPKPB2, GST-hRIPK1(1-249), GST-hRIPK1(250-475) or GST-hRIPK1(476-671) were incubated
with activated ULK1 and [y-*P]-ATP. The reactions were subjected to SDS-PAGE. After Coomassie
staining and drying of the gels, autoradiography was performed. (B) Partial alignment of amino acid
sequences of RIPK1 from six different species. The evolutionarily conserved S357 is highlighted in
orange. The putative ULK1 consensus phosphorylation motif is defined by aromatic or aliphatic amino
acids at positions -3, +1 and +2 from the phospho-acceptor site (highlighted in grey) (Egan et al.,
2015). (C) GST or indicated GST-RIPK1 proteins were purified and were incubated with activated ULK1
and cold ATP. The reactions were subjected to SDS-PAGE and analyzed by immunoblotting for
phospho-RIPK1 (S357), ULK1 and GST. (D) HEK293 cells inducibly expressing GFP-ULK1 were
transfected with cDNA encoding FLAG-RIPK1 WT or FLAG-RIPK1 S357A for 24 h. Then, cells were
exposed to 10 uM Necrostatin-1 for 1 h. Cells were lysed and cleared cellular lysates were subjected
to SDS-PAGE and analyzed by immunoblotting for phospho RIPK1 (S357), FLAG, GFP and Actin. (E)
HEK293 cells inducibly expressing GFP-ULK1 were transfected with cDNA encoding FLAG-RIPK1 WT or
FLAG-RIPK1 S357A for 24 h. Then, cells were lysed and cleared cellular lysates were subjected to
SDS-PAGE. After transfer of proteins to a PVDF membrane, the membrane was incubated with or
without alkaline phosphatase and analyzed by immunoblotting for phospho-RIPK1 (S357), FLAG, GFP
and Actin. (F) HEK293 cells inducibly expressing GFP, GFP-ULK1 wild-type (WT) or GFP-ULK1 kinase
dead (KD) were transfected with cDNA encoding kinase-dead MYC-RIPK1 for 24 h. Then, cells were
lysed and cleared cellular lysates were subjected to SDS-PAGE and analyzed by immunoblotting for
phospho-RIPK1 (S357), MYC, Actin and GFP. (G) HEK293 cells inducibly expressing GFP-ULK1 were

transfected with ¢cDNA encoding FLAG-RIPK1 WT or FLAG-RIPK1 S357A for 24 h. Then, cells were
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exposed to 5 uM MRT68921 or DMSO for 1 h. Cells were lysed and cleared cellular lysates were
subjected to SDS-PAGE and analyzed by immunoblotting for phospho-RIPK1 (S357), FLAG, GFP and

Actin.

Figure 4:

ULK1 regulates the distribution of RIPK1 between complex | and complex Il. ulk1l/2 DKO MEFs
transfected with empty vector or cDNA encoding FLAG-ULK1 were treated with 100 ng/ml mTNFa for
indicated times. Cells were lysed and complex | was purified using anti-TNFR1 antibodies. Post-FLAG
IP lysates depleted of complex | were subjected to RIPK1 immunopurification with anti-RIPK1
antibodies. Purified proteins were subjected SDS-PAGE and analyzed by immunoblotting for ULK1,

RIPK1, phospho-RIPK1 (S166), phospho-RIPK1 (S357), and TNFR1.

Figure 5:

ULK1-dependent phosphorylation of RIPK1 inhibits TNFa-induced cell death. (A) ripk1 KO MEFs
stably expressing FLAG-RIPK1 WT and FLAG-RIPK1 S357A were treated with 30 ng/ml TNFo,/100 nM
SMAC-mimetic/20 pM z-VAD (TSZ) for indicated times. Cells were lysed and cleared cellular lysates
were subjected to SDS-PAGE and immunoblotting for phospho-RIPK1 (S166), FLAG, phospho-MLKL
(5345), MLKL and Actin. The quantifications of the ratios of phospho-MLKL/Actin and MLKL/Actin are
shown in the bar diagrams and are from three independent experiments. (B) ripkl KO MEFs
over-expressing mRIPK3 reconstituted with pMSCVpuro vector, pMSCVpuro-FLAG-RIPK1 WT or
pMSCVpuro-FLAG-RIPK1 S357A were transfected with scramble or ULK1 siRNAs for 48 h. Cells were
treated with 30 ng/ml TNFo and 100 nM SMAC-mimetic without (TS) or with 20 uM z-VAD (TSZ) for
2.5 h and cells were trypsinized and collected. Thereafter, pellets were incubated with 5 pg/ml
propidium iodide (Pl). Pl-positive cells were quantified by flow cytometry. Data represent mean + SD
from five independent experiments. (C) ripkl KO MEFs over-expressing mRIPK3 were reconstituted
with pMSCVpuro-FLAG-RIPK1 WT or pMSCVpuro-FLAG-RIPK1 S357A. Cells were treated with
30 ng/ml TNFa, / 100 nM SMAC-mimetic / 20 uM z-VAD (TSZ) / for 30 min. Cells were lysed and

complex Illb/necrosome was purified using anti-FADD. Purified proteins were subjected to SDS-PAGE
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and immunoblotting for FADD, RIPK1, phospho-RIPK1 (S166), MLKL, phospho-MLKL (S345), caspase-8,
cleaved caspase-8, RIPK3, and Actin. (A and B) For the quantification of the immunoblot (A), the
density of each protein band was divided by the average of the density of all bands from the same
protein on the membrane. Then, fold changes were calculated by dividing each normalized ratio
(protein to loading control) by the average of the ratios of the control lane (for pMLKL/Actin: 2 h TSZ,
ripk1 KO + RIPK1 WT; for MLKL/Actin: 0 h TSZ, ripk1 KO + RIPK1 WT). For Pl uptake, absolute values
are shown (B). Statistical analyses were performed using repeated measures two-way ANOVA
(corrected by Sidak’s multiple comparisons test for A [comparison of identical time points between
two cell lines] and B [comparison of identical cell lines between two siRNAs), or corrected by Tukey’s
multiple comparisons test for B [comparison of two cell lines within identical siRNA]). ns = not

significant, *P < 0.05, **P < 0.01, ****P < 0.0001

Figure S1:

Autophagy regulates TNFo-induced cell death. (A) and (B) Murine L929 cells were exposed to TNFa,
TNFo/3-MA, TNFa/EBSS, 3-MA, or EBSS for indicated times (TNFo: 10 ng/ml; 3-MA: 5 mM).
Subsequently, cell viability was measured by the quantification of ATP levels using CellTiter-Glo® kit
and cell death was determined by the flow cytometric measurement of propidium iodide (PI) uptake.
Individual data points of two experiments are shown. For CellTiter-Glo® assays (A), cell viability of

untreated control cells was set to 100%. For Pl uptake, absolute values are shown (B).

Figure S2:

ULK1 restricts the formation of complex llb/necrosome. MEFs were pretreated with DMSO or 5 uM
MRT68921 for 1 h, followed by treatment with 30 ng/ml TNFo. and 20 uM z-VAD (TZ) for 4 h. Cells
were lysed and TNFa-induced complex-llb/necrosome was purified using anti-FADD antibodies.
Purified proteins were subjected to SDS-PAGE and immunoblotting for FADD, RIPK1, phospho-RIPK1

(5166), caspase-8, and cleaved caspase-8.
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Figure S3:

ULK1 interacts with RIPK1. (A) HEK293 cells inducibly expressing GFP or GFP-ULK1 were transfected
with a vector encoding FLAG-RIPK1 for 24 h. Then, cells were lysed and cleared cellular lysates were
subjected to immunopurification with GFP-Trap® agarose. Purified proteins were subjected to
SDS-PAGE and analyzed by immunoblotting for FLAG or GFP. (B) HEK293 cells inducibly expressing
GFP or GFP-ULK1 were transfected with a vector encoding MYC-RIPK1 for 24 h. Then, cells were lysed
and cleared cellular lysates were subjected to immunopurification with anti-MYC beads. Purified
proteins were subjected to SDS-PAGE and analyzed by immunoblotting for MYC and GFP. (C) L929
cells were treated with regular medium or TNFo/QVD for 3 h. Then cells were collected and lysed.
Cleared cellular lysates were incubated with normal IgG or anti-ULK1 beads overnight. After washing
three times, purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for ULK1
and RIPK1. (D) L929 cells stably expressing GFP-ULK1 were exposed to regular medium or TNFa for
6 h. Then, cells were lysed and cleared cellular lysates were subjected to immunopurification with
GFP-Trap® agarose. Purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting
for GFP and RIPK1. (E) GST, GST-RIPK1 or GST-ATG13 bound to glutathione beads were incubated with
cleared cellular lysates of HEK 293 cells inducibly expressing FLAG-ULK1 overnight. After washing the
beads three times, purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for
FLAG. Presence of GST proteins was confirmed by immunoblotting for RIPK1 and ATG13 using
anti-RIPK1 ~ and anti-ATG13  antibodies. (F) GST-RIPK1(1-249), GST-RIPK1(250-475) or
GST-RIPK1(476-671) proteins were incubated with cleared cellular lysates of HEK293 cells inducibly
expressing GFP-ULK1 in the presence of GFP-Trap® agarose overnight. After washing the beads three
times, purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for GFP and
GST. (G) RIPK1 KO MEFs transfected with either empty vector or cDNA encoding FLAG-hRIPK1 were
seeded on coverslips. The next day, cells were directly fixed and used for proximity ligation assay (PLA)
as described in the material and methods section (anti-ULK1 antibody: CST, 8054; anti-RIPK1 antibody:
BD Biosciences; 610459). Nuclei were stained with DAPI. Signals and nuclei per image were counted
and the signal:nuclei ratio was calculated. Data are represented as mean * SD. A minimum of 107
cells was analyzed. Statistical analysis was performed using an unpaired t test with Welch’s correction.

(H) ripkl KO MEFs transfected with empty vector or with cDNA encoding wild-type RIPK1 or the
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K377R variant were exposed to 30 ng/ml TNFa, 20 uM z-VAD and 100 nM SMAC-mimetic (TSZ) for 1 h.
Then, cells were lysed and cleared cellular lysates were subjected to immunopurification with ULK1
antibodies. Purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for ULK1

and RIPK1.

Figure S4:

ULK1 directly phosphorylates RIPK1. (A) HEK293 cells inducibly expressing GFP-ULK1 were
transfected with cDNA encoding FLAG-RIPK1 for 24h. Then, cells were lysed and cleared cellular
lysates were subjected to immunopurification with anti-FLAG beads. Purified proteins were subjected
to SDS-PAGE. After transfer of proteins to a PVDF membrane, the membrane was incubated with or
without alkaline phosphatase and analyzed by immunoblotting for phospho-serine (pSer) and FLAG.
(B) HEK293 cells inducibly expressing GFP, GFP-ULK1 or GFP-ULK1 kinase dead (KD) were transfected
with a vector encoding kinase-dead MYC-RIPK1 for 24 h. Then, cells were lysed and cleared cellular
lysates were subjected to immunopurification with anti-MYC agarose. Purified proteins were
subjected to SDS-PAGE and analyzed by immunoblotting for phospho-serine (pSer), MYC and GFP. (C)
Indicated GST-RIPK1 proteins were purified and were incubated with activated ULK1 and
non-radioactive ATP. The reactions were subjected to SDS-PAGE and analyzed by immunoblotting for
pSer and ULK1. In parallel, the different GST-RIPK1 proteins were quantified by Coomassie staining. (D)
ripkl KO MEFs transfected with empty vector or cDNA encoding FLAG-RIPK1 were exposed to 30
ng/ml TNFo. for indicated times. Then, cells were lysed and cleared cellular lysates were subjected to
immunopurification with anti-FLAG M2 Affinity Gel. Purified proteins were subjected to SDS-PAGE

and analyzed by immunoblotting for phospho-RIPK1 (S357) and RIPK1.

Figure S5:

ULK1 regulates RIPK1 function via the phosphorylation of $357. ULK1 associates with both
complex I-bound and cytosolic RIPK1. Apparently, ULK1 preferentially phosphorylates cytosolic RIPK1

at S357. This phosphorylation impedes the formation of complex llb/necrosome and thus inhibits cell
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death. TNFR1-associated RIPK1 is not phosphorylated at S357, but stabilized in this complex.
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ABSTRACT

Autophagy and necroptosis represent two opposing cellular stress responses. Whereas autophagy primarily
fulfills a cyto-protective function, necroptosis is a form of regulated cell death induced upon stimulation of
death receptors. Here, we aimed at investigating the molecular crosstalk between these two stress pathways.
We observe that TNFa-induced activation of the necroptosis-mediating RIPK3 (receptor-interacting kinase 3)
leads to the induction of early autophagy events but to the blockade of late events. RIPK3 directly associates
with AMPK (AMP-activated protein kinase) and phosphorylates its catalytic subunit PRKAA1/2 at
Thr183/Thr172. Activated AMPK phosphorylates ULK1 and BECN1 and thus initiates autophagy. However, the
lysosomal degradation of autophagosomes appears is blocked by TNFa-induced necroptosis. In summary, we
have identified RIPK3 as AMPK-activating kinase and thus a direct link between autophagy- and necroptosis-
regulating kinases. Apparently, necroptosis is counterbalanced by the induction of early autophagy events,

but supported by the blockade of late autophagy events.



INTRODUCTION

(Macro-)Autophagy is an intracellular recycling process that is characterized by vesicle-mediated transfer of
cargo to lysosomes. Several stimuli are able to induce autophagy, e.g. nutrient starvation, hypoxia, protein
aggregation, or infection with intracellular pathogens.! Upon energy or nutrient deprivation, the energy-
sensing AMPK (AMP-activated protein kinase) can be activated by STK11/LKB1 (serine/threonine kinase 11).%*
Subsequently, activated AMPK can in turn regulate downstream substrates via phosphorylation, e.g. the
autophagy-inducing ULK1 (unc-51 like kinase 1) or MTOR (mechanistic target of rapamycin).>® The inhibition
of MTOR by AMPK can be mediated indirectly by phosphorylating TSC2 (tuberous sclerosis complex subunit 2)
at S1387 (human amino acid sequence) or/and directly by phosphorylating RPTOR (regulatory associated
protein of MTOR complex 1) at S722 and $792 (human and murine amino acid sequence).” MTOR inhibition
then results in the dissociation of MTOR from the ULK1 complex, in the dephosphorylation of MTOR-
dependent phospho-sites in ULK1 (S638 and S758, human amino acid sequence), and in the activation of
ULK1.>® AMPK can also directly phosphorylate and thus regulate ULK1. AMPK-dependent phospho-sites in
ULK1 include S317, S556, and $638 (human amino acid sequence).8'? The active ULK1 complex then
translocates to specific subdomains of the ER in order to initiate the nucleation of autophagosomes.! To date,
several subdomains of the ER have been proposed as “hot spots” for autophagosome formation.?
Subsequently, the class lll phosphoinositide 3-kinase (PtdIns3K) is recruited to these subdomains. This lipid
kinase complex is composed of the catalytic subunit PIK3C3 (phosphatidylinositol 3-kinase catalytic subunit
type 3; alternatively termed vacuolar protein sorting 34, VPS34), and the associated proteins BECN1 (beclin 1),
PIK3R4 (phosphoinositide 3-kinase regulatory subunit 4; alternatively termed VPS15), ATG14 and NRBF2
(nuclear receptor binding factor 2).2* The class Il Ptdins3K complex is also regulated by ULK1- and AMPK-
dependent phosphorylations of several subunits.’>*® Activated Ptdins3K produces phosphatidylinositol 3-
phosphate (PtdIns3P), leading to the formation of membraneous platforms termed omegasomes/ER cradles
that contain the PtdIns3P-binding protein ZFYVE1/DFCP1 (zinc finger FYVE-type containing 1) and that give
rise to phagophores.?®2 This process is supported by the recruitment of further autophagy-specific
components, e.g. the PtdIns3P-binding protein WIPI2 (WD repeat domain, phosphoinositide interacting 2) or

components of the two autophagy-specific ubiquitin-like conjugation machineries.*

In addition to LBK1-mediated AMPK activation, both CaMKK2 (Ca?*-activated Ca?*/calmodulin-dependent
protein kinase kinase 2) and MAP3K7/TAK1 (mitogen-activated protein kinase kinase kinase 7) have been
shown to activate AMPK, depending on the cytosolic Ca%* level or cytokine treatment, respectively.?*?” AMPK
is composed of a catalytic a-subunit (PRKAA1/AMPKal or PRKAA2/AMPKa2), a scaffold B-subunit
(PRKAB1/AMPKB1 or PRKAB2/AMPKf2) and a regulatory y-subunit (PRKAG1/AMPKy1l, PRKAG2/AMPKy2 or
PRKAG3/AMPKy3).22 All three AMPK-activating kinases phosphorylate the al-subunit PRKAAL in the



activation loop at T183, which corresponds to T172 in PRKAA2.28 Interestingly, Dalle Pezze et al. recently
reported that AMPK is not only activated under stress or starvation conditions, but can also positively

regulate autophagy under amino acid sufficiency.?

In contrast to the cytoprotective function of autophagy, necroptosis represents an inflammatory form of
regulated cell death and is characterized by a necrotic morphotype.3® Although necroptosis can be triggered
by several stimuli, induction mediated by death receptors (e.g. TNFR1, tumor necrosis factor receptor 1) is the
best characterized form.3% 32 Auto- and trans-phosphorylation of RIPK1 (receptor-interacting kinase-1) and
RIPK3 (receptor-interacting kinase-3) induce the formation of an amyloid-like multiprotein complex termed
necrosome. Necroptosis and the assembly of necrosomes can be inhibited by caspase-8-dependent cleavage
of RIPK1 or RIPK3.3335 When caspase-8 is inhibited by pharmacological compounds (e.g. Q-VD-OPh or z-VAD-
FMK) or under certain physiological conditions (e.g. viral infections), necroptosis is initiated.363% Activated
RIPK3 recruits and activates MLKL (mixed lineage kinase domain-like), which in turn translocates to the

plasma membrane and mediates necrotic membrane disruption.3% 3239

Both autophagy and necroptosis balance cell death and survival. Although there are some reports indicating a
crosstalk between these two stress responses, the mechanistic details remain poorly understood so far. Here,
we show that TNFa-induced necroptosis blocks the lysosomal degradation of autophagosomes. In contrast, it
appears that early autophagy events are induced under pro-necroptotic conditions and in a RIPK3-dependent
manner. We observe that RIPK3 interacts with AMPK and that RIPK3 phosphorylates the catalytic subunit
PRKAA1 at T183 in order to activate AMPK. Subsequently, pro-autophagic AMPK substrates such as ULK1 and
BECN1 become phosphorylated and activated. Collectively, we have identified RIPK3 as AMPK-activating
kinase and thus a molecular crosstalk between the autophagy- and necroptosis-regulating kinases. We
speculate that necroptosis is counterbalanced by the induction of early autophagy events, but supported by

the blockade of late autophagy events.



RESULTS

Necroptosis induced by TNFc inhibits lysosome-mediated LC3 degradation

To investigate the effect of necroptosis on autophagy, we induced necroptosis by TNFo,/QVD treatment in
L929 cells (Figure S1A) and monitored levels of (MAP1)LC3-Il, which is the phosphatidylethanolamine-
conjugated form of LC3 and represents a marker protein for autophagosomes. We observed that LC3-II levels
increased with time upon TNFo/QVD treatment (Figure 1A). This phenomenon was significantly reduced
when we blocked TNFo,/QVD-induced necroptosis by knocking down the necroptosis effector protein RIPK3 in
1929 cells. TNFa,/QVD-induced LC3-ll levels did not further increase with simultaneous bafilomycin A;
treatment, indicating that lysosomal LC3-Il (and thus autophagosome) degradation was rather blocked than
induced upon TNFa-induced necroptosis (Figure 1A). In order to confirm our observation by an independent
approach, we performed LC3 immunofluorescence in L929 cells. Treatment with TNFa,/QVD increased LC3-
positive puncta (Figure 1B). Similar to the LC3 turnover analysis by immunoblot, this increase in LC3 puncta
was not further increased by parallel bafilomycin A; treatment but was reduced by RIPK3 knockdown. To
further confirm our observation that the autophagic flux is indeed blocked on the lysosomal level, we
analyzed colocalization between exogenously expressed GFP-LC3 and the lysosomal marker protein LAMP1
(lysosomal associated membrane protein 1). Here, we observed strong accumulation of the GFP-LC3 signal in
lysosomal compartments upon TNFo/QVD treatment, which was similar to the positive control (EBSS +
bafilomycin A;) (Figure 1C). The TNFa,/QVD-induced GFP-LC3 accumulation was blocked by addition of the
RIPK3 inhibitor GSK'872 (ref. %°). In a similar approach, we made use of the mRFP-EGFP-rLC3 tandem
construct.*> 42 The GFP signal is sensitive to the acidic and/or proteolytic environment of lysosomes, whereas
the mRFP signal is more stable.*> 42 We detected a strong accumulation of the tandem fluorescence-tagged
LC3 upon TNFo/QVD or medium/bafilomycin A; treatment (Figure 1D). Interestingly, there were mRFP-only
dots detectable upon TNFa,/QVD treatment, which was not the case for bafilomycin Aj, indicating a different
mode of lysosomal blockade. Nevertheless, the TNFa/QVD-induced mRFP-EGFP-rLC3 accumulation was
reduced upon siRNA-mediated knockdown of RIPK3 (Figure 1D). Finally, we assessed autophagic flux by
monitoring mCitrine-LC3 degradation by flow cytometry. Whereas starvation induced a clear reduction of
mCitrine-LC3 levels, mCitrine-dependent fluorescence remained unaltered or even increased upon TNFa,/QVD
treatment (Figure 1E). In order to characterize this lysosomal blockade, we measured CTSB (cathepsin B) and
CTSL (cathepsin L) activities. However, we did not detect any differences between TNFa/QVD-treated or
control cells, whereas this was clearly the case for bafilomycin A; treatment (Figure S2). Taken together, we
showed by different assays that TNFo/QVD-induced necroptosis blocks lysosomal autophagosome

degradation.



Early autophagy signaling events are activated upon TNFa-induced necroptosis

As described above, we observed lysosomal LC3 accumulation upon TNFa,/QVD-induced necroptosis. In the
next step, we investigated early autophagy signaling events under these pro-necroptotic conditions. We
observed increased activation and activity of AMPK, as detected by immunoblotting for phospho-PRKAA1
(T183), phospho-ACACA (S79), phospho-ULK1 (S555, murine sequence; corresponding to S556 in human
ULK1), and phospho-BECN1 (S91, murine sequence; corresponding to S93 in human BECN1) (Figure 2A). These
increased phosphorylation events were clearly dependent on RIPK3 signaling, since they were abolished by
RIPK3 knockdown. Similar results were obtained when we used a RIPK3 inhibitor (GSK'872) instead of Ripk3
siRNA (Figure 2B), or when we used ripk3 KO murine embryonic fibroblasts (MEFs) (Figure 2C). In MEFs, we
induced necroptosis by treatment with TNFa in combination with a Smac mimetic (here: Birinapant) and the
pan-caspase inhibitor zZVAD as previously reported.3” Generally, AMPK-dependent phosphorylation of ULK1 at
S555 (human S556) and of BECN1 at S91 (human S93) have been associated with the induction of
autophagy.l% 16 43 44 Accordingly, it appears that initial autophagy signaling is rather activated upon
TNFa,/QVD-induced necroptosis in a RIPK3-dependent manner. To confirm this observation, we next tested
several downstream markers of autophagy, e.g. WIPI2, ZFYVE1l, ATG16L1, and ATG14. We observed that
GSK'872-mediated inhibition of RIPK3 significantly blocked ATG14 puncta formation upon TFNo/QVD
treatment (Figure 2D). Of note, we did not observe any effect on the puncta formation of WIPI2, ZFYVE1, or
ATG16L1 (data not shown).

RIPK3 interacts with AMPK

Since we observed that the induction of necroptosis affected AMPK-dependent signaling, we next
investigated the crosstalk between AMPK and the pro-necroptotic RIPK3. In a first approach, we performed
size exclusion chromatography of S100 lysates derived from MEFs (Figure 3A). We detected the ULK1 complex
in high molecular mass fractions of approximately 3 MDa as previously described.*>**” Of note, AMPK and both
RIPK1 and RIPK3 were present in fractions corresponding to a lower molecular mass range of 14-158 kDa
(Figure 3A). Since the presence of proteins in the same fractions does not prove a direct interaction, we next
performed immunopurification experiments. We focused on RIPK3, since it has previously been reported that
RIPK3 positively regulates autophagy.*® We transiently transfected cDNA encoding FLAG-hRIPK3 into HEK293
cells. Following anti-FLAG immunopurification, we detected co-purification of endogenous AMPK (Figure 3B).
In a similar approach, we co-purified FLAG-RIPK3 with purified AMPK (Figure 3C). The direct interaction
between RIPK3 and AMPK was confirmed by affinity purification using recombinant proteins (Figure 3D).
Finally, we confirmed the interaction between these two kinases on the cellular level by a proximity ligation

assay (PLA). In this assay, single protein-protein interactions can be detected using antibody-recognition



combined with exponential signal amplification by PCR. We transfected ripk3 KO MEFs with cDNA encoding
FLAG-mRIPK3. FLAG-RIPK3 was stained with rabbit anti-RIPK3 antibodies and AMPK with mouse anti-
PRKAA1/2 antibodies. As control, ripk3 KO MEFs were transfected with empty vector. Cells reconstituted with
FLAG-RIPK3 displayed strong signals with significant difference to control cells (Figure 3E). Collectively, these
data indicate that AMPK can associate with RIPK3.

RIPK3 directly phosphorylates PRKAA1 at T183 and thus activates AMPK

Since we observed that RIPK3 interacts with AMPK, we next tested if RIPK3 can phosphorylate AMPK. In a first
approach, we used recombinant RIPK3 as kinase and GST-hPRKAA1 (1-278) or GST-hPRKAA1 (279-559) as
substrates in an in vitro kinase assay. We observed that RIPK3 can phosphorylate both truncated versions of
PRKAA1 (Figure 4A). Since we observed that RIPK3 can regulate AMPK activity upon TNFa treatment (Figure
2A-2C), we wondered if RIPK3 could directly phosphorylate PRKAA1 at T183 to regulate AMPK activity. To test
this hypothesis, we generated the mutant GST-hPRKAA1 (1-278) T183A and repeated the in vitro kinase assay
with cold ATP. We performed immunoblotting for phospho-PRKAA1 T183 and observed a specific band for
GST-hPRKAA1 (1-278), but not for the GST-hPRKAA1 (1-278) T183A mutant (Figure 4B). This RIPK3-dependent
phosphorylation of PRKAA1 at T183 was sensitive to both alkaline phosphatase and RIPK3 inhibitor GSK'872
treatment (Figures 4C and 4D). To test if RIPK3 phosphorylates AMPK in intact cells, we treated HEK293 cells
that express either FLAG-hRIPK3 WT or a kinase-dead (KD) variant with TNFa/QVD for 24 h. We observed
strong phospho-PRKAA1 T183 signal in HEK293 cells expressing FLAG-hRIPK3 compared to cells expressing
kinase-dead FLAG-hRIPK3 (Figure 4E). Using again a proximity ligation assay, we also detected stronger PRKAA
phosphorylation in ripk3 KO MEFs reconstituted with FLAG-mRIPK3 compared to non-reconstituted ripk3 KO
MEFs (Figure 4F). Altogether, our results indicate that RIPK3 phosphorylates PRKAA1 at T183 to regulate
AMPK activity upon TNFa-induced necroptosis. This RIPK3-dependent activation of AMPK induces early
autophagy events. However, it appears that autophagy is ultimately blocked during the execution of TNFa-

induced necroptosis.



DISCUSSION

Autophagy, apoptosis and necroptosis are three main stress responses regulating life and death of a cell.
Whereas the crosstalk between autophagy and apoptosis is well established, the relationship between
autophagy and necroptosis awaits further clarification. Although recent reports suggest the existence of this
crosstalk,*8->° mechanistic details are rudimentary. Here, we report that necroptosis induced by TNFa blocks
late events of the autophagic pathway, i.e. the degradation of autophagosomes by lysosomes. We also find
that early events of autophagy—for example AMPK-dependent phosphorylation of ULK1 and BECN1 or
formation of ATG14 puncta—are induced upon TNFo treatment. Remarkably, we found that the pro-
necroptotic RIPK3 directly phosphorylates PRKAA1/2 at T183/T172 and thus activates it. This is especially

noteworthy since only limited examples exist for both RIPK3 substrates and AMPK-activating kinases.

At first glance, the activation of early autophagy events and the simultaneous inhibition of late events appear
to be contradictory. We observe that autophagy—specifically the lysosomal degradation of
autophagosomes—is blocked upon TNFao. treatment and necroptosis induction. However, it still has to be
determined how the final steps of autophagy are blocked by the executioners of necroptosis. At least
lysosomal cathepsins CTSB and CTSL remain functional upon TNFa treatment, which is not the case for
bafilomycin A; treatment (Figure S2). Generally, the blockade of cyto-protective pathways upon necroptosis
induction is comprehensible and is similar to the crosstalk between apoptosis and autophagy, in which e.g.
activated caspases cleave several autophagy-relevant proteins and thus inactivate their autophagic function.>!
In contrast, the induction of early autophagy events upon TNFa treatment is less intuitive. We speculate that
this phenomenon might be explained by two hypotheses: 1) an anti-necroptotic and thus cyto-protective
function of RIPK3, or 2) a pro-necroptotic function of early autophagy events. In the first scenario, it might be
that RIPK3 regulates cyto-protective autophagy independently of its pro-death function during necroptosis. So
far, RIPK3 has been attributed a central role in necroptosis signaling, and the best-characterized RIPK3
substrate MLKL is a main executor of necroptosis.3™ 3% 3° A possible role of RIPK3 in the regulation of
autophagy has also been suggested by two other groups. Harris et al. suggest RIPK3 positively regulates
autophagy since depletion of RIPK3 inhibits autophagic flux and leads to the accumulation of
autophagosomes and amphisomes.*® In contrast, Matsuzawa et al. reported that RIPK3 serves as a negative
regulator of selective autophagy by binding to p62/SQSTM1 and thus regulating p62/SQSTM1-LC3 complex
formation.>> We observe that RIPK3 positively regulates AMPK activity. Activated AMPK phosphorylates both
ULK1 and BECN1, and these two phosphorylation events have been associated with a positive regulation of
autophagy.19 164344 We also observed increased ATG14 puncta formation in a RIPK3-dependent manner. The
RIPK3-dependent induction of early autophagy events might pursue a cyto-protective function and slow down

the execution of necroptosis. Along these lines, necroptosis-inhibitory functions have been attributed to



AMPK (ref. °*>>%) and to ULK1 (unpublished results). Similarly, we observe increased cell death upon TNFa

treatment in ulk1/2 or prkaal/2 DKO MEFs compared to wild-type control cells (Figure S3).

In a second and opposing scenario, one might speculate that the induction of early autophagy events
supports necroptosis. Goodall et al. reported that inhibition of late stage autophagy enhanced TRAIL-induced
cell death. In contrast, genetic or pharmacological inhibition of early/mid-stage autophagy prevented cell
death.?® 35 The authors hypothesized that components of the autophagy machinery mediate cell death by
functioning as a scaffold for necrosome formation and activation. Specifically, they propose that the
interaction between p62/SQSTM1 and RIPK1 localizes the necrosome on the autophagosome.>® 35 It is
tempting to speculate that RIPK3 itself promotes early autophagy events to support its pro-necroptotic
function. Furthermore, Goodall et al. also stated that apparently the turnover of cellular components does
not mediate this pro-death function and that they observed necrosome structures on quite mature
autophagosomes.>®>> Our observed blockade of autophagosome degradation might point toward the same
direction. We observed increased LC3-positive structures, which potentially reflect increased necrosome-
activating platforms. Additionally, we observed increased ATG14-positive structures, but not increased WIPI2,
ZFYVE1 or ATG16L1 structures. ATG14 has been reported to promote membrane tethering and fusion of
autophagosomes to endolysosomes.>® Diao et al. reported that mature LC3-positive autophagosomes
accumulated in cells expressing an ATG14 variant that could not homo-oligomerize; however, ATG16L1-
positive phagophores did not accumulate in these cells.”® Collectively, our observations might indicate that
RIPK3 “feeds” the autophagic flux via AMPK-dependent activation of ULK1 and BECN1 in order to ensure
sufficient autophagosome maturation and accumulation. AMPK becomes activated under stress and
starvation conditions, but it has also been shown that AMPK can support autophagy under nutrient
sufficiency.?® Accordingly, it is conceivable that AMPK also supports autophagy induction upon TNFa
treatment. Admittedly, our second model is rather speculative and especially kinetic and spatial aspects need
further validation. As mentioned above, necroptosis is rather increased in ulk1/2 or prkaal/2 DKO MEFs
compared to wild-type control cells, supporting a generally anti-necroptotic function of these two kinases.

Both scenarios of TNFa-induced activation of early autophagy events are schematically depicted in Figure S4.

AMPK is the central energy sensor of the cells. To date, three kinases have been shown to phosphorylate and
thus activate AMPK, i.e. STK11, CaMKK2, and MAP3K7.2% 2427 Here, we showed that RIPK3 is another AMPK-
activating kinase. However, we do not believe that RIPK3-dependent phosphorylation is the only mechanism
to activate AMPK during necroptosis. It has previously been described that the induction of necroptosis
results in reduced cellular ATP levels.>” %8 Accordingly, STK11 likely contributes to AMPK activation during
necroptosis. Nevertheless, we think that the RIPK3-dependent activation of AMPK represents another level of
crosstalk between necroptosis and autophagy. The ultimate fate of a cell under stress conditions is

determined by the integration of different cellular stress responses. Accordingly, a deeper understanding of



the interplay between these stress responses is necessary in order to exploit these pathways for potential

therapeutic approaches.



EXPERIMENTAL PROCEDURES
Antibodies and reagents

Anti-mouse RIPK3 (ProSci; 2283), anti-MLKL phospho-Ser345 [EPR9515(2)] (Abcam; ab196436), anti-MLKL
(Sigma-Aldrich, SAB1302339), anti-FLAG (Sigma-Aldrich; F3165), anti-ACTB/fB-actin (Sigma-Aldrich; A5316),
anti-PRKAA1/2 (Cell Signaling Technology; 2793 (clone F6) and 2603 (clone 23A3) for immunoblot, and Santa
Cruz; sc-74461 (clone D-6) for immunopurification), anti-PRKAA1/2 phospho-T183/T172 (40H9) (Cell Signaling
Technology; 2535), anti-GST (Sigma-Aldrich; G7781), anti-LC3B (Cell Signaling Technology; 2775 for
immunoblot [detects endogenous levels of total LC3B protein; cross-reactivity may exist with other LC3
isoforms according to manufacturer specification], and MBL International; PM036 for immunofluorescence
[reacts with LC3A/LC3B/LC3C according to manufacturer specification]), anti-BECN1 (H-300) (Santa Cruz; sc-
11427), anti-BECN1 phospho-593 (D9A5G) (Cell Signaling Technology; 14717S), anti-ATG14 (Santa Cruz; sc-
164767), anti-ACACA phospho-579 (Cell Signaling Technology; 3661), anti-ACACA (Cell Signaling Technology;
3662), anti-ULK1 phospho-S555 (Cell Signaling Technology; 5869), anti-ULK1 (Cell Signaling Technology;
8054) ), anti-LAMP1 (Developmental Studies Hybridoma Bank, DSHB; DSHB product 1D4B was deposited by
August, J.T., Pharmacology & Molecular Sciences, Johns Hopkins School of Medicine). IRDye 800- or IRDye
680-conjugated secondary antibodies were purchased from LI-COR Biosciences (925-32212/13/14, 925-
68072/73/74), and Alexa Fluor® 647-conjugated goat anti-mouse IgG (H+L) (715-605-151) and Alexa Fluor®
488-conjugated goat anti-rabbit 1gG (H+L) (711-545-152) antibodies from Jackson ImmunoResearch
Laboratories. Bafilomycin A; (Alfa Aesar; J61835), TNF Recombinant Mouse Protein (Thermo Scientific;
PMC3014), active GST-hRIPK3 (Sigma-Aldrich; SRP5316), GSK'872 (Calbiochem; 530389), Alkaline Phosphatase
(Thermo Fisher; EF0651), Q-VD-OPh (Selleck Chemicals; S7311), z-VAD-FMK (Selleck Chemicals; $7023),
ProLong® Gold Antifade Reagent with DAPI (Cell Signaling Technology; 8961), Lipofectamine™ RNAIMAX
Transfection Reagent (Thermo Fisher; 13778150), FUGENE® 6 (Promega; E2692), Magic Red Cathepsin-B/L
Assay (ImmunoChemistry Technologies; 937/941). His-AMPK (PRKAA1[11-559] + PRKAB2[1-272] + PRKAG1[1-
331]) (catalog number DU32489) was obtained through the MRC PPU Reagents and Services facility (MRC PPU,

College of Life Sciences, University of Dundee, Scotland, mrcppureagents.dundee.ac.uk).
Constructs and siRNAs

pBOB-FLAG-mRIPK3 plasmid was kindly provided by Jiahuai Han (School of Life Sciences, Xiamen University,
China). pCl-neo-3xFLAG-hRIPK3 was kindly provided by Sudan He (Cyrus Tang Hematology Center, Soochow
University, China). pMRX-IP-EGFP1-rLC3-mRFP1-rLC3AG was kindly provided by Noboru Mizushima
(Department of Biochemistry and Molecular Biology, Graduate School and Faculty of Medicine, The University
of Tokyo, Tokyo, Japan) and has been previously described.>® pMSCVblast-mCitrine-hLC3 and pMSCVblast-
MRFP-EGFP-rLC3 were previously described.* pCl-neo-3xFLAG-hRIPK3 K50A (kinase dead) plasmid was



generated using one step PCR from pCl-neo-3xFLAG-hRIPK3. cDNA encoding mRIPK3 harboring Xho!/ and Not/
restriction enzyme sites was amplified from pBOB-FLAG-mRIPK3 plasmid. PCR fragment was inserted into
pGEX-5X-3 and generated pGEX-5X-3-mRIPK3. cDNA encoding mRIPK3 harboring Xhol and Not/ restriction
enzyme sites amplified from pBOB-FLAG-mRIPK3 plasmid was inserted into pCl-neo-3xFLAG-hRIPK3 vector
digested with Xhol and Not/ restriction enzymes to generate pCl-neo-3xFLAG-mRIPK3. cDNA of full length
3xFLAG-mRIPK3 harboring Bglll and Notl restriction enzyme sites amplified from pCl-neo-3xFLAG-mRIPK3 was
inserted into pMSCVpuro vector to generate pMSCVpuro-3xFLAG-mRIPK3. cDNA encoding hPRKAA1 was
cloned from HEK293 cDNA and inserted into pGEX-5X-3. cDNAs of truncated hPRKAA1 (1-278) and hPRKAA1
(279-559) harboring Xho! and Not! restriction enzyme sites were amplified from pGEX-5X-3-hPRKAA1 and
inserted into pGEX-5X-3. cDNA of GST-hPRKAA1 (1-278) T183A was amplified from GST-hPRKAA1 (1-278)
using one-step PCR. Mouse Ripk3 (ON-TARGETplus siRNA SMARTpool, L-049919-00-0010), and control siRNAs
(ON-TARGETplus non-targeting pool, D-001810-10-20) were obtained from Dharmacon (working

concentration: 20 nM).
Cell lines

Ripk3 KO MEFs have previously been described and were kindly provided by Jiahuai Han (School of Life
Sciences, Xiamen University, China).®® Ulk1/2 DKO MEFs have previously been described and were kindly
provided by Tullia Lindsten (Memorial Sloan Kettering Cancer Center, New York, USA).®! Prkaa1/2 DKO MEFs
have previously been described and were kindly provided by Benoit Viollet (Inserm, U1016, Institut Cochin,
75014 Paris, France).?? For the generation of L929 cells stably expressing EGFP1-rLC3-mRFP1-rLC3AG or mRFP-
EGFP-rLC3 and ripk3 KO MEFs stably expressing FLAG-mRIPK3, the vectors pMRX-IP-EGFP1-rLC3-mRFP1-
rLC3AG, pMSCVblast-mRFP-EGFP-rLC3 or pMSCVpuro-FLAG-mRIPK3 were transfected into Plat-E cells (kindly
provided by Toshio Kitamura, Institute of Medical Science, University of Tokyo, Japan) using FUGENE® 6
(Promega; E2692). After 48 h, retroviral supernatant was collected and used for the infection of L929 cells or
MEFs in combination with 10 pg/ml polybrene. After 12 h, cells were selected in medium containing
puromycin (50 ug/ml for L929 and 2.5 pg/ml for MEFs) or 35 pg/ml blasticidine. MEFs, L929 and Plat-E cell
lines were cultured in high D-glucose DMEM (Thermo Fisher; 41965-039) supplemented with 10% FCS
(Thermo Fisher; 10270-106), 100 U/ml penicillin and 100 pg/ml streptomycin at 37°C and 5% CO,. For amino
acid starvation, cells were washed once with DPBS (Dulbecco’s Phosphate-Buffered Saline, Thermo Fisher,
14190094) and incubated for the indicated time points in EBSS (Earle’s Balanced Salt Solution, Thermo Fisher;
24010043).

Immunofluorescence and proximity ligation assay (PLA)

Cells were seeded on glass coverslips overnight and exposed to indicated treatments at the next day. Then,

cells were fixed using 4% paraformaldehyde for 10 min at room temperature and after washing three times



with PBS, cells were permeabilized with 50 pg/ml digitonin for 5 min at room temperature. Cells were again
washed with PBS three times and incubated with 3% BSA for 30 min at room temperature. The coverslips
were transferred to a humidified chamber and incubated with indicated primary antibodies in 3% BSA for 1 h
at room temperature. The cells were washed 3 times (3 min each time) with PBS and incubated with indicated
secondary antibodies in 3% BSA for 1 h at room temperature in the dark. The cells were washed 3 times (3
min each time) with PBS and mounted on slide glass with ProLong® Gold Antifade Reagent with DAPI after
rinsing the coverslips briefly in distilled water. After drying the coverslips, they were stored at 4 °C. For
proximity ligation assay, fluorescence signals were measured according to Duolink® PLA Fluorescence
Protocol (Sigma-Aldrich; DUO82005 [anti-rabbit] and DUO82001 [anti-mouse]). Images were captured by
Zeiss Axio Observer 7 (ApoTome extension, Objective Plan-Apochromat 40x/1,4 Oil DIC M27). For all

immunofluorescence and PLA analyses, puncta quantification was done using Imagel software.
Protein expression and purification

pPGEX-5X-3-hPRKAA1 variants and pGEX-5X-3-mRIPK3 were transformed into E. coli BL21 (DE3). Target protein
expression was induced by 0.1-1 mM IPTG for 3-5 h at 30°C. Bacteria were harvested and resuspended in
bacterial lysis buffer (300 mM NaCl, 50 mM Tris-HCI (pH 8.0), 5 mM EDTA, 0.01% Igepal, 100 ng/ml lysozyme,
1x protease inhibitor cocktail). After sonification and centrifugation at 10,000 g for 20 min, the supernatant
was incubated with glutathione sepharose 4B beads (GE Healthcare; 17-0756-01) overnight. After washing 3
times with lysis buffer, protein bound to beads were stored at -80°C or soluble proteins were obtained by
incubation of the beads with elution buffer (50 mM Tris-HCI (pH 8.0), 20 mM glutathione reduced) for 10 min

at room temperature (3-5 times). Purified proteins were stored at -80°C.
In vitro kinase assay

For in vitro kinase assays, 1-2 ug substrate were incubated with 0.25-0.5 pg activated kinase in kinase buffer
(50 mM Tris-Cl pH 7.5, 0.1 mM EGTA, 1 mM DTT, 7.5 mM Mg(CH3COQ),, 2 uM ATP (non-radioactive) with or
without 10 uCi [y-32P]-ATP) for 45 min at 30°C. The kinase reaction was stopped by adding loading buffer and
boiling for 5 min at 95°C. After coomassie staining or immunoblotting, autoradiography was performed or

phosphorylation was detected using anti-PRKAA1/2 phospho-T183/T172 antibody.
Protein dephosphorylation assay

Two duplicate samples were separated by the same SDS-PAGE and then transferred to the same PVDF
membrane. Following blocking with 5% BSA in TBS-T for 1 h at room temperature, the PVDF membrane was
washed with TBS-T twice (5 min each). The membrane was cut into two halves with duplicate samples on

each membrane. The two membranes were placed into two tubes with or without 10 U alkaline phosphatase



(2 ml reaction volume) and incubated for 1 h at 37°C with shaking (350 rpm). After washing twice with TBS-T

(5 min each), the membranes were incubated with the corresponding primary antibodies at 4°C overnight.
Immunoblotting, immunopurification and size exclusion chromatography

For immunoblotting, cells were lysed in 1% NP-40 lysis buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% NP-40, 10% glycerin, 1 mM Na3VOs, 50 mM NaF and protease inhibitor cocktail [Sigma-Aldrich;
P2714]). Alternatively, whole cell lysates were prepared by direct addition of sample buffer (125 mM Tris-Cl,
pH 6.8, 17.2% glycerol, 4.1% SDS, 0.02% bromophenol blue and 2% B-mercaptoethanol) to the cells and
subsequent sonification. An equal amount of protein (30-50 pg) were separated by SDS-PAGE, and then
transferred to PVDF membrane (Millipore; IPFLO0010). Target proteins were detected by the indicated
primary antibodies, followed by the corresponding IRDye®800- or IRDye®680-conjugated secondary
antibodies (LI-COR Biosciences). Signals were detected with an Odyssey Infrared Imaging system (LI-COR
Biosciences). For immunopurification, cells were lysed in the same lysis buffer for 30 min on ice. After 10,000
g centrifugation for 10 min, the supernatants were incubated with indicated beads [FLAG® M2 Affinity Gel
(Sigma-Aldrich; A2220) or Protein A/G PLUS-Agarose (Santa Cruz; sc-2003) conjugated with anti-PRKAA1/2
antibodies (Santa Cruz; sc-74461)] overnight. Thereafter, the beads were washed five times with lysis buffer,
and boiled in sample buffer for 5 min at 95°C. Purified proteins were analyzed by immunoblotting. Size

exclusion chromatography was performed as described previously.”
GST affinity purification

GST fusion proteins were purified from E. coli BL21 (DE3) with glutathione sepharose 4B beads (GE Healthcare;
17-0756-01). For GST pulldown, 4 ug of GST fusion protein were incubated with 1 pug His-AMPK (PRKAA1[11-
559] + PRKAB2[1-272] + PRKAG1[1-331]) in 0.5% NP-40 lysis buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 6 mM
EDTA, 6 mM EGTA, 0.5% Nonidet P-40, 1 mM dithiothreitol supplemented with protease inhibitor cocktail) at
4°C overnight and then washed five times with lysis buffer. The beads were boiled with sample buffer at 95°C

for 5 min and purified proteins were analyzed by immunoblotting.
Cell death assay

Total cells treated with indicated stimuli were trypsinized and collected. Cells were then incubated in
propidium iodide (PI) solution (5 ug/ml in PBS) at 4°C for 1 h. Pl-positive cells were measured by flow

cytometry (LSRFortessa™, BD Biosciences).
Statistical analysis

For Pl uptake, shown data represent four independent experiments + SD. Absolute values are shown. For the

quantification of immunoblots, the density of each protein band was divided by the average of the density of



all bands from the same protein on the membrane. Subsequently, fold changes were calculated by dividing
each normalized ratio (protein to loading control) by the average of the ratios of the control lane (as indicated
in the corresponding figure legend). For Figure 1A, statistical analysis was performed using repeated
measures two-way ANOVA (corrected by Tukey’s multiple comparisons test). For Figure 1E, 2A, and S1,
statistical analyses were performed using repeated measures two-way ANOVA (corrected by Sidak’s multiple
comparisons test). For Figure 2D, statistical analysis was performed using ordinary one-way ANOVA
(corrected by Tukey’s multiple comparisons test). For Figure 3E, statistical analysis was performed using an
unpaired t test with Welch’s correction. For Figure 4F and S3, statistical analyses were performed using
ordinary two-way ANOVA (corrected by Tukey’s multiple comparisons test). Compared treatments or cell lines
are indicated in the corresponding bar diagrams. P values < 0.05 were considered statistically significant. All

statistical data were calculated with GraphPad Prism (version 7.01).
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FIGURE LEGENDS
Figure 1.

Necroptosis inhibits lysosomal LC3 degradation. (A) L929 cells were transfected with scramble (scr) or Ripk3
siRNAs. 48 h post transfection, cells were exposed to 10 ng/ml TNFo and 30 uM QVD with or without 20 nM
bafilomycin A; (TQ or TQB) for indicated times. Then, cells were lysed and cleared cellular lysates were
subjected to SDS-PAGE and immunoblotting for LC3, RIPK3 and ACTB. The density of each protein band was
divided by the average of the density of all bands from the same protein on the membrane. Fold changes
were calculated by dividing each normalized ratio (protein to loading control) by the average of the ratios of
the control lane (scr, 0 h TQ). Results are mean + SD from three independent experiments. Statistical analysis
was done by repeated measures two-way ANOVA (corrected by Tukey’s multiple comparisons test), *P < 0.05,
**p<0.01, ***P <0.001, ****P <0.0001. (B) L929 cells were transfected with scramble or Ripk3 siRNAs. 48 h
post transfection, cells were exposed to indicated treatments (10 ng/ml TNFa. [T], 30 uM QVD [Q], 20 nM
bafilomycin A; [B]) for 3 h. After that, cells were fixed and subjected to LC3 immunostaining using anti-LC3
antibodies (MBL International; PM036) and Alexa Fluor 488-conjugated goat anti-rabbit second antibodies.
Scale bar: 20 um. (C) L929 cells retrovirally transfected with cDNA encoding EGFP1-rLC3-mRFP1-rLC3AG were
exposed to indicated treatments (10 ng/ml TNFa [T], 30 uM QVD [Q], 5 uM GSK'872, 20 nM bafilomycin A;
[BafA1]) for 3 h. Then cells were fixed and subjected to LAMP1 immunostaining using anti-LAMP1 antibodies
and Alexa Fluor 647-conjugated goat anti-mouse second antibodies. The intensity of colocalization of GFP-LC3
and LAMP1 is shown on the right. Scale bar: 20 um. (D) L929 cells retrovirally transfected with cDNA encoding
MRFP-EGFP-rLC3 were transfected with scramble or Ripk3 siRNAs. 48 h post transfection, cells were exposed
to indicated treatments (10 ng/ml TNFa [T], 30 uM QVD [Q], 20 nM bafilomycin A; [BafA1]) for 3 h. Then cells
were fixed and RFP and GFP fluorescence was analyzed by immunofluorescence microscopy. Scale bar: 20 um.
(E) L929 cells were retrovirally transfected with cDNA encoding mCitrine-LC3B. Cells were treated using 10
ng/ml TNFo/30 uM QVD (TQ) or EBSS with or without 20 nM bafilomycin A; (B) for indicated times. Cells were
collected and mCitrine fluorescence intensity was measured by flow cytometry. The mean of fluorescence
intensity for each sample was normalized to cells incubated in growth medium (M). Data represent mean + SD
from two independent experiments. Statistical analysis was done by repeated measures two-way ANOVA
(corrected by Sidak’s multiple comparisons test), ns = not significant, ****P < 0.0001. Statistically significant
differences within each treatment compared to the corresponding medium control are depicted directly

above the bars.

Figure 2.



TNFa treatment induces activation of AMPK and early autophagy events. (A) L929 cells were transfected
with scramble or Ripk3 siRNAs. 48 h post transfection, cells were exposed to 10 ng/ml TNFa and 30 uM QVD
(TQ) for indicated times. Then, whole cell lysates were subjected to SDS-PAGE and immunoblotting for
indicated proteins. A compilation of representative immunoblots is shown; three ACTB immunblots are shown,
but each protein was normalized to its corresponding loading control. The density of each protein band was
divided by the average of the density of all bands from the same protein on the membrane. Fold changes
were calculated by dividing each normalized ratio (protein to loading control) by the average of the ratios of
the control lane (scr, 0 h TQ). Results are mean + SD from at least 3 independent experiments. Statistical
analysis was done by repeated measures two-way ANOVA (corrected by Sidak’s multiple comparisons test),
*P<0.05, **P<0.01, ¥***P < 0.001, ****P < 0.0001. Statistically significant differences within scramble siRNA-
transfected cells (compared to scr, 0 h TQ) are depicted directly above the bars. (B) L929 cells were exposed
to indicated treatments (10 ng/ml TNFa. [T], 30 uM QVD [Q], 5 uM GSK'872 [G]) for 6h. Cells were lysed and
cleared cellular lysates were subjected to SDS-PAGE and analyzed by immunoblotting for indicated proteins.
(C) Ripk3 WT and KO MEFs were treated with 30 ng/ml TNFa + 100 nM SMAC-mimetic + 20 uM z-VAD (TSZ)
for indicated times. Then, cells were lysed and cleared cellular lysates were subjected to SDS-PAGE and
analyzed by immunoblotting for indicated proteins. (D) L929 cells were exposed to indicated treatments (10
ng/ml TNFa, 30 uM QVD, 5 uM GSK'872) for 3 h. After that, cells were fixed and subjected to ATG14
immunostaining using anti-ATG14 antibodies (Santa Cruz; sc-164767) and IRDye® 680RD Donkey anti-Goat
secondary antibodies. Puncta quantification was done using Image) software. Data represent mean + SD. A
minimum of 120 cells was analyzed. Statistical analysis was performed using ordinary one-way ANOVA

(corrected by Tukey’s multiple comparisons test), ****P < 0.0001. Scale bar: 20 um.

Figure 3.

RIPK3 interacts with AMPK. (A) S100 extracts of MEFs were separated by size-exclusion chromatography on a
Superose 6 increase column. Fractions were analyzed by immunoblotting for the indicated proteins. The
diagram shows protein levels for fractions 16-40 and the density of each protein band was divided by the
average of the density of all bands from the same protein on the membrane. (B) HEK293 cells were left
untransfected or were transfected with a vector encoding FLAG-hRIPK3 for 24 h. Then, cells were lysed and
cleared cellular lysates were subjected to immunopurification using anti-FLAG beads. Purified proteins were
subjected to SDS-PAGE and analyzed by immunoblotting for FLAG and AMPK. (C) HEK293 cells were left
untransfected or were transfected with a vector encoding FLAG-hRIPK3 for 24 h. Then, cells were lysed and
cleared cellular lysates were subjected to immunopurification using anti-AMPK antibodies. Purified proteins

were subjected to SDS-PAGE and analyzed by immunoblotting for FLAG and AMPK. (D) GST or GST-mRIPK3



immobilized on glutathione-Sepharose beads was incubated with His-AMPK (PRKAA1[11-559] + PRKAB2[1-272]
+ PRKAG1[1-331]) overnight. After washing the beads, bound proteins were eluted by boiling for 10 min at
95°C. Proteins were subjected to SDS-PAGE and analyzed by immunoblotting for AMPK and GST. (E) ripk3 KO
MEFs were retrovirally transfected with empty vector or cDNA encoding FLAG-mRIPK3. Cells were seeded
onto glass coverslips. The next day, cells were fixed and analyzed using proximity ligation assay as described in
the material and methods section (anti-RIPK3: Prosci, 2283; anti-PRKAA1/2: Cell Signaling Technology, 2793).
Nuclei were stained with DAPI. Signals and nuclei per image were counted and the signal:nuclei ratio was
calculated. Data represent mean + SD. A minimum of 216 cells was analyzed. Statistical analysis was

performed using an unpaired t test with Welch’s correction, ****P < 0.0001. Scale bar: 20 um.

Figure 4.

RIPK3 directly phosphorylates PRKAA1 at T183. (A) For in vitro kinase assay, purified GST, GST-hPRKAA1(1-
278) and GST-hPRKAA1(279-559) were incubated with activated RIPK3 and [y-32P]-ATP. The reactions were
subjected to SDS-PAGE. After coomassie staining and drying of the gels, autoradiography was performed. (B)
GST-hPRKAA1 WT and the T183A mutant were purified and were incubated with activated RIPK3 and cold ATP.
The reactions were subjected to SDS-PAGE and analyzed by immunoblotting for phospho-PRKAA1/2
T183/T172 and AMPK. (C) GST-hPRKAA1 WT and the T183A mutant were incubated with activated RIPK3 and
cold ATP with or without alkaline phosphatase. The reactions were subjected to SDS-PAGE and analyzed by
immunoblotting for phospho-PRKAA1/2 T183/T172 and AMPK. (D) GST-hPRKAA1 WT was incubated with
activated RIPK3 and cold ATP with or without 50 uM GSK'872. The reactions were subjected to SDS-PAGE and
analyzed by immunoblotting for phospho-PRKAA1/2 T183/T172 and AMPK. (E) HEK293 cells were left
untransfected or were transfected with cDNA encoding either FLAG-hRIPK3 WT or FLAG-hRIPK3 kinase-dead
(KD) for 24 h. After that, cells were treated with 30 ng/ml TNFo + 30 uM QVD for 24 h. Then, cells were lysed
and cleared cellular lysates were subjected to SDS-PAGE and analyzed by immunoblotting for phospho-
PRKAA1/2 T183/T172, AMPK, FLAG and ACTB. (F) ripk3 KO MEFs were retrovirally transfected with empty
vector or cDNA encoding FLAG-mRIPK3. Cells were seeded onto glass coverslips. The next day, the cells were
treated with 30 ng/ml TNFa + 100 nM SMAC-mimetic + 20 uM z-VAD (TSZ) for 3 h. Then cells were fixed and
analyzed using proximity ligation assay as described in the material and methods section (anti-phospho-
PRKAA1/2 T183/T172: Cell Signaling Technology, 2535; anti-PRKAA1/2: Cell Signaling Technology, 2793).
Nuclei were stained with DAPI. Signals and nuclei per image were counted and the signal:nuclei ration was
calculated. Data represent mean + SD. A minimum of 107 cells was analyzed. Statistical analysis was
performed using ordinary two-way ANOVA (corrected by Tukey’s multiple comparisons test), ****P < 0.0001.

Scale bar: 20 um.
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Supplementary Figures
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Figure S1.

TNFo/QVD treatment induces cell death in L929 cells. 1929 cells were treated with
10 ng/ml TNFo and 30 uM QVD (TQ) for indicated times. Cells were collected and incubated
with propidium iodide (PI) for 1 h at 4°C. Then the signal was measured by flow cytometry.
Data represent mean + SD. Statistical analysis was performed using repeated measures two-
way ANOVA (corrected by Sidak’s multiple comparisons test), ****P < 0.0001. Statistically

significant differences within TQ-treated cells (compared to 0 h TQ) are depicted directly

above the bars.
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Figure S2.

Necroptosis induced by TNFa does not affect activities of CTSB and CTSL. L929 cells were
seeded onto 8 well chambered coverglasses and cultured at 37°C overnight. Next day, cells
were exposed to indicated treatments (10 ng/ml TNFa, 30 uM QVD, 20 nM bafilomycin A,
[BafA1]) for 3 hours. Then, cells were cultured with the magic red bound substrates of CTSB
or CTSL for 15 min at 37°C. After washing 5 times with medium preheated to 37°C, cells were

analyzed by fluorescence microscopy. Scale bar: 20 um.
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Figure S3.

TNFa-induced necroptosis is reduced in prkaal/2 DKO or ulkl/2 DKO MEFs. (A and B)
Prkaal/2 WT and prkaal/2 DKO MEFs (A), or ulkl/2 DKO MEFs and ulk1l/2 DKO MEFs
reconstituted with Ulk1 cDNA (B) were treated with 30 ng/ml TNFa + 100 nM SMAC-mimetic
+ 20 uM z-VAD (TSZ) for 5 h. Cells were collected and incubated with propidium iodide (Pl)
for 1 h at 4°C. Then the signal was measured by flow cytometry. Data represent mean + SD
from at least three independent experiments. Statistical analysis was performed using

ordinary two-way ANOVA (corrected by Tukey’s multiple comparisons test), ***P < 0.001,

*Ax*kp < 0.0001.
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Figure S4.

TNFa-induced necroptosis both supports and inhibits autophagy. Upon TNFa treatment,
the pro-necroptotic RIPK3 is activated. RIPK3 itself represents an AMPK-activating kinase.
Activation of AMPK in turn induces the phosphorylation and activation of early autophagy
mediators, such as ULK1 or BECN1. However, later steps of the autophagy pathway—such as
the lysosomal degradation of autophagosomes—are blocked during TNFa-induced
necroptosis. We speculate that the RIPK3-dependent phosphorylation of AMPK and the
subsequent activation of early autophagy events represent either an anti-necroptotic and
thus cyto-protective function of RIPK3 (indicated by red arrows), or 2) a pro-necroptotic

function of early autophagy events (indicated by green arrows).



