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Abstract

In recent years neuroinflammation was found to be a major contributor to
disease progression in neurodegenerative disorders such as amyotrophic
laterals sclerosis (ALS). Inflammatory cytokines like tumor necrosis factor
(TNF) can push cells into programmed cell death, such as apoptosis or
necroptosis, which are mediated by receptor-interacting protein kinase 1
(RIPK1). It is not entirely clear what pushes cells to different forms of cell
death. A recent study proposed that RIPK1 turnover is mediated by an
adaptor protein optineurin, which is included in various cellular signaling
and trafficking processes. Loss of optineurin was reported to be associated
with enhanced motor neuron death and axonal degeneration, both of
which are part of ALS pathology. However, this was not consistently
reported in other studies, so the exact mechanism of action of optineurin
in neuroprotection is still debated. Here, we focused on characterizing
TNF-mediated programmed cell death in various optineurin-deficient cell
lines. To address the role of optineurin in apoptosis and necroptosis, we
first generated a novel mouse fibroblast (L929) optineurin knockout (Optn
KO) cell line using CRISPR/Cas9 technique. L929 cells have been reported
to be permissive to necroptotic cell death, so they were used to set up the
assays. We induced necroptosis and apoptosis in wild-type (WT) and Optn
KO L1929 cells to determine the effect Optn KO on cell survival.
Furthermore, we tested if cell types of the central nervous system (CNS),
such as microglial (BV2) cells and neuronal (Neuro2A) cells, are dying by
necroptosis. Our study confirmed that L929 cells are highly susceptible to
necroptotic death. However, the survival rate of WT and Optn KO L929
cells was similar, which differs from previously published results. In BV2
and Neuro2A cells we detected a significant decrease in cell survival upon
stimulating apoptosis and necroptosis, which was not rescued by caspase
or RIPK1 inhibition. Notably, we did not detect any difference between WT
and Optn KO BV2 cells, suggesting that optineurin deficiency does not

sensitize microglia to TNF-mediated apoptosis and/or necroptosis. In



addition, our data suggest that another TNF-mediated mechanism may

push cells to death, which is independent of caspases or RIPK1.

Key words: neuroinflammation, programmed cell death, optineurin,

neurodegeneration



Sazetak

Tijekom posljednjih godina je utvrdeno da neuroinflamacija snazno utjece
na progresiju neurodegenerativnih bolesti poput amiotroficne lateralne
skleroze (ALS). Upalni citokini poput faktora tumorske nekroze (TNF)
mogu usmijeriti stanice u razliCite oblike stanicne smrti ukljucujuci
apoptozu i nekroptozu, koje su posredovane protein-kinazom RIPK1
(prema engl. receptor-interacting protein kinase 1). Nije joS u potpunosti
razjaSnjeno Sto tjera stanice u razliCite oblike smrti. Nedavna istrazivanja
predlazu da adaptorski protein optineurin, koji je uklju¢en u niz signalnih i
transportnih procesa u stanicama, regulira obrtaj RIPK1. Nedavno je
objavljeno da je gubitak optineurina povezan s pojacanom smrti
motornickih neurona i aksonalnom degeneracijom, procesima koji su dio
patologije ALS-a. Medutim, ti rezultati su opovrgnuti u nekoliko drugih
studija i toan mehanizam optineurina u neuroprotekciji je joS nejasan. U
ovom radu, naglasak je stavljen na karakterizaciju TNF-om posredovane
stanicne smrti u razliCitim stani¢nim linijjama u kojima je deletiran
optineurin. Kako bismo analizirali ulogu optineurina u apoptozi i
nekroptozi, prvo smo stvorili novu misju fibroblastnu (L929) optineurin
deficijentnu (Optn KO, prema engl. knockout) stani¢nu liniju pomodu
CRISPR/Cas9 tehnologije. L929 stanice su sklone nekroptozi te su iz toga
razloga koriStene kao pozitivna kontrola. Potaknuli smo nekroptozu i
apoptozu u stanicama divljeg tipa (WT) i Optn KO stanicama te promatrali
prezivljenje stanica. Osim toga, zanimalo nas je da li stanice bitne za
srediSnji ziv€ani sustav umiru nekroptozom, poput mikroglijalne (BV2) i
WT neuronalne (Neuro2A) stani¢ne linije. Potvrdili smo da su L929
stanice sklone nekroptotskoj smrti. Medutim, postotak preZivljenja WT i
Optn KO stanica bio je slican, suprotno prije objavljenim rezultatima. U
BV2 i Neuro2A stanicama smo primijetili znacajno smanjeno prezivljenje
stanica nakon stimulacije apoptoze i nekroptoze, koje se nije poboljsalo
nakon inhibicije kaspaza ili RIPK1. Znacajno je da nismo otkrili razliku

izmedu WT i Optn KO BV2 stanica, Sto upucuje da deficijencija optineurina



ne senzibilizira mikrogliju prema TNF-om posredovanoj apoptozi i/ili
nekroptozi. Stovise, nasi rezultati otvaraju moguénost da postoji jos jedan
TNF-om posredovan mehanizam koji tjera stanice u smrt, neovisan o

kaspazama ili RIPK1.

Kljucne rijeci: neuroinflamacija, programirana stani¢na smrt, optineurin,

neurodegeneracija
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1. Introduction

1.1 Neuroinflammation in amyotrophic Ilateral sclerosis

pathogenesis

Amyotrophic lateral sclerosis (ALS) is a late-onset neurodegenerative
disorder that primarily affects motor neurons in the motor cortex,
brainstem and spinal cord 2. Loss of neurons is a rapid process that leads
to widespread paralysis and death within 3-5 years from the onset of
symptoms 3. Around 10% of ALS patients have a family history of ALS and
are classified as familial (fALS) cases, while the remaining 90% of patients
are sporadic with no apparent family history, classified as sporadic (sALS)
cases °. However, this classification is vague, with newer research
detecting genetic mutations in sALS cases, which arose either de novo or
have previously been undetected in family members due to incomplete

*. Notably, ALS is marked by large clinical and genetic

2,5

penetrance
heterogeneity . Among >30 genes associated with ALS, pathogenic
mutations in superoxide dismutase 1 (S0OD1), chromosome 9 open
reading frame 72 (C9orf72), TAR DNA-binding protein 43 (TARDBP or
TDP-43) and fused in sarcoma (FUS) are most frequent, and account for

2. Other less frequent

most of the fALS cases in European population
mutations include optineurin (Optn) and TANK-binding kinase (TBK1), two
proteins that interact with each other, and could have a neuroprotective
role 2°. All the above mentioned genes encode for proteins with rather
distinct functions, and are thought to contribute to motor neuron injury
through a wide range of processes including impaired proteostasis,
impaired RNA metabolism, oxidative stress, cytoskeletal dysfunction,
glutamate-mediated excitotoxicity, and mitochondrial dysfunction >°.
Impaired proteostasis is the most prominent hallmark of ALS. It results in
accumulation of misfolded/aggregated proteins in neurons and glia. In
most ALS cases, regardless of genetic background, inclusions usually
contain an RNA-binding protein TDP-43. Although extensive research over

the last couple of decades gained an insight into the complex genetic



background of ALS patients, it is still unclear how so many different
processes lead to the same outcome and which mechanisms promote such

rapid disease progression ”.

An inflammatory response in the CNS, also known as neuroinflammation,
is indirectly or directly linked to most of the above-mentioned ALS
mutations !. Neuroinflammation is a common driving factor in other
neurodegenerative disorders as well. In a healthy brain,
neuroinflammation has an important role in protection against pathogens,
promoting tissue repair by removing degenerating neurons, and
8

enhancing synaptic plasticity This process is mediated through

production of cytokines and chemokines by residential glial cells (microglia
and astrocytes), and the surrounding endothelial cells 8. The main
coordinators of innate immune surveillance are microglia, a self-renewing
population that makes up 5-15% of cells in the CNS parenchyma 3. While
constantly surveying their environment for potential threats (injury,
pathogens), they are prepared for activation and cytokine production 3.
On their surface they express a large number of Toll-like receptors (TLRsS)
that recognize pathogen- and/or damage-associated molecular patterns
(PAMPs and DAMPs), and pattern recognition receptors (PRRs) that bind
foreign or misfolded proteins >°. Upon receptor activation, microglia can
assume two functionally different phenotypes: proinflammatory M1
phenotype also referred to as “classical activation” or immunosuppressive
M2 phenotype that combines “alternative activation”, and "“acquired
deactivation” !°. When activated by a stimuli related to injury or infection,
M1 microglia is the first line of defense in elimination of pathogens by
producing proinflammatory cytokines such as tumor necrosis factor (TNF),
interleukin-1-beta (IL-1B), and other molecules like superoxide, nitric
oxide (NO) and reactive oxygen species (ROS). Later in inflammation,
microglia shifts to M2 state, marked by an increased production of IL-4
and IL-13 that promote anti-inflammatory responses, tissue repair and

5,10

extracellular matrix reconstruction Acquired deactivation is also



crucial state in controlling microglial activation during acute inflammation,
and is induced by production of IL-10 and transforming growth factor-8
(TGF-B) °. Correct switch between the two states is necessary to control
acute inflammation, in order to prevent excessive and/or chronic

activation of microglia and potential damage of the surrounding tissue °.

It has been suggested that in neurodegenerative disorders, chronic

! Enhanced

inflammation is a primary cause of rapid disease progression
glial proliferation and activation, together with elevated proinflammatory
cytokine levels were found in the blood and cerebrospinal fluid of ALS
patients '3°. When microglia fail to deactivate, unregulated
proinflammatory cytokine release promotes neuronal damage and death 1.
In this process there is a release of DAMPs, such as ALS-associated
protein aggregates (TDP-43 and SOD1) and other common markers of cell
death (HMGB1 and HSP-60) that bind to TLRs on microglia and activate

511

them . Moreover, through ROS production, microglia can directly harm

surrounding neurons 3. In ALS rodent models, presence of activated
microglia around motor neurons is detected before any other symptoms,
and stage of inflammation corresponds with disease progression.
However, it is important to note that the presence of "activated" glia can
contribute to both toxic and neuroprotective environments for neurons, so

clearer understanding of neuronal-glial communication is necessary °.

1.2 TNF mediated NF-kB activation

TNF was first described as a factor that leads to necrosis of transplantable
tumors in mice, but now is broadly known as a proinflammatory cytokine
accountable for the modulation of the immune response !#!3, In the
healthy CNS environment, basal activity of TNF has regulatory functions
on synaptic plasticity, transmission and neuronal scaling in the brain

14

cortex, striatum and hippocampus **. In pathological conditions when

brain homeostasis is compromised, astrocytes and microglia release an



excessive amount of TNF, which contributes to chronic inflammation,
glutamate-mediated cytotoxicity, synaptic loss and gliosis *"*3. When TNF
is released by the brain endothelial cells, neurons and residential glial
cells, it leads to activation of NF-kB pathway. NF-kB is a transcription
factor that regulates inflammation through proinflammatory cytokine

production ?

. Various stimuli can activate this pathway, but in context of
neurodegeneration most important are DAMPs and proinflammatory

cytokines (TNF and IL-1) that promote signalosome assembly °.

TNF is first synthesized as a type II transmembrane protein (tmTNF),
which then undergoes proteolytic cleavage within its extracellular domain
by TNF converting enzyme (TACE) to form a soluble TNF homotrimer
(sTNF). Both soluble and transmembrane TNF are biologically active and
have distinct signal transduction pathways through two different surface
receptors: TNF receptor 1 (TNFR1 or p55) and TNF receptor 2 (TNFR2 or
p75). Each receptor has a specific binding affinity for TNF, downstream
signaling cascade and biological functions %3, Upon activation, TNFR1
promotes inflammatory responses and contributes to neuroinflammation
and neurodegeneration, whereas some reports suggested that TNFR2
activation promotes anti-inflammatory responses and neuroprotection,
thus promoting cell survival and tissue repair 2. Moreover, TNFR1 is a
death receptor (DR) and carries a death domain (DD) in the cytoplasm.
DRs interact with cytoplasmic proteins containing DDs, which are essential

for further signal transduction.

The binding of TNF to TNFR1 promotes the binding of TNFR1-associated
death domain (TRADD) and RIPK1 to the receptor via their DD-DD
interactions, and promotes formation of the TNFR1 complex I (Fig. 1).
TRADD then further recruits TNFR-associated factor (TRAF2) and
consequently cellular inhibitor of apoptosis protein 1 (cIAP1) and cIAP2,
15,16

E3 ligases that normally form complexes with TRAF2 in cytoplasm

cIAPs provide K63-polyubiquitylation and recruitment of linear ubiquitin



chain assembly complex (LUBAC). LUBAC comprises three proteins:
haeme-oxidized IRP2 ubiquitin ligase 1 (HOIL1), HOIL1-interacting protein
(HOIP) and SHANK-associated RH domain-interacting protein (SHARPIN),
which then stabilize complex I with linear M1-linked polyubiquitin chains
on RIPK1l. Ubiquitin chains are essential for further recruitment and
activation of signaling proteins: K63-polyubiquitylation, with higher
affinity, provides a docking spot for transforming growth factor beta-
activated kinase 1 (TAK1) and its adaptor protein TAK1-binding protein-2
(TAB2), while linear M1-linked polyubiquitin chains recruit IkB kinase
(IKK) complex. IKK comprises three subunits: IKKa, IKKB and NF-kB

essential modulator (NEMO).

Upon phosphorylation by TAK1, IKK is activated and triggers the classical
NF-kB pathway; phosphorylation and degradation of NF-kB inhibitor-a
(IkBa) and NF-kB release and translocation to nucleus. In nucleus, NF-kB
activates transcription of genes important for cell survival, such as cellular
FLICE-like inhibitory protein (cFLIP), proliferation and proinflammatory

cytokine production !*>1®

. CFLIP is an important apoptosis inhibitor that
heterodimerizes with procaspase-8, thus preventing its activation ©. To
prevent hyperactivation of NF-kB signaling pathway, deubiquitylating
enzymes (A20 and CYLD) deubiquitinate RIPK1 and stop further signaling
15, NF-kB signaling pathway is important for regulation of immune

response and in protecting cells against TNF-mediated death.
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Figure 1. TNF-mediated signaling pathways. Upon TNF binding to TNFR1,
formation of complex I begins. TRADD and RIPK1 bind to TNFR1 based on their
DD-DD interactions. TRADD recruits TRAF2 and cIAP1/2, important for
K63-polyubiquitylation and recruitment of LUBAC for M1- polyubiquitylation of
RIPK1. NF-kB signaling pathway: M1-ubiquitin chains promote recruitment of
IKKa, IKKB and NEMO. TAK1l phosphorylates IKKB, which then phosphorylates
IkBa and releases NF-kB. NF-kB translocates to the nucleus and induces
transcription of genes for cell survival and proinflammatory cytokine production.
A20 and CYLD deubiquitylate RIPK1 and promote formation of death complexes.
RIPK1l-independent apoptosis (RIA): Complex IIa consists of TRADD, FADD
and caspase-8 which then activates caspase-3 (not shown) and induces
apoptosis. cFLIP negatively regulates apoptosis with caspase-8 inhibition.
RIPK1-dependent apoptosis (RDA): Loss of suppressors of RIPK1 activation
(cIAP1/2, LUBAC or kinases TAK1l, TBK1l and IKK) promotes formation of
complex IIb that consists of activated RIPK1, FADD and caspase-8. Caspase-8
activates caspase-3 (not shown) and induces apoptosis. Necroptosis: If
caspases are inhibited, formation of complex IIc occurs that consists of RIPK1,
RIPK3 and MLKL. RIPK1- RIPK3 interaction leads to RIPK3 autoactivation and
phosphorylation of MLKL, resulting in cell lysis and necroptosis (not shown).
cFLIP negatively regulates necroptosis through RIPK1 cleavage. Modified from:
Yuan et al. 2019 V/

1.3. TNF-mediated cell death

Considering the large amounts of TNF present in neuronal environment
during neuroinflammation, it is reasonable to propose that some neurons
undergo TNF-mediated cell death. When NF-kB pathway is inhibited,

TNFR1 activation turns into a death signal . TNFR1 activation has been



reported to promote several distinct types of cell death, including RIPK1-
independent apoptosis (RIA), RIPK1l-dependent apoptosis (RDA) and
necroptosis 1°?°, These outcomes are highly regulated by two checkpoints
during TNFR1 signaling: either by production of pro-survival/anti-apoptotic
proteins through NF-kB pathway for blocking RIA or by inhibiting RIPK1
kinase activity for blocking RDA 2°.

1.3.1. Apoptosis

Apoptosis is a form of regulated cell death, crucial for homeostasis and
normal tissue development. First described in 1972, it is a best
understood form of cell death described as mostly non-immunogenic with
minimal damage to the surrounding microenvironment %22, The induction
of apoptosis depends on activation of different cysteine-aspartic proteases
(caspases). Caspases are divided into two categories: initiator and
executioner. The initiator caspases (caspase-8 and 9) get activated from
their inactive form (procaspases) and activate the executioner
procaspases (caspase-3, 6 and 7). Once activated, executioner caspases
initiate characteristic morphological changes: cell blebbing and shrinkage,
condensation of chromatin  (pyknosis), nuclear fragmentation
(karyorrhexis), and formation of small vesicles known as apoptotic bodies
(ApoBDs). As a final step, ApoBDs or whole apoptotic cells are engulfed by
residential phagocytes. Phagocytosis is a terminal step in apoptotic cycle
and prevents discharge of cellular components into the surrounding tissue

and damage to surrounding cells .

There are two major apoptosis pathways, distinctive from each other
based on the wide array of proteins and signal transducers involved:
intrinsic and extrinsic 2>. The intrinsic apoptotic pathway can be induced
by the cell itself upon damage detection through intracellular sensors
which promote biochemical changes in the cell. This form of apoptosis is
initiated either from positive or negative signals. Positive signals include
exposure to hypoxia, radiation, ROS, toxins, viruses etc. Negative signals

emerge in the absence of cytokines, growth factors and other pro-survival

7



signals 2123,

When either of these triggers is present; apoptosis is
induced, leading to disruption of mitochondrial transmembrane. Once
membrane is obstructed, mitochondrial permeability transition (MPT) pore
forms and makes membrane more permeable for pro-apoptotic proteins
21 The extrinsic apoptosis pathway is receptor-mediated, through death
receptors anchored to the cell membrane by their transmembrane
regions. Once extracellular death ligands, produced by surveilling natural
killer cells or macrophages, bind to death receptors, they transfer the

signal into cytoplasm 2!%3

. DRs belong to TNF receptor superfamily, and
their activation depends on corresponding ligands: TNF and Fas 2!>. Both
TNF and Fas-mediated apoptotic pathway are similar and result in
caspase-8 activation, which activates procaspase-3 in order to produce
executor caspase-3. Executor caspase uses its preoteolytic activity to

cleave a variety of intracellular proteins and DNA 16234,

1.3.2. RIPK1-independent apoptosis (RIA)

RIPK1 is a key kinase that regulates which TNF-mediated pathway cell will
undertake, based on its ubiquitylation status '°. Several deubiquitylating
and ubiquitin-modifying enzymes can change the ubiquitylating status of
RIPK1. A20 can remove K63-linked polyubiquitin chains (essential for
LUBAC docking) and add K48-linked polyubiquitin chains to RIPK1, which
pushes RIPK1 degradation and stops further signaling. CYLD is another
deubiquitylating enzyme that removes K63- and M1-linked polyubiquitin
chains (essential for IKK complex) from RIPK1. When RIPK1l is not
ubiquitylated, pro-survival NF-kB signaling is turned off and RIPK1-
containing complex dissociates from the membrane to form protein

complexes that induce cell death (apoptosis or necroptosis) °.

Free and deubiquitylated RIPK1 helps to assemble complex IIa with
TRADD, FADD and procaspase-8 in RIA (Fig. 1) !®!°. Procaspase-8 then
auto-cleaves itself to form active capase-8 that further activates executor

caspase-3 3. For studying RIA, NF-kB pathway must be inhibited. A



protein synthesis inhibitor cycloheximide (CHX) is commonly used for this
purpose. CHX blocks the elongation phase during protein translation in
eukaryotic cells, so during TNF-induced NF-kB signaling, synthesis of cFLIP

d 20.25

and other pro-survival proteins is diminishe and cells are pushed to

RIPK1-independent apoptosis.
1.3.3. RIPK1-dependent apoptosis (RDA)

Unlike in RIA where kinase activity of RIPK1 is not needed, in RIPK1-
dependent apoptosis the kinase activity of RIPK1 is necessary for the
alternative complex IIb formation that consists of RIPK1, FADD and
caspase-8 (Fig. 1) 192%, The exact cellular events that trigger cells to RDA
are not entirely understood. This type of cell death is characterized with
fast activation of RIPK1 in complex I and latter assembly of complex IIb
that leads to apoptosis execution caspase-3 2°. RIPK1 activity regulation is
highly complex web of ubiquitination and phosphorylation events that are
recently discovered: TAK1 phosphorylates multiple residues on RIPK1 and
suppresses its activity >’ as well as K63 ubiquitination of RIPK1 by cIAP1/2
26:28 Tt is considered that failure of checkpoint mechanisms during TNFR1
signaling, such as loss of suppressors of RIPK1 activation (cIAP1/2, LUBAC
or kinases TAK1, TBK1 and IKK), stimulates RDA 2°. To simulate RDA in
vitro, commercially available agents that promote RDA are used, called
SMAC mimetics. They are small molecules that mimic endogenous
antagonists of cIAP1/2 and promote RIPK1 activation 28. Also, CHX in
combination with TNF was shown to promote RIPK1 activation and RDA
when TAK1 phosphorylation of RIPK1 was blocked 2’.

Excessive pathologic cell death is connected to various neurodegenerative

21,26

diseases In young CNS, intrinsic apoptosis has important role in

forming a functional nervous system through proper neuron positioning
and spacing, number reducing and neuroepithelial morphogenesis 17:?°,
Adult neurons become rather resistant to intrinsic apoptosis, as possible
adaptive mechanism to secure survival of neurons for decades. This

resistance can be overcome in certain pathological conditions and

9



neurodegenerative diseases such as Parkinson disease (PD), Alzheimer
disease (AD), multiple sclerosis (MS) and ALS, where extrinsic apoptosis
pathway is activated and DRs are upregulated and contributing to further

loss of neurons 7.
1.3.4. Necroptosis

Contrary to apoptosis, necroptosis is a form of programmed cell death
that is pro-inflammatory and caspase independent. It is characterized by
organelle swelling, cytoplasmic granulation and finally cell membrane
rupture that causes leakage of cellular content into the surrounding
environment 3%, During cell lysis, release of DAMPs evokes inflammatory

22 Necroptosis was first

response from surrounding innate immune cells
discovered in cell culture, when cells were stimulated with TNF in the
presence of pan-caspase inhibitor z-VAD, a compound that blocks

apoptosis in numerous cells types 223!

. Cells were dying differently than
from apoptosis, and the death itself required kinase activity of RIPK1.
However, biological significance of this form of death was unknown until a
subsequent study where cells infected with vaccinia virus (encoding for a
viral caspase inhibitor) were dying from necroptosis. This suggested that
necroptosis could be additional immune mechanism for battling viral

infections 2.

Most of the knowledge about necroptosis signaling comes from extensive
studies using RIPK1 inhibitors (necrostatins, Nec-1) and animal models
lacking proteins involved in complex IIc (also named necrosome) (Fig. 1),
such as RIPK3 and MLKL through TNF-induced necroptotic pathway %*°C.
TNF with zVAD and CHX or SMAC mimetic, successfully induces

2227 As mentioned, upon TNFR1

necroptosis in different cell types
activation cell has several options: NF-kB activation and cell survival,
apoptosis or necroptosis. If cellular context and different cell death
sensitizers are not pushing cell towards survival or apoptosis, the third

option is necroptosis. When TNF binds to TNFR1, a complex I assembly

10



begins in same manner as in NF-kB and apoptosis. It is an essential
platform for sequence of ubiquitylation and deubiquitylation events that
dictate different outcomes. Caspase-8-FLIP heterodimers negatively
control necroptosis through cleaving RIPK1. In condition where caspases
or regulatory protein cFLIP are inhibited, with adequate amounts of RIPK3,
MLKL and deubiquitylated RIPK1, necrosome is formed °2239 The
necrosome complex contains RIPK1 and RIPK3, which interact via their
RIP homotypic interaction motif (RHIM) domains. Oligomerization of RIPK3
leads to RIPK3 autoactivation and phosphorylation of MLKL (p-MLKL)
following its translocation to the membrane *3°. In humans, MLKL
phosphorylation at Thr357 and Ser358, causes conformational changes
and oligomerization at the plasma membrane where it binds to
phospholipids based on negative charge interactions?*3°. Cell lysis occurs
either through direct pore formation by MLKL oligomers, or indirectly by
deregulating Ca,* or Na* ion channels 3°. Phosphorylation of MLKL and its
translocation to the membrane is a crucial step during necroptosis .
Therefore, detection of p-MLKL levels is a commonly used readout for
necroptosis. Notably, antibodies against p-MLKL can be unspecific with
additional band at 54 kDa %/, so it is necessary to check antibody

specificity before conducting further experiments.

The close interaction among inflammation and necroptosis supports the
idea that necroptosis is linked to hyperinflammatory pathological

S 330 In ALS patients, a common feature is

conditions such as AL
pathological axonal ‘Wallerian-like” degeneration characterized with axonal
dystrophy or swelling, triggered by degeneration and dysfunction of
oligodendrocytes 1’32, In a specific mouse ALS model carrying the human
SOD1%3A mutation, degeneration of oligodendrocytes and defects in
axonal myelination were inhibited with RIPK1 inhibition and RIPK3

deficiency 7.

Several necroptotic markers including insoluble RIPK1,
RIPK3, MLKL and p-MLKL were found elevated in post-mortem spinal cord

samples of sALS patients. More direct link between necroptosis and motor
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neuron death was discovered when astrocytes derived from sALS patients
were co-cultured with motor neurons generated from human embryonic
stem cells. Astrocytes derived from ALS patients, but not from the control,
caused necroptotic motor neuron death; suggesting that surrounding
environment dictates disease progression. Apart from SOD1, mutation
causing haploinsufficiency of TBK1 is contributing to reduced expression of
TAK1, an important RIPK1 suppressor. Tbk1*/~ mice exhibited ALS
symptoms, which were stopped upon RIPK1 inhibition '’. These results
indicate that reduced RIPK1 suppression facilitates necroptosis and

neurodegeneration.

1.4. The role of optineurin in cell death

Optineurin is an adaptor protein involved in variety of cellular processes
such as autophagy, Golgi maintenance, vesicular transport, signal
transduction and inflammatory responses 3**. It is a highly conserved,
ubiquitously expressed protein, with higher expression in heart, spleen,

brain and skeletal muscle >34,

As an autophagy adaptor, optineurin
interacts with TBK1, p62 and microtubule-associated proteins 1A/1B light
chain 3B (LC3), proteins required in autophagy. With myosin VI, it forms a
complex that enables protein trafficking and during inflammatory
response, optineurin interacts with ubiquitinated RIPK1 and CYLD >34,
Possible explanation on why optineurin is involved in so many different
processes is because of its direct/indirect interaction with various proteins,
and some of them impact its function by adding post-translational

modifications (phosphorylation and ubiquitination) 333%.

When  optineurin  protein  structure was deciphered, several
domains/interactions were found to be crucial for its function (Fig. 2). One
of such is ubiquitin-binding domain (UBD), where K63 and M1
ubiquitylation provide signal transduction. Through UBD, optineurin binds
with high affinity to myosin VI, RIPK1 and CYLD >33:3%,
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LC3 RIPK1
TBK1 p62 o
N-terminus CC1 IR cc2 - ZF| C-terminus
Rabs UBD

Figure 2. The domains and interaction partners of optineurin. N-terminus
contains CC1: coiled-coil domain 1, LIR: LC3 interacting region, CC2: coiled-coil
domain 2, UBAN: ubiquitin binding region of ABIN proteins and NEMO, and at the
C-terminus is ZF: zinc finger. UBD domain of optineurin is important in context of
this research for RIPK1 and CYLD binding.

Because of its high homology with NEMO, it was initially assumed that
optineurin positively regulates the NF-kB pathway. This possibility was
ruled out when in NEMO-deficient cells overexpressed optineurin did not

activate NF-kB pathway 3.

Overexpression in vitro studies provided
evidence that optineurin negatively regulates NF-kB pathway either
through interaction with CYLD, or by binding to RIPK1 in the same manner
as NEMO and precluding subsequent NF-kB activation >3°. Furthermore,
silencing of optineurin in various cell lines induced higher NF-kB activity °.
In contrast, results obtained from bone marrow- derived macrophages
(BMDM) from Optn™ or ubiquitin-binding deficient Optn®*’’N and Optn*’°"

5,33

mice show normal, acute NF-kB activation Similar results were

470T 1

observed in primary microglia of Optn mice 1. It is important to note
that optineurin expression is regulated by the NF-kB pathway, so it is
possible that optineurin regulates NF-kB activity, although this could

depend on cell type, stimuli and type of inflammation (acute/chronic) >*.

The first optineurin mutations connected to ALS were found in 2010 in
Japanese patients and since then, more than 30 mutations were
discovered that include deletions, missense and nonsense mutations 3334,
Optineurin mutations have not been found to cause protein aggregates,

unlike several other ALS mutations that are prone to aggregation and
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toxicity due to gain-of-function, including SOD1, TDP-43 and FUS. Thus, it
is thought that optineurin mutations act by: 1) loss-of-function, through
deletions and nonsense mutations that encode for truncated protein or 2)
they result in no protein at all. However, it is important to note that for
the vast majority of optineurin mutations there is no adequate in vitro/in
vivo model to study them, so the possibility remains that certain

mutations can act by different pathogenic mechanism °.

Although it is known that optineurin mutations cause ALS, the mechanism
is still unclear. Recent study with Optn "/ mice gained clearer insight into
the neuroprotective role of optineurin. These mice had neuropathology
that resembled ALS, including significantly lower number of motor axons,
dysmyelination and Wallerian-like axonal pathology !’*’. Moreover, spinal
cord samples had elevated expression of TNF, RIPK1, RIPK3 and MLKL ,
biochemical hallmarks of necroptosis, which were reduced by RIPK1
inhibition 17*”. Besides whole body Optn KO model, in order to determine
the CNS cell types involved in ALS pathogenesis, they induced lineage-
specific loss of optineurin in oligodendrocytes (using Cnp-cre mice),
myeloid cell lineage (Lyz2-cre mice), astrocytes (Gfap-cre mice), motor
neurons (Mnxl-cre mice) by treating Optn™F;Cx3cri®® mice with
tamoxifen for a month. Specific deletion of optineurin from myeloid cells,
oligodendrocytes or microglia was enough to promote axonal myelination
defects and degeneration similarly to what was observed in a whole body

37, Coexpression analysis of primary Optn’/~ microglia

Optn’/" mice
identified elevated LPS receptor CD14 and CD86, biomarkers for M1 active
state, which were suppressed by Nec-1s and Ripk1 P138N/D138N 37 14 thig
research, they hypothesized that RIPK1 activation stimulates
proinflammatory state of Optn "/~ microglia, not necroptosis. Surprisingly,
one study from 2018, detected no myelin decompaction in Optn °/~ mice
and claims that such myelin decompaction is a result of myelin fixation,
and it is not connected to disease progress 8. Unlike in Ito et al. study,

they found no change in spinal cord motor neuron number in one year old

14



Optn /" mice. In addition, they found huge difference among in vitro and
in vivo models. Constitutive deletion of RIPK3 in cultured mouse motor
neurons protected them against toxicity of SOD1¢%** -expressed
astrocytes, while same RIPK3 loss in mice with additional SOD1%%3A
mutation showed no improvement on disease onset, motor neuron
number, and survival in vivo. These results question if necroptosis has a

detrimental role in ALS pathogenesis 2.
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2. Thesis goal

In vivo studies showed that optineurin-deficient mice exhibited ALS-like
pathology with necroptosis and elevated levels of TNF, RIPK1, RIPK3 and
MLKL, as reported in sporadic ALS patients as well. Research obtained on
optineurin knockout L929 cells showed that they are highly sensitive to
necroptosis 3’. This study also proposed a potential role of optineurin as a
regulator of RIPK1 turnover. However, TNF-mediated programmed cell
death in optineurin-deficient cells in the CNS has not been studied
extensively, so its role in neurodegeneration is still debated. In addition,
recent in vivo results showed that inhibition of necroptosis did not improve
ALS pathology, questioning the role of necroptosis in motor neuron death
38 To further analyze the role of optineurin in TNF-mediated cell death, we

set the following goals in this thesis:

1. Establishing an optineurin knockout (Optn KO) mouse fibroblast (L929)
cell line using CRISPR/Cas9 approach;

2. Setting up a cell survival experiment in wild-type (WT) and Optn KO
L929 cells, and analyzing the difference in their susceptibility to apoptosis

and/or necroptosis upon TNF stimulation;

3. Testing for necroptosis at the molecular level by assessing MLKL

phosphorylation.

4. Comparing programmed cell death in WT and Optn KO microglial (BV2)
cell lines, and analyzing programmed cell death in WT neuronal (Neuro2A)

cell line.
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3. Materials and methods

3.1. Cell culture

Experiments were conducted on three different cell lines: immortalized
wild-type (WT) murine microglia (BV2), neuroblastoma (Neuro2a), and
murine fibroblasts (L929). Optineurin knockout (Optn KO) variants of
Neuro2a and BV2 lines were previously generated by our group using
CRISPR/Cas9 method °. BV2 and L929 cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, PAN Biotech), with supplementation of
10% fetal bovine serum (FBS), 1% L-glutamine and 1% of
Penicillin/Streptomycin/Amphotericin B antibiotic mixture (PAN Biotech),
henceforth labeled as complete DMEM. Neuro2a cells were cultured in
Eagle’s Minimal Essential Medium (EMEM, Pan Biotech), with
supplementation of 10% FBS, 1% L-glutamine, 1% sodium pyruvate (PAN
Biotech), 1% non-essential amino acids (PAN Biotech) and 1%
Penicillin/Streptomycin/Amphotericin B antibiotic mixture, henceforth
labeled as complete EMEM. For clonal selection, Optn KO variants were
kept in medium enriched with puromycin (5 pg/mL for Neuro2A and 2
Hg/mL for BV2). Cells were passaged every 2-3 days and incubated at
37°C and 5% CO,.

3.2. Generation of Optn KO L929 cell line

In order to generate L929 Optn KO cell line, original WT L929 cells were
transfected with two lentiCRISPR v2 plasmids, each encoding for a guide
RNA (gRNA)-sequence specific for optineurin together with Cas9
endonuclease and puromycin N-acetyl-transferase (a puromycin
resistance protein). Transfection was achieved using Lipofectamine 3000
(Invitrogen), a reagent based on lipid nanoparticle technology, following
the manufacturer’s protocol. Following the previously established protocol
® cells were seeded in the density of 100 000 and 200 000 cells/well on a
12-well plate in an antibiotic-free complete DMEM medium. For

transfection of one well, 0.5 ug of each lentiCRISPR v2 plasmid was mixed
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with 50 pL of Opti-MEM medium (Gibco), 3 pL of Lipofectamine 3000 and
2 UL of P3000 Reagent. To determine the concentration of puromycin to
be used for selection, different concentrations (10, 5, 2 and 1 pg/ml) were
tested on non-transfected WT L929 cells. After 48h, concentration of 10
Hg/ml killed all non-transfected cells and was thus selected for generation
of L929 Optn KO clones. Efficiency of CRISPR method and Optn deletion
was confirmed by immunoblotting. Subsequently, the generated L929
Optn KO cell line was kept in puromycin enriched medium at 37°C and 5%
CO:s.

3.3. Cell viability assay

BV2, KO BV2, Neuro 2A, KO Neuro 2A, L929 and KO L929 cell lines were
seeded at a density of 200 000 cells/well in 12 well plates. Cells were
treated differently, in order to induce or inhibit apoptosis or necroptosis,

as detailed below.
1) Treatment for inducing and inhibiting necroptosis:

To induce necroptosis, we used TNF (10 ng/ml), CHX (0.5 pg/ml) and
zVAD (20 pM). Before applying TNF and CHX, 30 min pre-incubation with
zVAD (pan caspase inhibitor, Enzo) was done in order to push cells
towards necroptotic cell death. In order to inhibit necroptosis, we added
Nec-1 (50 pM, RIPK1 inhibitor, Sigma) to cells treated with TNF, CHX, and
zVAD. Nec-1 was pre-incubated in the same manner as zVAD. Control

samples were treated with 4 pL of DMSO.

2) Treatment for inducing apoptosis and inhibiting RIPK1 dependent

apoptosis

To induce apoptosis, we used TNF (10 ng/ml) and CHX (0.5 pg/ml). In
order to inhibit RIPK1 dependent apoptosis, the same treatment remained
with 30 min pre-incubation with Nec-1 (50 uM). Control samples were
treated with 4 pyL of DMSO.

18



WT (CTRL) WT KO (CTRL) KO
+ 4 pl DMSO | CHX (0.5pg /ml) | + 4 pl DMSO CHX (0.5ug /ml)

WT WT KO KO
TNF (10 ng/ml ) | TNF (10 ng/ml ) | TNF (10 ng/ml ) TNF (10 ng/ml )
CHX (0.5pg /ml) | CHX (0.5ug /ml) | CHX ( 0,5 pg /ml) | CHX (0.5pg /ml)

WT WT KO KO

TNF (10 ng/ml ) | TNFa (10 ng/ml) | TNFa (10 ng/ml) | TNFa (10 ng/ml)
CHX (0.5pg /ml) | CHX (0.5pg /ml) | CHX (0.5pg /ml) | CHX (0.5pg /ml)
ZVAD (20 uM) | ZVAD (20 uM) | 2VAD (20 pM) ZVAD (20 pM)

Figure 3. Treatment for inducing necroptosis and apoptosis

WT (CTRL) KO (CTRL)
+ 4 pyl DMSO + 4 pyl DMSO
WT WT KO KO

TNF (10 ng/ml ) [ TNF (10 ng/ml ) [ TNF (10 ng/ml TNF (10 ng/ml
CHX (0.5pg /ml) | CHX (0.5pg /ml) | CHX (0.5pg /ml) | CHX (0.5pg /ml)
Nec - 1 Nec -1 Nec -1 Nec -1

WT WT KO KO

TNFa (10 ng/ml) | TNFa (10 ng/ml) | TNFa (10 ng/ml) | TNFa (10 ng/ml)
ZVAD (20 pM) ZVAD (20 pM) ZVAD (20 pM) ZVAD (20 pM)
CHX (0.5pg /ml) | CHX (0.5pg /ml) | CHX (0.5pg /ml) | CHX (0.5pg /ml)
Nec -1 Nec -1 Nec -1 Nec -1

Figure 4.: Treatment for blocking necroptosis and RIPK1l dependent
apoptosis

Twenty-four hours after treatment, all cells were collected and stained
with Trypan blue. Number of live cells was established by counting on a
Neubauer hemocytometer under Axio Vert.Al (Zeiss) light microscope,

using the following formula:
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N (total number of counted cells) x 10* (square volume) x dilution
N(cells)/mL =

n (number of squares)

3.4. Treatment for evaluating p-MLKL protein levels in L929 cell

line

To determine p-MLKL levels after inducing and blocking necroptosis, L929
WT and KO cells were seeded on a 12-well plate at a density of 200 000
cells/well. The following day, treatment with TNF (10 ng/ml), CHX (0.5
Hg/ml), zVAD (20 pM) and necroptosis inhibitor Nec-1 (50 pM) was
applied for 2, 4 or 6 h. Both z-VAD and Nec-1 were pre-incubated 30 min
and controls were treated with 4 uL of DMSO.

3.5. Protein analysis by Western blot

Proteins for Western blot analysis were obtained by washing cells with ice-
cold PBS. The cells were subsequently lysed using ice-cold RIPA buffer (50
mM Tris, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Triton X-100
(Fischer Scientific); pH 8) supplemented with protease and phosphatase
inhibitors (Roche). Samples were transferred to 1.5 mL Eppendorf tubes,
incubated on ice for 30 min, and centrifuged at + 4°C on 14 000 rpm for
10 min. Supernatants containing proteins were removed from the pellets
and transferred to new 1.5 mL Eppendorf tubes and mixed in 3:1 ratio
with 4X Laemmli sample buffer (50 mM Tris-HCI (pH 6.8), 10% glycerol,
2% SDS, 2% 2-mercaptoethanol, 0.04% bromophenol blue). For protein
separation with sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), 10% running gel (Milli-Q H20, 0.375 M Tris (pH 8.8), 0.1%
SDS, 10% acrylamide + bisacrylamide (Rotiphorese Gel 40), 0.1%
ammonium persulfate (APS), 0.01% tetramethylethylenediamine (TEMED,
Roth) and 6% stacking gel (6% acrylamide + bisacrylamide, 0.125 M Tris
HCI (pH 6.8), 0.1 % SDS, 0.1 % APS, 0.01% TEMED) were used. Samples
were heated for 10 min at 95°C, and loaded together with Tricolor Protein

Marker (Roth). Electrophoresis was run on 100V for the first 30 min and
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then on 130V for another hour. After electrophoresis, separated proteins
were transferred from gel to nitrocellulose membrane (0.45 um pore,
Invitrogen) for 80 min on 100 V. Nitrocellulose membrane was blocked for
1h in 5% BSA/TBST (Tris buffer saline (TBS; pH 7.4), 5% bovine serum
albumin, 0.1% Tween 20) on a laboratory shaker, followed by primary
antibody incubation overnight at + 4°C. Primary antibodies used were
rabbit phospho-MLKL (p-MLKL; 1:1000 dilution; Cell Signaling
Technologies), optineurin (1:1000 dilution; Cayman) and mouse MLKL
(1:1000 dilution, Sigma). Following day, incubated membranes were
washed 3x for 10 min in 0.1% TBS-T (TBS (pH 7.4), 0.1% Tween 20),
incubated with secondary HRP-conjugated anti-rabbit antibody (1:2500,
Jackson) for p-MLKL and anti-mouse antibody (1:400, Invitrogen) for
MLKL, at room temperature (RT) for 1h. Primary rabbit antibody for B-
actin (loading control) was already conjugated to HRP (1:2500; Sigma).
Primary HRP conjugated rabbit B-actin was incubated 30 min at RT. All
membranes were washed 3 times in 0.1% TBS-T prior to detection.
Protein bands were visualized using chemiluminescent substrate (Lumi-
light Western Blotting reagents, Roche), following manufacturer’s protocol,

on ChemiDoc MP (Bio-Rad). Results were quantified using Image J tool.
3.6. Statistical analysis

Data shown represent means of independent experiments (indicated
below figures). Statistical significance was determined using ordinary one-
way ANOVA (GraphPad Prism) followed by Tukey's multiple comparisons
post hoc test for pair-wise comparison. The value p<0.05 was considered

statistically significant.
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4. Results

4.1. Generation of Optn KO L929 cell line

Not all cells are susceptible to necroptosis so for our initial experiments,
we used L929 cell line, which undergoes TNF-mediated necroptosis when

18 To analyze the importance of optineurin for

apoptosis is blocked
necroptosis, we generated Optn KO L929 cells. We used CRISPR/Cas9
approach, transfecting WT L929 cells with two lentiCRISPR v2 plasmids
(this is in detail described in Materials and methods). Two weeks after the
transfection and puromycin selection, clones were expanded and
optineurin levels were assayed by immunoblotting. We confirmed that
optineurin deletion in L929 cell line was largely successful, having

detected a decrease of optineurin levels of over 80% (Fig.).

B
OPTN
1.5
A L929
£
-og 1.04
wT  Opin KO o
=
g- 0.5
— optineurin (67 kDa)
| N — | B-actin (42 kDa) 0.0 -
& ©
&
o?

Figure 5. Generation of Optn KO L929 cell line. (A) Optineurin deletion was
confirmed by western blotting using Optn antibody. B-actin was used as loading
control. (B) Optineurin levels were quantified using Imagel] and normalized to B-
actin. This experiment was conducted once so statistical significance could not be
obtained.
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4.2. No difference in necroptosis between L929 WT and Optn KO

cells

Once we generated Optn KO L929 cell line, we induced necroptosis and
apoptosis in WT and Optn KO L929 cells. We plated cells in duplicates and
at the same density and treated them with TNF (10 ng/ml) and CHX (0.5
Hg/ml) to induce apoptosis through TNFR1 signaling pathway. To induce
necroptosis, we pretreated cells with zZVAD (20 pM) prior to adding TNF
and CHX (in detail described in Materials and methods; this experimental
condition is hereafter designed as TCZ). As a test for efficiency of
necroptosis and RIPK1-dependent apoptosis, we used a RIPK1 inhibitor
Nec-1 (50 uM). Twenty-four hours later, we collected and counted cells
under the light microscope. The number of live cells after necroptosis
treatment (TCZ) was significantly decreased, with only few viable cells left
to count (Figure). This confirmed previous findings that L929 cells are
highly susceptible to necroptosis 2. When we used RIPK1 inhibitor, cell
viability was 50% higher which confirms that L929 cells were dying from
necroptosis. There was a statistically significant decrease in cell nhumber
after apoptosis (TC) treatment with an increase after RIPK1 inhibition,
although it was not statistically significant. Furthermore, there was a
tendency for Optn KO L929 cells to exhibit lower cell survival than WT
L929 cells, but these findings would require additional confirmation. These
results confirmed that L929 cells were dying from necroptosis but whether
they were dying from RIA or RDA we could not distinguish. Moreover,
Optn deficiency had a tendency to sensitize cells to apoptotic death, yet

this was not statistically significant.
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Figure 6. No difference in cell survival between L929 WT and Optn KO
cells upon necroptosis induction. L929 WT and Optn KO cells were treated
with TNF (10 ng/ml), CHX (0.5 pg/ml), zVAD (20 uM) for apoptosis (TC) or
necroptosis (TCZ) with addition of RIPK1 inhibitor Nec -1 (50 pM) (N) as
indicated. Controls were treated with DMSO. Cell viability was assayed 24h upon
treatment. Optn KO samples were normalized to WT counterparts from each
experiment. Data are shown as mean = SEM of duplicate samples from two
independent experiments (ordinary one-way ANOVA, followed by Tukey's
multiple comparisons post hoc test for pair-wise comparison, *p<0.05, **
p<0.01, *** p<0.001).
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4.3. MLKL is phosphorylated and degraded upon induction of
nectoptosis in L929 cells

After the initial cell viability test, we wanted to measure phosphorylation
of MLKL, a commonly used readout for necroptosis confirmation. To this
end, we used WT cells and tested p-MLKL and MLKL antibody specificity.
We seeded cells at density of 200 000 cells/well and treated them with
TNF (10 ng/ml), CHX (0.5 pg/ml), zVAD (20 uM) and Nec-1 (50 uM) for 2,
4 and 6 h, as described in the previous chapter. Western blot analysis
showed an increase of p-MLKL as early as 2 h upon treatment with no
MLKL degradation (Fig A and B). After 4 h, phosphorylation of MLKL
reached its peak with consequent MLKL degradation (Fig B). At the 6 h
time point phosphorylation began to reduce, possibly because more than
50 % of MLKL was degraded (Fig B). With addition of RIPK1 inhibitor,
MLKL phosphorylation was suppressed at all time points and MLKL levels
restored only at 6 h point (Fig A and B). Taken together, it emerged that
MLKL degradation and phosphorylation occurred rapidly only 2 h after

TNFR1 activation with further enhancement with time. RIPK1 inhibition

confirmed TNF induced necroptosis in L929 cell line.
A
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Figure 7. MLKL gets phosphorylated and degraded upon induction of
nectoptosis in L929 cells. A) L929 WT cells were treated with TNF (10 ng/ml),
CHX (0.5 pg/ml), zVAD (20 uM) (TCZ) with addition of RIPK1 inhibitor Nec -1 (50
MM) (N) at the indicated time points. Controls were treated with DMSO for 6h. p-
MLKL levels were detected by immunoblotting and B-actin was used as a loading
control. (B) L929 WT cells were treated with TNF (10 ng/ml), CHX (0.5 pg/ml),
zVAD (20 uM) (TCZ) with addition of RIPK1 inhibitor Nec -1 (50 uM) (N) at the
indicated time points. Controls were treated with DMSO for 6h. MLKL levels were
detected by immunoblotting and B-actin was used as a loading control. (C)
Densitometric quantification of p-MLKL is shown for the indicated time points. (D)
Densitometric quantification of MLKL is shown for the indicated time points. The
experiment was performed once so the statistical analysis could not be done.
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4.4. The extent and kinetics of MLKL phosphorylation is similar in

WT and Optn KO L929 cells upon necroptosis induction

To test if optineurin deficiency sensitizes L929 cells to necroptotic death as
previously shown 37, we treated both WT and Optn KO L929 cells with
previous treatment: TNF (10 ng/ml), CHX (0.5 pg/ml), zVAD (20 uM) and
Nec-1 (50 uM) at selected time points of 2 and 6 h. After 2 h, the p-MLKL
levels were elevated similarly in WT and Optn KO cells (Fig B).Upon 6 h
treatment p-MLKL levels were twice as much than after 2 h, which
confirmed that phosphorylation increased with time. There was visible
difference between WT and Optn KO p-MLKL levels at 6 h after
quantification; however that was not statistically significant (Fig B). L929
WT and Optn KO cells both expressed similar phosphorylation pattern
after TNF-induced necroptosis, but optineurin deficiency did not sensitize

cells to necroptosis based on obtained p-MLKL levels.
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Figure 8. Upon necroptosis induction MLKL is similarly phosphorylated in
WT and Optn KO L929 cells. (A) L929 WT and Optn KO cells were treated with
TNF(10 ng/ml), CHX (0.5 pg/ml), zVAD (20 pM) (TCZ) with addition of RIPK1
inhibitor Nec -1 (50 uM) (N) at indicated time points. Controls were treated with
DMSO for 6h. p-MLKL was detected by immunoblotting, and B-actin was used as
a loading control. (B) Densitometric quantification of p-MLKL at indicated time
points. Data are shown as relative protein levels of one experiment for 2h
treatment and as mean £ SEM of two experiments for 6h treatment and control
(ordinary one-way ANOVA, followed by Tukey's multiple comparisons post hoc
test for pair-wise comparison, *p<0.05).

4.5. MLKL is not phosphorylated during apoptosis in L929 cell cells

Previous research done in L1929 cells revealed that MLKL was
phosphorylated during SMAC mimetic induced apoptosis, which opened a
possibility that p-MLKL is not an adequate marker to distinguish
necroptosis from other forms of cell death 3°. We used WT and Optn KO
L929 cells, seeded on a 12-well plate at 200 000 cells/well density. We
treated cells with TNF (10 ng/ml), CHX (0.5 pg/ml), zZVAD (20 puM) and
Nec-1 (50 pM) for 6 h, based on previous experiments where
phosphorylation and degradation of MLKL reached its peak. We observed
that MLKL was phosphorylated only with necroptosis treatment (TCZ) and
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phosphorylation was inhibited with RIPK1 inhibitor (Fig. A and B). There
was no specific p-MLKL band with apoptosis treatment (TC) (Fig. A and B),
which confirmed that p-MLKL is present only during necroptosis. Similar to
previous result, there was difference in p-MLKL levels between WT and
Optn KO cells upon necroptosis treatment (Fig. B). However, it is
important to note that this data is obtained from single experiment so

additional experiments are necessary to confirm this conclusion.

A
TC -+ + + + - o+ o+ o+ 4+
ZVAD - - - + + - - - +
Nec:1 - — + — + - — + - +
3 -— —_— p-MLKL (54 kDa)

— ——— —— N “— | f-actin (42 kDa)

WT Optn KO
B
p-MLKL

c 1.5+ W
E B Optn KO
e  1.0-

—

-

—

=  05-

o

0.0-

CTRL TC TC+N TCZ TCZ+N

Figure 9. MLKL is not phosphorylated during apoptosis in L929 cell cells.
(A) L929 WT and Optn KO cells were treated with TNF (10 ng/ml), CHX (0.5
pg/ml), zVAD (20 uM) for apoptosis (TC) or necroptosis (TCZ) with addition of
RIPK1 inhibitor Nec -1 (50 pM) (N) for 6h. Controls were treated with DMSO for
6h. p-MLKL was detected by immunoblotting and B-actin served as a loading
control. (B) Densitometric quantification of p-MLKL after 6h treatment. The
experiment was performed once so the statistical analysis could not be done.
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4.6. WT and Optn KO BV2 cells are not sensitive to necroptosis or

apoptosis

In order to characterize cell death in cell types predominantly involved in
ALS pathogenesis, we used immortalized murine BV2 WT and Optn KO cell
line and induced apoptosis and necroptosis to see if optineurin deficiency
contributed to cell death. We followed the same protocol as with L929
cells and treated them with TNF (10 ng/ml) and CHX (0.5 pg/ml) to
induce apoptosis, with addition of zVAD (20 pM) for necroptosis. We used
a RIPK1 inhibitor Nec-1 (50 pM), as a test for efficiency of necroptosis and
RIPK1-dependent apoptosis. Light microscopy images showed a reduction
in cell number after treatment for apoptosis (TC) and necroptosis (TCZ)
compared to control (Fig. A). After we counted live cells, we detected
significant cell death compared to control. However, neither WT nor Optn
KO BV2 cells were dying from necroptosis nor apoptosis since there was
no increase in cell number after RIPK1 or caspase inhibition (Fig. B).
Furthermore, there was no significant difference in cell death between WT
and Optn KO, which means that optineurin does not sensitize cells to
necroptosis in BV2 cell line. These results indicated that BV2 WT and Optn

KO cells were dying from another form of death.
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Figure 10. WT and Optn KO BV2 cells are not sensitive to necroptosis or
apoptosis. (A) Light microscopy images of the BV2 WT and Optn KO cell lines.
Cells were treated with TNF (10 ng/ml), CHX (0.5 pg/ml), zVAD (20 uM) for
apoptosis (TC) or necroptosis (TCZ) as indicated; RIPK1 inhibitor Nec -1 (50 uM;
N) was added to block necroptosis. Control samples were treated with DMSO. (B)
Live cells were counted using trypan blue exclusion assay on Neubauer
hemocytometer 24 h upon treatment. Optn KO samples were normalized to WT
counterparts from each experiment. Data are shown as mean = SEM of duplicate
samples from three independent experiments (ordinary one-way ANOVA,
followed by Tukey's multiple comparisons post hoc test for pair-wise comparison,
*p<0.05, ** p<0.01).

4.7. Neuro2A cells are not sensitive to necroptosis or apoptosis.

After we showed that BV2 cells are not sensitive to necroptosis, we
conducted an experiment on mouse Neuro2A, in order to get better insight
in neuronal death. For this experiment we treated only WT Neuro2A cells
with TNF (10 ng/ml) and CHX (0.5 pg/ml) to induce apoptosis, with
addition of zVAD (20 pM) for necroptosis. As indicated, we added Nec-1
with apoptosis and necroptosis treatment to inhibit RIPK1. Results we
obtained are similar to those in BV2 cells, where there was significant cell

death compared to control. However, caspase and RIPK1 inhibition did not
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increase cell survival, suggesting that Neuro2A cells are also not dying
from necroptosis or apoptosis (Fig.). It is important to note that our data
was obtained from duplicate samples of a single experiment and without

Optn KO cells, so this experiment requires repetition.

Neuro2A

150 -
wikk - WT

Cell survival
(%)

CTRL TC TC+N TCZ TCZ+N

Figure 11. Neuro2A cells are not sensitive to necroptosis or apoptosis.
Neuro2A cells were treated with TNF (10 ng/ml), CHX (0.5 pg/ml), zVAD (20 yM)
for apoptosis (TC) or necroptosis (TCZ) with addition of RIPK1 inhibitor Nec -1
(50 uM) (N) as indicated. Control was treated with DMSO and after 24h cell
viability was measured. Data are shown as mean * SD of duplicate samples from
one independent experiment (ordinary one-way ANOVA, followed by Tukey's
multiple comparisons post hoc test for pair-wise comparison, *** p<0.001, ****

p<0.0001).
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5. Discussion

Neuroinflammation and TNF-mediated programmed cell death are major
contributors to ALS pathogenesis and neurodegeneration in general >'’.
However, even now that most of the signaling events distal to TNFR1
activation have been elucidated, the molecular switch between different
outcomes of the NF-kB pathway activation, namely RIA, RDA and

necroptosis is still unclear 2°.

It has been suggested that ubiquitylation and phosphorylation status of
RIPK1 dictate its cytotoxic potential and cell fate *°. One of the possible
regulators of RIPK1 activity is optineurin. In a recent study, optineurin-
deficient mice exhibited ALS-like symptoms with hallmarks of necroptosis
1737 The authors also reported more proinflammatory microglia in these
mice, and suggested that this is an aftermath of optineurin loss. However,
the exact mechanism which optineurin regulates RIPK1 activity is still
unknown. For this reason, we decided to generate a new in vitro model of

optineurin deficiency.

A recent study has demonstrated that L929 cells with silenced optineurin
were more sensitive to necroptotic death induced with mTNF or zVAD .
Silencing is more prone to artefacts than genetic models, so our first goal
was to confirm that optineurin deficiency indeed sensitizes cells to
necroptosis. We successfully generated Optn KO L929 stable cell line using
CRISPR/Cas9 technology, which proved to be a time saving and relatively
simple method for generating gene-edited cell lines. In addition, our
results confirmed that WT L929 cells are indeed highly susceptible to a
necroptotic stimulus. With RIPK1 inhibition, survival increased by
approximately 50%, confirming that a large fraction of WT L929 cells are
dying from necroptosis. We could not detect difference in cell survival
between WT and Optn KO L929 cells after we induced necroptosis,
suggesting that optineurin is not implicated in this form of programmed

cell death.
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This contrasts previously reported results in which optineurin silencing
sensitized L929 cells to necroptosis, and p-MLKL levels were higher in
Optn KO cells 3. The reasons for this discrepancy are still unclear and
could perhaps be due to an artifact of the silencing technique. Notably, in
the aforementioned study, the results from cell viability tests were
normalized, and no raw data of p-MLKL levels were provided. Our data
showed a tendency for lower survival in Optn KO L929 cells compared to
WT cells after an apoptotic trigger, and with RIPK1 inhibition there was a
trend for increased survival. This could be due to the fact that optineurin

binds to caspase-8 and inactivates it *

, So there is a possibility that
optineurin-deficient cells undergo RDA. Additional experiments, such as
confirmation of caspase-3 and RIPK1 activation, are needed to confirm
RDA as a potential mechanism of death. Overall, these results confirm
that L929 cells are prone to necroptotic death, but optineurin loss did not

significantly enhance TNF-mediated necroptosis.

Previous research showed that TNF by itself is sufficient for inducing
necroptosis in L929 cell line *°. Considering that there are three possible
death outcomes during TNFR1 signaling, it is possible that TNF alone does
not push cells necessarily toward necroptosis, but also to RIA or RDA. One
study induced necroptosis in L929 cells with TNF and AZD 5582
dihydrochloride (SMAC mimetic) and generated population of cells that
were positive for both p-MLKL and cleaved caspase-3 (CC3) 3°. This
suggests that caspase inhibition prevents mixed phenotypic cell death. We
showed that MLKL is not phosphorylated upon TNF and CHX treatment,
and obtained a specific p-MLKL band only upon addition of zZVAD. Our data
confirms that TNF and CHX do not induce necroptosis, and confirm that

caspase inhibition in L929 cells is required for necroptotic phenotype.

In neurodegenerative diseases, regulation of immune response is

compromised and leads to chronic neuroinflammation 3.

Microglia is
considered to be a main source of TNF, whose elevated levels can be

found in the blood of ALS patients *>. Primary microglia derived from Optn
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/” mice had elevated RIPK1 activation which was inhibited in vivo by Nec-
1s administration and additional Ripk1 P138N/D138N mtation. This mutation
results in inactive kinase, and is commonly used instead of total RIPK1
knockout, since those mice die shortly after birth **. Moreover, the same
microglia had elevated TNF levels that were inhibited with Nec-1s,

indicating that they might be in the M1, pro-inflammatory state *’.

Previous research in our lab obtained opposite results, where after LPS
stimulated Optn KO BV2 cells showed no disturbance in NF-kB signaling,

and had slightly decreased levels of TNF °. Other results in microglia

470T

generated from Optn mice showed no difference in TNF production

11 Data from our lab on Optn KO BV2 cells and

470T

upon LPS stimulation
primary microglia from Optn mice report normal, even lower levels of
TNF compared to Optn °/~ microglia. Similar results were found in Optn’/
BMDMs, implying that in the absence of optineurin most of the
intracellular TNF is pushed to lysosomal degradation *°. Thus, it is likely
that optineurin regulates NF-kB signaling and proinflammatory cytokine
production, but it is still unclear by which mechanism due to some

controversial findings.

Low expression levels of MLKL were found in optineurin-deficient microglia
37 indicating that microglia likely are not dying from necroptosis, although
some studies suggest differently REF. However, there is no confirmation
that optineurin-deficient microglia are not undergoing TNF-mediated
necroptosis. Our data obtained from experiment on BV2 cell line shows
that microglia were not susceptible to TNF-mediated necroptotic death.
What is intriguing is that cell viability is reduced under necroptotic
conditions, but it was not rescued upon RIPK1 and caspase inhibition. We
could hypothesize that cells are dying in a manner different from
apoptosis or necroptosis and that exogenous TNF promotes different
mechanism of cell death. In addition, we should test if our microglia
express any pro-inflammatory biomarkers for M1 active state and repeat

cell viability using additional methods, such as MTT test or ToxiLight
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assay.

Previous studies in vitro discovered that toxic astrocytes promote
necroptotic motor neuron death. Human and mouse ESC-derived motor
neurons were co-cultured with astrocytes derived from sALS patients, and
their survival improved after RIPK1 inhibition *°. Another recent in vivo
study reported no improvement in motor neuron death after MLKL deletion
in SOD1%%** mouse model, indicating that necroptotic pathway was not
involved. They also reported no change in activation of astrocytes and
microglia, and suggested that other forms of cell death are contributing to
astrocyte-mediated motor neuron death in ALS %’. This is in agreement
with our results, where Neuro2A cells are dying after necroptosis
treatment, but their viability is not improved after RIPK1 inhibition, same
as BV2 cells. It is important to note that these results are obtained only in
WT cells, and we cannot debate whether neurons would be dying if they
are optineurin-deficient. Overall, our results suggest a possibility that
additional mechanism, independent of caspase and RIPK1 kinase activity,

pushes cells to death.
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6. Conclusion

For the purpose of studying TNF-mediated programmed cell death in cells
with optineurin deficiency we established Optn KO L929 fibroblast cell line
using CRISPR/Cas9 method. We confirmed that L929 cells are sensitive to

’we found no evidence that

necroptosis. Contrary to a previous study 3
loss of optineurin confers higher susceptibility towards necroptosis in
these cells. After conducting same experiments in microglial cell line, we
did not detect any difference in survival rate between WT and Optn KO
microglia. Interestingly, we observed significant cell death in both
microglia and neurons, even in conditions where RIPK1 and caspases were
inhibited. This was in agreement with previous studies; however, we could
not determine which form of cell death is responsible for his phenotype.
These results need to be confirmed in primary cells, as well as in vivo,
since recently published papers show significant differences between in

vivo and in vitro optineurin models.
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