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Summary



La sclérose latérale amyotrophique (SLA) est une pathologie caractérisée par une perte
progressive des neurones moteurs. Ces neurones spécialisés conduisent I'information du
cerveau vers les muscles permettant ainsi les mouvements. La perte de ces cellules induit
donc une paralysie musculaire conduisant au déces des patients par défaillance respiratoire.
A ce jour, aucun traitement efficace permettant le rétablissement des patients n’a été
développé. Parmi les facteurs de risques génétiques associés au développement de la SLA
chez les patients, ont été identifiées des mutations dans la séquence du géne TBK1. Le travail
présenté ici est basé sur le développement d’'un modele d’étude chez le poisson zébre
associant une perte d’activité de la protéine Tbk1 avec les différentes marques cellulaires de
la SLA. Ce travail a donc pour but d’identifier de nouvelles cibles thérapeutiques et par
conséquent d’amener vers le développement de nouveaux traitements améliorant le

pronostic des patients.

Amyotrophic lateral sclerosis (ALS) is a pathology characterized by the progressive loss of
motor neurons. These specialized neurons conduct the information from the brain to the
muscles in order to induce the movements. The loss of these cells therefore induces a
muscular paralysis leading to patients’ decease via respiratory failure. At this time, no
treatments allowing patients recovering have been developed. Mutations in the sequence of
the tbkl gene have been identified as risk factors in the development of ALS. The work
presented in the following thesis is based on the development of a zebrafish model of study
recapitulating the different cellular hallmarks of ALS associated to the loss of activity of TBK1
protein. This work is therefore aiming to identify new therapeutic target and consequently

developed new treatments ameliorating patients’ prognostic.



Abstract



La sclérose latérale amyotrophique (SLA) est une pathologie caractérisée par une
neurodégénérescence progressive des neurones moteurs (NM) corticaux et spinaux
induisant une paralysie musculaire conduisant au déces des patients par défaillance
respiratoire. TBK1 a été associé pour la premiere fois a la SLA en 2015. Etroitement lié a
I’autophagie et a I'inflammation, deux mécanismes cellulaires associés a la pathophysiologie
de la SLA, il est important de comprendre le rble fonctionnel de TBK1 dans le
développement de cette pathologie. Due a sa ressemblance anatomique et neurochimique
avec le systeme nerveux humain et a ’'homologie élevée avec son orthologue TBK1 humain,
le poisson zébre est aujourd’hui considéré comme un des meilleurs modeéles pour I'étude de
la SLA associée a TBK1. Afin d’identifier les mécanismes sous-jacents a la perte d’expression
de TBK1 dans la dégénérescence des NM jn vivo, nous avons généré deux nouveaux modeles
de perte d’expression de tbkl chez le poisson zébre en utilisant deux approches : la
réduction de I'expression via morpholinos (perte partielle d’expression — KD) et I'induction
de mutations via la technologie CRISPR (perte totale d’expression — KO). Dans les 2 modeles
nous avons identifié une diminution de la mobilité liée a la perte d’expression de tbkl,
cependant le stade de développement du phénotype observé est différent en fonction du
modele : 2 jours post fécondation (jpf) dans le modele KD et 5 jpf dans le modéle KO. De plus
dans le modele KD, la perte de capacité motrice est associée a une diminution dans le
nombre de NM spinaux. Cette observation n’est pas reproduite dans le modele KO et
n’explique donc pas I'apparition d’un phénotype moteur. Enfin, a un stade plus avancé (9
jpf), nous avons observé une mortalité chez le modele KO, mettant en évidence le rdle
crucial de TBK1 dans le développement du poisson zebre. Afin d’identifier les déréglements
moléculaires responsables des phénotypes observés chez le modele KO, nous avons effectué
une analyse métabolique aux deux stades de développement d’intérét (6 et 8 jpf). L'analyse
métabolomique a révélé que la perte d’expression de tbk1 était associée a une dérégulation
du métabolisme du nicotinamide. En effet, I'incubation des larves avec un précurseur du
NAD+ (métabolite central du métabolisme du nicotinamide) : le nicotinamide riboside (NR),
a permis de restaurer la locomotion. Cette observation met en évidence que I'absence
d’expression de tbk1 chez le poisson zébre altére les niveaux physiologiques de NAD+ ce qui
induit a une plus grande échelle une perte de mobilité. Cependant I'incubation avec le NR
n’a eu aucun impact sur la survie des larves. J'ai donc cherché quelle pourrait étre la cause

de la mort de ces larves en combinant analyses protéomique et métabolomique. Ces
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données ont montré une augmentation de marqueurs inflammatoires ainsi qu’une
modification de I'expression des protéines responsables de la régulation de la mort cellulaire
active (MCA) (apoptose ou nécroptose). Par conséquent, nous avons cherché a identifier
laquelle de la MCA ou de l'inflammation était la cause primaire de ce phénotype. Pour
répondre a cette question, j’ai incubé les larves avec un inhibiteur de la neuroinflammation :
I'acide caféique. Cependant, cette prévention de la réaction neuroinflammatoire n’a eu
aucune conséquence sur la survie des larves. Bien que cela n’élimine pas totalement le role
de lI'inflammation, cela suggere que le facteur induisant la mortalité dans notre population
de larves pourrait étre I'activation d’'une MCA. Un futur criblage moléculaire permettant de
prouver cette hypothése et d’identifier quel mécanisme de MCA est responsable de la
mortalité observée sera effectué dans la lignée de cette étude. Pour autant, ce travail
apporte une meilleure compréhension de la cascade d’évenements menant de la perte

d’expression de TBK1 au développement de la SLA.

10



Amyotrophic lateral sclerosis (ALS) is a neurological disease characterized by the progressive
degeneration of both spinal and cortical motor neurons that leads to muscle paralysis and
the subsequent death by respiratory failure. TBK1 mutations potentially leading to
haploinsufficiency were first described in ALS patients in 2015. Tightly linked with autophagy
and inflammation, two cellular mechanisms reported to be dysregulated in ALS patients, it
remains of major interest to understand the functional role of TBK1 in the development of
this neurological condition. Due to its high anatomical and neurochemical resemblance with
the human brain and the important homology with its orthologous TBK1 human gene, the
zebrafish is today considered as an excellent vertebrate model suitable for the study of tbk1-
related ALS. In order to identify the subjacent mechanisms linked with tbk1 loss of function
and the subsequent degeneration of motor neurons in vivo, we have generated and
characterized two new zebrafish models of TBK1 loss of function using two approaches; the
first was via antisense morpholino oligonucleotide to generate a zebrafish model with partial
loss of expression referred to as knockdown (KD). The second approach was to induce
genomic mutations via the utilization of the CRISPR technology and to generate deletion
mutant with loss of expression referred as the tbkl knockout KO) model. In these two
models, | report an impaired locomotor activity associated with the loss of tbk1 expression.
However, the motor phenotype occurs at various stages of development according to the
approach used: 2 days post fertilization (dpf) in the KD model and 5 dpf in the KO model.
Moreover, we associated the impaired locomotion in the KD model with a decrease in the
number of spinal motor neurons indicating neurodegenerative features in this model. On the
other hand, we did not observe any increased mortality of motor neurons in the KO model
but we reported a high lethality upon tbkl complete deletion at 9dpf suggesting a crucial
role for Tbkl in the zebrafish development. In order to identify the subjacent molecular
dysregulations responsible for the phenotypes observed in the KO model, we performed a
metabolomics analysis at the two developmental stages of interest (6 and 8 dpf). The
metabolomics analysis unveiled an association between tbk1 loss and a severe dysregulation
of the nicotinamide metabolism. The incubation of the larvae with a precursor of NAD+
(central metabolite of the nicotinamide metabolism): the nicotinamide riboside, permitted
to restore the locomotion defects in the tbk1 KO larvae. This observation revealed that tbk1

reduced expression provoke an alteration of the physiological level of NAD+ which could
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correlate with the loss of mobility. However, NR incubation was not sufficient to delay or to

prolong increased mortality observed in the tbk1 KO larvae.

To determine the cause of increased mortality observed in the tbkl KO model at 9 dpf, we
combined the metabolomic analysis with proteomics to unravel altered pathways associated
with tbk1 KO. Increased inflammation markers and dysregulation of two programmed cell
death (PCD) mechanisms, namely the necroptosis and the apoptosis were observed. To
separate between these two hypotheses, we incubated the larvae with an inhibitor of the
neuroinflammation process: caffeic acid. Caffeic acid treatment failed to reduce mortality in
the tbk1l KO model, thus suggesting that neuroinflammation may not play a crucial role in
increased mortality observed. This suggests that the activation of programmed cell death
pathways could be mainly responsible for the lethality observed in our KO model. A future
pharmacological approach to reduce necroptosis and apoptosis activation will allow us to
support this hypothesis, and to further identify which of the cell death pathways was
involved in the tbk1 KO model; thus, increasing our understanding of the cascade of events
leading from the loss of tbkl expression to the development of the ALS and propose

therapeutic avenues for this neurological disease.
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In this introduction, | will review the recent literature in the field of Amyotrophic Lateral
Sclerosis (ALS) and one of the genetic causes for this neurodegenerative disorder, TBK1 on
which this thesis will focus. First, | will introduce the clinical features of ALS before discussing
about the cellular hallmarks of this pathology. | will also review major cellular and animal
disease models and their importance to a better understanding of pathogenic mechanisms
of ALS. Secondly, | will review the recent studies on TBK1 functional role and its involvement
in the pathogenicity of ALS. Finally, as part of the present work will be focusing on the
metabolomics characterization of the novel tbk1 KO zebrafish model that | developed during
my doctoral work, | will review the emerging field of metabolic alterations both in patients

and in genetic models of ALS.

Part I: Introduction to ALS

. History and description of the disease:

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by the
progressive degeneration of both the upper and the lower motor neurons (MN). This is
translated at a macroscopic scale by the progressive denervation and the atrophy of the
skeletal muscles (except oculomotor and sphincter motor neurons) leading from paresis to
complete paralysis and eventually death within 3 to 5 years after diagnosis, predominantly

through respiratory failures (A. Chio et al., 2009).

The term ALS was first mentioned in 1874 by the French neurologist Jean-Martin Charcot
(1825-1893). However, it is important to mention that this first description was made

possible by the work of many scientists prior to Charcot:

- Charles Bell (1774-1842), a Scottish anatomist and physiologist, published in 1824
“Exposition of the natural system of the nerves” where he describes for the first time
two distinct roots in the spinal cord: 1) the anterior roots involved in the motor
abilities 2) the posterior roots involved in the sensory abilities. He is therefore the
first to mention that neurological disease could be purely motor related.

- Francois Amilcar-Arran (1817-1861), a French doctor, is the first to describe ALS in
1850 without being able to distinguish it from other neurodegenerative disease

associated with a loss of motor functions. However, according to Arran, this disease
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was only related to an alteration of the muscular system, without any neuronal
involvement (F.A. Aran, 1850).

- Jean Cruvelier (1791-1874), a French doctor and anatomist, in 1852, after performing
a series of autopsies on three patients, observed an atrophy of the anterior roots of
the cervical region. He therefore proposes to switch Aran’s paradigm of an
exclusively muscle related disease to a model reflecting a primary alteration of the
spinal cord’s anterior roots leading to a secondary muscle atrophy (J. Cruveilhier,
1852-1853).

- Jean-Martin Charcot was the first to observe an association between lateral sclerosis
and grey matter of the spinal horn in 1868 (J.M Charcot, 1872-1873). He proposed in
1872 to split the heterogenous group of muscular atrophies into two sub-classes: 1)
the ‘true spinal’ muscular atrophies caused by the loss of anterior horn cells
(corresponding to the progressive muscular atrophies described by Aran and
Cruveilhier); 2) the ‘“false spinal’ muscular atrophies caused by a secondary loss of
anterior horn cells associated with the degeneration of the lateral fasciculi of the
spinal cord (i.e the ALS). It is in 1874 that Charcot formalized the description of ALS in
his lecture. This discovery was made possible for Charcot through the introduction of
the microscopic analysis in opposition to the previous macroscopic observations

performed by its precursors.

In addition, it is important to mention that although Charcot’s name will always be
associated with the disease, his discovery was only made possible by the findings of his two
pupils and close collaborators Charles Bouchard (1837-1915) and Albert Gombault (1844-

1904) whose name have been forgotten.

1. Clinical features of ALS-FTD

A. Epidemiology

Quantifying the worldwide incidence of ALS is complicated as the environment and the
genetic background are greatly impacting the risk of contracting the pathology (B. Marin et
al., 2016). Therefore, although it is now accepted that the global incidence of ALS is
approximatively 1 to 2 cases per 100 000 persons per year and the prevalence is of 4-6 per

100 000 persons (L. Xu et al., 2020; E.O. Talbott et al., 2016; B. Marin et al., 2016), it is more
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relevant to study ALS epidemiology in a specific sub-population. Moreover, this bias is
accentuated by the overrepresentation of populations with a European genetic background
in the epidemiology studies published (more than 75% are focusing on European or North

American populations) (L. Xu et al., 2020).

Several risk factors have been identified to explain the influence of geography on the
heterogeneity of ALS. Interestingly, it seems that the incidence is highly linked to the wealth
of the population (Fig. 1) (4.94 in the western world in opposition to 2.15 in developing
territories) (L. Xu et al., 2020). This is possibly explained by a higher life expectancy, ALS
being a late onset pathology. Still in this direction, although the onset of the disease occurs
prevalently during adulthood, the median age of onset is highly variable according to the
populations (E. Longinetti and F. Fang, 2019). For instance, a comparative study between
Chinese and German population have shown a 10 years difference in the median age of
onset (51 years in China vs 61 years in Germany) (J. Dorst et al., 2019). Moreover, the
survival time to ALS is also highly different according to the population studied (24 months in
Europe in opposite to 48 months in central Asia) (L. Xu et al., 2020; B. Marin et al., 2016).
However, the age of onset has been showed to directly impact the prognosis of the patients
(W-M. Su et al., 2022). Altogether, these observations suggest that population comparative
epidemiology studies will always suffer from the lack of relevance of comparing various

population.

Another risk factor is gender, with males more likely to develop ALS (Figl) (Z. R. Manjaly et
al., 2010; C. Ingre et al., 2014) and exhibit both a higher incidence and prevalence (L. Xu et
al., 2020) with a male/female ratio located in between 1 and 2 (E. Longinetti and F. Fang,
2019; Z. R. Manjaly et al., 2010). This sex ratio is inversely proportional to the age of onset
(Z. R. Manjaly et al., 2010). Therefore, it could be interesting to determine whether this ratio
is increased in population characterized with an earlier onset of disease. In addition, it seems
that gender could also impact the clinical subtypes of pathology, a study in a European
population have reported a higher propensity for spinal-onset disease in male patients in
opposition to female cases which are more associated with bulbar-onset pathologies (G.
Logroscino et al., 2010). Due to a lack of comprehension in the pathogenicity of ALS it is

difficult to understand biologically the origin of this sex-related difference of incidence.
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a Subzroup N Crude prevalence/ 100,000 population (95% CI) I-squared (%) Pvalue
Sex
Male 26 - 596 (5.14, 6.85) 0.0 0,495
Female 26 - 390(330,4.56) 49 0382
Subcontment
North Africa 1 L] 347(3.10,3.84)
North America 13 - 4.27 (3.67,492) 0.0 0979
South America 3 o 306 (092, 6.48) 0.0 0483
East Asia & [ ’ 3.67(1.27,7.31) T3 0,001
South Asia 1 - 1570017, 439
West Asia 2 - — .03 (248, 16,74) 0.0 0579
Australia and New Zealand 1 s 540 (5.50,7.200
North Europe 13 —— 4.50 (3,36, 6.49) 0.0 1.000
South Europe 17 ol 552 (461, 6.50) 0.0 0681
‘West Europe 2 - " .62 (4,80, 16.10) 0.0 0.652
Econonse level
Developed 51 - 4.94 (4,46, 5.45) 0.0 0.875
Developing 5 . 2.15(1.34,3.18) 0.0 0425
’ | 3 8 13 18
b Subgroup N Crude incidence/100 000 person-vears ($5% CI) I-sguared (%5) P value
Sex
Male 74 HH 1.91(1.65,2.19) 19 0.433
Female 74 L 1.36(1.14, L59) 14.1 0.162
Subcontinent
Morth Africa 1 - 085 (0,70, L.OT)
North America 16 v 1.60(1.23,2.01) 0.0 0.996
South America 3 i 087 (0.27, 1.83) 26.7 0.256
East Asia -1 - 0.85 (047, 1.34) 463 0.072
South Asia 1 - 042 (0,06, 1.10)
West Asia 4 - 087 (047,139 0.0 0.401
Australia and New Zealand 1 - ' 225(0.71,467)
Caribbean 1 - 0.93 (0,71, 1.19
Morth Europe 25 cm 240(1.92,2.94) 23.2 0.146
South Europe 43 - 1492 (1.21, 1L.B81) 14.6 0.208
West Europe 1 Som 2.76 (200, 3.64) 0.0 0.727
Hawail 1 —— 1.04 (0,17, 2.64)
Economic level
Developed a7 - 1.79(1.58, 2.02) 220 0.033
Developing a - 063 (0,44, 0.85) 0.0 0.782

0% 13 33 LR

Figure 1: lllustration of the variation in the incidence and prevalence of ALS depending on

sex, geographical population sets and wealth (derived from L. Xu et al., 2020)

B. Risk factors

1. Environmental risk factors

All these geographical/gender-based risk factors are even more difficult to elucidate as in
most of the ALS cases (more than 80%), clinical features are thought to appear
spontaneously within a generation without any first-degree relatives of the patients being
affected. This feature leads to the creation of an over-simplified dichotomization of the
pathology between the sporadic and the familial cases (which are hereditary passed through
generations). The reality is different and ALS, similarly to other neurodegenerative diseases,
is characterized by a multifactorial inheritance, thus triggered by a combination of
dysregulated genes and environmental factors (O. Hardiman et al., 2017). So far, 30 genes
have been associated with a higher risk of contracting ALS but the real number is probably

higher (S. Mathis et al., 2019).
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Several environmental factors have been associated with a higher risk of triggering the
disease, further explaining the heterogeneity of the epidemiology. These risk factors are very
diverse and can be linked to the lifestyle: dietary factors, exercise, body mass index, or
smoking; to the professional occupation: exposition to metal or pesticides, electric shock or
proximity with electromagnetic fields (B. Oskarsson et al., 2015). Moreover, the risk of ALS
was shown to be associated to specific health conditions related to viruses, metabolism
alterations, or innate immune system dysregulation (A. Jawaid et al., 2018; B. Oskarsson et
al., 2015). Interestingly, early life exposure to environmental cues has been reported to
directly impact the innate immune response (M. Garand et al., 2017; D.M. MacGillivray and
T.R. Kollmann, 2014), further complexifying the role of environmental risks on the

development of the disease.

Because investigating the impact of the risk factors on the development of the pathology is
challenging and to this point there is no direct evidence linking an environmental trigger to
ALS, the vast majority of the research has focused on the genetic part of the disease as

discussed in the next section.

2. Genetic risk factors

Although most of the ALS cases appeared sporadically within a generation without a first
degree relative being affected, approximately 10% of the cases are characterized by a
familial history of the disease. As a partially hereditary disease, these cases are linked to one
or several genomic mutations. Approximately 70% of the hereditary cases are associated
with 4 genes out of the 30 identified: Chromosome 9 open reading frame 72 (C9ORF72),
Superoxide dismutase 1 (SOD1), Transactive response DNA-binding protein (TARDBP) and
Fused in sarcoma (FUS) (Fig 2) (A.M.G Ragagnin et al., 2019; M. Ghasemi and R.H. Brown,
2018).
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ANG, p62, VAPB, VCP, OPTN, UBQLN2, PFN1, hnRNPA1,
CHCHD10, MATR3, TBK1, TUBA4, C9orf2, CCNF

Figure 2: Circle chart illustrating the frequency of mutated genes in familial ALS patients

(derived from A.M.G Ragagnin et al., 2019)
a. C90RF72

In 2006, two studies were released identifying a locus on the chromosome 9 (9p13.2-21.3)
in Scandinavian and Dutch set of patients as associated with the development of ALS (M.
Morita et al., 2006; C. Vance et al., 2006). However, it is in only 5 years later, in 2011, that
the presence of a massive GGGGCC hexanucleotide repeat expansion (G4C;) was identified
within the first intron of the C90RF72 gene (M. Dejesus-Hernandez et al., 2011; A.E. Renton
et al., 2011). Interestingly, healthy individuals present these G4C, repeats, but at a lesser
extend (under 30 copies) than patients with C9ORF72 associated ALS that carry from 45 to
several thousand GaiC; repeats (l. Gijselinck et al., 2016). This discovery was a real
breakthrough in the field of ALS, as it is the most frequent (around 30% of the cases)
mutations found in ALS patients with a European genetic background (E. Majounie et al.,
2012). The role of C90RF72 G4C; repeats in the development of C9ORF72 related disease is
still highly discussed as there is evidence of two deleterious consequences. First, this
mutation induced a decrease in C90RF72 expression and the subsequent loss of function of
its encoded protein (l. Gijselinck et al., 2012). A decreased expression of COORF72 has been
associated with an impaired autophagic process and the presence of cytoplasmic aggregates
(C.J. Donnelly et al., 2013; C. Sellier et al., 2016). This loss of function hypothesis is further
confirmed in the zebrafish model where the reduced expression of the C9ORF72 ortholog

results in locomotor deficits (S. Ciura et al., 2013). Secondly, the hexanucleotide repeats
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were shown to undergo a non-AUG translation leading to the expression of dipeptide repeat
proteins (DPR) which are forming cytoplasmic aggregates (K. Mori et al., 2013). Interestingly,
the accumulation of these DPRs does not appear to impact the efficiency of the autophagy
or the proteasome (S. Leskela et al., 2021). Therefore, the actual paradigm concerning
C90RF72 associated disease due to expanded G4C; hexanucleotide repeats is both a loss and
a gain of function mutation, inducing the generation of cytoplasmic aggregates and

preventing their clearance (Y. Shi et al., 2018; A. Pal et al., 2021; J. Smeyers et al., 2021).
b. SOD1

Mutations in the SOD1 gene were the first identified mutations associated with the
development of ALS in 1993 (D.R. Rosen et al., 1993). This discovery still remains as one of
the biggest breakthroughs in the study of the ALS as it allowed the comprehension of many
features of the disease through the design and generation of many in vivo model of the
pathology. The murine model SOD1ge3a is still the most used in-vivo model in the ALS
research field (M.E. Gurney et al., 1994). Since 1993, more than 180 variants have been
identified along the sequence of SOD1 in the context of ALS, and SOD1 mutations are still the
most common known genetic cause of ALS in the Asian population (approximatively 30%)
and the second in the European genetic background population (Z-Y. Zou et al., 2017). SOD1
protein is involved in the clearance of deleterious reactive oxygen species (ROS) through
their conversion into oxygen and hydrogen peroxide species (J. Azadmanesh and G.E.O.
Borgstahl, 2018). Although SOD1 mutations have been associated with oxidative stress (R.T.
Ferrante et al., 1997), the cascade of events linking SOD1 mutations to MN degeneration is
unclear. Large body of evidence indicates that it is not the actual loss of SOD1 activity that is
responsible for these alterations but rather a gain of toxicity induced by a conformational
change in the protein and subsequent cytoplasmic aggregation (Y. Hayashi et al., 2016).
Evidences from in vitro and in vivo model support the hypothesis of a prion-like propagation
mechanism in which a misfolded mutant or wild-type SOD1 protein transmits its aberrant
misfolding properties to native proteins inducing the formation of toxic cytoplasmic
aggregates (C. Minch et al.,, 2011; J.Il. Ayers et al., 2016; M. Polymenidou and D.W.
Cleveland, 2011).

c¢. TARDBP
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TARDBP mutations were first associated with ALS in 2008 (E. Kabashi et al., 2008). TARDBP is
the third most common known genomic mutation associated with ALS in European genetic
background population with 4.2% of the cases concerned (and the fourth in the Asian
population: 1.5% of the cases) (S. Mathis et al., 2019). TARDBP encodes a nuclear
ribonucleoprotein, TAR DNA binding protein 43 (TDP-43), which is involved in the regulation
of RNA processing and gene transcription (T.J. Cohen et al., 2011). Mutation in the TARDBP
sequence is known to induce misfolding of TDP-43 inducing its cytoplasmic mislocalization
and its aggregation (T. Arai et al., 2006; M. Neumann et al., 2006), which is the main
pathological hallmark of ALS. Indeed, neuronal TDP-43 aggregates are found in
approximatively 97% of the cases (E.M. Scotter et al., 2015), with these ubiquinated
inclusion bodies representing the most prevalent marker of the disease. However, TDP-43
involvement on the pathophysiology is not restricted to the aggregation of the misfolded
proteins. Indeed, severe dysregulations in the RNA metabolism have been associated with
the development of ALS. This includes: RNA mis-localization, altered splicing, and defect in
transcription (S. Reber et al., 2016; C. Lagier-Tourenne et al., 2012; E.S. Arnold et al., 2013;
A. Ratti and E. Buratti, 2016). As TDP-43 is involved in the regulation of RNA processing and
gene transcription (T.J. Cohen et al., 2011), this suggests a two-step pathology induced by
both the loss of function of TDP-43 in the nucleus and a toxic gain function in the cytoplasm
through their aggregation. Moreover, the aggregated form of TDP43 is characterized by an
abnormal phosphorylation and it has been proved that the TDP-43 phosphorylated form
disseminates in a prion-like behaviour along the motor pathways similarly to what observed

in SOD1 misfolded proteins (H. Braak et al., 2013; E-M. Hock and M. Polymenidou, 2016).
d. FUS

FUS was first associated with ALS in 2009 (T.J. Kwiatkowski et al., 2009; C. Vance et al.,
2009). FUS mutations are the fourth most common known genomic alterations associated
with ALS in European genetic background population with around 2.8% of the ALS patients
being concerned (and the third in the Asian population: 6.4% of the cases) (S. Mathis et al.,
2019). FUS, the encoded protein, is a nuclear RNA-binding protein involved in the RNA
biogenesis and function (S. Dini Modigliani et al., 2014), a transcription factor (L. Yang et al.,
2014), and is involved in the response to DNA damage (W-Y. Wang et al., 2013). Most of the

FUS ALS-associated mutations are located in its nuclear localization sequence, therefore
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inducing its cytoplasmic mislocalization and aggregation (J. Gal et al., 2011). Once more, the
FUS-induced pathology could be both induced by the loss of function of the encoded protein
and by a toxic gain of function through its aggregation. Similarly, to SOD1 and TDP-43
proteins, there’s evidence of a prion-like behaviour spreading of misfolded FUS along the
motor tracts (J. Shorter, 2017; M. McAlary et al., 2019; M. Polymenidou and D.W. Cleveland,
2011).

The identification of the genetic causes of this pathology has constituted the foundation of
the majority of the current ALS research as it allowed the generation of a variety of cellular

and animal models.

C. Symptoms and diagnosis:

1. Motor symptoms

ALS is characterized by the degeneration of both the upper and the lower MN. At the clinical
scale, this is translated by a progressive muscular weakness accompanied by cramps,
fasciculations and muscle stiffness. Every voluntary muscle appears to be affected with the
exception of the ocular and the sphincter muscles (M. Ahmadi et al., 2010; M. Carvalho et
al., 1995). However, the clinical features of ALS are rather heterogenous and differ from one

patient to another.

These differences have led to the creation of two subclasses: spinal onset in upper and lower
limbs observed in roughly two-thirds of the patients, and on the other hand, bulbar onset
observed in patients presenting first dysarthria or dysphagia sometimes accompanied with
dysphonia, or reduced mouth closure or chewing problems (P. Masrori and P. Van Damme,

2020).

2. Extra-motor symptoms:

In addition to muscular symptoms, up to 50% of the patients can present extra-motor
cognitive and behavioural impairments. Fronto-temporal dementia (FTD) designed a group
of neurodegenerative diseases characterized by the progressive loss of neurons in the
frontal and temporal lobes, inducing a change in the behaviour, a decrease in the language
proficiency and the executive function (J. Bang et al., 2015). FTD is considered as the third

cause of dementia worldwide (J.J. Young et al., 2018; J. Bang et al., 2015). In the last two
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decades, more and more patients that were primary diagnosed with ALS have been
exhibiting FTD signs suggesting clinical overlap between these two disorders. It is now
considered that 13% of the ALS patients will develop a form of FTD in the course of the
disease (G.M. Ringholz et al., 2005; J. Phukan et al., 2012). Furthermore, both of these
pathologies are characterized by the presence of cellular inclusions in neurons prior to their
death, with TDP-43 positive inclusions, a pathological hallmark for an important percentage
of FTD cases (I.R.A Mackenzie and R. Rademakers, 2010; S-C. Ling et al., 2013). The
development of genomic screening further strengthened the link between these two
diseases. Indeed, several genes associated with ALS, such as FUS, TARDBP, C9orf72, or TBK1
(R. Ferrari et al., 2013; B. Borroni et al., 2009; S.J. Sha et al., 2012; I. Gijselinck et al., 2015)
were found mutated in FTD patients. However, it is unclear why certain genes seem to be
more associated with FTD and others with ALS. For instance, TBK1 mutations were shown to
be associated with approximately 0.4-4% of the total ALS cases whereas they are much more
frequent in patients presenting an ALS-FTD comorbidity (I. Le Ber et al., 2015). Nowadays,
due to their genetic and pathological overlap, these two diseases are considered to
represent the two ends of a clinical, neuropathological and genetic single spectrum disorder,

often termed ALS-FTD (F.B. Gao et al., 2017; S-C. Ling et al., 2013; D. De Silva et al., 2016).
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Figure 3: lllustration of the symptoms induced by the different forms of pathologies of the

ALS-FTD spectrum (derived from M. Ghasemi et al., 2021)

3. Diagnosis
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Due to the heterogeneity of symptoms, identifying ALS can be challenging and misdiagnosis
often occurs. Because of the urgent need of a precise diagnosis criteria, the World
Federation of Neurology Subcommittee on Motor Neuron Disease gathered in 1990 in El
Escorial, Spain, to design and write a list of universal criteria that would help the diagnosis of
the disease: The El Escorial criteria (B.R. Brooks et al., 1994). These criteria are based on a
clinical, electrophysiological and neuropathologic surveillance to assess the evidence of
lower or upper MN degeneration and the monitoring of the course of the disease with the
spreading of neurodegeneration to other areas of the central nervous system (CNS).
Together with these diagnostic inclusion criteria, exclusion criteria were also designed to

distinguish the pathology from others.

As the El Escorial criteria based on the identification of neurodegeneration, when a patient is
diagnosed with ALS, the disease course is already well advanced (B.R. Brooks et al., 1994).
Therefore, a change of paradigm and a revised set El Escorial criteria in the close future is
conceivable. With the great advances in the technology of metabolites measurement and
the identification of dysregulated biomarkers, diagnosis could occur a lot earlier. The most
promising biomarker is the presence of neurofilaments (NF) (both light and heavy chains),
guantifying their levels in the cerebro-spinal liquid (CSF) or in the blood could help diagnosed
patients at earlier stages of the disease (Z. Xu et al., 2016). In addition to help diagnosis, NF
have also been reported to reflect accurately the disease progression (Y-N. Zhou et al.,
2021), and are now used in clinical trials to investigate the impact of a treatment on the

course of the pathology (T. Miller et al., 2022).

Amongst these biomarkers under investigation we can also cite, the elevated level in glucose
originated from a hypermetabolism associated with the disease (T.W. Tefera et al., 2021) in
the brain, spinal cord, muscles or in circulating fluids. Unfortunately, the quest for
metabolites that are prevalent in ALS patients has not been entirely successful with no real
specific metabolic signature for this disease as of yet (see Part Il - metabolites dysregulation

in ALS).

D. Treatment:

Despite approximately 200 clinical trials, only a few compounds have been identified to have

a positive impact on ALS patients.
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1. Riluzole:

Riluzole is a glutamate inhibitor that has shown modest but beneficial effect in the late
stages of disease, prolonging the survival by 2-3 months (J. Wokke, 1996; T. Fang et al., 2018;
U. Saitoh and Y. Takahashi, 2020). Glutamate excitotoxicity has been shown to play an
important role in ALS pathogenicity (E. Foran and D. Trotti, 2009). Indeed, patients exhibit
higher level of glutamate in the CNS (O. Spreux-Varoquaux et al., 2002). Glutamate is used in
the brain as a neurotransmitter, transmitting excitatory signals between neurons, however,
it is known that an increased firing rate is detrimental for neurons (Y. Zhou and N.C. Danbolt,
2014). It is still unclear how riluzole blocks the glutamatergic neurotransmission, and three
hypotheses have been proposed: the blockade of the glutamate release in the synaptic
compartment, the inactivation of the glutamate sodium channels of the receiving neuron, or
the interference with the cellular response to glutamate signal. Despite its modest impact on
the disease, riluzole have remained the only approved drug in the treatment of ALS for
almost 30 years after its approval by the United-states Food and Drug Administration (FDA)
in 1995.

2. Edaravone

Evidence of high oxidative stress has been put in evidence in ALS patients (T. Cunha-Oliveira
et al.,, 2020) and is suspected to play an important role in the degeneration of motor
neurons. Therefore, it was hypothesized that reducing the level of ROS could show beneficial
impact on patient health and, to this extend, several antioxidant compounds have been
used. Edaravone is a molecule that has been shown to protect nerve cells in the brain by
reducing the level of ROS and inhibiting the oxidative stress induced apoptosis (M-S. Jami et
al., 2015). It is the sole tested antioxidant molecule that has been shown to have a beneficial
effect on the course of the disease (H. Cho and S. Shukla, 2021). However, similarly to
riluzole, it only has a modest impact on the course of the disease, prolonging the survival by
a few months. Edaravone was approved by the FDA in 2017 following a clinical trial on
Japanese patients (K. Abe et al., 2017). However, the pool of patients selected for this trial
was criticized for not being representative of the ALS population (O. Hardiman and L.H. van
den Berg, 2017). Based on these doubts, the European Medicines Agency (EMA) has not

approved yet the usage of this drug on European territory and its availability in France is
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segregated to a temporary authorisation of usage created by the Agence National de

Sécurité du Médicament.

3. Relyvrio

Relvyrio (formerly known as AMXO0035) is a treatment based on two compounds:
taurursodiol and phenylbutyrate. Both of these molecules act respectively on two cellular
components and mechanisms altered in the context of ALS: mitochondria and elevated
oxidative stress (C.M.P. Rodrigues et al., 2003) and unfolded protein aggregates (C.T. Mai et
al., 2018). A recent clinical trial using the combination of these two molecules has shown
some beneficial effect, prolonging survival and reducing hospitalisation risk of ALS patients
(S. Paganoni et al., 2020; S. Paganoni et al., 2021). Based on this trial, the FDA has approved
the usage of relvyrio this year (2022), however, the EMA has still not approved its utilization

on European territory.

4. Non-pharmacological treatments:

Besides these disease-modifying pharmacological treatments, the patients can beneficiate of
symptomatic treatments, which do not impact the course of the disease but are based on
the improvement of the quality of life, including tracheostomy. Tracheostomy consist of the
incision of the trachea to open a direct airway for long-term mechanical ventilation in a
context of respiratory failure. However, this procedure is rarely used due to the heavy

consequences on the patient’s life as it provokes a total loss of oral communication.

Overall the treatments are limited to symptomatic management and palliative care by the
lack of early diagnosis of the disease. Indeed, the diagnosis based on El Escorial criteria is
based on the identification of neurodegeneration, therefore, when a patient is diagnosed
with ALS, the course of the disease is already irreversible. The solution to switch from a
palliative to a curative treatment would be to identify early onset biomarkers prior to
neurodegeneration in order to update and revise the actual criteria paradigm and allow

early diagnosis where the disease course could still be reversed.

As a future perspective, we can mention increased importance of genetic therapies
illustrated by a major clinical trial ongoing that is testing whether intrathecal injections
directly in the cerebrospinal fluid of antisense oligonucleotide targeting the expression of
SOD1 could prolong ALS disease duration (T. Miller et al., 2022).
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Ill.  Physiopathology of ALS-FTD — cellular dysrequlations:

ALS pathophysiology complexity is proportional to the number of genes associated with its
development. Many alterations of cellular processes are involved and the identification of
the primary dysregulations from their consequences can be challenging. In fact, each of the
pathways identified as impacted are considered in a hypothesis as the putative cause of the
disease. In the following section we will review the cellular pathways identified in the

development of the pathology.

A. Impaired protein homeostasis:

One universal hallmark of the ALS pathology is the presence of cellular inclusions in the
cytoplasm of neurons and skeletal muscles (A.M. Blokhuis et al., 2013; M.D. Cykowski et al.,
2019). However, how these inclusions are formed remains obscure and the mechanisms
responsible for their apparition are still unknown. From their presence we can suspect an

imbalance in the protein’s synthesis and their degradation.
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Figure 4: lllustration of the different cellular dysfunction observed in the context of ALS-FTD

(derived from M.C. Kiernan et al., 2011)

The majority of the aggregates in both sporadic and familial forms are found to be positive
for TDP-43 (M. Neumann et al., 2006). However, the presence of aggregates in ALS patients
of other pathological markers has been observed, including FUS (C. Vance et al., 2009), SOD1
(Y. Hayashi et al., 2016), DPRs (K. Mori et al., 2013) or NF (A. Hirano et al., 1984) according to
the form of ALS.

1. Autophagic dysreqgulation:

Autophagy is a highly conserved process that is involved in protein homeostasis
maintenance through their degradation. Autophagy is a term englobing 3 distinct
mechanisms: macroautophagy, microautophagy and chaperone mediate autophagy

(reviewed in the following section).

Macroautophagy is the major autophagic process, it relies on the targeting and engulfment
of cellular components into a double membrane vacuole called autophagosome which later
fused with the high acidic vacuoles lysosomes to induce the degradation and the reuse of
the target molecules. Microphagy, as opposed to macroautophagy, is not selective, it only

relies on the digestion of small volumes of cytosolic substrates by the lysosomes.

Among the 30 genes associated with the development of ALS, 6 are directly involved in the
autophagic processes: C90RF72, TBK1 and the less ALS represented VCP, OPTN, SQSTM1 and
UBQLN2 (S. Mathis et al., 2019). At the clinical level, the most obvious sign of the autophagic
involvement in the development of the ALS disease is the accumulation of autophagosomes
in the cytoplasm of patients’ MN (S. Sasaki et al., 2011). This would suggest an increased
autophagic activity in a physiological context. However, this activity is not reflected in the
degradation of the typical aggregates during the course of the disease questioning about the
efficiency of this system. Moreover, autophagy cargo proteins p62 are found to colocalize
with the cytoplasmic inclusions of ALS patients suggesting proteostasis defects (J. Gal et al.,
2007, Y. Mizuno et al., 2006). Stimulation of the autophagy system has beneficial effect in
ALS in vivo and in vitro models (L. Marrone et al., 2019; S. Lattante et al., 2015). Moreover,
macroautophagy efficiency have been shown to be inversely proportional to the age, and a

decreased in its activity is observed in ageing models (C. Ott et al., 2016; Y. Aman et al.,
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2021). These observations link the reduced autophagic activity with the late onset

development of the disease.

TBK1, the gene studied in the present study has been extensively implicated in autophagic
process. Therefore, we will review more in depth its function in the context of autophagy in

the following section (Part Il — I1.B. TBK1 as a regulator of the autophagic process).

2. Proteasomal impairment:

In response to misfolded proteins as observed in ALS, the cell can initiate a process called
the unfolded-protein response (UPR) (R. Bravo et al., 2013). It results in the transport of the
defective proteins toward the endoplasmic reticulum (ER) where chaperones correct the
folding of the proteins. However, when the level of misfolded proteins exceeds the UPR
capacity or when the chaperones are unable to restore the native conformation, a new
emergency mechanism activates: the endoplasmic reticulum-associated protein degradation
(ERAD) (A. Stolz and D.H. Wolf, 2010). The misfolded proteins are then released in the
cytosol where they undergo ubiquitination and proteasomal degradation. Mutated SOD1
proteins have been shown to interfere with ERAD proteins, preventing the correct ER stress
response pathway (H. Nishitoh et al., 2008). Moreover, DPR derived from C90RF72 G4C;
repeats can reduce proteasomal activity resulting in increased ER stress and accumulation of
misfolded proteins (Y-J. Zhang et al., 2014). Importantly, dysregulation of the proteasomal
degradation of misfolded proteins induced the formation of aggregates, which in turn
activate a cascade of events that ultimately results in cell death (R. Sano and J.C. Reed,
2013). Finally, the hypothesis of an altered proteasomal pathway is underlined by the
presence of ER stress marker in the motor neurons of ALS patients suggesting that this
dysregulation could be responsible for their death in patients (K. Kanekura et al., 2009; S.
Sasaki, 2010). In addition, there are evidences of an age-dependent reduction in the level of
the ER stress chaperones (A. Apostolopoulos et al., 2018; D.M. Hall et al., 2000), suggesting a
reduced UPR and connecting the proteasomal impairment theory to the late-onset of the
disease. Studies assessed the impact of chaperones supplementation on ALS SOD1 mutant
murine model with limited success, suggesting that the sole reduction in UPR is not
responsible for all the subsequent neuronal cell death (Y.J.K Patel et al., 2005; J. Krishnan et

al., 2008; P.S. Sharp et al., 2008).
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B. Extracellular trafficking:

Physiologically, exosomes are key players of the cell-to-cell communication and rapid
interaction between the different cell types of the central nervous system is crucial for a
correct activity (L.R Lizarraga-Valderramaet and G.K. Sheridan 2021). In the ALS context, it is
suggested that exosomes carry neurotoxic elements such as aggregates or proteins with a
prion-like behaviour (such as described in the previous section) subsequently inducing motor

neuron death (J.M Silverman et al., 2019; T. Westergard et al., 2016).

C. Intracellular trafficking

MNs are highly specialized neurons, bearing very long axonal processes that allow muscle
innervation. They are the longest cells of the body, their axons reaching up to 1 meter long.
Due to their unique anatomical characteristic, motor neurons highly depend on intracellular
trafficking to convey organelles or vesicles (containing neuronal receptors or RNA), to their
synapses compartment. Axonal transport dysregulation is one of the earliest events in the
development of ALS (T.L. Williamson and D.W. Cleveland, 1999; L.G. Bilsland et al., 2010).
For this reason, it has been considered by a part of the scientific community as causative for
the development of the disease. Indeed, several mutations associated with the pathology,
impacting genes not necessarily involved in the axonal transport, have been shown to impair
transport dynamics early in the development of the pathology. Amongst these genes we can
cite the well-studied C9orf72, FUS, SOD1, TARDBP but also genes that are more rarely
mutated in the context of ALS such as DCTN-1, KIF5A, ALS2, TUBA4A, SPG11, CHMP2B or
VAPB (D.M. Baron et al., 2020). The most obvious consequence of these alterations is a
defective transport of mitochondria. Indeed, lower mitochondrial axonal concentration was
reported in several in vitro and in vivo experimental models (C. Vande Velde et al., 2011;
G.M. Moérotz et al., 2012; J. Magrané et al., 2014; K.J. De Vos et al., 2017). These defects are
thought to be mainly due to weakening of the cytoskeleton structures or impaired vesicles
formation. Alterations of the neurofilament, actin or microtubules integrity have been
shown to be associated with some form of ALS (D. Fil et al., 2017; D.A. Figlewicz et al., 1994,
M.H. LaMonte et al., 2002). As mentioned before, intracellular vesicle formation is altered in
the context of ALS with traffic between the ER and the Golgi was reported to be inhibited (J.

Atkin et al., 2014; K. Soo et al., 2015). Altogether, these results suggest that alteration of the
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intracellular trafficking, which is a central pathway in the neuronal physiology, could be an

early event of the disease leading to the dysregulation of other cellular pathways.

Moreover, it seems that altered vesicles production is not restricted to the nervous system,
as muscles cells of ALS patients present an accumulation of cytoplasmic vacuoles (A.

Scaramozza et al., 2014).

D. Mitochondrial dysfunction and oxidative stress:

Mitochondria are commonly described as the engine of the cell due to their involvement in
adenosine triphosphate (ATP) generation, but their function is much more diverse, for
instance they are major regulator of cell apoptosis (S.W.G. Tait and D.R. Green, 2013) or of
calcium homeostasis and therefore involved in many neuronal functions (C. Giorgi et al.,

2018).

Mitochondrial damaged was one of the first cellular hallmarks of ALS reported (T. Astumi,
1981). Since then, many studied have confirmed these observations and evidences of
mitochondrial damages during the course of the disease accumulated in patients (K.
Otamoto et al., 1990; S. Sasaki et al., 2007) and in in vivo models (C.M.J. Higgins et al., 2003;
M. Mattiazzi et al., 2002; J. Magrané et al., 2014).

Interestingly, these mitochondrial alterations have been reported to occur early in the
development of the disease (J. Magrané et al., 2014; C. Vande Velde et al., 2011, N. Damiano
et al., 2006), suggesting that mitochondria loss of integrity could be a preventive therapeutic

target.

It is suspected that ALS related mitochondrial damages is due to structural alteration
through either formation of vacuoles within both the inner- and the outer- mitochondrial
membranes (P. Pasinelli et al., 2004; C.M.). Higgins et al., 2003) or sequestering of
mitochondrial protein in cytoplasmic aggregates (J. Deng et al., 2015; J. Deng et al., 2018; P.
Pasinelli et al., 2004; S.Y. Choi et al., 2019). The association between ALS and mutation in
CHCHD10 (S. Bannwarth et al., 2014), a gene coding for a protein located between the inner-
and outer- mitochondrial membrane, is a further evidence of the link between structural
alterations of the mitochondria and the development of ALS. The most obvious
consequences of these mitochondrial damages in the context of ALS is the increased level of

toxic cytoplasmic ROS which can lead to neurodegeneration (J. Deng et al., 2015; T. Cunha-
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Oliveira et al., 2020). However, mitochondria could also lead to neuronal death through pro-
apoptotic signalling (S.W.G. Tait and D.R. Green, 2013). Finally, a disturbed mitochondrial
activity is suspected to weaken the cells through an impaired calcium homeostasis
subsequently increasing the sensitivity to glutamate toxicity (N. Damiano et al., 2006),

another ALS features that we’ll discuss in the next section.

E. Glutamate excitotoxicity:

Glutamate is the most abundant excitatory neurotransmitter in the human CNS. It is
released in the synaptic compartment by the pre-synaptic neuron, when in the synapse,
glutamate binds to NMDA and AMDA glutamate receptor of the post-synaptic cell in order to
induce a Ca%* and Na* influx and the subsequent membrane depolarization. An excessive
level of glutamate in the extracellular medium is deleterious for the neurons, leading to
extreme firing rate. Evidences of dysregulated glutamate excitatory response have been

reported on two levels in the context of ALS.

First, it is suspected that an increased permeability of the glutamate receptors induces an
excessive Ca®* influx leading to mitochondrial dysfunction and subsequent ROS production.
Indeed, ADAR2, a protein regulating the permeability of AMDA have been reported to be
dysregulated in the context of ALS (S. Moore et al., 2019). Moreover, evidence of a
physiological higher sensibility of motor neurons would link the selective loss of motor
neurons in the context of ALS to the dysregulated glutamate excitability. Indeed, specific
overactivation of AMDA in a murine model lead to motor neuron degeneration and the
subsequent paralysis similarly to what was observed in ALS patients (J.C. Corona and R.
Tapia, 2004). The hypothesis of a higher calcium sensitivity of the motor neurons is
supported by evidence of physiologically lower expression of the GRIA2 gene coding for the
AMPA subunit responsible of the permeability compared to their neighbouring neuronal

cells (P.R. Heath et al., 2002).

Secondly, it is suggested that glutamate accumulates in the synapse compartment because
of an impaired astrocytes clearance leading to continuous excitatory signal. Indeed,
astrocytes express on their synaptic process, GLT1, which maintains a low extracellular
glutamate concentration and therefore prevents an excessive neuronal intake of positive

ions (K. Kim et al., 2011). Supporting this hypothesis, GLT1 levels have been reported to be
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severely depleted, leading to a decreased activity and extracellular glutamate accumulation
(L.A. Bristol et al., 1996; S. Sasaki et al., 2000, C. Vanoni et al., 2004; A.R. Peterson and D.K.
Binder, 2019). This hypothesis is supported by two other studies respectively inhibiting and
boosting the expression and the activity of GLT1. Inhibiting the expression of GLT1 has been
shown to increase glutamate levels extracellularly and causing neuron degeneration and a
progressive motor deficit (J.D. Rothstein et al., 2005) whereas enhancing the activity of GLT1

was reported to be beneficial in the SOD1%°** murine model (J.D. Rothstein et al., 2005).

F. Inflammation:

Upon tissue lesion or pathogen invasion, damaged cells components or motifs shared by
pathogens are recognized by surrounding cells. The response to these signals, resulting in
tissue repairing is called the inflammation. Once these signals are integrated, a cascade of
events lead to the activation of two main pathways: the nuclear factor-kappa B (NFkB)
complex and the interferon regulatory factors (IRFs) responsible for the expression of pro-
inflammatory genes and the respective synthesis of cytokines/chemokines and interferons.
The release of these endogenous molecules alerts the host of a danger and allow
recruitment of cells of the immune system. As this process is so important, the synthesis and
response to inflammatory signals is precisely tuned. When a dysregulation occurs along the
synthesis of these endogenous molecules, it leads to hypo- or hyper-stimulation of the
inflammatory system and provokes different types of pathologies. In ALS patients and animal
model, inflammation was found to be up-regulated (K.A. Staats et al., 2022; R. Tortelli et al.,
2020; P.A. McCombe and R.D. Henderson, 2011). However, it is still obscure whether it is a
consequence of the death of MN or if the hyperstimulation of the inflammatory response

leads to MN loss.

In the CNS, inflammation response is triggered by the glial cells (the myeloid precursor
derived cells in the brain) composed of microglia and the astrocytes. These cells remain in a
silent state physiologically but activates when exposed to immune challenge or injury.
Evidence of activated myeloid cells have been reported in patients (M.R. Turner et al., 2004;
B.E. Clarke and R. Patani, 2020) and animal models (E.D. Hall et al., 1998; B.E. Clarke and R.
Patani, 2020). The microglia population can be divided into two subtypes: the M1 subgroup
is activated by pro-inflammatory signals and is responsible for the increased inflammation

whereas the M2 subgroup is stimulated by anti-inflammatory signals and suppresses the
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inflammation and therefore neuron survival (Y. Tang and W. Le, 2016). It has been reported
in the SOD1%°3* murine model that the ratio M1/M2 is proportional to the age (J.M. Crain et
al., 2013; B. Liao et al., 2012), this difference could be linked to the late onset of the disease,

an older brain being more sensitive to pro-inflammatory signals.

Astrocytes involvement in the development of the disease is complicated to apprehend. It is
suspected that they have a minor impact on the course of the disease and deletion of the
NFkB pathway doesn’t improve the phenotype in the SOD1%%A murine model (C. Crosio et
al., 2011) suggesting that they are not involved in the inflammatory state. However, despite
the suggested minimal involvement in the inflammatory state of ALS models, astrocytes’
impaired clearance of synaptic glutamate molecules have been suggested as an important
factor in the ALS pathogenicity (K.A. Staats and L. Van Den Bosch, 2009; K. Yamanaka et al.,
2008).

G. Aberrant RNA metabolism:

As mentioned previously, the main cellular hallmarks of the disease is the presence of TDP43
and at a lesser extend FUS positive cytoplasmic inclusions (T. Arai et al., 2006; M. Neumann
et al., 2006). These proteins are RNA binding proteins that are involved throughout all the
RNA maturation. Therefore, the sequestration of these two proteins in the cytoplasm impact
the RNA metabolism transcription defects, alternate splicing changes, miRNA biogenesis,

stress granule formation, and RNA nucleocytoplasmic transport (L. Le Gall et al., 2020).

First, the most obvious consequence is the loss of function of these two proteins. It is
unclear what are their precise roles as they are interacting with a large number of proteins
(A. Ratti and E. Buratti, 2016; M. Kamelgarn et al., 2016). However, when they are inhibited
as well as in the context of ALS, there is evidence of several RNA metabolism alterations:
RNA mis-localization, unvalid splicing, defect in transcription (S. Reber et al., 2016; C. Lagier-

Tourenne et al., 2012; E.S. Arnold et al., 2013; A. Ratti and E. Buratti, 2016).

Besides TDP43 and FUS loss of function’s impacts on RNA metabolism, their cytoplasmic
aggregation has severe consequences. Indeed, highly dense RNA foci are observed in ALS
patients colocalizing with TDP43, which suggests an RNAs mis-localization also being
responsible for the observed altered RNA metabolism (O. Aladesuyi Arogundade et al.,

2019). Moreover, it was reported that when forming aggregates FUS proteins still bind and
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sequester important actors of RNA splicing in the cytoplasm (Y. Yu et al., 2015; S. Reber et

al., 2016; M. Kamelgarn et al., 2016), further impacting the physiological RNA metabolism.

H. Programmed cell death:

Cell death is part of the normal cellular development. It can occur in a physiologically and
genetically controlled manner: we therefore talk of a programmed cell death (PCD), or in an
alternative uncontrolled cell death induced by environmental causes, the necrosis. Necrosis
is induced by an external injury, for instance hypoxia or inflammation and is usually
considered as an accidental death when the cell cannot maintain its homeostasis with its
environment. At the cellular level, necrosis results in the swelling and subsequent rupture of
the plasma membrane (D. Moujalled et al., 2021). In the context of ALS, the characteristic
MN degeneration has been suspected to be induced through a PCD-related mechanism (C.
Guégan and S. Przedborski, 2003). There are several types of PCD: the well-known apoptosis
but also necroptosis, pyroptosis, or ferroptosis (D. Moujalled et al., 2021). Regarding to ALS,
two of these pathways have been suggested to be involved in neurodegeneration (J.R.
Morris et al., 2017): apoptosis (L.J. Martin, 1999; K.Y. Kim et al., 2020) and necroptosis (D.B.
Re et al., 2014; Y. Ito et al., 2016). As TBK1 has been reported to be involved in the induction
of these two cell processes, we will review their mechanistic insights and the functional role
of TBK1 in these cellular pathways later in the introduction (Part Il — section Il functional

roles of TBK1).

IV. Modelling the ALS-FTD — state of the art

A. In vitro models

Although they suffer from the lack of tissue connectivity or functional connectivity, cellular
models are powerful tools to study the role of genes involved in ALS through the expression
of WT and mutant ALS associated proteins or with their respective gene deletion. They also
allow genetic and compound screening which are great tools to find drug that could lead to

therapeutic avenues.

The first use of unicellular model in the ALS research was the expression of a SOD1 human
wild type or mutant plasmid in NSC34 cells (a hybrid mouse cell line produced to mimic
motor neurons) (M.R. Cookson et al., 2002). These experiments have reported the
production of intracellular ROS upon expression of mutant form of SOD1. However, this
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mouse cultured cell type has been put aside with the apparition of primary culture of mouse
MN in which various factors have been tested to investigate toxicity: for instance, glutamate
(P. Van Damme et al., 2007), astrocytes released factors (M. Nagai et al., 2007) or DPR
synthesis (X; Wen et al., 2014).

Since the use of NSC34 cells, various types of cell lines have been used, and many ALS genes
have been investigated. One model that has been extensively used to perform genetic
screen in the context of ALS is the Saccharomyces cerevisiae budding yeast. In the context of
TDP-43 overexpression, genetic screening in yeast have allowed the identification of several
genes modulating the induced toxicity: ATAXIN2 (ATXN2) (A.C. Elden et al., 2010), CNC1,
DNM1, YBH3 (V. Bharathi et al., 2021), and DBR1 (M. Armakola et al., 2010).

Furthermore, a real advance in modelling of ALS disease was made with the introduction of
induced pluripotent stem cells (iPSCs) directly derived from differentiated cells of ALS
patients (K. Takahashi et al., 2007). This model represents enormous advantages. First, they
remove the need of artificially expressing mutant transgenes to study their impact. The
development of tools allowing their differentiation into differentiated cells allow to study
the impact of ALS associated mutants in specific cell types such as spinal MN (Y. Maury et al.,
2015; J. Lenzi et al., 2016)). Finally, this is the only experimental model that can allow the
study of sporadic ALS through the induction of iPSCs derived from sporadic ALS patients.
However, these models still have limits and they suffer from the lack of tissue connectivity.
The development of iPSCs co-cultures could bypass these issues as cultured of mature MN
innervating muscle cells have been developed recently (N.R.W. Martin et al., 2015; N.
Santhanam et al., 2018; M.A. Bakooshli et al., 2019). Nevertheless, these cellular models
have allowed the recapitulation of characteristic hallmark of the disease such as the TDP-
43/FUS/SOD1/DPRs (I.V. Chestkov et al., 2014; J. Lenzi et al., 2015; B. Bilican et al., 2012; S.
Almeida et al., 2019) aggregations, NF disorganization (H. Chen et al., 2014), defects in the
intracellular transport (K. Zhang et al., 2015), and changes in excitability (B.J. Wainger et al.,
2014).

Overall, although many aspects of the disease cannot be studied in these unicellular models,
the can offer mechanistical insights of the cytotoxicity and the proteinopathy. Moreover,
these cellular models are optimal to identify possible therapeutic target to be further tested
in more complex in vivo model.
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B. In vivo models

1. Mouse models

Murine models are the most widely studied in vivo models for ALS. It’s a popular model as it
is @ mammalian species with a high genetic and physiology homology compared to human.
Since the identification of the causative genes of “familial” ALS, a large number of murine
models have been developed. For instance, the sole study of the toxicity of mutated SOD1
has led to the design of more than 10 models each expressing a different mutant protein
(P.C. Wong et al., 1995; L.I. Bruijn et al., 1997; M.E. Ripps et al., 1995). The first and still
most used model developed is the transgenic SOD1%°34 overexpression line (M.E. Gurney et
al, 1994). Murine models for the major genetic causes of ALS have been key to better
establish the pathogenicity of these major genetic factors and the consequences of these
mutations upon MN degeneration (Y.F. Xu et al., 2010; |I. Wegorzewska, et al., 2009; A.
Sharma, et al., 2016; J. Scekic-Zahirovic, et al., 2016; J. Jiang, et al.,2016; J.G. O'Rourke, et al.
2016). Although these models have led to a great advance in the comprehension of the
disease, most of them are based on either the deletion of a target gene or an overexpression
of a mutant. The arrival of new genetic engineering technologies is shifting the standard
models with knock-in murine mutants already developed for FUS and TDP-43 mutations (S-H.
Huang et al., 2020; J. Scekic-Zahirovis et al., 2016). Furthermore, to define therapeutic strategies for

ALS patients, an array of simpler animal models has been emerging over the last two decades as

reviewed below.

2. Drosophila

Besides the mouse standard in vivo model, a wide number of small animal models have been
developed. Due to their fast development and cheap maintenance, they are widely used.
The most widely used of these small in-vivo models for ALS study is the Drosophila
melanogaster. Due to its quite developed nervous system (U.B. Pandey et al., 2011), the
large repertoire of genetics tools design for its study (B. Ugur et al., 2016) and the 40% of
homology between its functional gene and their respective human orthologs (L. McGurk et
al., 2015), the Drosophila is an excellent model to study the complex genetics of ALS. Many
Drosophila lines expressing human ALS associated mutant transgenes have been developed
for instance for SOD1 (M.R. Watson et al., 2008), TARDBP (P.S. Estes et al., 2011), FUS (Y.
Chen et al., 2011), C9orf72 induced DPRs (S. Mizielinska et al., 2014). For instance, mutant
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SOD1 has been extensively studied in the Drosophila and several antioxidant compounds
have been identified to ameliorate the phenotypes of their respective mutant SOD1 models
(C. Zhang et al., 2019 (1); C. Zhang et al., 2019 (2); T. Wang et al., 2018). Through the use of
these models, many advances have been made in the field of ALS, for instance, the
identification of Pur-a protein as a regulator of the toxicity of C9orf72-DPRs expression (Z. Xu
et al.,, 2013) and of the mutant FUS expression (J.G. Daigle et al., 2016). Moreover,
Drosophila is also a great model to confirm observation made in unicellular models: for
instance, ATXN2 after being identified in the yeast through genetic screens, was confirmed
as a modifier of TDP-43 toxicity in the drosophila (A.C. Elden et al., 2010). Recent genetic
screening in FUS and TARDBP Drosophila models identified an array of enhancers and
suppressors, which were able to impact the pathogenic induced phenotype (M.K. Kankel et

al., 2020).

3. C.elegans

Another invertebrate in vivo model used in the context of ALS research is the nematode
Caenorhabditis elegans (C. elegans). This model presents a simplified but highly
characterized nervous system and although it has a lower genomic homology with humans
than other models, cellular stress pathways are still well conserved. Transgenic expression of
the four main ALS-gene has been developed in C. elegans (T. Oeda et al., 2001; P.E.A. Ash et
al., 2010; T. Murakami et al., 2012; M. Therrien et al., 2013). The use of these models has
contributed to the identification of several cellular alterations linked to the expression of
mutant ALS proteins such as ER stress (A. Jablonski et al., 2015) or Ca?* homeostasis
disruption (D. Aggad et al., 2014). These models have also led to the identification of
calcineurin as a regulator of TDP-43 toxicity (N.F. Liachko et al., 2016). More recently, this
model was used to report the differential impact of SOD1 mutant knock in expression in

cholinergic vs glutamatergic neurons (N.S Baskoylu et al., 2018).
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Figure 5: Advantages and limitations of the in vitro and in vivo models in the context of ALS
(derived from Van Damme et al., 2017)

4. Modelling ALS in the zebrafish:

The Danio Rerio model, or zebrafish, is in many aspects an optimal model for modelling the

ALS physiopathology.

Zebrafish is a vertebrate that is part of the Cyprinidae fish family. The use of this model was
at first limited to the understanding of the genetic basis of vertebrate development (G.
Streisinger et al., 1981). However, due to the high degree of conservation between its

cellular mechanism and the human’s, this model has grown in popularity over the years.
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Technological advances led to the sequencing of its entire genome (K. Howe et al., 2013),
unveiling a high conservation of the genes between the zebrafish and the human (up to 80%
of the human genes have a known orthologue in the zebrafish) (S.A. Patten et al., 2014).
Combined with this high homology with the human, the zebrafish also present some
practical advantages due to their very fast development: 2 days post fertilization (dpf) larvae
already present organs formation and function (C.B. Kimmel et al., 1995; P. Drapeau et al.,
2002), with a sexually maturation up to 3 to 5 months after birth (C. Singleman and N.G.
Holtzman, 2014). Moreover, zebrafish also have the advantages to give large clutches of
extra-utero fertilized and transparent eggs which facilitates the observation and the in vivo
or ex vivo fluorescence imaging (E. Kabashi et al., 2010; E. Kabashi et al., 2011). The extra-
utero fertilization also facilitates genetic manipulation by antisense morpholino
oligonucleotide (AMO) mediating transitory knockdown (KD) of a target transcript (B.R. Bill
et al.,, 2009) or by genome editing techniques such as CRISPR cas9 system to develop
knockouts (KO) (B. Schmid and C. Haass, 2013; W.Y. Hwang et al., 2013). Finally, one of the
biggest advantages of the zebrafish is the experimental facility to perform drug screening
due to their permeability to small molecules at the different stages of development.
Moreover, due to its small size, a larva can fit in a single well of an up to 384 wells plate.
Therefore, high scale drug screening can be easily performed in this model (L.I. Zon and R.T.

Peterson, 2005).

In the context of ALS, numerous studies have used the zebrafish as a model to study genetic
dysregulation associated with the development of the disease. Overexpression of mutant
SOD1 for instance recapitulates several hallmarks of the pathology such as locomotion
defects, loss of MNs, or loss of neuromuscular connectivity and subsequent degeneration (T.
Ramesh et al., 2010; S.A. Sakowski et al., 2012). A zebrafish model of C90orf72 reduced
expression has also been designed, displaying axonopathy and locomotion impairment (S.
Ciura et al., 2013). These defects were subsequently rescued via expression of the human
C9orf72 orthologue. Finally, both decreased expressions of tardbp and fus have been
investigated in the zebrafish resulting in severe motor deficits and alteration of the MNs
integrity (E. Kabashi et al., 2009: A-R. Bourefis et al., 2020). Interestingly, both the tardbp
and fus downregulation have been shown to be rescued via the expression of human TDP-43

protein (E. Kabashi et al., 2011). More recently, a tardbp KD zebrafish model has led to
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important understanding in the field by confirming the “distal axonopathy” theory, a
hypothesis that claimed that pathological alterations appear during the presymptomatic

phases of the disease at the neuromuscular junctions (M.L. Campanari et al., 2021).

Part Il: TBK1 as a novel genetic factor in ALS

. Introduction to TBK1

A. Discovery and initial characterization

Tumor necrosis factor (TNF) receptor associated factor NFkB activator (or TANK) is a protein
thought to be involved in both the stimulation and the inhibition of NFkB (G. Cheng and D.
Baltimore, 1996; M. Rothe et al., 1996). In an article of 1999, J.L Pomerantz and D. Baltimore
were investigating the mechanisms involved in the stimulation of NFkB activity by TANK (J.L.
Pomerantz and D. Baltimore, 1999). The lack of homology in the signatory region of TANK
led these researchers to seek for other proteins interacting with TANK: one of the identified
proteins was called TANK binding kinase 1 (TBK1 also called NAK or T2K). Due to the fact that
Tbk1l mutant mice lacked the TANK-mediated stimulation of NFkB (J.L. Pomerantz and D.
Baltimore, 1999, Y. Tojima et al., 2000) and died from a massive liver degeneration at E14.5
(M. Bonnard et al., 2000), similarly to NFkB mutant mice (A. Beg et al., 1995; M. Tanaka et
al., 1999; D. Rudolph et al., 2000; Q. Li et al., 1999), TBK1 was first considered as a NFkB

activating kinase.

NFkB is activated through the inactivation via phosphorylation of |kBa, its repressor (A.
Oeckinghaus and S. Ghosh, 2009). This post-transcriptional modification is performed by a
family of homologous proteins called the IkB kinases (IKK) composed of IKKa, IKKB, and IKKy
(or NEMO). Due to its presumed role in the NFkB activation and its structural resemblance to
this family of gene, TBK1 along with IKKe (another highly structurally identical kinase protein)
were first linked to IKK (J.L. Prochiants and D. Baltimore, 1999, Y. Tojima et al., 2000).
However, despite their homology with IKKs, the TBK1 and IKKe kinases were found to play
distinct role in cell physiology (K.A. Fitzgerald et al., 2003; H. Hemmi et al., 2004; S.M.
McWhirter et al., 2004) and therefore a new classification was made separating the

canonical IKK (a, B, y) from the non-canonical IKK related TBK1 and IKKe.
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TBK1 is constitutively expressed throughout all the organism. Despite its low tissue
specificity, its expression level is higher in some specific tissues as the nervous system, the
endocrinal system, the digestive and respiratory tracts, the skin and the female tissue (M.
Ulhen et al., 2015 — The human protein atlas). Importantly, TBK1 expression is enriched in

the nervous system within the cerebral cortex, the hippocampus and the basal ganglia.

B. Structure and properties

Tbk1 is a 50kb long gene encoding for a 729 amino acids (AA) long serine/threonine kinase
protein. Below, | will review the 4 functional domains of TBK1 (C. Shu et al., 2013; A. Larabi

etal., 2013; D. Tu et al., 2013):

e Kinase domain (KD):
Located at the N-term sequence of the protein, it is 300 AA long. The kinase domain is the
key functional domain of the TBK1 protein. It allows its activation through
autophosphorylation and bear the catalytic ability of the protein: the phosphorylation. The
kinase domain of TBK1 exhibited the conserved architecture of a kinase protein composed of
two lobes: the C and N terminal loops with the active cleft at the intersection (D. Tu et al.,

2013).

e Ubiquitin like domain (ULD):
It is a 80 AA long domain shared within the IKK family. Ubiquitin is a small molecule of 76 AA
that can be considered as a post-transcriptional modification: one or several ubiquitin
molecules can be attached to a substrate protein targeting it for proteasomal degradation
(C. M. Pickart, 2001) or altering their activity or localization (S. E. Dougherty et al., 2020).
Ubiquitin is highly conserved throughout the evolution as is its structure: a unique fold
formed by a B-sheet with five antiparallel B-strands and a single helical segment (S. Martin-
Villanueva et al., 2021). Interestingly, some proteins, as TBK1 and the IKKs, bear this motif as
part of their larger structures, called a ubiquitin like domain. These domains are not
processed to produce a ubiquitin molecule, but in the vast majority of these proteins, they
only function as protein-protein interaction region and whether they have an additional role
linked to their resemblance to ubiquitin remains obscure (M. Hochstrasser, 2009). In TBK1,
this motif does not bind to any known ubiquitin-binding domains but only to its own kinase

domain and to the IRF3 protein (F. Iketa et al., 2007). However, it has been shown that this
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domain is crucial for TBK1 activation and its phosphorylation capacity (F. Iketa et al., 2007)
suggesting a more important role in the dimerization or the autophosphorylation of the

protein.

e Scaffold dimerization domain (SDD):

The SDD has a structural function and it allows TBK1 activation by interacting with the other
subunit of the homodimer. It is a 250 AA long domain characterized by four helices that form
three helical antiparallel coiled coils, which runs along the entire length of the molecule. This
dimerization is allowed by 4 dimerization interfaces, each involving interactions in between
the SSD domain and respectively the KD and ULD domains of the other sub-unit (A. Larabi et
al., 2013). The importance of the SDD domain is underlined as the sole mutation of 3
residues in the first SSD helix leads to accumulation of monomeric TBK1 (A. Larabi et al.,
2013). Moreover, mutant protein lacking the interaction between ULD-SDD domains results
in the inhibition of TBK1’s function without preventing its activation (A. Larabi et al., 2013).
These results suggest that the SDD is also important in the functional role of the protein

besides its importance in its activation.

e Cterminal domain (CTD) or TANK binding domain:
It is a 100 AA long domain involved in the interaction with adaptor proteins such as TANK,
NAP1, SINTBAD (A. Goncalves et al., 2011). The truncation of the CTD does not alter the
kinase activity (A. Goncalves et al., 2011) and the similar abolishment of the dimerization
does not prevent binding of TANK or NAP1 to the CTD (A. Larabi et al., 2013). These adaptors
proteins reside at different sub-cellular location (A. Goncalves et al., 2011) while they are
competing for a TBK1 interaction and as the CTD function seems to be restricted to the
interaction with these binding partners. This domain could be then used for the protein as a

localization signal.

TBK1’s activation requires two features: the homodimerization of the protein and its
polyubiquitinylation at two crucial residues (K30 and K401) (D. Tu et al.,, 2013). Mutant
proteins lacking one of those polyubiquitinalyted marks exhibit an impaired activation and
signalling (D. Tu et al., 2013). When in dimer, TBK1 undergo transphosphorylation on the
Ser172 which leads to its activation via a change in its conformation: the C-loop of the KD

rotates until formation of a salt-bridge between glutamate residue of the KD with a lysine
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residue of the SSD. Serine to alanine substitution at the location abolishes TBK1’s function
(C. Shu et al., 2013) and phosphomimetic mutation S279E partially restores the activity of
the wildtype TBK1.

1. Functional roles of TBK1

TBK1 functional relevance has been largely investigated, and its activity has been reported to
be involved in inflammatory responses (T. Yu et al., 2012; Y-Y. Wang et al., 2019), autophagy
(B. Ritcher et al., 2016; J.A. Oakes et al., 2017), the insulin signalling pathway (M.A. Mufioz et
al., 2009) and innate immunity against bacterial and viral infections (R. Zhou et al., 2020; K.

Mosallanejad and J.C. Kagan, 2022).

A. TBK1 in innate immune response and inflammatory response:

1. Brief introduction to innate immunity — what are IFN and cytokines?

Upon invasion of the host by microbial pathogens such as viruses, bacteria and parasites, the
first line of defence of the organism is the innate immunity. As mentioned previously, the
response to these stimuli is triggered by the pattern recognition receptors (PRRs).
Interestingly, some of these PRRs have been associated with ALS. For instance, toll-like
receptors (TLRs) are PRRs that have been reported to be upregulated in glial cells of ALS
patients (M. Casula et al., 2011). Moreover the inhibition of some members of this family
have been shown to be beneficial in some murine model (J.Y. Lee et al., 2015; A. Fellner et
al., 2017). Other PRRs subclasses have also been linked to the ALS pathology such as Nod-
like receptors (NLRs) (S. Johann et al., 2015; S. Lehmann et al., 2018) or AIM2-like receptors
(ALRs) (S. Lehmann et al., 2018).

These receptors, upon recognition of PAMPs/DAMPs, are responsible for the cascade of
event that leads to the activation of NFkB and IRF3 and the subsequent synthesis of

inflammatory cytokines and interferons (IFN) (O. Takeushi and S. Akira, 2010).
a. Inflammatory cytokines

Cytokines is a term that describes small proteins released by cells in order to interact and
communicate with other cells (J-M. Zhang and J. An, 2009). There are different types of
cytokines according to the types of cells where these factors originated, for instance,
lymphokines are synthesized by lymphocytes, monokines by monocytes, interleukins by
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leukocytes. Pro-inflammatory cytokines are mainly produced by activated macrophages,
however, during cell injury, infection, invasion, and subsequent inflammation they can be

synthesized by non-immune cells (J-M. Zhang and J. An, 2009).

Pro-inflammatory cytokines, upon binding, are stimulating several cellular processes mostly
resulting in cellular death (ER stress, apoptosis, oxidative stress) (J.A. Smith et al., 2012).
Their aim is to slow down a possible infection or lesion. Amongst the most studied pro-
inflammatory cytokines, we can mention IL-1B, IL-6, or TNF-a. The anti-inflammatory
cytokines are secreted to reduce inflammation and promote healing via regulation of the
pro-inflammatory cytokine production. Similarly, pro-inflammatory cytokines can be both
produced by immune and non-immune cells, and for instance in the CNS they can be
synthesized by neurons and glial cells (L. Vitkovic et al., 2001). Amongst the most studied
anti-inflammatory cytokines, we can mention several interleukins such as IL- 4,10,11, or 13.
One last set of specific cytokines, the chemokines are known to induce chemotaxis, a
process in which chemokines are able to attract immune cells at a lesion site (C.E. Hughes et

al., 2018).
b. Interferons

Interferons, are a family of anti-viral cytokines named after their capacity to interfere with
viral replication. Although more than 20 different IFNs have been described, only 3 IFN-
receptors have been reported: IFNAR, IFNGR, IFNLR (E.V. Mesev et al., 2019). These
receptors are composed by 2 unigue heterodimers units, which are responsible for the
specificity of the binding. Upon IFN-receptor binding, two receptors associated proteins
transmit the signal and further induce STAT1 or STAT2 transcription factors’ nuclear
translocation and the subsequent expression of interferons stimulated genes (ISGs) (S.A.
Qureshi et al., 1995). According to the recognized receptors, IFN are sorted into 3 sub-

groups (E.V. Mesev et al., 2019):

- the IFN-I: the largest group of IFN is composed by the IFNB, IFNg, IFNw and 13 types
of IFNa. These IFN are specifically binding to the IFNAR.
- The IFN-II: this class is only composed by the IFNy. These IFN are specifically binding

to the IFNGR and therefore follow the classical one ligant - one receptor schem.
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- The IFN-II: this group is composed by 4 types of IFNA. These IFN are specifically
binding to the IFNLR.

Importantly, in opposition to IFN-I and -lll, the IFNy are only inducing the phosphorylation of
STAT1 and therefore, are not able to stimulate the expression of every ISGs. Their field of
action is limited to ISGs bearing a so-called gamma-activated sequence (GAS) (L.C. Platanias
et al., 2005). Furthermore, even though IFN-I and IFN-Il are supposedly able to activate every
ISGs, the reality is different and the pool of expressed genes is directly depending on the
type of IFN and the cell type (W.M. Schneider et al., 2014). As a consequence of these
various pools of activated genes, the binding of an IFN results in a different cellular response
such as antiviral immunity, proliferation, autophagy or apoptosis. This allows the cell to
eliminate the threat by targeting multiple stages of the infection, for instance every step of
the viral replication can be targeted (W.M. Schneider et al., 2014; E. Yang and M.M.H. Li,
2020). Moreover, interferons are often produced in a cascade, meaning that one interferon

stimulates its target cells to make additional interferons.
TBK1 is a crucial regulator of the type | IFN as described in the following section.

2. TBK1 activates IRF3

TBK1 is involved in the cascade of signalisation induced by five of the PRRs: the toll-like
receptor 3 (TLR3) and 4 (TLR4), two RIG-I like receptors (RLR): RIG-I and MDAS5 and the DNA
sensing receptor cGAS (S. Liu et al., 2015). Even if they are involved in the responses to
different factors such as nucleic acid detection (X. Li et al., 2013; C. Shu et al., 2014) or
bacterial and viral signatures (T. Kawai and S. Akira, 2006; J. Rehwinkel et al., 2020), these 5
receptors all lead to the recruitment of TBK1/IKKe, however, the intermediate factors
involved in these signalling mechanisms are different. Indeed, within these pathways TBK1 is
known to be recruited and to interact respectively with TRIF, MAVS-TRAF3 and STING (S. Liu
et al.,, 2015; T. Kawai and S. Akira, 2006; S. Paz et al., 2011; C. Shu et al., 2014). When
activated these two closely related kinases phosphorylate interferon regulatory factor 3
(IRF3). P-IRF3 forms homodimers leading to their nuclear translocation, which further induce

the expression of type | IFN and the subsequent immune response.
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Interestingly, upon activation, these receptors also lead to the activation of the NF-«kB
complex and the subsequent production of inflammatory cytokines by alternate pathways

(Y. Liuetal.,, 2017; T. Kawai and S. Akira, 2006).

These receptors are therefore crucial for the immune response to pathogen invasion and
their dysregulation can have severe impact on the organism defence. For this reason, several
viruses directly target members of these pathways to bypass the host defence (A. Zotta et

al.,, 2021; L. Qu et al., 2011; M.H. Christensen et al., 2016).

3. TBK1 activates NFkB:

Although it was reported that its main function in the innate immune response was linked to
the production of type | IFN, it is important not to forget its involvement in the production of
inflammatory cytokines through the activation of NFkB. Indeed, TBK1 was first discovered as
a TANK binding partner involved in the regulation of NFkB and repression of IkB (J.L.
Prochiants and D. Baltimore, 1999). However, TBK1 dependent regulation was reported to
be limited compared to its crucial contribution in the IFN synthesis (K.A. Fitzgerald et al.,

2003).

Nevertheless TBK1’s contribution to NFkB, although secondary, exists and the report of a
specific NFkB activation via activation of the cGAS-STING pathway supports this idea. Indeed,
a recent study (S. Yum et al., 2021) has designed a STING mutant line deficient in the STING-
IRF3 interaction. However, this mutant line was still able to induce an anti-viral response to
HSV-1, through the activation of the NFkB response despite the impaired TBK1-
phosphorylation of IRF3. This alternate innate immune response was prevented in another
mutant STING line inhibiting the STING-TBK1 pathway suggesting that TBK1 was responsible
for the cGAS-STING- NFkB pathway.

It is unclear in what context the TBK1 dependent stimulation of NFkB occurs but it was
reported that this function was partially shared with IKKe and that TBK1 loss could be
compensated by IKKe activity in opposition to IRF3 stimulation in which TBK1 activity is
indispensable (K.R. Balka et al., 2020). This further supports the theory of the unequilibrated
dual role of TBK1 in IRF3 and NFkB regulation. In addition, TBK1 has been reported to be
involved in the regulation of the NOD-like receptor family, pyrin domain containing 3

(NLRP3) inflammasome complex. NLRP3 is a NOD-like intracellular sensor that detects a
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broad range of DAMPs or PAMPs, resulting in the formation and activation of the NLRP3
inflammasome (K.V. Swanson et al., 2019). Upon activation, NLRP3 leads to the caspase 1-
dependent release of the pro-inflammatory cytokines IL-1B and IL-18 via activation of the
NFkB complex. NLRP3’s activation is induced by the protein phosphatase 2A (PP2A) and is
prevented by an inhibiting phosphorylation mark via TBK1 and IKKe activity (F.A. Fischer et
al., 2021). Consequently, pharmacological and genetic inhibition of these two kinases has led
to uncontrolled NLRP3 inflammasome response. However, the sole losses of either TBK1 or
IKKe were not sufficient to induce increased NLRP3 activation, suggesting redundant roles of
the two kinases in its regulation (F.A. Fisher et al., 2021). Besides the implication of TBK1 in
this inflammation process, this suggests a more complex role of TBK1 in the regulation of

NFkB as it is in some context also preventing its activation.
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Figure 6: Schematic representation of TBK1 involvement in inflammation induction and

phagophore maturation. (Derived from L. Ahmad et al., 2016).

B. TBK1 as a requlator of the autophagic process:

Because TBK1 is mainly involved in the selective macroautophagy process, | will use the term

“autophagy” to specifically describe this process. Autophagy initiation is regulated by the
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activity of mammalian target of rapamycin (mTOR) complex 1 (mTORC1), a kinase complex
involved in several cellular pathways. In the autophagy regulation, mTORC1 targets two
kinases called autophagy activating kinase 1 and 2 (ULK1/2) for inhibitory phosphorylation.
Upon autophagy activation, AMP-activated protein kinase (AMPK) in turn inhibits via
phosphorylation mTORC1 (Y. Kiriyama and H. Nochi, 2015), subsequently, ULK1/2 without
their regulatory marks are free to interact with ATG13 and FIP200. FIP200 is phosphorylated
by the ULK proteins within the newly formed complex which induces the formation of an
immature membrane structure, the phagophore (C.H. Jung et al., 2009). Formation of the
immature phagophore triggers the recruitment of a second complex the phosphatidylinositol
3-kinase class lll (PI3K-clll) complex, which mediates the elongation of the phagophore and
the subsequent envelopment of the proteins or organelles marked for degradation (J.H.
Hurley and L.N. Young, 2017). An additional complex contributing to the phagophore’s
maturation is the ATG12-ATG5-ATG16 complex, which allows production of LC3-1I (N.
Mizushima et al., 1998; M. Walczak and S. Martens, 2013). The newly formed LC3-II
molecules bind to the surface of the phagophore and act as anchor for the autophagy cargo
proteins in addition to their role in the elongation of the phagophore membrane (Y. Kiriyama
and H. Nochi, 2015). Once this process of maturation is done, the newly formed vacuole is
called an autophagosome. Subsequently, the autophagosome is transported along
microtubules to fuse with a low pH organelle called lysosome. The fusion of these structures
is called an autophagolysosome, and the content of these structures digested by low-pH

dependent enzymes (J.A. Oakes et al., 2017).

Protein or organelles that are targeted to autophagy dependent degradation undergo a
ubiquitin posttranscriptional modification, which consists in the addition of a ubiquitin chain
on a target lysine residue (M. Rape, 2017). These ubiquitin chains are later recognized by
autophagy cargo proteins such as p62, OPTN, NDP52, (D. Gatica et al., 2018; J.M. Heo et al.,
2015) which are phosphorylated by TBK1. Autophagy cargo proteins are binding to the
anchored phagophore LC3-Il proteins to sequester the ubiquitinated components for

subsequent autophagosome engulfment (T. Johansen and T. Lamark, 2020).

TBK1 regulates the autophagic process at several levels. As described above, TBK1 is a
known regulator of autophagy cargo proteins. Indeed, it has been reported that TBK1

dependent phosphorylation on the 3 cargo proteins p62, OPTN, and NDP52 (J.M. Heo et al.,

49



2015) regulates their activity and enhance their binding capacity to LC3-ll and to
ubiquitinated compounds. The importance of TBK1 in this crucial process is underlined by
decreased p62 mRNA levels in ALS patients bearing a TBK1 mutation (C. Pottier et al., 2015)
which could result in the impairment of the autophagy process and the accumulation of the
cytosolic inclusions. TBK1 is also known to interact and phosphorylate SMCRS8, a member of
the C9orf72 complex along with WDR41. A direct interaction between the C9orf72-SMCR8-
WDR41 complex and the FIP200/ULK1/ATG13 complex was reported and it was suggesting
that the C90orf72 complex was a substrate downstream of ULK1 (P.M. Sullivan et al., 2016).
Altogether the C90orf72 complex was suggested to regulate autophagy at 3 different levels:
on the autophagy initiation, on the autophagic flux (M. Yang et al., 2016), and on the
lysosomal initiation (J.G. O’Rourke et al., 2016). TBK1 also regulates autophagy by interacting
with mTORCs. Indeed, TBK1 has been reported to stimulate via direct phosphorylation both
of the mTOR complexes mTORC1/2 (C. Bodur et al., 2017; A.S. Tooley et al., 2021). This
observation exhibits a dual role of TBK1 in both activating autophagy (via interaction with
adaptors proteins and SMCR8 phosphorylation) and inhibiting autophagy (via stimulation of
MTORC1 a known inhibitor of the autophagy initiation). Moreover, TBK1 has also been
reported to activate RAPTOR, a known inhibitor of mTORC1 (R.J. Antonia et al., 2019).
Altogether, this suggests that TBK1 is an important regulator of mTORC1 activity and
subsequent autophagy, however, more investigations would be required in order to

understand in which context each of the regulation is occurring.

Finally, TBK1 is also regulating autophagy process indirectly through IRF3 activation and
subsequent type-l interferons production. Indeed, amongst the interferon-inducible genes,
ISG15 have been linked to the activation of autophagy (D. Xu et al., 2015; H. Nakashima et
al., 2015).

C. Cell death in ALS:

As previously introduced (cf: part | section B.9), programmed cell death (PCD) mechanisms
have been suspected to be responsible for the motor neuron degeneration in ALS. | will
discuss the evidence reported of the involvement of these pathways in ALS pathophysiology

and provide evidence for the functional roles of TBK1 within these pathways.

1. Programmed cell death:
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a. Apoptosis

The discovery and definition of the apoptosis process can be attributed to John Kerr in 1972

(J.F.R Kerr et al., 1972). It was considered for a long time as the only cause of PCD.
Apoptosis can be triggered by 2 distinct pathways:

- The mitochondrial (or intrinsic) induction
In response to cellular stress, a protein family called the BH3-only proteins are being
upregulated (H. Puthalakath and A. Strasser, 2002). These crucial initiators of apoptosis
subsequently bind and sequester the anti-apoptotic BCL-2 protein family (L. Chen et al.,
2005; G.L. Kelly and A. Strasser, 2019). These last proteins, in a non-apoptotic context, are
preventing cell death by sequestering the two essential effectors of apoptosis: BAX and BAK
(G.L. Kelly and A. Strasser, 2019). When inhibited by the BH3-only proteins, BCL-2 proteins
no longer sequester BAX and BAK, which are therefore free to form oligomers. The
formation of these secondary structures causes a mitochondrial outer membrane
permeabilization which induces the release of both cytochrome ¢ and DIABLO resulting in
the subsequent activation of the caspases cascade. Caspases (Casp) are a family of protease
that induces cleavages of hundreds of proteins upon apoptosis activation. The degradations

of these proteins eventually lead to cell death.

- The death receptor (or extrinsic) induction:
Although it results in a similar cell death mechanism than the mitochondrial induction, the
death receptor pathway is triggered by external stimuli. As mentioned before, cells bear
PRRs at the surface of their plasma membrane to facilitate cell-cell communication. The TNF
family of receptors are involved in the inflammatory process. Upon activation, TNF receptors
induce the formation of an intracellular death-signalling complex (D. Moujalled et al., 2021).
The formation of this complex results in the activation of CASP8 and its downstream effector
CASP 3/7 (H.R. Stennicke et al., 1998; M. Lamkanfiand and T-D. Kanneganti, 2010), which
results in the subsequent trigger of apoptosis. Interestingly, these two receptors have been
shown to connect as CASP8 activation can lead to the stabilisation of a BH3-only protein, BID
which leads to mitochondrial outer membrane permeabilization (H. Li et al., 1998; X. Luo et

al., 1998).
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Upon apoptotic death, cells appear smaller with tightly packed organelles and chromatin
condensation. At the final stage of the process, an extensive plasma membrane blebbing and
a nuclear fragmentation are reported, resulting in the formation of apoptotic bodies and
their release in the extracellular environment, which are eliminated by neighbouring cells via

phagocytosis (S. EImore, 2007; R. Kakarla et al., 2020).
b. Necroptosis

Historically, most researchers believed that cell death exists as a dichotomy between
apoptosis and necrosis (L.J. Martin et al., 1998) until it became clear that some specific cases
of cellular death were not fitting in either of these boxes (C. Portera-Cailliau et al., 1997).
Necroptosis was only described in 2000 (N. Holler et al., 2000; T. Vanden Berghe et al., 2014)

and is usually described as an active form of necrosis.

Importantly, necroptosis initiation is dependent of receptor-interacting serine/threonine
protein kinase 1 (RIPK1) activity. RIPK1 itself is regulated by several post-transcriptional
marks: phosphorylation by MAK2, TBK1, the IKK complex, TAK1 or by autophosphorylation
and via polyubiquitination by clAP2/5 and the LUPAC complex (T. Delanghe et al., 2020).
Necroptosis initiation is directly dependent on the deubiquitination process of RIPK1 by
Lys63-deubiquitylating enzyme cylindromatosis (CYLD) (P. Vandenabeele et al., 2010).
However, CASP8 has been reported to cleave CYLD and subsequently prevent the activation
of RIPK1 (M.A. O’Donnell et al., 2011). Therefore, necroptosis initiation relies on the
blockade of CASP8’s activity by degradation via viral or pharmacological agent or by
sequestration by cFLIPs proteins (T. Kataoka, 2005; B. Tummers and D.R. Green, 2017).
Indeed, upon TNF receptor activation in a CASP8 deprived context, RIPK1, via
deubiquitination by CYLD, is able to perform an activating autophosphorylation (L. Laurien et
al., 2020). This post-transcriptional mark allows the formation of a complex called
necrosome which leads to activation of RIPK3 and subsequent activating of the mixed
lineage kinase domain like pseudokinases (MLKL). This is the terminal effector of the
necroptosis pathway and after oligomerization, MLKL chains translocate to the plasma
membrane where they dysregulate its integrity (L. Sun et al., 2012; J.M. Murphy et al., 2013;
A.L. Samson et al., 2020). This results in membrane disruption and rapid influx of Ca?* ions

and water leading to the dissolution of cell.
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Because this type of cell death is characterized by the disruption of the membrane,
numerous cell components are released in the extracellular medium. The cellular debris
resulting from necroptosis activation is recognized as DAMPs or PAMPs (in case of infected
cells) further leading to the initiation of the inflammation response (M. Pasparakis and P.

Vandenabeele, 2015).

2. Evidence of programmed cell death in ALS:

a. Apoptosis in ALS:

Multiple reports have described apoptosis-mediated cell death involved in the massive
motor neuron degeneration observed in ALS. The first suspicion of apoptosis involvement
came from preliminary observations reporting altered expression of BCL-2 and increased
levels of BAX in the spinal cord of ALS patients (X. Mu et al., 1996) and in a SOD1 mutant
model (J.L. Gonzalez de Aguilar et al., 2000). Consecutively, sequestration of BCL-2 by SOD1
mutant proteins was reported in the murine SOD1ge3a line suggesting an important role of
SOD1 mutant in regulating BCL-2 protein and therefore possible trigger of the apoptosis
process without active intrinsic signalling (P. Pasinelli et al., 2004). The involvement of BCL-2
was further exposed as an overexpression of this anti-apoptotic protein was reported to
extend the survival of the mSOD1 (S. Vukosavic et al., 2000). Dysregulation of the anti-
apoptotic machinery with neuronal apoptosis inhibitory protein (NAIP), a member of the
anti-apoptosis IAP family (N. Roy et al., 1995) shown to selectively suppress oxidative stress-
induced cell death (P. Liston et al., 1996), was reported to be decreased in ALS patients (O.
Kano et al.,, 2018). These results were further confirmed as the use of bromocriptine, a
positive regulator of NAIP and the antioxidant response, was reported to extend survival in a
murine mSOD1 model (K. Tanaka et al., 2011). Similarly, evidence of increased levels of pro-
apoptotic compounds have been reported with both of the BAX and BIM proteins
upregulated respectively in patients and mSOD1 murine model (T. Ekegren et al., 1999; C.
Hetz et al., 2007). Moreover, deficiencies in both of these proteins were reported to
ameliorate mSOD1 mouse phenotype and extend their survival (N.A. Reyes et al., 2010; C.
Hetz et al., 2007). Finally, caspase activation has also been reported to be involved in the
development of the pathology (P. Pasinelli et al., 2000; H. Inoue et al., 2003), which has been
further confirmed by the use of a broad anti-caspase drug ameliorating survival still in the
mSOD1 mouse model (M. Li et al., 2000).
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Overall, these results suggest an activation of the apoptotic pathway as the major cause of
neurodegeneration in the context of ALS. However, it is important to underline that these

studies mostly focused on SOD1 associated ALS models.
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Figure 7: Schematic comparative illustration of Casp8 dependent apoptosis and necroptosis

induction
b. Necroptosis in ALS

Consistent results of necroptotic involvement in the development of ALS have been reported
these last years with reports of RIPK1 playing a crucial role in the course of the disease.
Indeed, first evidences came from in vitro modelling from mSOD1 mouse and ALS patients,
exhibiting a caspase independent form of PCD with a morphology that closely resembles to
necrosis (D.B. Re et al., 2014). Incubation with specific necrostatin-1, a RIPK1 specific
inhibitor, and necrosulfonamide, a MLKL specific inhibitor, led to the rescue of the cellular
death, highly suggesting the involvement of necroptosis in this model (D.B. Re et al., 2014).
Still in this direction, several studies have identified robust activation of the different
members of the necrosome complex in an in vitro OPTN KD mouse model (Y. Ito et al., 2016),
in mSOD1 mouse (G. Dermentzaki et al., 2019) or in ALS patients (M. Chevin and G. Sébire,
2020). Moreover, a double mutant TBK1-TAK1 KD murine model was reported to exhibit

alleviated phenotype upon pharmacological deletion of RIPK1 (D. Xu et al., 2018).
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However, a recent study described a minimal implication of necroptosis in ALS, via a lack of

impact from the deficiency of MLKL in the mSOD1 murine model (T. Wang et al., 2019).

Results concerning RIPK1 upregulation have to be taken with caution as this kinase has also
been reported to be involved in a specific type of apoptotic cell death pathway via the
formation of a RIPK1-FADD-CASP8 complex (D. Ofengeim and J. Yuan, 2013). Therefore, an

increase in RIPK1 expression could leads to activation of either apoptosis or necroptosis.

3. TBK1 involvement in programmed cell death

TBK1 is a known endogenous RIPK1 regulator via an inhibitory phosphorylation mark on the
T189 RIPK1 residue (D. Xu et al., 2018; T. Delanghe et al., 2020). This phosphorylation has
been reported to be an important regulator of cell death in several reports (E. Lafont et al.,
2018; Y. Yang et al., 2022; D. Xu et al., 2018). Interestingly, it was shown that TAK1, another
kinase regulator of RIPK1, expression was decreased in aging human brain (D. Xu et al.,
2018), therefore exhibiting the aged increased sensitivity to TBK1 dysregulation in the
inhibition of RIPK1 activity and further giving a possible link with the late-onset ALS disease.
As a regulator of RIPK1 activity, a critical protein in the regulation of two critical PCD

pathways, TBK1 appears as an important pro-survival protein.

In addition, TBK1 has been reported to directly regulate via phosphorylation the activity of
the pro-survival AKT protein (Y-H Ou et al., 2011). AKT is an important member of the mTOR
pathway, stimulating the formation of the mTORC1 complex and further cell proliferation.

These observations made a clear link between TBK1 activity and pro-survival signal.

Ill.  TBK1 as an ALS-FTD associated gene:

A. Epidemiology and genetic features of TBK1 related ALS-FTD:

In 2015, two independent studies have exhibited a link between TBK1 mutations and ALS
through a whole exome sequencing on a European background population (E.T. Cirulli et al.,
2015) and a Germano-Swedish population (A. Freischmidt et al., 2015). Several studies have
further confirmed the involvement of TBK1 in ALS-FTD (I. Gijselinck et al., 2015; L. Kelly et al.,
2015). Approximately 0.5% of ALS cases are linked to a mutation in TBK1 (I. Le Ber et al.,
2015), even though this percentage is rather low, TBK1 remains one of the most common

low-frequency mutations associated with ALS. Moreover, this percentage greatly increases
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when considering ALS patients presenting an FTD comorbidity with up to 10% of cases
associated with TBK1 mutations (K.L Williams et al., 2015; |. Le Ber et al., 2015). TBK1
variants have also been associated with the sole development of FTD without any motor
involvement (C.A.M. Koriath et al., 2017; C. Pottier et al., 2015). It is considered that
variations in the sequence of TBK1 are responsible for approximately 3% of the total FTD
cases (C. Pottier et al., 2015) making it the fourth genetic cause of development of the FTD
(S. Van Mossevelde et al., 2016). Studying the prognosis of TBK1 mutation carriers can be
challenging due to the reduced numbers of patients compared to the other main genes
associated with the disease. A study following 16 TBK1 mutation carriers reported a median
age of onset of 62.1 with a mean disease duration of 4.7 years (S. Van Mossevelde et al.,

2016).

Since the initial identification of TBK1 mutations in ALS, more than 50 non-sense or missense
variants throughout the entire sequence of the TBK1 gene have been described (M. de Majo
et al., 2018). This suggests that the ALS-FTD pathology is more probably linked to a loss-of-
function mechanism. So far, no gain-of-function mechanism induced by a TBK1 variant has
been reported. Therefore, the actual paradigm concerning TBK1 associated ALS-FTD is an

haploinsuffiency mechanism (A. Freischmidt et al., 2015; M. de Majo et al., 2018).

B. TBK1 related ALS-FTD pathogenicity:

Overall, ALS patients bearing a TBK1 mutation show a median age of onset compared to
other types of ALS (M. Weinreich et al., 2019; P.A. Mccombe et al., 2019; S. Van Mossevelde
et al., 2016; I.). Swift et al. 2021). Only one study brings together data from different clinical
studies concerning focusing on ALS patients bearing TBK1 variants (l.J. Swift et al. 2021).
From this study, analysing 110 cases, TBK1 associated ALS patients seem to present a
propensity of limb-onset with 63% of the cases concerned, in opposition to 32% with bulbar-
onset, and 5% with respiratory-onset (I.J. Swift et al. 2021). In opposition to what could be
expected due to TBK1 involvement in the development of FTD, only 19% of the total cases
had a cognitive presentation (I.J. Swift et al. 2021). Moreover, out of these cases presenting
cognitive impairment, 29% were presenting an FTD-ALS comorbidity and 29% an unspecified
dementia (1.J. Swift et al. 2021). Additionally, out of the 110 patients of the study, 4% were
characterized by an atypical parkinsonian presentation (I.J. Swift et al. 2021) suggesting that

TBK1 could be implemented in the gene panel associated with development of atypical
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parkinsonism. Interestingly, another study has reported alteration of the metabolism
characterized by a marked hypermetabolism, weight loss, reduced fat mass and reduced
appetite in TBK1 mutation carriers patients (P.A. Mccombe et al., 2019). Several clinical
studies have focused on cases of FTD only pathology associated with a TBK1 mutation (C.
Wilke et al., 2017; Koriath et al., 2016; C. Pottier et al., 2015). Interestingly, these cases
exhibit specific clinical features with mesencephalon and cerebellum injuries suggesting that
TBK1 associated phenotypic spectrum could be extended beyond ALS and FTD and also

include progressive supranuclear palsy-like and cerebellar syndromes (C. Wilke et al., 2017).

C. Modelling TBK1 related ALS-FTD:

In the context of ALS, 2 main in vitro models have been developed. First the generation of
hiPSC derived TBK1-mutant motor neurons exhibiting a reduced viability and accumulation
of p62 positive cytosolic inclusions due to the failure of the phagophore’s elongation phase
(A. Catanese et al., 2019). The second in vitro model developed is a human embryonic stem
cells (ESCs) derived motor neurons line characterized by the expression of a TBK1 loss-of-
function mutant. This deficiency in TBK1 activity has been linked to an impaired autophagic
flux with deficient endosomal maturation and lysosomal function associated with an
increased cytoplasmic and insoluble TDP-43 accumulation (J. Hao et al., 2021). Interestingly,
this cellular model also revealed that the loss of activity of TBK1 in hMN was linked to an

hyperexcitability state (J. Hao et al., 2021).

Murine models have been difficult to establish as Thk1 deletion induces an early embryonic
death at E14.5 due to massive liver degeneration and apoptosis (M. Bonnard et al., 2000).
This suggests an important role of TBK1 in the development. To palliate this lethality,
conditional deletion of Thk1 in neurons have been developed. In 2014, a study performing a
T-cell specific Thk1 deletion in mice exhibited an over-activation of T-cell leading to a
neuroinflammatory autoimmunity model due to the activation of the mTORC1 pathway (J.
Yu et al., 2014). This suggests a role of TBK1 in the regulation of T-cell activation in the
murine model. More recently, conditional neuronal Tbk1 deletion in mice has been shown to
induce several neuropathological changes as reduced dendritic spine density, cortical spinal
loss, abnormal dendritic projections and p62/ubiquitin positive cytoplasmic inclusions in the

Purkinje cell of the cerebellum (W. Duan et al., 2019).
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However, loss of Tbk1 specifically in motor neurons did not lead to a neurodegenerative
disease phenotype (V. Gerbino et al., 2020). Moreover, a sole hemizygous loss of function is
insufficient to provoke any phenotype (D. Brenner et al., 2019; V. Gerbino et al., 2020).
Surprisingly Tbk1 hemizygous loss in mice expressing ALS-linked SOD1%%3A mutant inversely
modulates early and late already characterized phenotype: at the early stage, the
heterozygous deletion impairs autophagy and accelerates the muscle denervation, whereas
at later stages it alleviates microglial neuroinflammation and consequently decelerates the
disease progression and extends the survival (D. Brenner et al., 2019; V. Gerbino et al.,
2020). However, the conditional deletion of Thk1 in SOD1%%A motor neurons increases the
SOD1 aggregation and accelerates early disease onset without affecting lifespan (V. Gerbino
et al., 2020). These results unveil the importance of TBK1 in several pathways according to
the cell types. More recently, a double mutant murine model bearing a heterozygous
deletion of Tbk1 and expressing the ALS associated human mutant TDP-43%2% has been
developed. In this model, the monoallelic loss of Thk1 aggravated the characterized muscle
denervation but didn’t impact the motor neuron loss or the reactive gliosis in the spinal cord
(K. Sieverding et al., 2020). This further suggests a role of TBK1 in the neuromuscular

synapse integrity.

In addition, two recent publications have developed two independent Tbk1l murine models
which gave great insights on the understanding of TBK1 associated ALS pathology. In 2018, a
study has implemented the already characterized and lethal Tbk1 KO murine model with a
new kinase dead knock-in mutation in the Ripkl1 gene (D. Xu et al., 2018). These genetic
manipulations resulted in the prevention of the lethality previously observed. This study
therefore revealed an important role for TBK1 in the regulation of RIPK1 a crucial actor of
the CASP8 apoptosis and necroptosis. Furthermore, D. Xu also reveals during his work that
combined inhibition of both TBK1 and TAK1 (another kinase involved in TNF receptor
response and NFkB’s activation) were sufficient to induce RIPK1 activation and further
neuroinflammation. Interestingly, this study has also reported that levels of TAK1 protein
were decreased in an age-related manner. Therefore, these results describe a model for
TBK1 associated development of ALS-FTD where a heterozygous loss of TBK1 is supported by
the age-dependent decreased expression of TAK1 leading to the development of a late-onset

disease such as ALS-FTD. The hypothesis of a double-hit model resulting in the induction of
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TBK1 associated ALS pathology was further supported by a second murine model published
in 2022. In this recent landmark study, W. Shao has reported the interplay between two
disease associated genes C9orf72 and Tbk1. Indeed, in a murine model bearing a GGGGCC
repeat expansion within the C90orf72 gene, TBK1 was found to be sequestered in cytoplasmic
inclusions induced by the expression of these repeats. Interestingly, the double knock-out of
both C9orf72 and TBK1 worsens the condition of the mouse via endosomal disruption.
Therefore, these two studies lead to the hypothesis that the sole loss of TBK1 might not be
sufficient to induce the pathology. Therefore, there is abundant emerging evidences that
there is a combination of TBK1 dysregulation and other age-related factors or additional
genetic alterations that could result in the development of motor neuron degeneration upon

TBK1 mutations or reduced activity of this key factor.

Part Ill: metabolites dysregulation in ALS

Metabolites are an emerging topic in the ALS research as they could help the diagnosis of
the patients and therefore apprehend early-dysregulations responsible for the development

of the disease (H. Blasco et al., 2020).

In the following section, | will review some of the main observations that have been

reported in the literature describing metabolomics alterations in ALS.

. Hypermetabolism as a cardinal feature in ALS:

Alteration of the nutritional status and its subsequent loss of weight is a common symptom
of ALS patients (S.T. Ngo et al., 2019). The combination of two factors is suspected to be
responsible for this feature: the loss of appetite and an increased resting energy expenditure
(REE) (M. Kurihara et al., 2021; F.J. Steyn et al., 2018). The REE represents the amount of
energy required in a 24-hour period by the body in a resting state without activity. When an
organism exhibits an increase in this metabolism indicator, we talk of the hypermetabolism

state, which means that the body is in a higher demand of energy (L. Dupuis et al., 2011).

At the cellular level, hypermetabolic features are translated through dysregulated glucose
levels, which are reported as reduced in both patients and animal models (T.
Lerskiatiphanich et al., 2022; T.S. McDonald et al., 2020). Physiologically, glucose is

transferred to the cells via the activity of the GLUT family receptors. Following glucose
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uptake, it is either stocked under the form of glycogen which constitute stocks for a later use
or it undergoes a series of enzymatic reactions resulting in the production of ATP. Two
hormones tightly regulate the glucose levels: insulin and glucagon. Insulin is secreted in the
pancreas in response to high levels of glucose in the blood, promoting the glucose uptake by
the peripheral tissues. In opposition, glucagon is secreted when plasma glucose levels are
too low to induce the production of glucose via gluconeogenesis and glycogenolysis. Both
the uptake of glucose and its regulation are suspected to induce the hypermetabolic state

observed in ALS patients (T. Lerskiatiphanich et al., 2022).

Glucose uptake is reduced in CNS of both ALS patients and animal model (T.W Tefera et al.,
2021). Supporting this observation, overexpression of the GLUT3 receptor in a drosophila
TDP-43 ALS model, was reported to be beneficial and alleviates features of the TDP-43
proteinopathy (E. Manzo et al., 2019). In contrast, glucose uptake in peripheral tissue such
as skeletal muscles, liver or adipose tissue was reported to be upregulated in the context of
ALS (T.S. McDonald et al., 2021). Interestingly, muscle that relies mostly on anaerobic ATP
production through glycolysis (glycolytic muscle fibres) have been reported to be decreased
in murine SOD1 ALS model (L. Palamiuc et al., 2015; S. Scaricamazza et al., 2020). This
reduction in muscle anaerobic ATP production was linked to the impaired activity of
phosphofructokinase, a key enzyme in the glucose metabolism (L. Palamiuc et al., 2015).
With a combination of deficient glucose metabolism and mitochondrial damage, muscle
could then switch to a lipidic aerobic ATP production (L. Palamiuc et al.,, 2015; S.

Scaricamazza et al., 2020).

Moreover, glucose can be stored for later use under the form of glycogen by glycogenesis. In
ALS patients and animal models, glycogen accumulation has been also reported (L. Palamiuc
etal., 2015; T.W Tefera et al., 2021; T.S. McDonald et al., 2021). This accumulation has been
associated with a reduced expression of glycogen phosphorylase and an enhanced activity of
glycogen synthase (L. Palamiuc et al., 2015; T.W Tefera et al., 2021) further suggesting
impairment in the glucose metabolism. Supporting this hypothesis, some enzymes of the
TCA cycle were found to be downregulated, suggesting that a decreased utilization of the

glycogen stocks could be linked to an impaired capacity of producing ATP via glucose.

Altogether, these data suggest an impaired ATP production via glucose degradation, leading
to a metabolic switch towards ATP production via enhanced lipid degradation. This
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hypothesis is supported by the several dysregulations in lipid levels observed in the ALS

context.
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Figure 8: Schematic illustration of CNS glucose metabolism involvement in a healthy nervous
system and the commonly observed defects observed in ALS. (Derived from T.W Tefera et

al., 2021)

1. Lipidic dysrequlation in ALS:

Lipids are involved in several cellular processes: they constitute a source of energy storage,
they are involved in signalling, they constitute the structural components of every cell
membranes, they can be used as protein recruitment platforms, and are substrates for post-
translational protein—lipid modifications (T. Harayama and H. Riezman, 2018). Due to their
high concentration in the CNS, lipids dysregulation has been associated with several
neurodegenerative diseases and an alteration in their levels can be induced by multiple

causes.
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There are eight main families of lipids, however only four of those are associated with ALS,
namely the sterols, the glycerolipids, the sphingolipids and the glycerophospholipids (J.M.
Godoy-Corchuelo et al., 2022). Although dysregulations are diverse amongst these pathways

some of their members have been considered as potential biomarkers of ALS.
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Figure 9: Schematic illustration of lipids involvement in a healthy nervous system and the
observed consequences induced by lipidic dysregulation in ALS patients. (Derived from T.J.

Tracey et al., 2020)

The main representative of the sterol family is cholesterol. Cholesterol and its associated
lipids have been extensively measured and reported to be increased in ALS patients (J.
Abdel-Khalik et al., 2017; R.G. Cutler et al., 2002). These observations were confirmed in ALS
murine FUS and SOD1 mutant lines (T. Burg et al.,, 2021; A.B. Chaves-Filho et al., 2019).
Moreover, the reported dysregulation of enzymes from this metabolic pathway in patients
(J.C. Dodge et al., 2020) and mice models (L.C. Fernandez-Beltran et al., 2021) have further
supported these observations. Interestingly, due to its altered levels, cholesterol has been
suggested to be a potential prognosis marker in patients (L. Dupuis et al., 2008; B.

Chetstowska et al., 2020; R. Nakamura et al., 2022).

Glycerolipids, due to their specific ALS-associated signature, have also been considered as
potential biomarkers of the disease course in patients (R. Huang et al., 2015; J. Sol et al.,
2021). Indeed, according to the number of glycerols group bore by the compound, they are
reported to be either down- or upregulated in patient’s blood samples (E. Area-Gomez et al.,

2021; G. Fernandez-Eulate et al., 2020; S.A. Goutman et al., 2022) but downregulated in the
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brain or spinal cord (J.C. Dodge et al., 2020; J. Hanrieder and A.G. Ewing, 2014). Interestingly,
the increased level of one specific glycerolipid: arachidonic acid, seems to be shared in all

types of ALS (H. Lee et al., 2021; N. Shibata et al., 2010).

Sphingolipid metabolism has also been reported to be dysregulated in ALS patients’ blood
samples (J. Sol et al., 2021; E. Area-Gomez et al., 2021). Interestingly, theses decreased
levels are accentuated along the course of the disease, and therefore could constitute an
optimal biomarker to supervise the disease progression. In opposition, brain and spinal cord
tissues from ALS patients present increased levels of sphingolipids (R.G. Cutler et al., 2002;
J.C. Dodge et al., 2015; A. Henriques et al., 2017), this observation was further confirmed in

murine model (A. Henriques et al., 2018; L.C. Fernandez-Beltran et al., 2021).

Finally, the last lipidic family identified as dysregulated in ALS patients are the
glycerophospholipids (E. Area-Gomez et al., 2021; S.A. Goutman et al., 2022). Similarly to
what observed in the other lipid metabolisms, their levels are decreased in blood samples of
ALS patients and increased in brain and spinal cord tissues. One specific glycerophospholipid
in particular, phosphatidylcholine, has been described as a relevant biomarker of the disease
as its dysregulation seems to be shared in all ALS subtypes (H. Blasco et al., 2017; J. Sol et al.,
2021).

Ill.  Kynurenine pathway and associate metabolisms:

A. The kynurenine pathway:

The kynurenine pathway is the main metabolism of tryptophan degradation. Products of the
kynurenine pathway are further catabolized in several subsequent metabolites routes: the
serotonin pathway, the immune related tetrahydrobiopterin (BH4) pathway, glycolysis, and
the de novo nicotinamide adenine dinucleotide (NAD+) synthesis (V.X. Tan and G.J.
Guillemin, 2019). The kynurenine pathway is active in every cell but predominantly in liver
and activated in monocytic cells during inflammation (M.P. Heyes et al., 1997; S.P. Jones et
al., 2015). Due to their capacity to cross the blood-brain barriers, some of the metabolites of
this pathway such as kynurenine, 3-hydroxykynurenine, or tryptophane raised the interest as
they could be used as a biomarker to supervise the progression of the disease (S. Fukui et al.,

1991).
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Indeed, this metabolism pathway leads to the synthesis of several neuroactive toxic
compounds such as quinolinic acid and 3-hydroxykynurenine (only in monocytes activated
cells upon IFN-y stimulation) (J.R. Moffett et al., 2020). In vitro, these neurotoxic compounds
have been shown to induce neurodegeneration and neuronal cell death through
excitotoxicity, N-methyl-D-aspartate receptor antagonism, increased glutamate release, and
the production of reactive oxygen species (L. Khaspekov et al., 1989; J.P. Kim and D.W. Choi,
1987; S. Okuda et al., 2002; G. Leipnitz et al., 2007; P. Pierozan et al., 2014; J.-M. Lee et al.,
2017). Interestingly, all these processes overlap with mechanisms of neurodegeneration in
ALS. Moreover, this pathway also leads to the production of neuroprotective compounds
such as respectively kynurenic acid and picolinic acid by astrocytes and neurons respectively

(R.S. Grant et al., 2009; C. Klein et al., 2013).

In the context of ALS, increased levels of quinolinic acid, tryptophan, kynurenin and
decreased levels of picolinic acid were reported in both CSF and patients’ plasma (Y. Chen et
al., 2010; J.-M. Lee et al., 2017). These increased levels of kynurenine associated metabolites
correlate with the increased neuroinflammation observed along the progression of the
disease and are suspected to drive neurodegeneration. Kynurenine dysregulation has
already been identified to regulate inflammation (G.J. Guillemin et al., 2003), therefore the
modulation of this metabolism is considered as an interesting therapeutic target (K.R. Jacobs
and D.B. Lovejoy, 2018). In the nervous system, dysregulation in kynurenine pathway and
increased levels of quinolinic acid have been associated with the development of several
pathologies such as schizophrenia (M.E. Kegel et al., 2014; F. Cathomas et al., 2021),
Parkinson disease (P.A. Lewitt et al., 2013; D. Venkatesan et al., 2020), multiple sclerosis
(C.K. Lim et al., 2017), Alzheimer disease (Z. Hartai et al., 2007; G.J. Guillemin et al., 2013)
and Huntington (N. Stoy et al., 2005; P.R. Sanberg et al., 1989). Therefore, its link to a
neurodegenerative disease such as ALS is not surprising. Although this confirmed the use of
biomarkers derived from the kynurenine metabolism to accurately quantify the progression
of the disease, it also prevents their use as diagnosis biomarkers as they are not specific to

ALS pathophysiology.

Besides the kynurenine pathway, it is interesting to look at the impact of such dysregulation
on metabolism deriving from the tryptophan catabolism, including serotonin and NAD+

metabolism.
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B. Serotonin metabolism:

Due to its association with the regulation of motor neuron excitability and the subsequent
global control of motor behaviour and its involvement in neuronal maturation and aging (A.
Barreiro-Iglesias et al., 2015; R. Sandyk, 2006), serotonin have been considered as a
therapeutic target in the context of ALS for a long time. Moreover, it was observed that the
levels of serotonin were reported to be reduced in ALS patients (L. Dupuis et al., 2010).
Interestingly, MN that are the most affected in ALS pathology are also the most densely
innervated by serotonin neurons. In opposition, the MN that are the most resistant to ALS-
related neurodegeneration receive smaller inputs from the serotonin neurons (R. Sandyk,
2006). Physiologically, serotonin interacts at the synapse with 5-HT1 receptors which are
involved in the inhibition of the glutamate excretion (A. Barreiro-Iglesias et al., 2015).
Therefore, a reduced level of serotonin could easily be linked to an increased synaptic
glutamate release and its subsequent neurotoxicity. For these reasons, exogenous input of
serotonin has been reported to be beneficial on in vivo animal ALS models (B.J Turner et al.,
2003; P. He et al., 2022). Furthermore, melatonin, the major downstream metabolite of
serotonin metabolism, due to its ability to regulate glutamate-induced neurotoxicity, has
been associated with neuroprotection in ALS patients and in ALS animal model. (J.H.

Weishaupt et al., 2006).

C. NAD+ metabolism:

Another downstream metabolism of the kynurenine pathway is the nicotinamide
metabolism. Nicotinamide adenine dinucleotide (NAD), its central metabolite, is a molecule
involved in many cellular reactions either as a proton receiver when oxidized (NAD+) or as a
donor when reduced (NADH). Due to its central place in the cellular metabolism, NAD is
involved in the clearance of the oxidative stress, the genomic stability and expression, RNA
processing, and immunity/inflammation. Depletion of the NAD levels were observed in in
vivo models and ALS patients (E. Blacher et al., 2019; B.A. Harlan et al., 2020). When looking
at the nicotinamide metabolism (Fig. 12), NAD is synthesized from 3 distinct pathways: 1) the
kynurenine pathway catabolizing the degradation of tryptophan into NAD; 2) the Preiss-
Handler pathway catabolizing the degradation of nicotinic acid into NAD and 3) the salvage
pathway. NAD is used in many physiologic reactions and in many of those result the

production of NAM (Fig. 12). NAM can be then retransformed into NAD through the salvage
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pathway via an intermediate called nicotinamide mononucleotide (NMN). NMN can also be
formed through the conversion of another molecule called nicotinamide riboside (NR) via

the action of nicotinamide riboside kinase.

Several hypotheses have been emitted to explain these reduced levels. First as mentioned
previously, in physiological conditions, quinolinic acid is degraded into nicotinic acid, and
ultimately NAD+ (Fig. 10). However, in a neuroinflammatory state, quinolinic acid is
degraded at a much lower rate and is instead released by activated migroglia (J.A. Fifita et
al., 2021). Therefore, the NAD levels could be depleted in ALS context due to impaired de
novo synthesis associated with excessive release of quinolinic acid induced by the
neuroinflammation. Besides the novo synthesis, the salvage pathway has also been
suspected to be responsible for the depleted level of NAD in ALS context. Indeed, most NAD
degradative reactions lead to the formation of nicotinamide, which is subsequently
retransformed into nicotinamide mononucleotide (NMN), a direct NAD precursor, via the
activity of nicotinamide phosphoribosyltransferase (NAMPT) (Fig 10). NAMPT exists in an
intracellular and extracellular form (X. Wang et al., 2017). Interestingly, intracellular NAMPT
levels were reported to be downregulated in ALS patients in opposition to the extracellular
form which exhibits increased levels (X. Wang et al., 2017). Moreover, neuronal Nampt
deletion was reported to induce motor reduced capacity and death in a murine model (X.
Wang et al., 2017). Supporting this hypothesis, nicotinamide riboside (NR) supplementation,
a direct precursor of NMN without NAMPT involvement, was shown to be beneficial
SOD16%3A ALS mice model (B.A. Harlan et al., 2020; E. Obrador et al., 2021). Moreover, a

clinical trial involving NR supplementation in ALS patients is ongoing.

The final hypothesis concerns the indirect link of NAD with axonal degeneration via the
sterile alpha and TIR motif—constraining 1 (SARM1) hydrolase activity. This protein is
involved in the Wallerian axonal degeneration upon lesion through the degradation of NAD
into nicotinamide (J. Gerdts et al.,, 2015). The involvement of this process in ALS
pathophysiology was put in evidence in a TDP-43 mutant murine model where Sarml
deletion prevents MN degeneration (M.A. White et al., 2019). Therefore, NAD level could be

depleted due SARM1 degradation upon axonal degradation.
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Figure 12: Graphical representation of the NAD metabolism

Abbreviations: Trp: tryptophan;, ACMS: a-amino-f-carboxymuconate-s-semialdehyde; QA: quinolinic
acid; NA: nicotininc acid; NAMN: nicotinate mononucleotide; NAAD: nicotinic acid adenosine
dinucleotide; NAD: nicotinamide adenosine dinucleotide; NR: nicotinamide riboside; NMN:
nicotinamide mononucleotide; NAM nicotinamide; PARPs: poly ADP-ribose polymerases; SIRTS:
sirtuins; PUFA: polyunsatured fatty acid
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The results section describes the development of two zebrafish models targeting the

expression of the TBK1 orthologue, Tbk1.

. Background and state of the art-TBK1 in ALS

ALS is fatal neurodegenerative disease characterized by the progressive degeneration of
both the upper and the lower motor neurons. The pathogenicity is characterized by the
death of MN leading to the denervation of muscles. At the molecular level, multiple
pathways are involved in the development of ALS including autophagy dysregulation,
mitochondrial dysfunction, inflammation, axonal transport and oxidative stress (M.C.
Kiernan et al., 2011). The main neuropathological hallmark of the disease is the presence
and the accumulation of TDP-43 and ubiquitin positive inclusions within the motor neurons
(M. Neumann et al., 2006; A.M. Blokhuis et al., 2013). In 2015, two independent studies
have demonstrated causative mutations of TBK1 in ALS patients through a whole exome
sequencing (E.T. Cirulli et al., 2015) (A. Freischmidt et al., 2015). Subsequent studies have
confirmed TBK1 mutations as a major cause of ALS as well as in another related
neurodegenerative disease, FTD (K.L Williams et al., 2015; C. Pottier et al., 2015; I. Le Ber et
al., 2015). A study on a French population in particular have revealed that TBK1 genetic
alterations occurred more frequently in patients presenting an ALS-FTD comorbidity (10.8%)
than those with ALS alone (0.5%) (I. Le Ber et al., 2015). Nonsense and/or missenses
mutations associated to ALS are located throughout the TBK1 genetic sequence, giving rise
to a loss-of-function hypothesis thought to be responsible for the disease. Pathological
studies of TBK1 mutation carriers show accumulation of ubiquitinated aggregates in their
motor neurons and the glia in several area of the CNS (especially in the spinal cord and the
motor cortex) as well as fronto-temporal lobar degeneration (S. Van Mossevelde et al., 2016;

C.A.M Koriath et al., 2017; M. Weinreich et al., 2020).

TBK1 is a serine-threonine kinase known to be an activator of the innate immunity through
the induction of type | interferon (IFN-1) and the production of inflammatory cytokines via
the regulation of NFkB (S. Yum et al., 2021; L. Ahmad et al., 2016). TBK1 has also been shown
to regulate the inflammatory TNF-mediated cell death through inactivation of the RIPK1
protein (D. Xu et al., 2018; E. Lafont et al., 2018). In ALS patients, the loss of TBK1 results in
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lower but sufficient IFN-I induction via compensatory pathways, but high autoinflammation

due to the TNF-induced cell death caused by dysregulated RIPK1 (J. Taft et al., 2021).

Moreover, in the context of ALS, TBK1 role in the protein degradation pathway, autophagy,
has been thoroughly investigated. Indeed, TBK1 is shown to control the early stages of
autophagy at several levels (J.A. Oakes et al., 2017) and has been shown to be crucial in the
clearance of aggregates (R.M. Hedge et al., 2020; I. Raya et al., 2022). To better elucidate the
functional relevance of TBK1 in ALS animal models have been developed, including murine
model lacking the expression of Tbkl (M. Bonnard et al., 2000). However, the study of this
model was challenging because of a massive liver degeneration leading to an early
embryonic death at E14.5. TBK1 was reported to control CASP8-related apoptosis and
necroptosis activations via regulation of RIPK1 function (E. Lafont et al., 2018; M. Delhase et
al., 2011). This observation lead to hypothesis that the lethality observed in the TBK1-/-
murine model was associated with the activation of cellular death pathways. Indeed, in
2018, a study has implemented a novel model by combining the deletion of TBK1 with a
RIPK1 kinase-dead knock-in mutation (D. Xu et al., 2018). Importantly, the authors prevented
lethality in these double knockouts as compared to TBK1 deletion mutant. Moreover,
combined inhibition of both Thk1 and Tak1 (a gene coding for another kinase involved in TNF
receptor response and NFkB activation) were sufficient to induce RIPK1 activation (D. Xu et
al., 2018). Interestingly, this study has also reported that the levels of TAK1 protein were
decreasing in an age-related manner, therefore suggesting a convincing model for TBK1
associated development of ALS-FTD where the heterozygous loss of TBK1 is supported by
the age-dependent decreased expression of TAK1 leading to the development of a late-onset

disease such as ALS-FTD.

Further defining the potential role of TBK1 in the development of ALS-FTD, a recent study
(W. Shao et al.,, 2022) has reported the functional connection between the disease
associated C9orf72 and TBK1 genes. Indeed, TBK1 was found to be sequestered within the
cytoplasmic inclusions containing DPRs translated via the expression of C9orf72
hexanucleotide repeats in a mouse model. Moreover, mutation in Thkl worsened the

condition of the murine model via endosomal disruption (W. Shao et al., 2022).

Using the powerful vertebrate model, zebrafish, | targeted the unique TBK1 orthologue, tbk1
in order to define the pathogenic consequences related to tbk1 loss of expression to better
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understand TBK1 in the context of ALS-FTD pathophysiology and to open therapeutic

strategies for these disorders.

1. Phenotypic characterization of a new tbkl KD zebrafish

model

2.1 Generation of the tbk1 KD zebrafish model

In order to disturb tbk1 expression in zebrafish, we took advantages of the high homology
with its human orthologs. Indeed, genomic sequences between the TBK1 genes of these two
species are shared at 63.16%. Consequently, the two encoded proteins also share a high
homology with up to 71.39% of nucleotide identity and a conserved four domains

architecture.

In order to study the depletion of Thkl in the zebrafish model, | initially targeted the
expression of tbk1, as a hemizygous loss of expression of tbk1 has been reported in mutant
TBK1 ALS-FTD patients (A. Freischmidt et al., 2015; E.T. Cirulli et al., 2015). To induce this
partial decrease in tbk1 expression, we generated an antisense morpholino oligonucleotide
(AMO) complementary to the mRNA start codon sequence of tbk1. An AMO is a stabilized
RNA complementary to a target mRNA which sterically prevent the binding of ribosome and
the subsequent translation of the gene without noticeable degradation of the target mRNA.
However, this technique is limited by the progressive degradation of the AMO in the
developing zebrafish embryo. Indeed, it is commonly accepted that 4 days post injection, the
concentration in AMO is insufficient to alter the expression of the gene anymore (D.Y.
Stainier et al., 2017), restricting the analysis to the first 4 days of development. For these
reasons, the analyses of the AMO injected fish have been restricted in this study mainly to
the 2" day post fertilization (dpf). During this period, the development of the motor neurons
and their migration has been completed as secondary motor neurons enter the myotome
around 34 hours post fertilization (hpf) (P.Z. Myers et al., 1986). As a control of injection, a
control AMO - bearing a sequence that does not target any sequence in the zebrafish
transcriptome — has been used. This control condition will be called further on the “standard

control” or “mismatch condition”.
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After quantifying the decrease in the expression of the tbk1 gene by western blot (Fig. 1), |
analysed the possible impact on the swimming capacity of the larvae, locomotor alterations

being the main clinical hallmark of the loss of TBK1 expression in patients (I.J Swift et al.,

2021).
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Figure 1: 2dpf tbk1 AMO injected larvae exhibit reduced expression of Thk1:

Left, immunoblot analysis of Tbk1 protein in total extract from WT, standard control and tbkl AMO
injected embryos at 48hpf. Tbk1’s band is detected around 80 KDa. Control antibody targeting a-
Tubulin protein was performed to normalize samples. a-Tubulin’s band is detected around 50kDa.
Right, densitometry quantification of Tbk1 protein level normalized to a-Tubulin. (Two-way ANOVA

with Sidak’s multiple comparisons test. *p<0, 05).

2.2 tbk1 reduced expression leads to altered larvae swimming capacity

In order to assess the impact of Thkl depletion on the locomotor activity of the zebrafish
larvae, we performed a touch escape evoked response test at 2dpf. This exercise consists in
inducing an escape response through non-invasive stimulation of the larva’s tail (T.E. Sztal et
al., 2016; S. Ciura et al.,, 2013; A-R. Bourefis et al., 2020). The trajectory of the larva’s
response is recorded, the distance of the trail and the velocity are calculated. Theoretically,
we expect that a modification in the locomotor system’s responses due to either alteration
of the muscle fibres or spinal cord integrity could result in a reduced velocity or distance

swum (S. Li et al., 2020; I. Dehnisch Ellstréom et al., 2019).

Using this approach, we observed that Tbkl KD induces an alteration of the locomotor
capacity of the larvae at 2dpf compared to the larvae injected with the control AMO (Fig. 2).
Indeed, the Tbkl depleted larvae exhibit shorter and slower swimming tracts as compared to
the control larvae. This alteration of the locomotor capacity was even more marked on the

velocity as the tbk1 depleted fish swum two-fold slower than the controls (Fig. 2).

72



To our knowledge, this is the first study demonstrating that the sole heterozygous loss of

tbk1 leads to motor defects in an animal model.
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Figure 2: tbk1 AMO injected larvae exhibit locomotor deficits at 2dpf:

(A) Graphical illustration of the touched evoked escape response test. Left, zebrafish larvae were
stimulated at the tip of their tails and swim response were record. Right, trace representing the swim
response induced by TEER of the larvae imaged on the left panel. (B) Traces representing the swim
response of zebrafish larvae injected with the tbkl AMO compared to non-injected controls and
standard control injected zebrafish larvae during the touch-evoked escape response assays (TEER). C-
D. Quantitative analyse of TEER. tbK1 AMO injected larvae showed a significant decrease in the
distance travelled (C) and in the velocity (D). (Two-way ANOVA with Sidak’s multiple comparisons
test. *p<0, 05).
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After characterizing the impact of the partial loss of tbk1 in the 2dpf larva at the behavioural
scale, | determined whether tbk1 KD leads to alterations in motor neurons as well as their

innervating targets, through the neuromuscular junction (NMJ).

2.3 Defects in locomotion are associated with spinal cord alteration upon
tbk1 KD

To define whether impaired mobility could be linked to deficits at the level of the
neuromuscular junction, | performed a detailed analysis in the zebrafish larvae. As the death
of motor neurons being the main hallmark of the ALS pathogenicity (M.C. Kiernan et al.,
2011), I investigated the integrity of the spinal cord using a transgenic zebrafish line bearing
an RFP gene under the regulation of a specific motor neuron promoter: mnx (S. Knafo et al.,
2017). Therefore, | assessed the axonal projections of the motor neurons upon depletion of
Tbk1 expression and measured the axonal length. As the size of the larvae can be variable, |
rationalized the length of the axons with the thickness of the spinal cord. Interestingly, | did
not observe any difference in the size of the Tbkl depleted larvae compared to the controls
(Fig. 3) and did not associate any axonal alterations from the spinal motor neuron
projections due to the partial loss of Tbk1. This suggests that the axonal projections of MN in

this model appear to develop correctly upon depletion of Thk1.

Using the double transgenic Tg(mnx1:gal4)/Tg(UAS:RFP) zebrafish line, | also quantified the
number of MN of the tbkl KD larvae and compared it with the mismatch condition.
Interestingly, we quantified a severe reduction in the number of MN upon depletion of Tbki,
with in average 15 MN per somite in the Tbkl depleted larvae in opposition to the average

20 MN observable in the control larvae (Fig. 3).
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Figure 3: tbk1 knock-down causes spinal motor neuron loss.

(A) Double transgenic Tg(mnx1:gal4)/Tg(UAS:RFP) embryos at 2dpf were used in vivo for the
quantification of spinal motor neuron axonal length and number. (B) Quantification of average motor
neuron numbers in the spinal cords at 2dpf. (C) Quantification of motor neuron axonal length
rationalized to spinal cord thickness at 2dpf. (Two-way ANOVA with Sidak’s multiple comparisons
test. *p<0, 05).

In order to assess the impact on the muscles, we took advantage of the transparency of
zebrafish larvae. Indeed, it is possible to observe and measure the muscular fibres without
any labelling under polarized light. However, after quantification, we didn’t observe any
differences in the length of the muscular fibres upon depletion of Tbhkl compared to the
mismatch condition (Fig. 5). This suggests that the reduced number of motor neurons

observed in the tbk1 KD condition does not impact the integrity of the muscular fibres.

To determine the Tbhkl role upon motor neuron development, | mounted whole larvae at
earlier developmental stages: 23 and 32 hpf and quantify the number of spinal MN using the

double transgenic Tg(mnx1:gal4)/Tg(UAS:RFP) zebrafish line. | selected these specific times
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point as they correspond to both the initiation and the termination of the secondary MN

migration (P.Z. Myers et al., 1986). Interestingly, no significant differences in the number of

MN was observed at these two developmental stages (Fig. 4). Therefore, spinal MN loss

observed at 2dpf was likely not due to a developmental delay, but to the activation of

neurodegenerative pathways.
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Figure 4: tbk1 induced loss of spinal motor neurons is not linked to developmental delay:

(A) Double transgenic Tg(mnx1:gal4)/Tg(UAS:RFP) embryos at 23hpf and 32 hpf were used in vivo for

the quantification of spinal motor neuron number. (B) Quantification of average motor neuron

numbers in the spinal cords at 23hpf. (C) Quantification of average motor neuron numbers in the

spinal cords at 32hpf. (Two-way ANOVA with Sidak’s multiple comparisons test)
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Figure 5: tbk1 depletion does not lead to increased muscular fibre atrophy:

(A) Non-injected WT zebrafish embryos at 3dpf and 5dpf were used in vivo for the quantification of

the muscular fibres’ length. (B) Quantification of the muscular fibres’ length at in non-injected WT
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larvae at 3dpf. (C) Quantification of the muscular fibres’ length at in non-injected WT larvae at 3dpf.

(Two-way ANOVA with Sidak’s multiple comparisons test)

In order to study Tbkl depletion in a more extended time frame and through another
genetic methodology, we developed a new tbkl knock out model using the CRISPR/Cas9

system allowing a longer and more complete phenotypic analysis.

Ill.  Phenotypic characterization of a new tbkl KO zebrafish

model

The first results obtained using AMO shedding light on the importance of studying the total
loss of tbk1 expression in the zebrafish, | designed the strategy to obtain a tbk1 KO zebrafish

line.

3.1 Generation of the tbk1 KO zebrafish model

Generation of the tbk1l KO zebrafish line was performed using the CRISPR technology (M.
Jinek et al.,, 2012). Our aim was to take advantage of the high percentage of identity
between the human and the zebrafish genomic and protein sequences (respectively 60 and
70%) to induce a deletion within the tbk1 kinase domain sequence. We targeted this region
for two reasons: 1) the kinase domain of Tbkl bears its catalytic activity and therefore its
deletion would suppress its functional role; 2) Tbk1’s kinase domain is encoded by the 5 first
exons of the gene, therefore inducing a deletion within increasing the chance of generating
an early stop codon or a frame shift impacting the whole transcript. To optimize the cutting
efficiency of the Cas9, we adopted a strategy combining two sgRNA at the same time to
induce a double strand break at two different loci and therefore generating the deletion of a
long and significant segment of the kinase domain-coding region. This technique has been

very efficient in inducing deletion mutants (Wu et al., 2018).

We designed the sgRNA using the CHOPCHOP software (K. Labun et al., 2019) and selected
the top scored sequences to create 2 pairs of guides targeting respectively the exons 1 and 2
and the exons 4 and 5 of the tbk1 gene, both creating a 700bp deletion (Fig. 6). Targeting
exon 1-2 and 4-5 was assessed by genotyping individual embryos using a set of primers in

this region. Importantly, tbk1 deletion efficiency was quite high with up to 70% of tbk1 KO
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homozygous larvae when genotyped (Fig. 6). The efficiency was further confirmed by a
control injection of sgRNA targeting the tyrosinase gene, which is responsible for the
pigmentation of the zebrafish (E. Camp et al.,, 2001), assessing the efficacity of this

procedure as early as the first day post fertilization.

However, as we are going to show later in this thesis, similarly to what is observed in the
murine model, the homozygous deletion of tbk1 leads to lethality early in the development,
around 9dpf. This lethality associated with the loss of tbk1 makes generating a KO fish line
impossible. Considering the efficiency being high enough at the first generation, we decided
to pursue the study with larvae directly injected with the Cas9 mix at one cell egg. This
strategy doesn’t allow to control the nature of the cut induced in tbk1 but as we are looking
to silence the gene, the certainty of having 70% of homozygous tbk1 KO fish is appropriate
for the following analyses performed in this study. Furthermore, this strategy allows to

define the role of TBK1 early in motor neuron development.
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Figure 6: target tbk1 CRISPR induction of a 700 base pairs deletion

(A) Graphical representation of the CRISPR approached design to induces a 700 base pairs deletion

within tbk1 genes at two different loci. One set of guides RNA was designed to target a 20 nucleotides
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sequence within respectively the exon 1 and exon2. The other set of guides RNA was designed to
target a 20 nucleotides sequence within respectively the exon 4 and exon 5. (B) Agarose migration
after polymerase chain reaction amplification of DNA oligos derived from CRISPR injected larvae at 2

dpf. Each band correspond to one individual zebrafish larva.

3.2 tbk1 KO leads to altered larvae swimming capacity

Similarly to the characterization of the tbk1 AMO model, | initially assessed the locomotor
capacity of the fish at 2dpf with a TEER test. Interestingly, the larvae carrying the tbkl
deletion did not exhibit any significant difference in the distance swam or their velocity upon
stimulation of the evoked response (Fig. 7). Following this analysis, | assessed the
spontaneous swimming capacity at later developmental stages by performing an analysis
using the zebrabox module (viewpoint technology ©). This device automatically tracks the
trajectory of several larvae in a 96 or 48 wells plate on a defined time period, and gives the
opportunity to implement the analysis with a sound or a light stimulus to measure an escape
response. The protocol used in this study was based on a 40 minutes period of free-
swimming capacity analysis followed by 2 sound stimuli of 450Hz and 80 dB separated by a
10 minutes rest period where the escape responses were measured (Fig. 8). At 5 and 6 dpf,
we quantified a significant decrease in the locomotor activity of the larvae associated with
the loss of tbkl expression (Fig. 8). Indeed, the distance swum in the escape response
induced by a sound stimulus was decreased by half in both KO larvae condition compared
with the non-injected ones. This decreased was even more striking when analysing the free-
swimming capacity, the larvae were almost immobilized when not exposed to any stimuli
(around 25cm swum during 40 minutes whereas the non-injected larvae were travelling

almost 100cm).
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Figure 7: CRISPR tbk1 deleted larvae do not exhibit locomotor deficits at 2dpf

(A) Traces representing the swim response of zebrafish larvae bearing a genomic deletion of the

exons 4 and 5 of tbkl gene compared to larvae injected with the tbkl AMO and to non-injected

controls during the touch-evoked escape response assays (TEER). (B). Quantitative analysis of TEER.

tbK1 KO larvae did not show any significant differences in their velocity nor distance swum (data not

shown) compared to non-injected larvae travelled. (Two-way ANOVA with Sidak’s multiple

comparisons test. *p<0, 05).

81



Audio stimuli
450 Hz 80 dB

—
!

10min 10min

o
-
5
o
A
=2
|

Non injected

tbk1 exon 4-5
KO

C

Free-swimming capacity at 5dpf Free-swimming capacity at 6dpf
*

200+ _— 150- =

distance (cm)
o 3 @
e o o @°
distance (cm)
o 2
2 <

o > o]
& o &° o
& ® & &
<~°° 0 non injected oo*‘
B tbk1 KO
E Stimuli induced movement at 5dpf F Stimuli induced movement at 6dpf
0.8- 0.8+ -
* * n.s
T 0.6 E 0.6
S L
S 0.4- 8 0.4-
] [}
% @
T 0.2 T 0,24
0.0- 0.0
¢‘$\ e"& s&\\ @‘S‘L
S & B S

82



Figure 8: CRISPR induced genomic tbk1 deletion lead to impaired swimming capacity at 5 and

6 dpf

(A) Graphical illustration of the protocol used to assess the locomotor capacity of the tbk1 deleted
zebrafish larvae. The protocol is divided in two parts: a 40min period of free swimming followed by 2
sound stimuli separated by 10 without stimulation. (B) Traces representing the swimming trajectory
of tbk1 KO zebrafish larvae and non-injected controls during the viewpoint test. (C-D) Quantification
of the distance swum during the first 40 minutes of the protocol for the larvae bearing a tbk1 exon 4
and 5 deletion compared to WT non-injected larvae at 5 dpf (C) and 6dpf (D). (E-F) Quantification of
the distance swum in response to the two sound stimulations for the larvae bearing a tbk1 exon 4 and
5 deletion compared to WT non-injected larvae at 5 dpf (E) and 6dpf (F). (Unpaired t-test comparative

analysis. *p<0, 05)

From the difference in the timing of apparition of the locomotor phenotype between the

tbk1 AMO and the tbk1 KO CRISPR models, we can generate two hypotheses:

First, one difference between the two models is the expression of tbk1 maternal mRNA in
the first phases of development. Indeed, the tbk1 AMO is targeting mRNA, this mode of
action prevents as well the expression of mRNA transmitted by the mother and deposited in
the egg during oocytes maturation, however the CRISPR technology targeting the larvae DNA
is not impacting the expression of maternal mRNA. Therefore, this change in the phenotype
apparition is suggesting a possible role for Tbk1 during the 10 first hours of development.
This will be assessed by qPCR at various stages of development. Importantly, this period is
critical for the correct development of the locomotor system as the three primary motor

neurons are being generated during the ninth and the tenth hours post fertilization.

Secondly, this difference in the timing of apparition could be induced by phenomenon of
genetic compensation induced by the complete deletion of tbk1. Indeed, it is known that
some TBK1 functions can be compensated by other proteins, for instance, TBK1 dependent
activation of NFkB is rescued by IKKe when TBK1 is silenced (K.R. Balka et al., 2020). This
compensation could be dependent of a threshold in TBK1 expression, explaining why it

doesn’t happen in the AMO injected larvae.

To answer these two hypotheses, unbiased analysis of the metabolic dysregulations as well
as proteomic analysis to define pathophysiological alterations upon Tbkl depletion
locomotor phenotype at 5 and 6 dpf were performed.
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3.3 tbk1 KO is lethal early in embryogenesis

After assessing the impact on the locomotor capacity of the tbk1 KO larvae, we also assessed
whether there were other metabolic features during larval development. Interestingly, gross
morphological analysis of larvae at 8dpf did not reveal any reduced length in the tbk1 KO
larvae as compared to control conditions (Fig. 9). Interestingly, at 9dpf, we quantified a
mortality rate of 90% in the tbk1l KO larvae compared to the 30% rate in non-injected or
larvae injected with a control sgRNA construction targeting the tyrosinase gene, responsible
for the pigmentation (Fig. 10). Therefore, we performed an unbiased analysis to define

altered pathways that lead to increased mortality in the Tbk1 depleted zebrafish larvae.

non-injected tyrosinase KO tbk1 exon 12 KO

Zebrafish size upon tbk1 deletion
5.0+

length (mm)
£~
e

—_ ==
4.0 —et
3.5 T T T
@ © ©
& P g
.\(\\ . (\'b (‘\
o 0%\ +°
& & ¢
®$

Figure 9: deletion of tbk1 in zebrafish does not impact the size of the larvae at 8dpf.

Top, Images illustrating the size of an 8dpf tbk1 deleted zebrafish larvae compared with a tyrosinase
KO and a WT non-injected larva. Bottom, comparative quantification of the size of the larvae at 8dpf.
tbk1 deleted larvae did not exhibit a reduced size compared to control conditions. (Two-way ANOVA

with Sidak’s multiple comparisons test *p<0, 05)
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Figure 10: tbk1 deletion is lethal early in the development at 9dpf

Curve comparing survival rate of tbk1 KO larvae with tyrosinase KO larvae, tbk1 KD larvae, standard-

control AMO injected larvae, and WT non-injected larvae. (Log-Rank (Mantel Cox) test. *p<0, 05)

IV. Metabolomic characterization of the tbk1l KO zebrafish model

In order to investigate the molecular dysregulations responsible for the apparition of the
two phenotypes observed upon deletion of tbkl, two metabolomic analyses were
performed at 6dpf, a developmental stage characterized by the deficit in locomotion and at

8 dpf a day preceding the initiation of the larval mortality.

Metabolism is a term that encompasses every cellular reactions occurring in a living
organism to sustain life. Metabolites are small molecules involved either as an intermediate
or as an end product of the metabolism. Dysregulations in the level of these metabolites
reflect alternations of specific cellular pathways, unveiling the mechanistic insight of a
pathology. Moreover, metabolomics have been of great interest lately to develop new
strategies of diagnosis based on the surveillance of metabolites levels used as biomarkers of
the disease progression. Therefore, analysing the metabolite profile, or metabolomics, of

our tbk1 KO model could help explain the apparition of these two phenotypes (locomotor
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deficits and lethality) and the presence of biomarkers observed in patients could also further

confirm our ALS model.

4.1 Metabolomic profile of the tbk1 KO larvae at day 6

After a first round of analysis comparing the metabolites level between tbkl KO, WT and
tyrosinase KO larvae, it became clear that even though they don’t present any phenotype in
exception with the loss of their pigmentation, the tyrosinase KO larvae are characterized by
a specific metabolomic profile, different from the non-injected, that could mask metabolic
alterations that are aberrant in the tbk1 KO model. Therefore, we pursued the analysis using
only WT larvae as a control condition, and included the analysis on both sgRNA exons 1-2 KO
and exons 4-5 KO conditions to define metabolic alterations that are present upon tbkl loss

of function.

After measuring the metabolites through mass spectrometry, we start looking common
dysregulated metabolites in the tbkl 1-2 exon KO and 4-5 exon KO models. We
implemented a list of 131 identified metabolites and their respective concentration in the
samples on the metaboanalyst © software (Z. Pang et al., 2021). At 6dpf, we identified
mainly two metabolites that were dysregulated with a g-value under 5% in both of the

conditions: nicotinamide (NAM) and glycerol-3-phosphate (G3P) (Fig. 10).

As an intermediate of the glycolysis pathway, G3P depletion in our model could indicate an
impaired glucose metabolism. However, the level of glucose or pyruvate don’t seem to be
impacted by the loss of tbk1 in our analysis so it is complicated to conclude anything through

the sole loss of this compound.

Depletion of the NAD levels was observed in in vivo model and in ALS patients (E. Blacher et
al., 2019; B.A. Harlan et al., 2020). Increased levels of NAM, its direct precursor, suggests a
similar decreased pool of NAD in our model. Moreover, when performing the analysing while
pooling the two tbkl KO conditions versus the non-injected larvae, a new metabolite
appears to be significantly increased upon deletion of tbk1, the quinolinic acid (QUIN);
another precursor of NAD. Interestingly, in the brain, QUIN is only synthesized by microglia

or astrocytes, therefore, its increased levels unveiled a possible implication of the immune
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cells of the brain in the development of the phenotype observed in the context of tbki

deletion.
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Figure 11: Nicotinamide and glycerol 3-phosphate exhibit dysrequlated levels upon tbkl

deletion at 6dpf

6dpf whole larvae level of nicotinamide and glycerol 3-phosphate metabolites are respectively up-
and downregulated upon deletion of the exons 1 and 2 (left) or of the exons 4 and 5 of the tbk1 gene
in comparison with non-injected WT larvae (statistical analysis performed by two-sample t-tests

implemented with a false discovery rate. *q<0, 05).

An enrichment analysis on the metabolomics results was performed to identify dysregulated
pathways. Out this analysis, we identified one common dysregulated metabolic pathway in

both of our models: the nicotinate and nicotinamide metabolism (Fig. 12).
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Figure 12: Nicotinate and nicotinamide metabolism are significantly dysregulated in both of

the tbk1 KO conditions at 6dpf

Dot plot of the enrichment analysis results. The size of the circles per metabolite set represents the
Enrichment ratio and the colour represents the p-value. Analyses performed on 6dpf larvae bearing a
deletion of the exons 1 and 2 of the tbk1 gene (left) or a deletion of the exons 4 and 5 of the tbk1
gene (right) compared with non-injected WT larvae. Enrichment Ratio is computed by Hits / Expected,
where hits = observed hits; expected = expected hits. (Statistical analysis performed by two-sample t-

tests).

In this study, five identified metabolites are involved in this metabolic pathway and out of
these 5 compounds, 3 are characterized by a common significative change in their levels (p-
value > 0.05) upon tbk1 deletion in the two models compared with non-injected control
larvae: NAM and QUIN present increased levels (as shown in the previous section) in
opposition to NAD which exhibit lower levels. In addition, the tbkl exon 1-2 KO model
exhibit a significantly decreased level of L-aspartate (a precursor of QUIN) but this decrease
is not shared with the tbk1 exon 4-5 condition. The last compound identified belonging to
the NAD metabolism is NADP, the phosphorylated form of NAD, however its level is not

impacted by tbk1 loss.

4.2 Incubation with nicotinamide riboside rescue tbk1l KO larvae’s altered
locomotion
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As the NAD salvage pathway was significantly impacted, through increased NAM levels and
the decreased NAD pool in our model, this suggests an impaired salvage of NAD. With this
hypothesis, | initiated a treatment at early developmental stage through incubation of the
larvae with a precursor of NAD: the nicotinamide riboside (NR). NR has been shown to
reduce the degeneration of spinal MN and to reduce the characteristic neuroinflammation
observed in the hSOD1 G93A mouse model (E. Obrador et al., 2021a). Moreover, NR in
combination with pterostilbene, an antioxidant compound, has been proposed as a
therapeutic treatment for ALS (E. Obrador et al., 2021a) and clinical trials of using this

compound mix are ongoing.

Following a toxicity analysis of NR in non-injected larvae (data not shown) we used the
concentration of 10uM diluted in dimethyl sulfoxide (DMSO). Our control condition was
incubation with DMSO only. Because the 9 days long incubation in NR was too deleterious
for the larvae (data not shown), we designed a protocol based on alternating incubation of
10uM NR incubation with periodic NR-free water. The larvae were kept in NR free water
until 3dpf and then incubated for a day in 10uM NR. This first treatment was followed by a
NR-free water incubation for a day and finally larvae were kept in 10uM NR until the end of
the experiment (Fig. 14). During this period, | assessed the locomotor ability of the larvae at
day 5 and 6. Importantly, | observed a striking rescue of the locomotor activity of the tbk1
KO larvae incubated with 10uM NR in comparison with those incubated in DMSO only (Fig.
13). Indeed, the total distance swum during the test was no longer significatively decreased
compared to non-injected WT control larvae with NR supplementation. Strikingly, at 6dpf,
the distance swum by the tbkl KO larvae incubated in 10uM NR was even significantly
increased when compared to the larvae incubated with DMSO only (Fig. 13). However, the
incubation in 10uM of NR did not impact the lethality observed at 9dpf upon deletion of
tbk1 (Fig. 13). Indeed, at 9dpf, a mortality rate of 90% was observed in the tbk1 KO larvae

treated with NR or in control conditions.

These results suggest that restoring the levels of NAD is sufficient to rescue the locomotor
ability of the model, highlighting the importance of NAD metabolism in the pathogenicity of
tbk1 deletion. It is important to mention that this is the first report to link tbk1 function with

the regulation of NAD pathway so far. Furthermore, these results also imply the involvement
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of another mechanism, independent from the NAD depletion, responsible for the lethality

induced by tbk1 deletion.
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Figure 13: NR incubation is able to rescue locomotor deficits observed in 5 and 6 dpf larvae

but does not impact the high lethality due to tbk1 deletion.

(A) Schematic representation of the incubation protocol, axis represent the stage of development in
days post fertilization (dpf). In dark red incubation with 10uM NR, in light red incubation in DMSO. (B-
C) Quantification of the distance swum during the activity test for the larvae bearing a tbk1 exon 4
and 5 deletion compared to WT non-injected larvae with a 10uM NR supplementation of DMSO
incubation at 5 dpf (B) and 6dpf (C). (Unpaired t-test comparative analysis. *p<0, 05). (D) Curve
comparing the survival rate of tbkl KO larvae supplemented with 10uM NR with tbkl KO larvae

incubated in DMSO. Non-injected WT larvae were used as negative control. (Log-Rank (Mantel Cox)

test. *p<0, 05).
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After demonstrating that a dysregulation in the metabolism of nicotinamide is responsible
for the apparition of the locomotor phenotype, we next investigated which molecular
mechanisms could be responsible for the lethality observed upon deletion of tbkl. We

therefore perform a similar metabolomic analysis on Thk1 depleted larvae at 8dpf.

4.3 Metabolomic profile of the tbk1 KO larvae at day 8

At 8dpf, we did not identify any dysregulated metabolites in the tbk1 exons 4 and 5 deletion
(g-value inferior to 0.05). However, upon deletion of the exons 1 and 2 of tbk1, we identified
3 metabolites that were significantly dysregulated (Fig. 14): quinolinic acid (as observed at
6dpf), uridine diphosphate N-acetylglucosamine (UDP-GIcNAc), and uridine monophosphate
(UMP).
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Mormalized Conc. Normalized Cone. _ Mormalized Cone.
o = - —It

0.04

F

Ml

=

bkl 142
thicl 142
thkl 1+2

Figure 14: Quinolinic acid, UDP-GIcNac and UMP exhibit dysrequlated levels upon tbk1 exons

1 and 2 deletion at 8dpf

8dpf whole larvae level of quinolinic acid, UDP-GIcNac and UMP are upregulated upon deletion of the
exons 1 and 2 of the tbkl gene in comparison with non-injected WT larvae. (statistical analysis

performed by two-sample t-test implemented with a false discovery rate. *q<0, 05).
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An increase in quinolinic acid levels, could again suggest a dysregulation in the NAD
pathway, however we saw in the previous part that an alteration of the nicotinamide
metabolism does not appear to be involved in the lethality phenotype observed. QUIN has
been reported to be a neurotoxic compound via several mechanisms such as protein
dysfunction, oxidative stress stimulation, glutamate excitotoxicity induction, mitochondrial

dysfunction, autophagy, apoptosis or neuroinflammation (J.-M. Lee et al., 2017).

UDP-GIcNAc and UMP are two uridine-based compounds. Therefore, an increase in their
level could suggest a dysregulation in the metabolism of uridine. Uridine is a pyrimidine
nucleoside involved in several biological processes such as phospholipid synthesis, glycogen
storage, or RNA synthesis (G.P Connolly and J.A. Duley, 1999). Uridine has also been
suggested to present neuroprotective and neuroregenerative abilities notably due to its
involvement in synapse formation (B.S. Baumel et al., 2021; R.J. Wurtman et al., 2010).
Moreover, uridine supplementation was reported to be beneficial in the context of several
neurodegenerative disease such as Huntington disease (J.A. Saydoff et al., 2003; J.A. Saydoff
et al.,, 2006), Parkinson disease (M. Cansev et al., 2008), and more importantly, ALS (D.J.
Amante et al., 2010). In a metabolic context, increased uridine levels are associated with an
increased ATP production and an enhanced glycolytic energy production (D.J. Amante et al.,
2010). UDP-GIcNAc is a compound that is widely used in the cell metabolism as a substrate
for the O-GIcNAc protein modification (J.C. Chatham et al., 2021). Interestingly, O-
glycosylation has been reported to be involved in neurodegenerative disease such as
Alzheimer disease (A.C. Wang et al., 2016; S.A. Yuzwa et al., 2012) and more importantly in
the context of ALS in a rat SOD1%%3*A model where decreased levels of O-glycosylation were
reported (N. Lidemann et al., 2005). Although it was not mentioned in this study, a decrease
in O-glycosylation could suggest an increase in UDP-GIcNAc level similarly as what we

observed in our analysis.

Similarly to the 6dpf analysis, it is impossible to identify a clear implication of a compound in
the apparition of the lethality observed upon deletion of tbk1 in our larvae when considering
the metabolites as independent from each other. Therefore, we performed an enrichment
analysis on our 8dpf data. Four pathways are identified as significantly dysregulated (Fig. 15):

1) the nicotinamide pathway similarly to what was observed at 6dpf; 2) the
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glycosylphosphatidylinositol (GPI) anchor biosynthesis; 3) the pyrimidine metabolism; 4) the

glycerophospholipids metabolism.
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Figure 15: Nicotinate/nicotinamide, ~GPl anchor biosynthesis, pyrimidine and

glycerophospholipid metabolisms are dysregulated in the pooled tbk1 KO conditions at 8dpf

Dot plot of the enrichment analysis results. The size of the circles per metabolite set represents the
enrichment ratio and the colour represents the p-value. Analyses performed on 8dpf larvae bearing a
deletion of the tbk1l gene compared with non-injected WT larvae. Enrichment ratio is computed by
Hits / Expected, where hits = observed hits; expected = expected hits (Statistical analysis performed by

two-sample t-tests).

Apart from the NAD metabolism dysregulation, no significant association was able to
pinpoint metabolic dysregulation at 8dpf to explain the increased mortality upon deletion of
tbkl. A metabolomic-proteomic comparative analysis was performed to unravel altered

factors and pathways that could be involved in motor neuron degeneration.

V. Proteomic characterization of the tbk1 KO zebrafish model
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5.1 Proteomic profile of the tbk1 KO larvae at day 8

Similarly to the metabolomic analysis, we select larvae at 8dpf for lysis and subsequent mass
spectrometry. We used again the two tbkl KO conditions (exon 1-2 KO and exon 4-5 KO).
Out of the 8640 identified proteins, 211 were significantly dysregulated by an ANOVA
analysis adjusted with a false discovery rate. To confirm our model, we first check the
expression level of tbk1. Tbkl expression appeared significantly decreased from the ANOVA
(p-value=0.043), however when adjusted with a false discovery rate, its expression was no
longer significantly dysregulated (g-value=0.073). When looking in details, it became clear
that this was due to a lower efficiency of the tbkl exon 4-5 KO approach. We therefore
decided to focus exclusively on the tbkl exon 1-2 KO condition as we could assess the

correct decrease in expression of tbk1 in this pool of samples.

The new tbkl exon 1-2 KO versus non-injected larvae analysis identified 115 new
significantly dysregulated proteins bringing the total number to 326. We implemented the
326 compounds on the string © online software (L.J. Jensen et al., 2009). Out of this analysis,
the software grouped proteins according to different features as the biological process, their
molecular function, or the cellular pathway (using KEGG resources) they are involved in.
When looking at the biological processes identified, immune response was overrepresented.
To define whether dysregulated immune response was present in the tbkl KO model, |

tested anti-inflammatory compounds in the next section.

5.2 Inhibition of the inflammatory response via caffeic acid incubation
doesn’t rescue tbk1 KO induced lethality

Caffeic acid (CA), an anti-inflammation, anti-oxidant and anti-carcinomic compound has
been shown to exhibit beneficial effect in the SOD1g93a model (C.V. Fontanilla et al., 2012).
The anti-inflammatory feature of this compound relies on the inhibition of the arachidonic
acid, an inflammatory compound that was significantly increased in ALS models (H. Lee et al.,
2021; A. Trostchansky et al., 2018). Arachidonic acid is degraded by the cyclooxygenase
(COX) 1 and 2 enzymes into lipidic cytokines, (H. Tallima et al., 2017) with COX1 orthologue
upregulated in our proteomic analysis. 10uM of CA was selected as the optimal

concentration and tested on the locomotor phenotype observed at 5dpf. No significant
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difference in the swimming capacity was observed in the tbk1 KO larvae treated with 10uM
of CA (Fig. 16). This suggest that a dysregulated immune response might not be solely
responsible for motor defects observed in the tbk1 KO model. Similarly, no alteration of the
lethality upon CA treatment was observed (Fig. 16). However, it is important to point out
that CA has limited targets and the impact of other anti-inflammatory compounds should be

assessed on the phenotypes observed upon tbk1 deletion.
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Figure 16: Supplementation with 10uM of caffeic acid did not rescue the development of

phenotype induced by the deletion of tbk1.

(A) Quantification of the distance swum upon sound stimulation for the larvae bearing a tbk1 exon 4
and 5 deletion supplemented with a 10uM CA supplementation or with DMSO incubation at 5 dpf.
(Unpaired t-test comparative analysis). (B) Quantification of the distance swum by larvae bearing a
tbk1 exon 4 and 5 deletion supplemented with a 10uM CA supplementation or with DMSO incubation
at 5 dpf. (A-B) Unpaired t-test comparative analysis. (C) Curve comparing the survival rate of tbk1 KO
larvae supplemented with 10uM CA with tbk1 KO larvae incubated in DMSO. Non-injected WT larvae

were used as negative control. (Log-Rank (Mantel Cox) test. *p<0, 05).
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VI. Combined metabolomics-proteomics analysis of the tbkl KO

zebrafish

In order to perform the combined metabolomic and proteomic analysis, we selected the
significantly dysregulated molecules and identified three main cellular processes: the

necroptosis, the purine metabolism and the apoptosis.

Dysregulation of necroptosis and apoptosis in our model can be directly linked to motor
neuron degeneration observed in the tbk1 KD as well as the increased mortality observed at
9dpf in the tbk1 KO model. Importantly, these two pathways can be activated upon RIPK1
aberrant activation. This kinase is physiologically sequestered via phosphorylation and
ubiquitination at the plasma membrane in a TNF-receptor interacting complex. In this
complex, RIPK1 plays an important role in the transmission of inflammatory signals. It is
important to note that one of the regulatory phosphate group that can control RIPK1

activation is added through the activity of TBK1 (T. Delanghe et al., 2020).

The mechanistic insight of these two programmed cell death pathways was reviewed in the

introduction (Metabolites dysregulation in ALS — part 11.C.1)

As TBK1 is an important regulator of RIPK1 activity, an induced cell death via the activation
of these pathways is a convincing hypothesis. Moreover, Thkl KO induced lethality in a

murine model has been rescued through the additional deletion of Ripk1 (D. Xu et al., 2018).

The analysis suggests contradictory hypotheses concerning these two pathways. First, the
necroptosis pathway appeared as severely enriched upon tbk1 deletion (top hit when using
the KEGG pathway data pool). However, when looking independently at the dysregulated
proteins, casp8 appears upregulated suggesting an inhibition of necroptosis, but Cyld level as
well suggests the opposite (Fig. 17). Moreover, Bax, a crucial activator of the mitochondrial
apoptosis induction, is downregulated in our model whereas Cytochrome c, which is a
caspase activator complex downstream of Bax, is upregulated (Fig. 17). It is important to
mention that apoptosis process was reported to be activated in the liver of Thk1 -/- mouse
model (M. Bonnard et al., 2000). Altogether, these data highly suggest the involvement of

programmed cell death mechanisms in our model with a detailed analysis of these
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pathways, needed at the molecular level. Importantly, necroptosis has been shown to be
implicated in the development of neurodegenerative diseases (S. Zhang et al., 2017) and
that upregulation of necroptotic cell death occurs upon TBK1 downregulation in the context

of ALS (D. Xu et al., 2018).
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Fiqure 17: Schematic overview of the programmed cell death pathway:

Top, representation of the necroptosis pathway implemented with proteins and metabolites identified
in our analysis. Bottom, representation of the apoptosis pathway implemented with proteins and
metabolites identified in our analysis. Circle represents metabolites, rectangle represents proteins.
Compounds identified in the proteomic and metabolomic analysis of 8dpf larvae are coloured. In blue
compounds identified as significatively downregulated (p-value < 0.05) upon tbkl deletion in
comparison with non-injected WT larvae. In red compounds identified as significatively upregulated
(p-value < 0.05) upon tbk1 deletion in comparison with non-injected WT larvae. In green compounds
which are not significatively dysrequlated (p-value > 0.05) upon tbk1 deletion in comparison with non-

injected WT larvae. Adapted from pathview © (W. Luo et al., 2017).
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DISCUSSION
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Phenotypic features of tbk1 reduced expression

Two zebrafish models of tbk1 loss of expression were developed during this thesis. These
two models rely on different genetic approaches. The first one is a transient and ubiquitous
KD based on the prevention of the tbk1 transcript translation. The second model is based on
the genomic excision of the kinase domain-coding region and the subsequent repression of

tbk1 catalytic activity.

Upon partial deletion of tbkl expression, we reported the reduction of the locomotor
capacity of the zebrafish larvae at the developmental stage of 2 dpf. We further associate
this impaired swimming ability to a decreased number of spinal MN without visible muscular
alterations. Moreover, we report that the loss of these cells was not due to a developmental
delay as their number is progressively decreasing when looking at different stages.
Therefore, the remaining hypothesis is that this loss of spinal motor neurons is linked to cell
death. However, more evidences are needed to claim the presence of neurodegeneration in
our models, such as immunostaining of specific cell death markers (B.A. Smitch and B.D.
Smith, 2012). Moreover, if cell death is proven to be involved in our model, it would be
interesting to determine what cellular processes are responsible. Indeed, they are at least
dozens of ways for neurons to die (M. Fricker et al., 2018) and identifying the cellular
process associated with the possible death of motor neurons in our model would give us
great insight concerning the mechanisms of tbk1 KD impact on the spinal cord integrity and
the subsequent impaired locomotion characterising our model. Interestingly, MN loss was

not associated with major muscle defects.

Interestingly, the phenotype observed in this model is slowly rescued over time. Although
not surprising when using morpholinos as they are degraded over time, in our context it is
complicated to explain how the organism can recover from neuronal cell loss. This could be
due to regeneration of MN progenitors. Indeed, zebrafish possess the capacity throughout
all their life of regenerating spinal MN via reactivation of quiescent progenitor cells from the
spinal MN progenitor domain (S.R. Alper and R.l. Dorsky, 2022; M.J. Cardozo et al., 2017).
This process was observed early in development, with 3dpf damaged spinal MN being

regenerated 48h later (J. Ohnmacht et al., 2016). Preliminary results show that the number
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of spinal MN is no longer different in tbk1 KD larvae compared to the negative control
condition (data not shown), further supporting the hypothesis of a regeneration of the lost
MNs. Moreover, it is important to mention in a study implying tbk1, a crucial regulator of the
inflammatory response, that inflammatory cytokines are been reported to play an important
role in the initiation of the regenerative mechanism (T.M. Tsarouchas et al., 2018; N. Kyritsis
et al., 2012). Although this hypothesis seems, in our opinion, plausible, we still need to
confirm it. One strategy would be to combine the decreased expression of tbk1l with the
incubation of the larvae in an immunosuppressant compound such as dexamethasone,
which has been shown to prevent the regeneration (N. Kyritsis et al., 2012). Therefore, the
characterisation of the apparition of the motor phenotype upon reduced expression of tbk1
still remains to be investigated more in depth: identity of the lost MN, confirmation of a
cellular death involvement, identification of the mechanism involved in the phenotype

rescue upon tbk1 KD.

Interestingly, the phenotype observed upon genomic deletion of sequence coding for Tbk1’s
kinase domain appears delayed on a developmental time-scale. Indeed, the decrease in the
swimming capacity is observed at a later stage, 5dpf, in comparison with the KD model. We
have emitted several hypotheses possibly explaining this delay in the apparition of a

phenotype:

The first hypothesis states that maternal tbkl mRNA could influence the apparition of the
phenotypic features in these two models. Indeed, early embryonic development occurs in
the absence of transcription and therefore relies essentially on the translation of maternal
origin mRNA molecules deposited within the egg during oocyte maturation (S.A. Harvey et
al., 2013). The CRISPR technology impacts positively or negatively genic expression through
direct alteration of the genomic sequence. Therefore, tbk1 expression through translation of
maternal mRNA can still occur within the first hours of the embryonic development, even in
a CRISPR induced KO context. In opposition, the tbk1 KD model relying on injection of AMOs
and the subsequent blockade of the translation, tbk1 maternal mRNA is no longer expressed.
Therefore, we designed both a model in which the first stage of development occurs without
expression of thk1 — but with its expression being rapidly restored within the following days
—; and a model in which tbk1 is still being expressed within the first developmental stages —

but no longer as soon as the embryo start relying on its own transcriptional machinery. It is
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considered that the transcription machinery of the embryo is able to totally maintain the cell
physiology at the gastrula stage, therefore the usage of maternal mRNAs is restricted to the
first 10 hours of development (H. Chang et al., 2018). tbk1 has been shown to be expressed
in the gastrula stage at 5.25 hpf (Y.W. Hu et al., 2018), therefore its expression in early
development is indeed permitted by the maternal mRNA stocks. However, this hypothesis
implicates an impaired activity of tbk1 within the first hours of development reverberating
on the locomotor function at 2dpf. The eventuality of raising a stable tbkl KO zebrafish
homozygous line to answer this hypothesis is made impossible by the induced lethality.
Therefore, generating a model with complete repression of the tbkl maternal mRNA’s
expression and a time lasting phenotype would require the combination of the two
approaches: injecting tbk1 AMO in one cell eggs produced by a heterozygous tbk1 KO stable
line. However, even such approach has its limitations. indeed, selecting the homozygous
larvae would require to perform genotyping through the cut of the tail’s tip which would
influence the swimming ability of the larvae and therefore might biase the phenotypic

analysis.

A second hypothesis could explain the delay in the apparition of the locomotor phenotype.
Three alternates splicing transcripts of tbkl have been identified (Y.W. Hu et al., 2018; J.
Zhang et al., 2020) in the zebrafish. The products of these transcripts have been reported to
interfere with Thk1 physiological function by competing in the binding of Irf3 (L. Zhang et al.,
2016) or by inducing the degradation of both full length Tbk1 and Irf3 (J. Zhang et al., 2020).
tbk1 AMO by directly preventing the ribosomes to recognize the ATG codon also inhibits the
expression of Tbk1’s isoforms whereas the CRISPR approach only prevent the expression of a
kinase active protein, and therefore does not prevent the expression of non-functionally
active Tbkl’s isoforms. Due to their involvement in the regulation of the IFN production via
the inhibition of Tbk1-Irf3 interaction, we cannot exclude that the difference observed in the

phenotype apparition is linked to their expression.

A last hypothesis would be the existence of compensatory mechanism. Indeed, it was
reported that genetic compensatory mechanisms require the degradation of mRNA to
activate (M.A. El-Brolosy et al., 2019). This would explain why a possible compensatory
mechanism would only occur in the KO model as AMOQ’s activity does not implicate the

degradation of the target mRNA. Moreover, the genetic compensation hypothesis is
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supported by the activity of lkke, a kinase presenting overlapping function with Tbkl (K.R.
Balka et al., 2020). The measurement of ikke mRNA levels via qPCR could unshadow an

increased expression traducing a compensatory effect of Ikke upon Tbk1 loss.
Metabolomic and proteomic targets in the tbk1 deletion mutants

In order to further understand the apparition of this locomotor phenotype, we performed a
metabolomics analysis. From this analysis we have been able to associate the apparition of
locomotor defects with a decreased level of NAD+ in the tbk1 KO larvae. Indeed, incubation
with the NR precursor of NAD+ was sufficient to rescue the locomotor activity of the tbk1 KO
larvae. This is not the first-time that decreased level of NAD+ are reported in the context of
ALS (E. Blacher et al., 2019; B.A. Harlan et al., 2020). However, to our knowledge this is the
first association between TBK1’s impaired function and NAD metabolism dysregulation. This
suggests that through an unknown mechanism, TBK1 regulates, indirectly or not, NAD+
stock. It is not clear at which step of the NAD+ metabolism TBK1 is involved but the decrease
in NAD+ stock combined with an increase in NAM level suggest several mechanisms. Several
catabolic reactions are associated with the degradation of NAD+ into NAM. Therefore, one
could think that in response to TBK1 loss of activity, the rate of one of these enzymes is
increased and therefore lead to the accumulation of NAM at the detriment of NAD+ level.
Indeed, through their activity, the enzymes responsible of these reactions are regulating the
pool of NAD+. Amongst these enzymes we can mention the PARPs family of protein
(involved in the post-transcriptional addition of poly-ADP-ribosyl marks), the SIRTs protein
(involved in proteic deacetylation), and the SARM1 and CD38 hydrolases (generating
adenosine diphosphate ribose from NAD+) (N. Xie et al., 2020). Interestingly, some of these
NAD+ regulatory enzymes have been associated with ALS. For instance, SARM1 is a
physiologically inactive protein that is involved in the axonal degradation upon lesion
(Essuman et al., 2017). Mutation in SARM1 leading to constitutive activation of the encoded
SARM1 protein was reported to be associated with the development of the ALS pathology
(A.J. Bloom et al., 2022). Therefore, such a scenario could also be plausible in our model. To
further deepen this hypothesis and investigate a potential increased rate of activity of these
enzymes, their respective expressions should be quantified either at the transcriptional or

protein level respectively by gPCR and WB.
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A second hypothesis that could explain this situation is an impaired salvage pathway. Indeed,
upon synthesis, NAM is reintroduced into the nicotinate metabolism by being reconverted
into NMN, the direct precursor of NAD+. The NR being able to rescue the phenotype, it is
unlucky that the reaction responsible for NMN conversion into NAD+ is impaired. Therefore,
this hypothesis relies on a possible impaired activity of the enzyme responsible for the
catabolic production of NMN from NAM. This enzyme is called nicotinamide
phosphoribosyltransferase (NAMPT) and to confirm its possible increased activity, an

expression assay should be performed either at the mRNA or the protein levels.

Moreover, glucose metabolism defects are suggested as the level of glycerol-3-phosphate
(G3P) is impaired in our model. G3P is an intermediate in the glycolysis pathway. As
mentioned in the introduction, glucose metabolism is altered in ALS patients because of
either impaired cellular glucose uptake (T.W Tefera et al., 2021), defective glucose synthesis
regulation (T.S. McDonald et al., 2021), or altered expression of enzymes involved in the
catabolic degradation of glucose (L. Palamiuc et al., 2015; T.W Tefera et al., 2021). G3P being
directly derived from glucose metabolism, its dysregulation suggests an hypermetabolism
state as observed in patients (P. Fayemendy et al., 2021). However, as the level of glucose or
pyruvate do not seem to be impacted by the loss of tbk1 in our analysis, it suggests that G3P
depletion in our model could be linked to another catabolic reaction. An investigation of the

different reaction involving G3P would be required to understand this decreased level.

We also report a high lethality upon complete deletion of tbk1 in the zebrafish larvae model.
M. Bonnard in 2000 has published a study based on a Thkl KO mouse model where she
reports the death of the embryo early in development (at E14.5) (M. Bonnard et al., 2000).
This induced lethality, associated with the liver’'s degeneration and an impaired expression
of the inflammatory related complex NFkB, unveiled a crucial role for TBK1 in the liver
development. A link with the lethality observed in our zebrafish model could be easily done.
However, | have not assessed the liver integrity of the larvae and therefore we cannot affirm
that our larvae die from a liver failure. It would be an interesting feature to analyse but as
the hepatic system is spared in ALS patients, we decided to focus on understanding the
apparition of ALS hallmark in our model. Moreover, | assessed the responsibility of an
hyperinflammatory state in the tbk1l KO zebrafish’s developmental death by inhibiting the

crucial neuroinflammation actor arachidonic acid through incubation with caffeic acid
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without success. This suggests that a dysregulation in the arachidonic acid dependent
inflammatory response is not involved in our model, however, we still need to investigate
the responsibility of inflammation by inhibiting other aspect of this cellular process by using
glucocorticoid compounds for instance (Y. Xie et al., 2021) or directly inhibits quinolinic acid
(which exhibit increased level in our model) via blockade of its upstream enzyme KMO (G.
Constantino, 2014). Moreover, to further confirm the link between our zebrafish and the
murine tbk1 KO models, it could be interesting to assess the integrity of the zebrafish liver at

8dpf.

Since the subjacent molecular mechanisms associated with the Thk1 KO induced lethality
have never been extensively explored, we performed a combined proteomic and
metabolomic characterisation of the zebrafish just prior to their death (8dpf). The increase in
quinolinic acid confirms the involvement of inflammation in our model which deepen our
will of pursuing the investigation of inflammation in our model. Furthermore, the combined
proteomic-metabolomic analysis also suggested the dysregulation of two programmed cell
death mechanisms in our model: necroptosis and apoptosis. Interestingly this correlates with
a study perform in the murine model in which a combined deletion of Thk1 and a kinase
dead mutation in Ripk1 was sufficient to significantly delay the lethality induced by the loss
of tbk1 (D. Xu et al., 2018). However, as RIPK1 is involved in both the necroptosis mechanism
and the CASP8-associated apoptosis, this study does not allow to identify the cell death
mechanism involved in the model. In our case, although the identification of these two
pathways as possible therapeutic targets is really exciting, we have not been able to confirm
their involvement in the lethality induced by tbkl KO in the zebrafish larvae because of a
lack of time. Therefore, in my opinion, the first experiment to perform in the continuity of
this work would be the assessment of a possible rescue of the lethality via incubation with
different drugs targeting one or both of these mechanisms. Amongst the drug identified to
perform this series of test, we are considering the use of the following drugs: 1) in the
continuity of D. Xu study in the murine model an inhibitor of RIPK1 activity: necrostatin-1
therefore inhibiting both necroptosis and apoptosis (X. Gao et al., 2022), 2) an apoptotic
specific inhibitor such as decylubiquinone (inhibitor of the mitochondrial induced apoptosis)
(A.R. Bourefis, 2019) or Z-IETD-FMK (Casp8 inhibitor) (Z. Qi et al., 2021) 3) necroptosis

specific inhibitors such as necrosulfonamide (inhibitor of the MLKL activity — even though
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not orthologs have been identified in the zebrafish) (D. Liao et al., 2014) or GSK872 (an
inhibitor of RIPK3 activity) (W. Wen et al., 2022). This drug screening experiment will unveil
the suggested responsibility of these death pathways in the apparition of death in our

model.

Additionally, the last molecular features of our model are the dysregulations of the purine
and the pyrimidine metabolisms. These were not reviewed in the results section as nothing
can be concluded out of the data from our analyses. However, because of their involvement
in the composition of DNA and RNA, purines and pyrimidines are ones of the most abundant
metabolites in living organisms. These metabolisms rely on the production of
(poly)nucleotides, which are the crucial actors of the metabolism as they are used as
cofactors in most of the metabolic pathways. During these reactions, phosphate groups are
cleaved from their structures which eventually lead to the formation of the purine (adenine,
guanine and inosine) or pyrimidine (cytosine, uridine, and thymidine) nucleosides (A.M.
Pedley et al., 2017). Nucleosides are the structural components of the nucleic acid that

allows coding of the genetic information.

The end reaction of the purine pathway is the degradation of the purines into uric acid via
the generation of hypoxanthine (Fig. 18). In our data set, we observed a disequilibrium
between the levels of nucleotides, which are either unchanged or significantly increased
(GMP) and the levels of nucleosides which are all decreased upon tbk1 deletion (Fig. 18).
This is supported by increased levels of cytosolic 5’-nucleotidases-I (cN-I) in our model. This
enzyme catalyzes the degradation of nucleotides to nucleosides. Accumulation of cNs
proteins has been exhibited in the context of neuromuscular pathologies as they are
colocalizing with characteristic inclusions of these diseases (H. Pluk et al., 2013). It could be
interesting to investigate the presence of inclusions in our model to further confirm this
hypothesis. To our knowledge, this is the first study to suggest an association between ALS

and a cN-I dysregulation.
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Figure 18: Schematic overview of the purine metabolism:

Circle represents metabolites, rectangle represents proteins. Compounds identified in the multi-omics
analysis of 8dpf larvae are coloured. In blue, compounds identified as significatively downregulated
(p-value < 0.05) upon tbk1 deletion in comparison with non-injected WT larvae. In red, compounds
identified as significatively upregulated (p-value < 0.05) upon tbk1 deletion in comparison with non-
injected WT larvae. In green compounds which are not significatively dysregulated (p-value > 0.05)
upon tbk1 deletion in comparison with non-injected WT larvae. Adapted from pathview © (W. Luo et

al,, 2017).

Abbreviations: [PDE and 3.1.4.17]: cGMP-inhibited 3'5'-cyclic phosphodiesterase B; [4.6.1.2]: atrial
natriuretic peptide receptor 1; [1.17.4.1]: ribonucleoside-diphosphate reductase large subunit;
[3.1.3.5]: cytosolic 5'-nucleotidase 1A-like isoform; [3.1.4.53]: cAMP-specific phosphodiesterase 4;
[2.7.1.25 and 2.7.7.4]: 3"-phosphoadenosine 5'-phosphosulfate synthase

Concerning the pyrimidine dysregulation, it can be directly linked to the alteration of the
UDP-GIcNAc level as seen in the results section. In the analysis we observe a significant
increase in some mono-phosphate pyrimidine (CMP and UMP) (Fig. 19). However, the levels

of their respective di-phosphate forms remain unchanged upon loss of tbk1 (CDP and UDP)
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(Fig. 19). This suggests that the catabolic steps of the pathway are not altered. Similarly,
increased levels of CMP and UMP suggest that the de novo synthesis path is functionally
active (Fig. 19). However, orotate, a precursor of UMP exhibited decreased levels,
guestioning about a possible overactivation of the de novo synthesis step (Fig. 19). In the
proteomics data, none of the identified enzymes involved in this pathway are significantly
dysregulated upon tbk1 loss. Therefore, the observed increased levels of CMP and UMP
must be imputated to another catabolic reaction and further investigations would be

needed in order to understand their involvement in our model.
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Figure 22: Schematic overview of the pyrimidine metabolism:

Circle represents metabolites, rectangle represents proteins. Compounds identified in the multi-omics
analysis of 8dpf larvae are coloured. In blue, compounds identified as significatively downregulated
(p-value < 0.05) upon tbk1 deletion in comparison with non-injected WT larvae. In red, compounds
identified as significatively upregulated (p-value < 0.05) upon tbk1 deletion in comparison with non-

injected WT larvae. In green compounds which are not significatively dysregulated (p-value > 0.05)
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upon tbk1 deletion in comparison with non-injected WT larvae. Adapted from pathview © (W. Luo et

al., 2017)

Limitations and future directions of this study

It is important to mention that although it recapitulates some hallmarks of the disease, this
model still lacks some strength. First, we have not been able to report the presence of TDP-
43 aggregates, which is the main cellular hallmark of the disease. Similarly, major targets and
pathways involved in neurodegeneration, including autophagy and immunity can be
impacted by ageing. Therefore, studying a late onset disease in a larval and embryonic
model can lack specific age-related cellular processes. Moreover, the sole heterozygous loss
of TBK1 in mouse, in opposition to our model, has not been reported to be sufficient to
provoke the apparition of a phenotype in other models (D. Brenner et al., 2019; V. Gerbino
et al.,, 2020). Therefore, we cannot exclude the hypothesis that zebrafish exhibit some
specific Tbkl related features that are not shared with higher complexity organisms. For all
these reasons, the model designed in this study should be more considered as a tool to
understand Tbk1 functional role. However, this model could be improved to better mimic
ALS if implemented with another “hit”. Indeed, because its development only occurs in a
fraction of individuals with a genetic predisposition with the majority individuals develop ALS
with no known mutation or genetic risk factor, this disease is thought to be caused by
multiple factors (A. Al-Chalabi et al., 2014; A. Chio et al., 2018; S. Vucic et al., 2018). This
“multiple hit” or “multiple step” hypothesis is further supported by its late onset-feature as
its development is caused by ageing (T. Niccoli et al., 2017) as well and by the high number
of genes involved in its development (S. Mathis et al., 2019). This hypothesis was further
deepened in the context of TBK1 related ALS, D. Xu in its 2018 study shown that the sole
Tbk1 heterozygous loss was sufficient to induce an ALS-like phenotype when combined with
the age-related reduced levels of MAP3K7 (or TAK1), another regulator of RIPK1’s activity (D.
Xu et al., 2018). Moreover, in the same study, they report that according to the age of the
mouse, Ripkl activation has different outcome. Therefore, one strategy in order to create a
double hit model involving tbk1 loss in the zebrafish would be to generate a stable tbk1 KO
heterozygous line and investigate the consequences of this impaired expression at later

stages with protein levels modified by the ageing process (through spinal cord, muscle or
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brain dissection and subsequent metabolomics/proteomics analyses). Moreover, another
strategy would be to perform a double heterozygous knock out of the tbk1 and map3k7 and
grow a stable line. However, to generate these lines and to perform the analysis are time
consuming and could be performed in the continuity of the project. In addition, the second
strategy would also require to assess map3k's expression. This example is based on the sole
observations report in D. Xu’s study but several other strategies could be developed, for
instance additional tbk1 heterozygous loss has also been reported to have an impact on
SOD1, TDP-43 or C9orf72 mice models (W. Shao et al., 2022; D. Brenner et al., 2019; K.
Sieverding et al., 2020).

To conclude, this work was aiming to generate a zebrafish model of tbk1 loss in the context
of better understanding TBK1 associated ALS-FTD pathology. Here we show that Tbk1 loss of
function can lead to locomotor defects and neurodegeneration such as observed in the ALS
or FTD pathologies. We have been able to characterize the phenotype induced by the loss of
tbk1 expression. Interestingly, due to its fast development, zebrafish is the first in vivo model
where the sole loss of tbk1 is associated with deficits in locomotor functions induced at least
partly by alteration of the NAD+ level. Moreover, we have also been able to partially confirm
what was observed in the murine tbkl KO model with an increased lethality early in the
development (9dpf). Furthermore, a metabolic analysis demonstrated that activating the
NAD+ pathway through NR can rescue motor deficits in the tbk1 KO model. Importantly, a
combined proteomics and metabolics analysis pointed out to the necroptosis and apoptosis
cell death pathways that will be investigated in detail at the molecular and pharmacological

level in this novel model of ALS-FTD.
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MATERIALS AND METHODS
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Experimental model maintenance and handling:

Adult and larval AB wildtype zebrafish (Danio rerio) were maintained at the Institut Imagine,
Paris, zebrafish facility and bred according to the National and European Guidelines for
Animal Welfare. All procedures were approved by the Institutional Ethics Committees at the
Research Centers of Imagine. Embryos were raised at 28°C and kept in egg-water (0.06g/L
aquarium salt (Instant Ocean, Blacksburg, VA) in Milli-Q water +0.01 mg/L methylene blue)
until 5 days post fertilization. After 5 days post fertilization embryos were transferred in
water. Egg clutches were collected from a single cross and injected at the one-cell stage. In
this study both male and female fishes were used. The following transgenic lines were used

for imagery Mnx:RFP.

Morpholino and sgRNA synthesis and injection:

Microinjections of antisense morpholino oligonucleotide (AMO) were performed on
wildtype and Mnx:RFP transgenic AB fishes at the one cell stage using a PV 820 Pneumatic
PicoPump injector (World Precision Instruments, USA) and heat-pulled borosilicate glass
needles. tbk1l morpholino (synthesized by Gene Tools, Philomath, USA) targeting the initial
ATG codon of the tbk1 gene (AMO-tbk1: 3’-ggccgtactctgcatgatgactgta -5’) were injected at
the one cell stage to realize a transient knockdown of tbk1. Mismatch control morpholino
bearing a nucleotide sequence (mismatch 5’-cctcttacctcagttacaatttata-3’) that does not bind
any zebrafish mRNA was used to exclude any injection-related phenotype. Microinjections
were performed at 0.45mM for both the tbki-targetting morpholino and the mismatch

control.

Target nucleotide sequence for guide RNA design were selected using the CHOPCHOP
software and scoring method and obtained directly synthesized as RNA oligo nucleotides

(Alt-R® CRISPR-Cas9 crRNA, IDT, USA). Sequences are listed below:
sgRNA tbk1 exon 1: GCCACAGCUAACGUGUACCG
sgRNA tbk1 exon 2: CGUCAAGCUGUUCGCCGUCG

sgRNA tbk1 exon 4: AUGAAUCACCUGCGCGAGUA
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sgRNA tbk1 exon 5: CUGCCGUUCAGACCCUUCGA
sgRNA tyrosinase exonl_1: CAGUAUCCUCACUCAGGAGU
sgRNA tyrosinase exonl_2: UCCAGCUGUCCACUACCGAG

Guide RNAs were fused with a Cas9 recruitment sequence (Alt-R® CRISPR-Cas9 tracrRNA,
1072532, IDT, USA) by mixing 2uL of each type of nucleotides. Incubation was performed at
50uM for 5min at 95°C. To prevent Cas9 precipitation 0.4uL of a Hepes buffer was add
(200mM Hepes-NaOH pH7.5, 1.5M KCl). To induce an 800bp deletion in the tbk1 gene, guide
RNAs were used by pair. Injection solution was prepared by mixing 1uL of each guide
solution with 2uL of Cas9 enzyme (Alt-R® S.p. Cas9 Nuclease V3, 1081058, IDT, USA) to
obtain a final volume of 4uL. Microinjections were performed on wildtype AB fishes at the
one cell stage using a PV 820 Pneumatic PicoPump injector (Wold Precision Instruments,

USA) and heat-pulled borosilicate glass needles.
PCR amplification:

To assess the correct deletion induced in the tbkl gene PCR amplification of the target
region was performed. For each injection set DNA extraction from 20 larvae was performed
through incubation in 40uL of extraction buffer (25mM NaOH, 0,2 mM EDTA) for 1h at 95°C,
followed by the addition of 40uL of TrisHCI (40 mM, pH 5.5). Solution was stored at 4°C until
further manipulation. PCR amplification was perform using the following tbkl primers

(synthesized by eurofins, USA):

tbk1 exon 1-2 deletion: F 5’-TCTGAAGCTCATGCCTGTGTG-3’;

R 3’-CCTGAGAAGAGCTGCTGGATTA-5’

tbk1 exon 4-5 deletion: F 5’-ACACATCACATTCACTCAAAACTAA-3’;
R 3’-GCTCGTCATGCTAACTCCACT-5’

For each samples 2uL of DNA was mixed with 10uL Hot Start Tag 2X Master Mix (NEB,
MO0496), 0.8uL of each primer and 6.4uL of sterile water. PCR amplification program was
optimized for 30 cycles at an annealing temperature of 60°C. Migration gel was prepared at

1% using agarose (A9539, Sigma Aldrich) in 1X TAE (A4686, PanReac AppliChem).

Locomotion analysis of zebrafish embryos:
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Locomotor activity was assessed at 2 days post fertilization through a touch-evoked-escape-
response test. Larvae were placed at the centre of a 15cm Petri dish and their tails were
lighty touched with a tip. This stimulus provokes an escape response that was recorded using
a grasshopper digital camera (Point Grey) at the speed of 30 frames per second. Larvae were
this way scored for the distance swam, time travel and their velocity using the fiji plugin

manual tracking.

At later stage (>3dpf) locomotor activity was assessed using a spontaneous locomotion test.
Larvae were maintained in a 96 wells plate and their total locomotor activity was record
using a Zebrabox (Viewpoint Life Sciences, Lyon, France). The protocol used was composed
of 2 distinct periods: 1) 40 minutes of free-swimming without any stimulus (dark
environment), 2) 2 stimuli separated by a 10 minutes period to avoid any habituation effect.
Each stimulus consists of a 1 second sound (450 Hz, 80 dB) and an exposition to bright light.
Total swim activity was analyzed using Zebralab V3 software © (Viewpoint Life Sciences,
Lyon, France). The escape response induced by the stimuli was quantified by measuring the

distance swam 5 seconds after stimulation.
Whole-mounts zebrafish larvae imaging and muscle-axonal measurements:

At 50hpf Mnx-RFP larvae were anesthetized with tricaine and fixed in 4% FA during 30
minutes at 4°C and agitating. Larvae were then washed 3 times in PBS 1X at 4°C. The larvae
were mount by removing the cephalic part in a 70% glycerol (G9012, Sigma Alrich) solution.
Image were taken with an apotome (Apotome.2, Zeiss) at 20x magnification and a laser of
561nm (HXP 120V, OSRAM) for spinal integrity investigation or bright light for muscle fibres

measurements.
Immunoblotting:

30 pg of proteins from zebrafish lysates (equal amount of protein in each lane) were
separated by sodium dodecylepolyacrylamide gel electrophoresis. Samples were denatured
at 98°C for 7 minutes. The separated proteins were transferred to nitrocellulose membranes
(0.45um, Life Sciences) and probed with the following primary antibody: NAK1/TBK1
antibody (ab109735, Abcam), and a-tubulin antibody (T5168, Sigma-Aldrich) was used as a

loading control. The blots were incubated with the corresponding fluorescent secondary
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antibody and the signal was detected using the ODYSSEY® CLx. The intensity of bands in each

of the lanes from the Western blots were measured by Image).

Drug incubation and survival measurement:

Group of 12-10 larvae were kept in 12 wells multi-dish in 3.5mL of either egg-water (0.06g/L
aquarium salt (Instant Ocean, Blacksburg, VA) in Milli-Q water +0.01 mg/L methylene blue)
at 28.5 °C from 1dpf to 5dpf or water after 5dpf. Larvae were feed daily with paramecia and
media was changed every two days. When needed media was implemented with 10uM of
caffeic acid (C0625, Sigma Alrich) or nicotinamide riboside (SMB00907, Sigma Alrich) and
dimethyl sulfoxide was used as negative control (D2438, Sigma Alrich). Number of dead
larvae was scored each day for 12 days.

Statistical analysis:

All data values for the zebrafish experiments are represented as average standard error of
mean (SEM) with significance determined using one-way ANOVAs. Differences between
groups were identified via post hoc comparisons, specified in the legend of each figure. All
analyses were performed using Prism 5.0 (Graph Pad, CA). Significance level was set at

p<0.05.

Metabolomics analysis:

Zebrafish larvae were collected respectively at 6 and 8dpf and stored at —80°C until analyses.
After addition of an extraction solution made of 50% methanol, 30% acetonitrile, and 20%
water (G.M. Mackay et al., 2015) in ratio of 1ml per 30mg of larvae, the samples were
vortexed for 5 minutes at 4°C, then centrifuged at 16,000g for 15 minutes at 4°C. The
supernatants were collected and separated by liquid chromatography-mass spectrometry
(LC-MS) using SeQuant ZIC-pHilic column (MilliporeSigma). The aqueous mobile-phase
solvent was 20 mM ammonium carbonate plus 0.1% ammonium hydroxide solution, and the
organic mobile phase was acetonitrile. The metabolites were separated over a linear
gradient from 80% organic to 80% aqueous for 15 minutes. The column temperature was
50°C, and the flow rate was 200 puL/min. The metabolites were detected across a mass range
of 75 to 1,000 m/z using the Q Exactive Plus mass spectrometer (Thermo Fisher Scientific) at

a resolution of 35,000 (at 200 m/z) with electrospray ionization and polarity switching mode.
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Lock masses were used to ensure mass accuracy below 5 ppm. The peak areas of different
metabolites were determined using Thermo Fisher Scientific TraceFinder software using the

exact mass of the singly charged ion and known retention time on the HPLC column.

As a part of the routine analytical pipeline, the recommendations of the metabolomics
Quality Assurance & Quality Control Consortium were applied. The routine quality controls
included regular equipment maintenance (Thermo Fisher Scientific) and the use of standard
operating procedures for sample extraction, storage, and analyses. General practices also
included weekly test runs to ensure system stability and quality of runs. Regarding the
quality controls (QCs) in relation to this study, we used a) pooled interstudy QC, b) process
and extraction blanks, c) system stability blanks, d) solvent blanks, e) long-term reference
standard interlaboratory QC mix to ensure system stability, and f) samples that were blinded
and loaded in randomized order. The analyses of pooled samples’ QC showed no significant

difference in metabolites’ levels between QCs.

Data analysis was performed in the MetaboAnalyst 5.0 software (Z. Pang et al.,, 2021).
Samples were normalized by sum and each metabolite level was adjusted by autoscaling.
PCA was performed including all the metabolites identified. Hierarchical clustering was

performed using the Ward method including all the metabolites identified.

Proteomics analysis:

Sample preparation: S-TrapTM micro spin column (Protifi, Hutington, USA) digestion was
performed on 20ug of whole zebrafish larvae lysate according to manufacturer’s
instructions. Briefly, samples were reduced with 20mM TCEP and alkylated with 50mM CAA
(chloracetamide) for 15min at room temperature. Aqueous phosphoric acid was then added
to a final concentration of 1.2% following by the addition of S-Trap binding buffer (90%
aqueous methanol, 100mM TEAB, pH7.1). Mixtures were then loaded on S-Trap columns.
Five extra washing steps were performed for thorough SDS elimination. Samples were
digested with 1.5ug of trypsin (Promega) at 47°C for 1h30. After elution, peptides were

vacuum dried.

LC MS/MS: The tryptic peptides were resuspended in 20uL of 2% ACN, 0.1% Formic acid in
HPLC-grade water and an amount of 400ng was injected on a nanoElute (Bruker Daltonics,

Germany) HPLC (high-performance liquid chromatography) system coupled to a timsTOF Pro
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(Bruker Daltonics, Germany) mass spectrometer. HPLC separation (Solvent A: 0.1% formic
acid in water; Solvent B: 0.1% formic acid in acetonitrile) was carried out at 250nL/min using
a packed emitter column (C18, 25 cmx75um 1.6um) (lon Optics, Australia) using a gradient
elution ( to 2 % solvent B during 1 min; 2 to 13% during 41min; 13% to 20% during 23min;
20% to 30% for 5min; 30% to 85% for 5min and finally 85% for 5min to wash the column).
Mass-spectrometric data were acquired using the parallel accumulation serial fragmentation
(PASEF) acquisition method. The measurements were carried out over the m/z range from
100 to 1700 Th. The range of ion mobilities values from 0.75 to 1.25 V.s/cm2 (1/k0). The

total cycle time was set to 1.16s and the number of PASEF MS/MS scans was set to 10.

MS Data Processing and Bioinformatics Analysis: Data analysis was performed using
MaxQuant (version 2.0.1.0) and searched with Andromeda search engine against the
UniProtKB/Swiss-Prot Danio rerio database containing also the Trembl entries (release 01-
2022, 46841 entries). To search parent mass and fragment ions, we set a mass deviation of
10 ppm for the main search and 40 ppm respectively. The minimum peptide length was set
to 7 amino acids and strict specificity for trypsin cleavage was required, allowing up to 2
missed cleavage sites. Carbamidomethylation (Cys) was set as fixed modification, whereas
oxidation (Met) and N-term acetylation (Prot N-term) were set as variable modifications. The
false discovery rates (FDRs) at the peptide and protein level were set to 1%. Scores were
calculated in MaxQuant as described previously (S. Tyanova et al., 2016). Proteins were
guantified according to the MaxQuant label-free algorithm using LFQ intensities and protein
guantification was obtained using at least 1 peptide per protein. Finally, match between runs

was allowed during the analysis.

Protein groups output from MaxQuant was then processed in Perseus (S. Tyanova et al.,
2016) (v1.6.15.0). LFQ intensities values were log2 transformed and the reverse and
common contaminants hits were removed as well as the proteins only identified by site. For
further statistical analysis, categorical annotation was then created in order to label the 12
samples as followed: 6 “non-infected” (NI) replicates were labelled as the NI group and 6
TBK12 replicates (TBK12) were labelled as the TBK12 group. This groups separation was then
used to keep proteins with at least 5 valid values (over 6) in at least one group. Next, the
data were imputed to fill missing data points by creating a Gaussian distribution of random

numbers with a standard deviation of 33% relative to the standard deviation of the
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measured values and 2.5 standard deviation downshift of the mean to simulate the
distribution of low signal values. Finally, the remaining 8484 proteins were submitted to 2-
groups (NI vs TBK12) Student’s T-test (volcano plot, FDR=0.05 and SO0=1). From this

comparison, 904 proteins were found statistically significant.

Abbreviations
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Abbreviation | Full name

5-HT1 Serotonin 1A receptor

AA Amino acid

ADAR2 Adenosine Deaminase Acting on dsRNA

AKT Protein kinase B

ALR AIM2-like receptors

ALS Amyotrophic Lateral Sclerosis

ALS2 Alsin Rho Guanine Nucleotide Exchange Factor
AMDA Y -a-amino-3-hydroxy-5-methylisoxazol-4-propionate
AMO Antisense morpholino oligonucleotide

AMPK AMP-activated protein kinase

ATG13 Autophagy Related 13

ATP Adenosine tri-phosphate

ATXN2 Ataxin 2

BAK BCL2 Antagonist/Killer

BAX Bcl-2-associated X protein

BCL-2 B-cell lymphoma 2

BH4 Tetrahydrobiopterin

BID BH3 interacting-domain death agonist

BIM Bcl-2 Interacting Mediator of cell death
C9orf72 Chromosome 9 open reading frame 72

CA Caffeic acid

Ca2+ Calcium

Cas9 CRISPR-associated protein 9

CASP Caspase

CD38 Cyclic ADP ribose hydrolase

cFLIP Cellular FLICE-like inhibitory protein

cGAS Cyclic GMP-AMP Synthase

CHCHD10 Coiled-Coil-Helix-Coiled-Coil-Helix Domain Containing 10
CHMP2B Charged Multivesicular Body Protein 2B
clAP2/5 Baculoviral IAP repeat-containing protein

CMP Cytosine monophosphate

cN Cytosolic 5’-nucleotidases

CNC1 Carney complex type 1

CNS Central nervous system

COX Cyclooxygenase

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
CSF Cerebro-spinal fluid

CTD C-terminal domain

CYLD CYLD Lysine 63 Deubiquitinase

DAMP Damage-associated molecular pattern molecules
DBR1 Debranching RNA Lariats 1

DCTN-1 Dynactin Subunit 1

DIABLO Diablo IAP-Binding Mitochondrial Protein
DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid
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DNM1 Dynamin 1
dpf Days post fecundation
DPR Dipeptide repeats
EMA European medicines agency
ER Endoplasmic reticulum
ERAD Endoplasmic reticulum associated degradation
FADD Fas Associated Via Death Domain
FDA US Food and drug agency
FIP200 RB1-inducible coiled-coil protein 1
FTD Fronto-temporal dementia
FUS Fused in Sarcoma
G3P Glycerol-3-phosphate
G4C2 GGGGCC hexanucleotide repeat
GABA y-Aminobutyric acid
GAS Gamma activated sequence
GLT1 Glutamate transporter 1
GMP Guanine monophosphate
GPI Glycosylphosphatidylinositol
GPL Glycerophospholipid
GRIA2 Glutamate lonotropic Receptor AMPA Type Subunit 2
hpf Hours post fecundation
IAP Inhibitor of Apoptosis
IFN Interferon
IFNAR Interferon-a/Breceptor
IFNGR Interferon-y receptor
IFNLR Interferon-A receptor
Nuclear factor of kappa light polypeptide gene enhancer in B-cells
IKBa inhibitor
IKK Nuclear factor kappa-B kinase
IL Interleukine
iPSC Induced Pluripotent stem cells
IRF Interferon regulatory factor
IRF3 Interferon Regulatory Factor 3
ISG Interferon-stimulated gene
ISG15 Interferon-stimulated gene 15
KD Kinase domain
KIF5A Kinesin Family Member 5A
KMO Kynurenine 3-Monooxygenase
LC3 Microtubule-associated protein 1A/1B-light chain 3
LUPAC Linear ubiquitin chain assembly complex
MAK2 Male Germ Cell Associated Kinase 2
MAP3K7 Mitogen-activated protein kinase kinase kinase 7
MAVS Mitochondrial Antiviral Signaling Protein
MDA5 Melanoma differentiation-associated protein 5
Mis Mismatch
MLKL Mixed Lineage Kinase Domain-Like Pseudokinase
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MN Motor neurons

mRNA messenger ribonucleic acid

mTOR Mammalian target of rapamycin

mTORC Mammalian target of rapamycin complex

NAD+ Nicotinamide adenine dinucleotide

NAIP NLR Family Apoptosis Inhibitory Protein

NAMPT Nicotinamide phosphoribosyltransferase

NAP1 Nucleosome Assembly Protein 1

NDP52 Calcium-binding and coiled-coil domain-containing protein 2
NEMO NFkB essential modulator

NF Neurofilament

NFkB Nuclear factor-kappa B

NLR Nod-like receptors

NLRP Nucleotide-binding oligomerization domain
NMDA Acide N-methyl-D-aspartique

NMN Nicotinamide mononucleotide

NR Nicotinate riboside

NSC34 Neuroblastoma x Spinal Cord-34

O-GlcNac O-linked B8-N-acetylglucosamine

OGT O-GIcNAc transferase

OPTN Optineurin

p62 Sequestosome 1

PAMP Pathogen associated molecular pattern molecules
PARP Poly (ADP-ribose) polymerases

PCD Programmed cell death

PCR Polymerase chain reaction

PI3K-clll Phosphatidylinositol-4,5-Bisphosphate 3-Kinase class Il complex
PP2A Protein phosphatase 2

PRR Pattern recognition receptors

PUFA Polyunsaturated fatty acid

PUR-a Purine Rich Element Binding Protein A

QUIN Quinolinic acid

RAPTOR Regulatory-associated protein of mTOR

REE Resting energy expenditure

RIG-I Retinoic acid-inducible gene |

RIPK Receptor-interacting serine/threonine-protein kinase
RLR RIG-I like receptor

RNA Ribonucleic acid

ROS Reactive oxygen species

SARM1 Sterile Alpha aand TIR Motif Containing 1

SDD Scaffold dimerization domain

SINTBAD TANK-binding kinase 1-binding protein 1

SIRT Sirtuin

SMCRS8 Smith-Magenis Syndrome Chromosome Region candidate 8
SOoD1 Superoxide dismutase type 1

SPG11 Spastic paraplegia 11
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SQSTM1

Sequestosome 1

STAT1 Signal transducer and activator of transcription 1
STAT2 Signal transducer and activator of transcription 2
STING Stimulator of interferon genes

TAK1 Mitogen-activated protein kinase kinase kinase 7
TANK TRAF Family Member Associated NFKB Activator
TARDBP TAR DNA binding protein

TBK1 TANK-binding kinase 1

TCA cycle Tricarboxylic acid cycle

TDP43 TAR DNA-binding protein 43

TLR Toll-like receptors

TNF Tumor necrosis factor

TRAF3 TNF Receptor Associated Factor 3

TRIF TIR-domain-containing adapter-inducing interferon-?
TUBA4A Tubulin Alpha 4a

Tyr Tyrosinase

UBQLN2 Ubiquilin 2

UDP-GIcNAc | Uridine diphosphate-N-acetylglucosamine

uLD Ubiquitin like domain

ULK Unc-51 Like Autophagy Activating Kinase

UumMpP Uridine monophosphate

UPR Unfolded protein response

VAPB VAMP Associated Protein B

VCP Valosin Containing Protein

WB Western blot

WDR41 WD repeat domain 41

WT wild type

YBH3 Yeast BH3 domain-containing protein

122



Bibliography

123



Abdel-Khalik, J., Yutuc, E., Crick, P.J., Gustafsson, J.-A., Warner, M., Roman, G., Talbot,
K., Gray, E., Griffiths, W.J., Turner, M.R., Wang, Y., 2017. Defective cholesterol metabolism in
amyotrophic lateral sclerosis. J Lipid Res 58, 267-278. https://doi.org/10.1194/jlr.P071639

Abe, K., Aoki, M., Tsuji, S., Itoyama, Y., Sobue, G., Togo, M., Hamada, C., Tanaka, M.,
Akimoto, M., Nakamura, K., Takahashi, F., Kondo, K., Yoshino, H., Abe, K., Aoki, M., Tsuji, S.,
Iltoyama, Y., Sobue, G., Togo, M., Hamada, C., Sasaki, H., Yabe, I., Doi, S., Warita, H., Imai, T,
Ito, H., Fukuchi, M., Osumi, E., Wada, M., Nakano, ., Morita, M., Ogata, K., Maruki, Y., Ito, K.,
Kano, O., Yamazaki, M., Takahashi, Y., Ishiura, H., Ogino, M., Koike, R., Ishida, C., Uchiyama,
T., Mizoguchi, K., Obi, T., Watanabe, H., Atsuta, N., Aiba, I., Taniguchi, A., Sawada, H.,
Hazama, T., Fujimura, H., Kusaka, H., Kunieda, T., Kikuchi, H., Matsuo, H., Ueyama, H.,
Uekawa, K., Tanaka, M., Akimoto, M., Ueda, M., Murakami, A., Sumii, R., Kudou, T.,
Nakamura, K., Morimoto, K., Yoneoka, T., Hirai, M., Sasaki, K., Terai, H., Natori, T., Matsui, H.,
Kotani, K., Yoshida, K., Iwasaki, T., Takahashi, F., Kondo, K., Yoshino, H., 2017. Safety and
efficacy of edaravone in well defined patients with amyotrophic lateral sclerosis: a
randomised, double-blind, placebo-controlled trial. The Lancet Neurology 16, 505-512.
https://doi.org/10.1016/S1474-4422(17)30115-1

Afshar Bakooshli, M., Lippmann, E.S., Mulcahy, B., lyer, N., Nguyen, C.T., Tung, K.,
Stewart, B.A,, van den Dorpel, H., Fuehrmann, T., Shoichet, M., Bigot, A., Pegoraro, E., Ahn,
H., Ginsberg, H., Zhen, M., Ashton, R.S., Gilbert, P.M., 2019. A 3D culture model of
innervated human skeletal muscle enables studies of the adult neuromuscular junction. Elife

8, e44530. https://doi.org/10.7554/elife.44530

Aggad, D., Vériepe, J., Tauffenberger, A., Parker, J.A., 2014. TDP-43 toxicity proceeds
via calcium dysregulation and necrosis in aging Caenorhabditis elegans motor neurons. J

Neurosci 34, 12093-12103. https://doi.org/10.1523/JINEUROSCI.2495-13.2014

Ahmad, L., Zhang, S.-Y., Casanova, J.-L., Sancho-Shimizu, V., 2016. Human TBK1: A
Gatekeeper of Neuroinflammation. Trends in Molecular Medicine 22, 511-527.

https://doi.org/10.1016/j.molmed.2016.04.006

124



Ahmadi, M., Liu, J.-X., Brannstrom, T., Andersen, P.M., Stal, P., Pedrosa-Domellof, F.,
2010. Human extraocular muscles in ALS. Invest Ophthalmol Vis Sci 51, 3494-3501.
https://doi.org/10.1167/iovs.09-5030

Aladesuyi Arogundade, O., Stauffer, J.E., Saberi, S., Diaz-Garcia, S., Malik, S., Basilim,
H., Rodriguez, M.J., Ohkubo, T., Ravits, J., 2019. Antisense RNA foci are associated with
nucleoli and TDP-43 mislocalization in C9orf72-ALS/FTD: a quantitative study. Acta
Neuropathol 137, 527-530. https://doi.org/10.1007/s00401-018-01955-0

Al-Chalabi, A., Calvo, A., Chio, A., Colville, S., Ellis, C.M., Hardiman, O., Heverin, M.,
Howard, R.S., Huisman, M.H.B., Keren, N., Leigh, P.N., Mazzini, L., Mora, G., Orrell, R.W.,
Rooney, J., Scott, K.M., Scotton, W.J., Seelen, M., Shaw, C.E., Sidle, K.S., Swingler, R., Tsuda,
M., Veldink, J.H., Visser, A.E., van den Berg, L.H., Pearce, N., 2014. Analysis of amyotrophic
lateral sclerosis as a multistep process: a population-based modelling study. Lancet Neurol

13,1108-1113. https://doi.org/10.1016/S1474-4422(14)70219-4

Almeida, S., Krishnan, G., Rushe, M., Gu, Y., Kankel, M.W., Gao, F.-B., 2019.
Production of poly(GA) in C9ORF72 patient motor neurons derived from induced pluripotent

stem cells. Acta Neuropathol 138, 1099-1101. https://doi.org/10.1007/s00401-019-02083-z

Alper, S.R., Dorsky, R.l.,, 2022. Unique advantages of zebrafish larvae as a model for

spinal cord regeneration. Frontiers in Molecular Neuroscience 15.

Alward, W.L.M., Kwon, Y.H., Kawase, K., Craig, J.E., Hayreh, S.S., Johnson, A.T,,
Khanna, C.L., Yamamoto, T., Mackey, D.A., Roos, B.R., Affatigato, L.M., Sheffield, V.C., Stone,
E.M., 2003. Evaluation of optineurin sequence variations in 1,048 patients with open-angle

glaucoma. Am J Ophthalmol 136, 904-910. https://doi.org/10.1016/s0002-9394(03)00577-4

Aman, Y., Schmauck-Medina, T., Hansen, M., Morimoto, R.l., Simon, A.K., Bjedov, I.,
Palikaras, K., Simonsen, A., Johansen, T., Tavernarakis, N., Rubinsztein, D.C., Partridge, L.,
Kroemer, G., Labbadia, J., Fang, E.F., 2021. Autophagy in healthy aging and disease. Nat
Aging 1, 634-650. https://doi.org/10.1038/s43587-021-00098-4

Amante, D.J., Kim, J., Carreiro, S.T., Cooper, A.C,, Jones, S.W., Li, T., Moody, J.P,,
Edgerly, C.K., Bordiuk, O.L., Cormier, K., Smith, K., Ferrante, R.J., Rusche, J., 2010. Uridine

125



ameliorates the pathological phenotype in transgenic G93A-ALS mice. Amyotroph Lateral

Scler 11, 520-530. https://doi.org/10.3109/17482968.2010.491867

Antonia, R.J., Castillo, J., Herring, L.E., Serafin, D.S., Liu, P., Graves, L.M., Baldwin, A.S.,
Hagan, R.S., 2019. TBK1 Limits mTORC1 by Promoting Phosphorylation of Raptor Ser877. Sci
Rep 9, 13470. https://doi.org/10.1038/s41598-019-49707-8

Apostolopoulos, A., Nakamura, A., Yokoyama, S., Aoshima, M., Fujimoto, R,
Nakamura, K., Ito, R., Goto, K., 2018. Nuclear Accumulation of HSP70 in Mouse Skeletal
Muscles in Response to Heat Stress, Aging, and Unloading With or Without Reloading.

Frontiers in Genetics 9.

Arai, T., Hasegawa, M., Akiyama, H., lkeda, K., Nonaka, T., Mori, H., Mann, D.,
Tsuchiya, K., Yoshida, M., Hashizume, Y., Oda, T., 2006. TDP-43 is a component of ubiquitin-
positive tau-negative inclusions in frontotemporal lobar degeneration and amyotrophic
lateral sclerosis. Biochem Biophys Res Commun 351, 602-611.

https://doi.org/10.1016/j.bbrc.2006.10.093

Aran, F.A., Recherches sur une maladie non encore décrit du systéme musculaire

(atrophie musculaire progressive). Archives générales de médecine, Paris, 1850, 3: 172.

Area-Gomez, E., Larrea, D., Yun, T., Xu, Y., Hupf, J.,, Zandkarimi, F., Chan, R.B,,
Mitsumoto, H., 2021. Lipidomics study of plasma from patients suggest that ALS and PLS are
part of a continuum of motor neuron disorders. Sci Rep 11, 13562.

https://doi.org/10.1038/s41598-021-92112-3

Armakola, M., Higgins, M.J., Figley, M.D., Barmada, S.J., Scarborough, E.A., Diaz, Z.,
Fang, X., Shorter, J., Krogan, N.J., Finkbeiner, S., Farese, R.V., Gitler, A.D., 2012. Inhibition of
RNA lariat debranching enzyme suppresses TDP-43 toxicity in ALS disease models. Nat Genet
44, 1302-1309. https://doi.org/10.1038/ng.2434

Arnold, E.S., Ling, S.-C., Huelga, S.C., Lagier-Tourenne, C., Polymenidou, M.,
Ditsworth, D., Kordasiewicz, H.B., McAlonis-Downes, M., Platoshyn, O., Parone, P.A., Da
Cruz, S., Clutario, K.M., Swing, D., Tessarollo, L., Marsala, M., Shaw, C.E., Yeo, G.W,,
Cleveland, D.W., 2013. ALS-linked TDP-43 mutations produce aberrant RNA splicing and

126



adult-onset motor neuron disease without aggregation or loss of nuclear TDP-43. Proc Natl

Acad Sci U S A 110, E736-745. https://doi.org/10.1073/pnas.1222809110

Ash, P.E.A., Zhang, Y.-J., Roberts, C.M., Saldi, T., Hutter, H., Buratti, E., Petrucelli, L.,
Link, C.D., 2010. Neurotoxic effects of TDP-43 overexpression in C. elegans. Hum Mol Genet

19, 3206—-3218. https://doi.org/10.1093/hmg/ddg230

Atkin, J.D., Farg, M.A., Soo, K.Y., Walker, A.K., Halloran, M., Turner, B.J., Nagley, P.,
Horne, M.K., 2014. Mutant SOD1 inhibits ER-Golgi transport in amyotrophic lateral sclerosis.
Journal of Neurochemistry 129, 190-204. https://doi.org/10.1111/jnc.12493

Atsumi, T., 1981. The ultrastructure of intramuscular nerves in amyotrophic lateral

sclerosis. Acta Neuropathol 55, 193-198. https://doi.org/10.1007/BF00691318

Aureli, M., Grassi, S., Prioni, S., Sonnino, S., Prinetti, A., 2015. Lipid membrane
domains in the brain. Biochim Biophys Acta 1851, 1006-1016.
https://doi.org/10.1016/j.bbalip.2015.02.001

Ayers, J.I., Fromholt, S.E., O’Neal, V.M., Diamond, J.H., Borchelt, D.R., 2016. Prion-like
propagation of mutant SOD1 misfolding and motor neuron disease spread along
neuroanatomical pathways. Acta Neuropathol 131, 103-114.
https://doi.org/10.1007/s00401-015-1514-0

Azadmanesh, J., Borgstahl, G.E.O., 2018. A Review of the Catalytic Mechanism of
Human  Manganese  Superoxide Dismutase. Antioxidants (Basel) 7, E25.

https://doi.org/10.3390/antiox7020025

Balka, K.R., Louis, C., Saunders, T.L.,, Smith, A.M., Calleja, D.J., D’Silva, D.B.,
Moghaddas, F., Tailler, M., Lawlor, K.E., Zhan, Y., Burns, C.J., Wicks, |.P., Miner, J.J., Kile, B.T.,
Masters, S.L., De Nardo, D., 2020. TBK1 and IKK? Act Redundantly to Mediate STING-Induced
NF-?B Responses in Myeloid Cells. Cell Rep 31, 107492.
https://doi.org/10.1016/j.celrep.2020.03.056

Bang, J., Spina, S., Miller, B.L., 2015. Frontotemporal dementia. Lancet 386, 1672—
1682. https://doi.org/10.1016/50140-6736(15)00461-4

127



Bannwarth, S., Ait-El-Mkadem, S., Chaussenot, A., Genin, E.C., Lacas-Gervais, S.,
Fragaki, K., Berg-Alonso, L., Kageyama, Y., Serre, V., Moore, D.G., Verschueren, A., Rouzier,
C., Le Ber, I., Augé, G., Cochaud, C., Lespinasse, F., N'Guyen, K., de Septenville, A., Brice, A.,
Yu-Wai-Man, P., Sesaki, H., Pouget, J., Paquis-Flucklinger, V., 2014. A mitochondrial origin for
frontotemporal dementia and amyotrophic lateral sclerosis through CHCHD10 involvement.

Brain 137, 2329-2345. https://doi.org/10.1093/brain/awul38

Baron, D.M., Fenton, A.R., Saez-Atienzar, S., Giampetruzzi, A., Sreeram, A,
Shankaracharya, Keagle, P.J., Doocy, V.R., Smith, N.J., Danielson, E.W., Andresano, M.,
McCormack, M.C., Garcia, J., Bercier, V., Van Den Bosch, L., Brent, J.R., Fallini, C., Traynor,
B.J., Holzbaur, E.L.F., Landers, J.E., 2022. ALS-associated KIF5A mutations abolish
autoinhibition resulting in a toxic gain of function. Cell Reports 39, 110598.

https://doi.org/10.1016/j.celrep.2022.110598

Barreiro-Iglesias, A., Mysiak, K.S., Scott, A.L., Reimer, M.M., Yang, Y., Becker, C.G,,
Becker, T., 2015. Serotonin Promotes Development and Regeneration of Spinal Motor

Neurons in Zebrafish. Cell Rep 13, 924-932. https://doi.org/10.1016/j.celrep.2015.09.050

Baskoylu, S.N., Yersak, J., O’Hern, P., Grosser, S., Simon, J., Kim, S., Schuch, K.,
Dimitriadi, M., Yanagi, K.S., Lins, J., Hart, A.C., 2018. Single copy/knock-in models of ALS
SOD1 in C. elegans suggest loss and gain of function have different contributions to
cholinergic and glutamatergic neurodegeneration. PLoS Genet 14, e1007682.

https://doi.org/10.1371/journal.pgen.1007682

Baumel, B.S., Doraiswamy, P.M., Sabbagh, M., Wurtman, R., 2021. Potential
Neuroregenerative and Neuroprotective Effects of Uridine/Choline-Enriched Multinutrient
Dietary Intervention for Mild Cognitive Impairment: A Narrative Review. Neurol Ther 10, 43—

60. https://doi.org/10.1007/s40120-020-00227-y

Beg, A.A,, Sha, W.C,, Bronson, R.T., Baltimore, D., 1995. Constitutive NF-kappa B
activation, enhanced granulopoiesis, and neonatal lethality in | kappa B alpha-deficient mice.

Genes Dev 9, 2736-2746. https://doi.org/10.1101/gad.9.22.2736

Bharathi, V., Girdhar, A., Patel, B.K., 2021. Role of CNC1 gene in TDP-43 aggregation-
induced oxidative stress-mediated cell death in S. cerevisiae model of ALS. Biochim Biophys
Acta Mol Cell Res 1868, 118993. https://doi.org/10.1016/j.bbamcr.2021.118993

128



Bilican, B., Serio, A., Barmada, S.J., Nishimura, A.L., Sullivan, G.J., Carrasco, M.,
Phatnani, H.P., Puddifoot, C.A., Story, D., Fletcher, J., Park, I.-H., Friedman, B.A., Daley, G.Q.,
Wyllie, D.J.A., Hardingham, G.E., Wilmut, ., Finkbeiner, S., Maniatis, T., Shaw, C.E.,
Chandran, S., 2012. Mutant induced pluripotent stem cell lines recapitulate aspects of TDP-
43 proteinopathies and reveal cell-specific vulnerability. Proc Natl Acad Sci U S A 109, 5803
5808. https://doi.org/10.1073/pnas.1202922109

Bill, B.R., Petzold, A.M., Clark, K.J., Schimmenti, L.A., Ekker, S.C., 2009. A Primer for
Morpholino Use in Zebrafish. Zebrafish 6, 69—77. https://doi.org/10.1089/zeb.2008.0555

Bilsland, L.G., Sahai, E., Kelly, G., Golding, M., Greensmith, L., Schiavo, G., 2010.
Deficits in axonal transport precede ALS symptoms in vivo. Proc Natl Acad Sci U S A 107,

20523-20528. https://doi.org/10.1073/pnas.1006869107

Blacher, E., Bashiardes, S., Shapiro, H., Rothschild, D., Mor, U., Dori-Bachash, M.,
Kleimeyer, C., Moresi, C., Harnik, Y., Zur, M., Zabari, M., Brik, R.B.-Z., Kviatcovsky, D., Zmora,
N., Cohen, Y., Bar, N., Levi, I., Amar, N., Mehlman, T., Brandis, A., Biton, I., Kuperman, Y.,
Tsoory, M., Alfahel, L., Harmelin, A., Schwartz, M., Israelson, A., Arike, L., Johansson, M.E.V.,
Hansson, G.C., Gotkine, M., Segal, E., Elinav, E., 2019. Potential roles of gut microbiome and
metabolites in modulating ALS in mice. Nature 572, 474-480.
https://doi.org/10.1038/s41586-019-1443-5

Blasco, H., Lanznaster, D., Veyrat-Durebex, C., Hergesheimer, R., Vourch, P., Maillot,
F., Andres, C.R., Pradat, P.-F., Corcia, P., 2020. Understanding and managing metabolic
dysfunction in Amyotrophic Lateral Sclerosis. Expert Review of Neurotherapeutics 20, 907—-

919. https://doi.org/10.1080/14737175.2020.1788389

Blasco, H., Veyrat-Durebex, C., Bocca, C., Patin, F., Vourc’h, P., Kouassi Nzoughet, J.,
Lenaers, G., Andres, C.R., Simard, G., Corcia, P., Reynier, P., 2017. Lipidomics Reveals
Cerebrospinal-Fluid Signatures of ALS. Sci Rep 7, 17652. https://doi.org/10.1038/s41598-
017-17389-9

Blokhuis, A.M., Groen, E.J.N., Koppers, M., van den Berg, L.H., Pasterkamp, R.J., 2013.
Protein aggregation in amyotrophic lateral sclerosis. Acta Neuropathol 125, 777-794.
https://doi.org/10.1007/s00401-013-1125-6

129



Bloom, A.J., Mao, X., Strickland, A., Sasaki, Y., Milbrandt, J., DiAntonio, A., 2022.
Constitutively active SARM1 variants that induce neuropathy are enriched in ALS patients.

Molecular Neurodegeneration 17, 1. https://doi.org/10.1186/s13024-021-00511-x

Bodur, C., Kazyken, D., Huang, K., Ekim Ustunel, B., Siroky, K.A., Tooley, A.S.,
Gonzalez, L.E., Foley, D.H., Acosta-Jaquez, H.A., Barnes, T.M., Steinl, G.K.,, Cho, K.-W,,
Lumeng, C.N., Riddle, S.M., Myers, M.G., Fingar, D.C., 2018. The IKK-related kinase TBK1
activates mTORC1 directly in response to growth factors and innate immune agonists. EMBO

J37,19-38. https://doi.org/10.15252/embj.201696164

Bonnard, M., Mirtsos, C., Suzuki, S., Graham, K., Huang, J., Ng, M., Itié, A., Wakeham,
A., Shahinian, A., Henzel, W.J,, Elia, A.J., Shillinglaw, W., Mak, T.W., Cao, Z., Yeh, W.C., 2000.
Deficiency of T2K leads to apoptotic liver degeneration and impaired NF-kappaB-dependent

gene transcription. EMBO J 19, 4976—-4985. https://doi.org/10.1093/emboj/19.18.4976

Borroni, B., Bonvicini, C., Alberici, A., Buratti, E., Agosti, C., Archetti, S., Papetti, A.,
Stuani, C., Di Luca, M., Gennarelli, M., Padovani, A., 2009. Mutation within TARDBP leads to
frontotemporal dementia without motor neuron disease. Hum Mutat 30, E974-983.

https://doi.org/10.1002/humu.21100

Bourefis, A.-R., 2019. Novel FUS and CHCHD10 models to investigate pathogenic

mechanisms in Amyotrophic Lateral Sclerosis 223.

Bourefis, A.-R., Campanari, M.-L., Buee-Scherrer, V., Kabashi, E., 2020. Functional
characterization of a FUS mutant zebrafish line as a novel genetic model for ALS. Neurobiol

Dis 142, 104935. https://doi.org/10.1016/j.nbd.2020.104935

Braak, H., Brettschneider, J., Ludolph, A.C., Lee, V.M., Trojanowski, J.Q., Del Tredici,
K., 2013. Amyotrophic lateral sclerosis—a model of corticofugal axonal spread. Nat Rev

Neurol 9, 708-714. https://doi.org/10.1038/nrneurol.2013.221

Bravo, R., Parra, V., Gatica, D., Rodriguez, A.E., Torrealba, N., Paredes, F., Wang, Z.V.,
Zorzano, A., Hill, J.A., Jaimovich, E., Quest, A.F.G., Lavandero, S., 2013. Endoplasmic
reticulum and the unfolded protein response: dynamics and metabolic integration. Int Rev

Cell Mol Biol 301, 215-290. https://doi.org/10.1016/B978-0-12-407704-1.00005-1

130



Brenner, D., Sieverding, K., Bruno, C., Liningschror, P., Buck, E., Mungwa, S., Fischer,
L., Brockmann, S.J., Ulmer, J., Bliederhauser, C., Philibert, C.E., Satoh, T., Akira, S., Boillée, S.,
Mayer, B., Sendtner, M., Ludolph, A.C.,, Danzer, K.M., Lobsiger, C.S., Freischmidt, A,
Weishaupt, J.H., 2019. Heterozygous Tbk1 loss has opposing effects in early and late stages
of ALS in mice. J Exp Med 216, 267-278. https://doi.org/10.1084/jem.20180729

Bristol, L.A., Rothstein, J.D., 1996. Glutamate transporter gene expression in
amyotrophic  lateral sclerosis motor cortex. Ann  Neurol 39, 676-679.

https://doi.org/10.1002/ana.410390519

Brooks, B.R., 1994. El Escorial World Federation of Neurology criteria for the
diagnosis of amyotrophic lateral sclerosis. Subcommittee on Motor Neuron
Diseases/Amyotrophic Lateral Sclerosis of the World Federation of Neurology Research
Group on Neuromuscular Diseases and the El Escorial “Clinical limits of amyotrophic lateral
sclerosis”  workshop  contributors. Neurol  Sci 124 Suppl, 96-107.
https://doi.org/10.1016/0022-510x(94)90191-0

Bruijn, L.I., Houseweart, M.K., Kato, S., Anderson, K.L., Anderson, S.D., Ohama, E.,
Reaume, A.G., Scott, R.W., Cleveland, D.W., 1998. Aggregation and motor neuron toxicity of
an ALS-linked SOD1 mutant independent from wild-type SOD1. Science 281, 1851-1854.
https://doi.org/10.1126/science.281.5384.1851

Burg, T., Rossaert, E., Moisse, M., Van Damme, P., Van Den Bosch, L., 2021. Histone
Deacetylase Inhibition Regulates Lipid Homeostasis in a Mouse Model of Amyotrophic

Lateral Sclerosis. Int J Mol Sci 22, 11224. https://doi.org/10.3390/ijms222011224

Camp, E., Lardelli, M., 2001. Tyrosinase gene expression in zebrafish embryos. Dev

Genes Evol 211, 150-153. https://doi.org/10.1007/s004270000125

Campanari, M.-L., Marian, A, Ciura, S., Kabashi, E., 2021. TDP-43 Regulation of AChE
Expression Can Mediate ALS-Like Phenotype in Zebrafish. Cells 10, 221.
https://doi.org/10.3390/cells10020221

Cansev, M., Ulus, I.H., Wang, L., Maher, T.J., Wurtman, R.J., 2008. Restorative effects
of uridine plus docosahexaenoic acid in a rat model of Parkinson’s disease. Neuroscience

Research 62, 206—-209. https://doi.org/10.1016/j.neures.2008.07.005

131



Cardozo, M.J., Mysiak, K.S., Becker, T., Becker, C.G., 2017. Reduce, reuse, recycle —
Developmental signals in spinal cord regeneration. Developmental Biology 432, 53-62.

https://doi.org/10.1016/j.ydbio.2017.05.011

Carvalho, M., Schwartz, M.S., Swash, M., 1995. Involvement of the external anal
sphincter in  amyotrophic lateral sclerosis. Muscle Nerve 18, 848-853.

https://doi.org/10.1002/mus.880180808

Casula, M., lyer, A.M., Spliet, W.G.M., Anink, J.J., Steentjes, K., Sta, M., Troost, D.,
Aronica, E., 2011. Toll-like receptor signaling in amyotrophic lateral sclerosis spinal cord

tissue. Neuroscience 179, 233-243. https://doi.org/10.1016/j.neuroscience.2011.02.001

Catanese, A., Olde Heuvel, F.,, Mulaw, M., Demestre, M., Higelin, J., Barbi, G.,
Freischmidt, A., Weishaupt, J.H., Ludolph, A.C., Roselli, F., Boeckers, T.M., 2019. Retinoic acid
worsens ATG10-dependent autophagy impairment in TBK1-mutant hiPSC-derived
motoneurons through SQSTM1/p62 accumulation. Autophagy 15, 1719-1737.
https://doi.org/10.1080/15548627.2019.1589257

Cathomas, F., Guetter, K., Seifritz, E., Klaus, F., Kaiser, S., 2021. Quinolinic acid is
associated with cognitive deficits in schizophrenia but not major depressive disorder. Sci Rep

11, 9992. https://doi.org/10.1038/s41598-021-89335-9

Chang, H., Yeo, J., Kim, J., Kim, H., Lim, J., Lee, M., Kim, H.H., Ohk, J., Jeon, H.-Y., Lee,
H., Jung, H., Kim, K.-W., Kim, V.N., 2018. Terminal Uridylyltransferases Execute Programmed
Clearance of Maternal Transcriptome in Vertebrate Embryos. Molecular Cell 70, 72-82.e7.

https://doi.org/10.1016/j.molcel.2018.03.004

Charcot, J-M., Lecons sur les maladies du systéme nerveux, archives générales de

médecine, Paris, 1872-1873

Chaves-Filho, A.B., Pinto, I.F.D., Dantas, L.S., Xavier, A.M., Inague, A., Faria, R.L,,
Medeiros, M.H.G., Glezer, I., Yoshinaga, M.Y., Miyamoto, S., 2019. Alterations in lipid
metabolism of spinal cord linked to amyotrophic lateral sclerosis. Sci Rep 9, 11642.

https://doi.org/10.1038/s41598-019-48059-7

Chelstowska, B., Baranczyk-Kuzma, A., Kuzma-Kozakiewicz, M., 2021. Dyslipidemia in

patients with amyotrophic lateral sclerosis - a case control retrospective study. Amyotroph

132



Lateral Scler Frontotemporal Degener 22, 195-205.
https://doi.org/10.1080/21678421.2020.1832119

Chen, H., Qian, K., Du, Z., Cao, J., Petersen, A., Liu, H., Blackbourn, L.W., Huang, C.-L.,
Errigo, A., Yin, Y., Lu, J., Ayala, M., Zhang, S.-C., 2014. Modeling ALS with iPSCs reveals that
mutant SOD1 misregulates neurofilament balance in motor neurons. Cell Stem Cell 14, 796—

809. https://doi.org/10.1016/j.stem.2014.02.004

Chen, L., Willis, S.N., Wei, A., Smith, B.J., Fletcher, J.1., Hinds, M.G., Colman, P.M., Day,
C.L.,, Adams, J.M., Huang, D.C.S., 2005. Differential targeting of prosurvival Bcl-2 proteins by
their BH3-only ligands allows complementary apoptotic function. Mol Cell 17, 393-403.
https://doi.org/10.1016/j.molcel.2004.12.030

Chen, Y., Stankovic, R., Cullen, K.M., Meininger, V., Garner, B., Coggan, S., Grant, R,,
Brew, B.J., Guillemin, G.J., 2010. The kynurenine pathway and inflammation in amyotrophic

lateral sclerosis. Neurotox Res 18, 132-142. https://doi.org/10.1007/s12640-009-9129-7

Cheng, G., Baltimore, D., 1996. TANK, a co-inducer with TRAF2 of TNF- and CD 40L-
mediated NF-kappaB activation. Genes Dev 10, 963-973.
https://doi.org/10.1101/gad.10.8.963

Chestkov, L.V., Vasilieva, E.A., lllarioshkin, S.N., Lagarkova, M.A,, Kiselev, S.L., 2014.
Patient-Specific Induced Pluripotent Stem Cells for SOD1-Associated Amyotrophic Lateral

Sclerosis Pathogenesis Studies. Acta Naturae 6, 54—60.

Chevin, M., Sébire, G., 2021. Necroptosis in ALS: a hot topic in-progress. Cell Death
Discov 7, 79. https://doi.org/10.1038/s41420-021-00458-4

Chio, A., Logroscino, G., Hardiman, O., Swingler, R., Mitchell, D., Beghi, E., Traynor,
B.G., Eurals Consortium, 2009. Prognostic factors in ALS: A critical review. Amyotroph Lateral

Scler 10, 310-323. https://doi.org/10.3109/17482960802566824

Chio, A., Mazzini, L., D’Alfonso, S., Corrado, L., Canosa, A., Moglia, C., Manera, U.,
Bersano, E., Brunetti, M., Barberis, M., Veldink, J.H., van den Berg, L.H., Pearce, N,
Sproviero, W., MclLaughlin, R., Vajda, A., Hardiman, O., Rooney, J., Mora, G., Calvo, A., Al-
Chalabi, A., 2018. The multistep hypothesis of ALS revisited. Neurology 91, e635—e642.
https://doi.org/10.1212/WNL.0000000000005996

133



Cho, H., Shukla, S., 2020. Role of Edaravone as a Treatment Option for Patients with

Amyotrophic Lateral Sclerosis. Pharmaceuticals (Basel) 14, 29.

https://doi.org/10.3390/ph14010029

Choi, S.Y., Lopez-Gonzalez, R., Krishnan, G., Phillips, H.L., Li, A.N., Seeley, W.W., Yao,
W.-D., Almeida, S., Gao, F.-B., 2019. C90RF72-ALS/FTD-associated poly(GR) binds Atp5al and
compromises mitochondrial function in vivo. Nat Neurosci 22, 851-862.

https://doi.org/10.1038/s41593-019-0397-0

Christensen, M.H., Jensen, S.B., Miettinen, J.J., Luecke, S., Prabakaran, T., Reinert,
L.S., Mettenleiter, T., Chen, Z.J., Knipe, D.M., Sandri-Goldin, R.M., Enquist, L.W., Hartmann,
R., Mogensen, T.H., Rice, S.A., Nyman, T.A., Matikainen, S., Paludan, S.R., 2016. HSV-1 ICP27
targets the TBK1-activated STING signalsome to inhibit virus-induced type | IFN expression.
EMBO J 35, 1385-1399. https://doi.org/10.15252/embj.201593458

Chua, J.P., De Calbiac, H., Kabashi, E., Barmada, S.J., 2022. Autophagy and ALS:
mechanistic insights and therapeutic implications. Autophagy 18, 254-282.
https://doi.org/10.1080/15548627.2021.1926656

Ciura, S., Lattante, S., Le Ber, |, Latouche, M., Tostivint, H., Brice, A., Kabashi, E.,
2013. Loss of function of C9orf72 causes motor deficits in a zebrafish model of amyotrophic

lateral sclerosis. Ann Neurol 74, 180-187. https://doi.org/10.1002/ana.23946

Clarke, B.E., Patani, R., 2020. The microglial component of amyotrophic lateral

sclerosis. Brain 143, 3526—3539. https://doi.org/10.1093/brain/awaa309

Cohen, T.J., Lee, V.M.Y., Trojanowski, J.Q., 2011. TDP-43 functions and pathogenic
mechanisms implicated in TDP-43 proteinopathies. Trends Mol Med 17, 659-667.
https://doi.org/10.1016/j.molmed.2011.06.004

Connolly, G.P., Duley, J.A., 1999. Uridine and its nucleotides: biological actions,
therapeutic  potentials. Trends in  Pharmacological Sciences 20, 218-225.

https://doi.org/10.1016/5S0165-6147(99)01298-5

Cookson, M.R., Menzies, F.M., Manning, P., Eggett, C.J., Figlewicz, D.A., McNeil, C.J.,,
Shaw, P.J., 2002. Cu/Zn superoxide dismutase (SOD1) mutations associated with familial

amyotrophic lateral sclerosis (ALS) affect cellular free radical release in the presence of

134



oxidative stress. Amyotroph Lateral Scler Other Motor Neuron Disord 3, 75-85.
https://doi.org/10.1080/146608202760196048

Corona, J.C,, Tapia, R., 2004. AMPA receptor activation, but not the accumulation of
endogenous extracellular glutamate, induces paralysis and motor neuron death in rat spinal
cord in vivo. Journal of Neurochemistry 89, 988-997. https://doi.org/10.1111/j.1471-
4159.2004.02383.x

Costantino, G., 2014. Inhibitors of quinolinic acid synthesis: new weapons in the
study of neuroinflammatory diseases. Future Medicinal Chemistry 6, 841-843.

https://doi.org/10.4155/fmc.14.35

Crain, J.M., Nikodemova, M., Watters, J.J., 2013. Microglia express distinct M1 and
M2 phenotypic markers in the postnatal and adult central nervous system in male and

female mice. J Neurosci Res 91, 1143—1151. https://doi.org/10.1002/jnr.23242

Crosio, C., Valle, C., Casciati, A., laccarino, C., Carri, M.T., 2011. Astroglial inhibition of
NF-?B does not ameliorate disease onset and progression in a mouse model for amyotrophic

lateral sclerosis (ALS). PLoS One 6, e17187. https://doi.org/10.1371/journal.pone.0017187

Cruveilhier, J., Traité d'anatomie pathologique générale, archives générales de

médecine, Paris, 1849-1864

Cunha-Qliveira, T., Montezinho, L., Mendes, C., Firuzi, O., Saso, L., Oliveira, P.J., Silva,
F.S.G., 2020. Oxidative Stress in Amyotrophic Lateral Sclerosis: Pathophysiology and
Opportunities for Pharmacological Intervention. Oxid Med Cell Longev 2020, 5021694.
https://doi.org/10.1155/2020/5021694

Cutler, R.G., Pedersen, W.A., Camandola, S., Rothstein, J.D., Mattson, M.P., 2002.
Evidence that accumulation of ceramides and cholesterol esters mediates oxidative stress-
induced death of motor neurons in amyotrophic lateral sclerosis. Ann Neurol 52, 448—457.

https://doi.org/10.1002/ana.10312

Cykowski, M.D., Dickson, D.W., Powell, S.Z., Arumanayagam, A.S., Rivera, A.L., Appel,
S.H., 2019. Dipeptide repeat (DPR) pathology in the skeletal muscle of ALS patients with
C90RF72 repeat expansion. Acta Neuropathol 138, 667-670.
https://doi.org/10.1007/s00401-019-02050-8

135



Daigle, J.G., Krishnamurthy, K., Ramesh, N., Casci, I., Monaghan, J., McAvoy, K.,
Godfrey, E.W., Daniel, D.C., Johnson, E.M., Monahan, Z., Shewmaker, F., Pasinelli, P., Pandey,
U.B., 2016. Pur-alpha regulates cytoplasmic stress granule dynamics and ameliorates FUS

toxicity. Acta Neuropathol 131, 605—620. https://doi.org/10.1007/s00401-015-1530-0

Dalakas, M.C., Hatazawa, J., Brooks, R.A., Di Chiro, G., 1987. Lowered cerebral glucose
utilization in amyotrophic lateral sclerosis. Annals of Neurology 22, 580-586.

https://doi.org/10.1002/ana.410220504

Damiano, M., Starkov, A.A., Petri, S., Kipiani, K., Kiaei, M., Mattiazzi, M., Flint Beal, M.,
Manfredi, G., 2006. Neural mitochondrial Ca2+ capacity impairment precedes the onset of
motor symptoms in G93A Cu/Zn-superoxide dismutase mutant mice. ] Neurochem 96, 1349—

1361. https://doi.org/10.1111/j.1471-4159.2006.03619.x

Darlington, L.G., Mackay, G.M., Forrest, C.M., Stoy, N., George, C., Stone, T.W., 2007.
Altered kynurenine metabolism correlates with infarct volume in stroke. European Journal of

Neuroscience 26, 2211-2221. https://doi.org/10.1111/j.1460-9568.2007.05838.x

de Majo, M., Topp, S.D., Smith, B.N., Nishimura, A.L., Chen, H.-J., Gkazi, A.S., Miller, J.,
Wong, C.H., Vance, C., Baas, F., Ten Asbroek, A.L.M.A., Kenna, K.P., Ticozzi, N., Redondo,
A.G., Esteban-Pérez, J., Tiloca, C., Verde, F., Duga, S., Morrison, K.E., Shaw, P.J., Kirby, J.,
Turner, M.R,, Talbot, K., Hardiman, O., Glass, J.D., de Belleroche, J., Gellera, C., Ratti, A., Al-
Chalabi, A., Brown, R.H., Silani, V., Landers, J.E., Shaw, C.E., 2018. ALS-associated missense
and nonsense TBK1 mutations can both cause loss of kinase function. Neurobiol Aging 71,

266.e1-266.e10. https://doi.org/10.1016/j.neurobiolaging.2018.06.015

De Silva, D., Hsieh, S., Caga, J., Leslie, F.V.C., Kiernan, M.C., Hodges, J.R., Mioshi, E.,
Burrell, J.R., 2016. Motor function and behaviour across the ALS-FTD spectrum. Acta Neurol

Scand 133, 367-372. https://doi.org/10.1111/ane.12471

De Vos, K.J., Hafezparast, M., 2017. Neurobiology of axonal transport defects in
motor neuron diseases: Opportunities for translational research? Neurobiology of Disease

105, 283-299. https://doi.org/10.1016/j.nbd.2017.02.004

Dehnisch Ellstrom, I., Spulber, S., Hultin, S., Norlin, N., Ceccatelli, S., Hultling, C.,

Uhlén, P., 2019. Spinal cord injury in zebrafish induced by near-infrared femtosecond laser

136



pulses. Journal of Neuroscience Methods 311, 259-266.
https://doi.org/10.1016/j.jneumeth.2018.10.035

DelJesus-Hernandez, M., Mackenzie, I|.R., Boeve, B.F., Boxer, A.L., Baker, M.,
Rutherford, N.J., Nicholson, A.M., Finch, N.A., Flynn, H., Adamson, J., Kouri, N., Wojtas, A.,
Sengdy, P., Hsiung, G.-Y.R., Karydas, A., Seeley, W.W., Josephs, K.A., Coppola, G., Geschwind,
D.H., Wszolek, Z.K., Feldman, H., Knopman, D.S., Petersen, R.C., Miller, B.L., Dickson, D.W.,
Boylan, K.B., Graff-Radford, N.R., Rademakers, R., 2011. Expanded GGGGCC hexanucleotide
repeat in noncoding region of CO9ORF72 causes chromosome 9p-linked FTD and ALS. Neuron

72, 245-256. https://doi.org/10.1016/j.neuron.2011.09.011

Delanghe, T., Dondelinger, Y., Bertrand, M., 2020. RIPK1 kinase-dependent death?: a
symphony of phosphorylation events. TRENDS IN CELL BIOLOGY 30, 189-200.
https://doi.org/10.1016/j.tcb.2019.12.009

Delhase, M., Kim, S.-Y., Lee, H., Naiki-Ito, A., Chen, Y., Ahn, E.-R., Murata, K., Kim, S.-
J., Lautsch, N., Kobayashi, K.S., Shirai, T., Karin, M., Nakanishi, M., 2012. TANK-binding kinase
1 (TBK1) controls cell survival through PAI-2/serpinB2 and transglutaminase 2. Proc Natl
Acad Sci U S A 109, E177-186. https://doi.org/10.1073/pnas.1119296109

Deng, J., Wang, P., Chen, X., Cheng, H., Liu, J., Fushimi, K., Zhu, L., Wu, J.Y., 2018. FUS
interacts with ATP synthase beta subunit and induces mitochondrial unfolded protein
response in cellular and animal models. Proc Natl Acad Sci U S A 115, E9678—-E9686.
https://doi.org/10.1073/pnas.1806655115

Deng, J., Yang, M., Chen, Y., Chen, X,, Liu, J., Sun, S., Cheng, H., Li, Y., Bigio, E.H.,
Mesulam, M., Xu, Q., Du, S., Fushimi, K., Zhu, L., Wu, J.Y., 2015. FUS Interacts with HSP60 to
Promote Mitochondrial Damage. PLoS Genet 11, e1005357.
https://doi.org/10.1371/journal.pgen.1005357

Dermentzaki, G., Politi, K.A., Lu, L., Mishra, V., Pérez-Torres, E.J., Sosunov, A.A.,
McKhann, G.M., Lotti, F., Shneider, N.A., Przedborski, S., 2019. Deletion of Ripk3 Prevents
Motor Neuron Death In Vitro but not In Vivo. eNeuro 6, ENEURO.0308-18.2018.
https://doi.org/10.1523/ENEUR0.0308-18.2018

137



Desport, J.C., Preux, P.M., Magy, L., Boirie, Y., Vallat, J.M., Beaufrere, B., Couratier, P.,
2001. Factors correlated with hypermetabolism in patients with amyotrophic lateral
sclerosis. The American Journal of Clinical Nutrition 74, 328-334.

https://doi.org/10.1093/ajcn/74.3.328

Dini Modigliani, S., Morlando, M., Errichelli, L., Sabatelli, M., Bozzoni, I., 2014. An ALS-
associated mutation in the FUS 3’-UTR disrupts a microRNA-FUS regulatory circuitry. Nat
Commun 5, 4335. https://doi.org/10.1038/ncomms5335

Dobrowolny, G., Lepore, E., Martini, M., Barberi, L., Nunn, A., Scicchitano, B.M.,
Musaro, A., 2018. Metabolic Changes Associated With Muscle Expression of SOD1G93A.
Front Physiol 9, 831. https://doi.org/10.3389/fphys.2018.00831

Dodge, J.C., Jensen, E.H., Yu, J., Sardi, S.P., Bialas, A.R., Taksir, T.V., Bangari, D.S.,
Shihabuddin, L.S., 2020. Neutral Lipid Cacostasis Contributes to Disease Pathogenesis in
Amyotrophic Lateral Sclerosis. J. Neurosci. 40, 9137-9147.
https://doi.org/10.1523/INEUROSCI.1388-20.2020

Dodge, J.C., Treleaven, C.M., Fidler, J.A., Tamsett, T.J., Bao, C., Searles, M., Taksir,
T.V., Misra, K., Sidman, R.L.,, Cheng, S.H., Shihabuddin, L.S., 2013. Metabolic signatures of
amyotrophic lateral sclerosis reveal insights into disease pathogenesis. Proceedings of the

National Academy of Sciences 110, 10812—10817. https://doi.org/10.1073/pnas.1308421110

Dodge, J.C., Treleaven, C.M., Pacheco, J., Cooper, S., Bao, C., Abraham, M., Cromwell,
M., Sardi, S.P., Chuang, W.-L.,, Sidman, R.L, Cheng, S.H., Shihabuddin, L.S., 2015.
Glycosphingolipids are modulators of disease pathogenesis in amyotrophic lateral sclerosis.

Proc Natl Acad Sci US A 112, 8100—-8105. https://doi.org/10.1073/pnas.1508767112

Dodge, J.C., Yu, J., Sardi, S.P., Shihabuddin, L.S., 2021. Sterol auto-oxidation adversely
affects human motor neuron viability and is a neuropathological feature of amyotrophic

lateral sclerosis. Sci Rep 11, 803. https://doi.org/10.1038/s41598-020-80378-y

Donnelly, C.J., Zhang, P.-W., Pham, J.T., Haeusler, A.R., Mistry, N.A., Vidensky, S.,
Daley, E.L., Poth, E.M., Hoover, B., Fines, D.M., Maragakis, N., Tienari, P.J., Petrucelli, L.,
Traynor, B.J., Wang, J., Rigo, F., Bennett, C.F., Blackshaw, S., Sattler, R., Rothstein, J.D., 2013.

138



RNA toxicity from the ALS/FTD C90ORF72 expansion is mitigated by antisense intervention.
Neuron 80, 415-428. https://doi.org/10.1016/j.neuron.2013.10.015

Dorst, J., Chen, L., Rosenbohm, A., Dreyhaupt, J., Hiibers, A., Schuster, J., Weishaupt,
J.H., Kassubek, J., Gess, B., Meyer, T., Weyen, U., Hermann, A., Winkler, J., Grehl, T,
Hagenacker, T., Lingor, P., Koch, J.C., Sperfeld, A., Petri, S., GrolRkreutz, J., Metelmann, M.,
Wolf, J., Winkler, A.S., Klopstock, T., Boentert, M., Johannesen, S., Storch, A., Schrank, B.,
Zeller, D., Liu, X.-L., Tang, L., Fan, D.-S., Ludolph, A.C., 2019. Prognostic factors in ALS: a
comparison  between Germany and China. J Neurol 266, 1516-1525.
https://doi.org/10.1007/s00415-019-09290-4

Dougherty, S.E., Maduka, A.O., Inada, T., Silva, G.M., 2020. Expanding Role of
Ubiquitin in Translational Control. Int J Mol Sci 21, E1151.
https://doi.org/10.3390/ijms21031151

Drapeau, P., Saint-Amant, L., Buss, R.R., Chong, M., McDearmid, J.R., Brustein, E.,
2002. Development of the locomotor network in zebrafish. Progress in Neurobiology 68, 85—

111. https://doi.org/10.1016/S0301-0082(02)00075-8

Duan, W., Guo, M., Yi, L., Zhang, J., Bi, Y., Liu, Yakun, Li, Y., Li, Z., Ma, Y., Zhang, G., Liu,
Yaling, Song, X., Li, C., 2019. Deletion of Tbk1 disrupts autophagy and reproduces behavioral
and locomotor symptoms of FTD-ALS in mice. Aging (Albany NY) 11, 2457-2476.
https://doi.org/10.18632/aging.101936

Dupuis, L., Corcia, P., Fergani, A., Gonzalez De Aguilar, J.-L., Bonnefont-Rousselot, D.,
Bittar, R., Seilhean, D., Hauw, J.-).,, Lacomblez, L., Loeffler, J.-P., Meininger, V., 2008.
Dyslipidemia is a protective factor in amyotrophic lateral sclerosis. Neurology 70, 1004—

1009. https://doi.org/10.1212/01.wnl.0000285080.70324.27

Dupuis, L., Spreux-Varoquaux, O., Bensimon, G., Jullien, P., Lacomblez, L., Salachas, F.,
Bruneteau, G., Pradat, P.-F., Loeffler, J.-P., Meininger, V., 2010. Platelet serotonin level
predicts survival in amyotrophic lateral sclerosis. PLoS One 5, el3346.

https://doi.org/10.1371/journal.pone.0013346

139



Dupuis, L., Pradat, P.-F., Ludolph, A.C., Loeffler, J.-P., 2011. Energy metabolism in
amyotrophic lateral sclerosis. The Lancet Neurology 10, 75-82.

https://doi.org/10.1016/51474-4422(10)70224-6

Ekegren, T., Grundstréom, E., Lindholm, D., Aquilonius, S.M., 1999. Upregulation of
Bax protein and increased DNA degradation in ALS spinal cord motor neurons. Acta Neurol

Scand 100, 317-321. https://doi.org/10.1111/j.1600-0404.1999.tb00403.x

El-Brolosy, M.A., Kontarakis, Z., Rossi, A., Kuenne, C., Gunther, S., Fukuda, N., Kikhi,
K., Boezio, G.L.M., Takacs, C., Lai, S.-L., Fukuda, R., Gerri, C., Giraldez, A.J., Stainier, D.Y.R,,
2019. Genetic compensation triggered by mutant mRNA degradation. Nature 568, 193-197.
https://doi.org/10.1038/s41586-019-1064-z

Elden, A.C.,, Kim, H.-J., Hart, M.P., Chen-Plotkin, A.S., Johnson, B.S., Fang, X.,
Armakola, M., Geser, F., Greene, R., Lu, M.M., Padmanabhan, A., Clay-Falcone, D.,
McCluskey, L., Elman, L., Juhr, D., Gruber, P.J., Rlb, U., Auburger, G., Trojanowski, J.Q., Lee,
V.M.-Y., Van Deerlin, V.M., Bonini, N.M., Gitler, A.D., 2010. Ataxin-2 intermediate-length
polyglutamine expansions are associated with increased risk for ALS. Nature 466, 1069—

1075. https://doi.org/10.1038/nature09320

Elmore, S., 2007. Apoptosis: a review of programmed cell death. Toxicol Pathol 35,

495-516. https://doi.org/10.1080/01926230701320337

Essuman, K., Summers, D.W., Sasaki, Y., Mao, X., DiAntonio, A., Milbrandt, J., 2017.
The SARM1 Toll/Interleukin-1 Receptor Domain Possesses Intrinsic NAD+ Cleavage Activity
that Promotes Pathological Axonal Degeneration. Neuron 93, 1334-1343.e5.
https://doi.org/10.1016/j.neuron.2017.02.022

Estes, P.S., Boehringer, A., Zwick, R., Tang, J.E., Grigsby, B., Zarnescu, D.C., 2011. Wild-
type and A315T mutant TDP-43 exert differential neurotoxicity in a Drosophila model of ALS.
Hum Mol Genet 20, 2308-2321. https://doi.org/10.1093/hmg/ddr124

Fang, T., Al Khleifat, A., Meurgey, J.-H., Jones, A., Leigh, P.N., Bensimon, G., Al-
Chalabi, A., 2018. Stage at which riluzole treatment prolongs survival in patients with
amyotrophic lateral sclerosis: a retrospective analysis of data from a dose-ranging study.

Lancet Neurol 17, 416-422. https://doi.org/10.1016/S1474-4422(18)30054-1

140



Fayemendy, P., Marin, B., Labrunie, A., Boirie, Y., Walrand, S., Achamrah, N., Coéffier,
M., Preux, P.-M., Lautrette, G., Desport, J.-C., Couratier, P., Jésus, P., 2021. Hypermetabolism
is a reality in amyotrophic lateral sclerosis compared to healthy subjects. Journal of the

Neurological Sciences 420. https://doi.org/10.1016/].jns.2020.117257

Fellner, A., Barhum, Y., Angel, A., Perets, N., Steiner, |., Offen, D., Lev, N., 2017. Toll-
Like Receptor-4 Inhibitor TAK-242 Attenuates Motor Dysfunction and Spinal Cord Pathology
in an Amyotrophic Lateral Sclerosis Mouse Model. Int J Mol Sci 18, 1666.
https://doi.org/10.3390/ijms18081666

Fernandez-Beltran, L.C., Godoy-Corchuelo, J.M., Losa-Fontangordo, M., Williams, D.,
Matias-Guiu, J., Corrochano, S., 2021. A Transcriptomic Meta-Analysis Shows Lipid
Metabolism Dysregulation as an Early Pathological Mechanism in the Spinal Cord of SOD1
Mice. Int J Mol Sci 22, 9553. https://doi.org/10.3390/ijms22179553

FernAndez-Eulate, G., Ruiz-Sanz, J.1., Riancho, J., Zufiria, M., GereNu, G., FernAndez-
TorrOn, R., Poza-Aldea, J.J., Ondaro, J., Espinal, J.B., GonzAlez-ChinchOn, G., Zulaica, M.,
Ruiz-Larrea, M.B., LOpez De Munain, A., Gil-Bea, F.J., 2020. A comprehensive serum lipidome
profiling of amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis and Frontotemporal

Degeneration 21, 252-262. https://doi.org/10.1080/21678421.2020.1730904

Ferrante, R.J., Browne, S.E., Shinobu, L.A., Bowling, A.C., Baik, M.J., MacGarvey, U.,
Kowall, N.W., Brown, R.H., Beal, M.F., 1997. Evidence of increased oxidative damage in both
sporadic and familial amyotrophic lateral sclerosis. J Neurochem 69, 2064-2074.

https://doi.org/10.1046/j.1471-4159.1997.69052064.x

Ferrari, R., Kapogiannis, D., Huey, E.D., Momeni, P., 2011. FTD and ALS: a tale of two
diseases. Curr Alzheimer Res 8, 273-294.

Fifita, J.A., Chan Moi Fat, S., McCann, E.P., Williams, K.L., Twine, N.A., Bauer, D.C,,
Rowe, D.B., Pamphlett, R., Kiernan, M.C., Tan, V.X., Blair, I.P., Guillemin, G.J., 2021. Genetic
Analysis of Tryptophan Metabolism Genes in Sporadic Amyotrophic Lateral Sclerosis. Front

Immunol 12, 701550. https://doi.org/10.3389/fimmu.2021.701550

Figlewicz, D.A., Krizus, A., Martinoli, M.G., Meininger, V., Dib, M., Rouleau, G.A.,

Julien, J.P., 1994. Variants of the heavy neurofilament subunit are associated with the

141



development of amyotrophic lateral sclerosis. Hum Mol Genet 3, 1757-1761.

https://doi.org/10.1093/hmg/3.10.1757

Fil, D., Deloach, A., Yadav, S., Alkam, D., MacNicol, M., Singh, A., Compadre, C.M.,
Goellner, J.J., O’'Brien, C.A., Fahmi, T., Basnakian, A.G., Calingasan, N.Y., Klessner, J.L., Beal,
F.M., Peters, O.M., Metterville, J., Brown, R.H., Ling, K.K.Y., Rigo, F., Ozdinler, P.H., Kiaei, M.,
2017. Mutant Profilinl transgenic mice recapitulate cardinal features of motor neuron

disease. Hum Mol Genet 26, 686—701. https://doi.org/10.1093/hmg/ddw429

Fingert, J.H., Robin, A.L., Stone, J.L., Roos, B.R., Davis, L.K., Scheetz, T.E., Bennett, S.R.,
Wassink, T.H., Kwon, Y.H., Alward, W.L.M., Mullins, R.F., Sheffield, V.C., Stone, E.M., 2011.
Copy number variations on chromosome 12q14 in patients with normal tension glaucoma.

Hum Mol Genet 20, 2482-2494. https://doi.org/10.1093/hmg/ddr123

Fischer, F.A., Mies, L.F.M., Nizami, S., Pantazi, E., Danielli, S., Demarco, B., Ohlmeyer,
M., Lee, M.S.J., Coban, C., Kagan, J.C., Di Daniel, E., Bezbradica, J.S., 2021. TBK1 and IKK? act
like an OFF switch to limit NLRP3 inflammasome pathway activation. Proceedings of the

National Academy of Sciences 118, e2009309118. https://doi.org/10.1073/pnas.2009309118

Fitzgerald, K.A., McWhirter, S.M., Faia, K.L., Rowe, D.C., Latz, E., Golenbock, D.T.,
Coyle, A.l., Liao, S.-M., Maniatis, T., 2003. IKKepsilon and TBK1 are essential components of
the IRF3 signaling pathway. Nat Immunol 4, 491-496. https://doi.org/10.1038/ni921

Flammer, J., Haefliger, 1.0., Orgil, S., Resink, T., 1999. Vascular dysregulation: a

principal risk factor for glaucomatous damage? J Glaucoma 8, 212-219.

Fomin, V., Richard, P., Hoque, M., Li, C., Gu, Z., Fissore-O’Leary, M., Tian, B., Prives, C.,
Manley, J.L., 2018. The C90RF72 Gene, Implicated in Amyotrophic Lateral Sclerosis and
Frontotemporal Dementia, Encodes a Protein That Functions in Control of Endothelin and

Glutamate Signaling. Mol Cell Biol 38, e00155-18. https://doi.org/10.1128/MCB.00155-18

Fontanilla, C.V., Wei, X., Zhao, L., Johnstone, B., Pascuzzi, R.M., Farlow, M.R., Du, Y.,
2012. Caffeic acid phenethyl ester extends survival of a mouse model of amyotrophic lateral

sclerosis. Neuroscience 205, 185-193. https://doi.org/10.1016/j.neuroscience.2011.12.025

142



Foran, E., Trotti, D., 2009. Glutamate transporters and the excitotoxic path to motor
neuron degeneration in amyotrophic lateral sclerosis. Antioxid Redox Signal 11, 1587-1602.

https://doi.org/10.1089/ars.2009.2444

Frakes, A.E., Ferraiuolo, L., Haidet-Phillips, A.M., Schmelzer, L., Braun, L., Miranda,
C.J., Ladner, K.J., Bevan, AK., Foust, K.D., Godbout, J.P., Popovich, P.G., Guttridge, D.C,,
Kaspar, B.K., 2014. Microglia induce motor neuron death via the classical NF-?B pathway in
amyotrophic lateral sclerosis. Neuron 81, 1009-1023.
https://doi.org/10.1016/j.neuron.2014.01.013

Fricker, M., Tolkovsky, A.M., Borutaite, V., Coleman, M., Brown, G.C., 2018. Neuronal
Cell Death. Physiological Reviews 98, 813—880. https://doi.org/10.1152/physrev.00011.2017

Fukui, S., Schwarcz, R., Rapoport, S.l., Takada, Y., Smith, Q.R., 1991. Blood-brain
barrier transport of kynurenines: implications for brain synthesis and metabolism. J

Neurochem 56, 2007-2017. https://doi.org/10.1111/j.1471-4159.1991.tb03460.x

Gal, J., Strom, A.-L., Kilty, R., Zhang, F., Zhu, H., 2007. p62 accumulates and enhances
aggregate formation in model systems of familial amyotrophic lateral sclerosis. J Biol Chem

282, 11068-11077. https://doi.org/10.1074/jbc.M608787200

Gal, J., Zhang, J., Kwinter, D.M., Zhai, J., Jia, H., Jia, J., Zhu, H., 2011. Nuclear
localization sequence of FUS and induction of stress granules by ALS mutants. Neurobiol

Aging 32, 2323.e27-40. https://doi.org/10.1016/j.neurobiolaging.2010.06.010

Gao, F.-B., Almeida, S., Lopez-Gonzalez, R., 2017. Dysregulated molecular pathways in
amyotrophic lateral sclerosis-frontotemporal dementia spectrum disorder. EMBO J 36,

2931-2950. https://doi.org/10.15252/embj.201797568

Gao, X., Zhang, P., Chen, Jianping, Zhang, L., Shang, N., Chen, Jin, Fan, R., Wang, Y.,
Huang, T., Niu, Q., Zhang, Q., 2022. Necrostatin-1 Relieves Learning and Memory Deficits in a
Zebrafish Model of Alzheimer’s Disease Induced by Aluminum. Neurotox Res 40, 198-214.
https://doi.org/10.1007/s12640-021-00463-6

Garand, M., Cai, B., Kollmann, T.R.,, 2017. Environment impacts innate immune

ontogeny. Innate Immun 23, 3—10. https://doi.org/10.1177/1753425916671018

143



Gatica, D., Lahiri, V., Klionsky, D.J., 2018. Cargo recognition and degradation by
selective autophagy. Nat Cell Biol 20, 233-242. https://doi.org/10.1038/s41556-018-0037-z

Gautam, M., Gunay, A., Chandel, N.S.,, Ozdinler, P.H., 2022. Mitochondrial
dysregulation occurs early in ALS motor cortex with TDP-43 pathology and suggests
maintaining NAD+ balance as a therapeutic strategy. Sci Rep 12, 4287.
https://doi.org/10.1038/s41598-022-08068-5

Gerbino, V., Kaunga, E., Ye, J., Canzio, D., O’Keeffe, S., Rudnick, N.D., Guarnieri, P.,
Lutz, C.M., Maniatis, T., 2020. The Loss of TBK1 Kinase Activity in Motor Neurons or in All Cell
Types Differentially Impacts ALS Disease Progression in SOD1 Mice. Neuron 106, 789-805.e5.
https://doi.org/10.1016/j.neuron.2020.03.005

Gerdts, J., Brace, E.J., Sasaki, Y., DiAntonio, A., Milbrandt, J., 2015. SARM1 activation
triggers axon degeneration locally via NAD+ destruction. Science 348, 453-457.

https://doi.org/10.1126/science.1258366

Ghasemi, M., Brown, R.H., 2018. Genetics of Amyotrophic Lateral Sclerosis. Cold
Spring Harb Perspect Med 8, a024125. https://doi.org/10.1101/cshperspect.a024125

Ghasemi, M., Keyhanian, K., Douthwright, C., 2021. Glial Cell Dysfunction in C9orf72-
Related Amyotrophic Lateral Sclerosis and Frontotemporal Dementia. Cells 10, 249.

https://doi.org/10.3390/cells10020249

Gijselinck, 1., Van Langenhove, T., van der Zee, J., Sleegers, K., Philtjens, S.,
Kleinberger, G., Janssens, J., Bettens, K., Van Cauwenberghe, C., Pereson, S., Engelborghs, S.,
Sieben, A., De Jonghe, P., Vandenberghe, R., Santens, P., De Bleecker, J., Maes, G., Baumer,
V., Dillen, L., Joris, G., Cuijt, I., Corsmit, E., Elinck, E., Van Dongen, J., Vermeulen, S., Van den
Broeck, M., Vaerenberg, C., Mattheijssens, M., Peeters, K., Robberecht, W., Cras, P., Martin,
J.-J., De Deyn, P.P., Cruts, M., Van Broeckhoven, C., 2012. A C9orf72 promoter repeat
expansion in a Flanders-Belgian cohort with disorders of the frontotemporal lobar
degeneration-amyotrophic lateral sclerosis spectrum: a gene identification study. Lancet

Neurol 11, 54-65. https://doi.org/10.1016/S1474-4422(11)70261-7

Gijselinck, I, Van Mossevelde, S., van der Zee, J., Sieben, A., Engelborghs, S., De

Bleecker, J., lvanoiu, A., Deryck, O., Edbauer, D., Zhang, M., Heeman, B., Baumer, V., Van den

144



Broeck, M., Mattheijssens, M., Peeters, K., Rogaeva, E., De Jonghe, P., Cras, P., Martin, J.-J.,
de Deyn, P.P., Cruts, M., Van Broeckhoven, C., 2016. The C90orf72 repeat size correlates with
onset age of disease, DNA methylation and transcriptional downregulation of the promoter.

Mol Psychiatry 21, 1112-1124. https://doi.org/10.1038/mp.2015.159

Giorgi, C., Marchi, S., Pinton, P., 2018. The machineries, regulation and cellular
functions of mitochondrial calcium. Nat Rev Mol Cell Biol 19, 713-730.
https://doi.org/10.1038/s41580-018-0052-8

Godoy-Corchuelo, J.M., Fernandez-Beltran, L.C., Ali, Z., Gil-Moreno, M.)., Lépez-
Carbonero, J.I., Guerrero-Sola, A., lLarrad-Sainz, A., Matias-Guiu, J., Matias-Guiu, J.A,,
Cunningham, T.J., Corrochano, S., 2022. Lipid Metabolic Alterations in the ALS-FTD Spectrum
of Disorders. Biomedicines 10, 1105. https://doi.org/10.3390/biomedicines10051105

Goncalves, A., Biurckstimmer, T., Dixit, E., Scheicher, R., Gorna, M.W., Karayel, E.,
Sugar, C., Stukalov, A., Berg, T., Kralovics, R., Planyavsky, M., Bennett, K.L., Colinge, J.,
Superti-Furga, G., 2011. Functional dissection of the TBK1 molecular network. PLoS One 6,

€23971. https://doi.org/10.1371/journal.pone.0023971

Gonzalez de Aguilar, J.L., Gordon, J.W., René, F., de Tapia, M., Lutz-Bucher, B.,
Gaiddon, C., Loeffler, J.P., 2000. Alteration of the Bcl-x/Bax ratio in a transgenic mouse
model of amyotrophic lateral sclerosis: evidence for the implication of the p53 signaling

pathway. Neurobiol Dis 7, 406—415. https://doi.org/10.1006/nbdi.2000.0295

Goutman, S.A., Guo, K., Savelieff, M.G., Patterson, A., Sakowski, S.A., Habra, H.,
Karnovsky, A., Hur, J., Feldman, E.L., 2022. Metabolomics identifies shared lipid pathways in
independent amyotrophic lateral sclerosis cohorts. Brain awac025.

https://doi.org/10.1093/brain/awac025

Grant, R.S., Coggan, S.E., Smythe, G.A., 2009. The physiological action of picolinic Acid
in the human brain. Int J Tryptophan Res 2, 71-79. https://doi.org/10.4137/ijtr.s2469

Grassi, S., Giussani, P., Mauri, L., Prioni, S., Sonnino, S., Prinetti, A., 2020. Lipid rafts
and neurodegeneration: structural and functional roles in physiologic aging and
neurodegenerative diseases. J Lipid Res 61, 636-654.
https://doi.org/10.1194/jlr. TR119000427

145



Guégan, C., Przedborski, S., 2003. Programmed cell death in amyotrophic lateral

sclerosis. J Clin Invest 111, 153—-161. https://doi.org/10.1172/JCI200317610

Guillemin, G.J., Smith, D.G., Smythe, G.A., Armati, P.J., Brew, B.J., 2003. Expression of
the kynurenine pathway enzymes in human microglia and macrophages. Adv Exp Med Biol

527, 105-112. https://doi.org/10.1007/978-1-4615-0135-0_12

Guillemin, G.J., Williams, K.R., Smith, D.G., Smythe, G.A., Croitoru-Lamoury, J., Brew,
B.J., 2003. Quinolinic acid in the pathogenesis of Alzheimer’s disease. Adv Exp Med Biol 527,
167-176. https://doi.org/10.1007/978-1-4615-0135-0_19

Gurney, M.E., Pu, H., Chiu, A.Y., Dal Canto, M.C., Polchow, C.Y., Alexander, D.D.,
Caliendo, J., Hentati, A., Kwon, Y.W., Deng, H.X., 1994. Motor neuron degeneration in mice
that express a human Cu,Zn superoxide dismutase mutation. Science 264, 1772-1775.

https://doi.org/10.1126/science.8209258

Hall, D.M., Xu, L., Drake, V.J., Oberley, L.W., Oberley, T.D., Moseley, P.L., Kregel, K.C.,
2000. Aging reduces adaptive capacity and stress protein expression in the liver after heat

stress. J Appl Physiol (1985) 89, 749-759. https://doi.org/10.1152/jappl.2000.89.2.749

"Hall, E.D., Oostveen, J.A., Gurney, M.E., 1998. Relationship of microglial and
astrocytic activation to disease onset and progression in a transgenic model of familial ALS.
Glia 23, 249-256. https://doi.org/10.1002/(sici)1098-1136(199807)23:3<249::aid-
glia7>3.0.co;2-#"

Hanrieder, J., Ewing, A.G., 2014. Spatial Elucidation of Spinal Cord Lipid- and
Metabolite- Regulations in Amyotrophic Lateral Sclerosis. Sci Rep 4, 5266.
https://doi.org/10.1038/srep05266

Hao, J., Wells, M.F., Niu, G., Juan, |.G.S., Limone, F., Fukuda, A., Leyton-Jaimes, M.F.,
Joseph, B., Qian, M., Mordes, D.A., Budnik, B., Dou, Z., Eggan, K., 2021. Loss of TBK1 activity
leads to TDP-43 proteinopathy through lysosomal dysfunction in human motor neurons.

https://doi.org/10.1101/2021.10.11.464011

Harayama, T., Riezman, H., 2018. Understanding the diversity of membrane lipid

composition. Nat Rev Mol Cell Biol 19, 281-296. https://doi.org/10.1038/nrm.2017.138

146



Hardiman, O., Al-Chalabi, A., Chio, A., Corr, E.M., Logroscino, G., Robberecht, W.,
Shaw, P.J., Simmons, Z., van den Berg, L.H., 2017. Amyotrophic lateral sclerosis. Nat Rev Dis

Primers 3, 17071. https://doi.org/10.1038/nrdp.2017.71

Hardiman, O., van den Berg, L.H., 2017. Edaravone: a new treatment for ALS on the

horizon? Lancet Neurol 16, 490—491. https://doi.org/10.1016/51474-4422(17)30163-1

Harlan, B.A,, Killoy, K.M., Pehar, M., Liu, L., Auwerx, J., Vargas, M.R., 2020. Evaluation
of the NAD+ biosynthetic pathway in ALS patients and effect of modulating NAD+ levels in
hSOD1-linked ALS mouse models. Exp Neurol 327, 113219.
https://doi.org/10.1016/j.expneurol.2020.113219

Hartai, Z., Juhdsz, A., Rimandczy, A., Janaky, T., Donké, T., Dux, L., Penke, B., Téth,
G.K., Janka, Z., Kdlman, J., 2007. Decreased serum and red blood cell kynurenic acid levels in
Alzheimer’s disease. Neurochem Int 50, 308-313.
https://doi.org/10.1016/j.neuint.2006.08.012

Harvey, S.A., Sealy, |., Kettleborough, R., Fenyes, F., White, R., Stemple, D., Smith, J.C,,
2013. Identification of the zebrafish maternal and paternal transcriptomes. Development

140, 2703-2710. https://doi.org/10.1242/dev.095091

Hayashi, Y., Homma, K., Ichijo, H., 2016. SOD1 in neurotoxicity and its controversial
roles in SOD1 mutation-negative  ALS. Adv  Biol Regul 60, 95-104.
https://doi.org/10.1016/].jbior.2015.10.006

He, P., He, B., Li, S., Chai, W., Rao, W,, Zhu, Y., Chen, W,, Zhang, P., Zhang, X., Pan, H.,
Xu, R., 2022. Distribution Features and Potential Effects of Serotonin in the Cerebrum of

SOD1 G93A Transgenic Mice. eNeuro. https://doi.org/10.1523/ENEURO.0001-22.2022

Heath, P.R., Tomkins, J., Ince, P.G., Shaw, P.J., 2002. Quantitative assessment of
AMPA receptor mRNA in human spinal motor neurons isolated by laser capture
microdissection.  Neuroreport 13, 1753-1757. https://doi.org/10.1097/00001756-
200210070-00012

Hegde, R.N., Chiki, A., Petricca, L., Martufi, P., Arbez, N., Mouchiroud, L., Auwerx, J.,
Landles, C., Bates, G.P., Singh-Bains, M.K., Dragunow, M., Curtis, M.A,, Faull, R.L., Ross, C.A,,

Caricasole, A., Lashuel, H.A., 2020. TBK1 phosphorylates mutant Huntingtin and suppresses

147



its aggregation and toxicity in Huntington’s disease models. EMBO J 39, el04671.
https://doi.org/10.15252/embj.2020104671

Hemmi, H., Takeuchi, O., Sato, S., Yamamoto, M., Kaisho, T., Sanjo, H., Kawai, T.,
Hoshino, K., Takeda, K., Akira, S., 2004. The roles of two IkappaB kinase-related kinases in
lipopolysaccharide and double stranded RNA signaling and viral infection. J Exp Med 199,
1641-1650. https://doi.org/10.1084/jem.20040520

Henriques, A., Croixmarie, V., Bouscary, A., Mosbach, A., Keime, C., Boursier-Neyret,
C., Walter, B., Spedding, M., Loeffler, J.-P., 2017. Sphingolipid Metabolism Is Dysregulated at
Transcriptomic and Metabolic Levels in the Spinal Cord of an Animal Model of Amyotrophic

Lateral Sclerosis. Front Mol Neurosci 10, 433. https://doi.org/10.3389/fnmol.2017.00433

Henriques, A., Huebecker, M., Blasco, H., Keime, C., Andres, C.R., Corcia, P.,
Priestman, D.A., Platt, F.M., Spedding, M., Loeffler, J.-P., 2017. Inhibition of ?-
Glucocerebrosidase Activity Preserves Motor Unit Integrity in a Mouse Model of

Amyotrophic Lateral Sclerosis. Sci Rep 7, 5235. https://doi.org/10.1038/s41598-017-05313-0

Heo, J.-M., Ordureau, A., Paulo, J.A., Rinehart, J., Harper, J.W., 2015. The PINK1-
PARKIN Mitochondrial Ubiquitylation Pathway Drives a Program of OPTN/NDP52
Recruitment and TBK1 Activation to Promote Mitophagy. Mol Cell 60, 7-20.
https://doi.org/10.1016/j.molcel.2015.08.016

Herman, M., Ciancanelli, M., Ou, Y.-H., Lorenzo, L., Klaudel-Dreszler, M., Pauwels, E.,
Sancho-Shimizu, V., Pérez de Diego, R., Abhyankar, A., Israelsson, E., Guo, Y., Cardon, A,,
Rozenberg, F., Lebon, P., Tardieu, M., Heropolitanska-Pliszka, E., Chaussabel, D., White, M.A.,
Abel, L., Zhang, S.-Y., Casanova, J.-L., 2012. Heterozygous TBK1 mutations impair TLR3
immunity and underlie herpes simplex encephalitis of childhood. J Exp Med 209, 1567-1582.
https://doi.org/10.1084/jem.20111316

Hetz, C., Thielen, P., Fisher, J., Pasinelli, P., Brown, R.H., Korsmeyer, S., Glimcher, L.,
2007. The proapoptotic BCL-2 family member BIM mediates motoneuron loss in a model of
amyotrophic lateral sclerosis. Cell Death Differ 14, 1386-1389.
https://doi.org/10.1038/sj.cdd.4402166

148



Heyes, M.P., Chen, C.Y., Major, E.O., Saito, K., 1997. Different kynurenine pathway
enzymes limit quinolinic acid formation by various human cell types. Biochem J 326 ( Pt 2),

351-356. https://doi.org/10.1042/bj3260351

Higgins, C.M.J., Jung, C., Xu, Z., 2003. ALS-associated mutant SOD1G93A causes
mitochondrial vacuolation by expansion of the intermembrane space and by involvement of
SOD1 aggregation and peroxisomes. BMC Neurosci 4, 16. https://doi.org/10.1186/1471-
2202-4-16

Hirano, A., Donnenfeld, H., Sasaki, S., Nakano, |., 1984. Fine structural observations of
neurofilamentous changes in amyotrophic lateral sclerosis. J] Neuropathol Exp Neurol 43,

461-470. https://doi.org/10.1097/00005072-198409000-00001

Hochstrasser, M., 2009. Origin and function of ubiquitin-like proteins. Nature 458,
422-429. https://doi.org/10.1038/nature07958

Hock, E.-M., Polymenidou, M., 2016. Prion-like propagation as a pathogenic principle
in frontotemporal dementia. J Neurochem 138  Suppl 1, 163-183.
https://doi.org/10.1111/jnc.13668

Holler, N., Zaru, R., Micheau, O., Thome, M., Attinger, A., Valitutti, S., Bodmer, J.L,,
Schneider, P., Seed, B., Tschopp, J., 2000. Fas triggers an alternative, caspase-8-independent
cell death pathway using the kinase RIP as effector molecule. Nat Immunol 1, 489—-495.

https://doi.org/10.1038/82732

Holm, T., Maier, A., Wicks, P., Lang, D., Linke, P., Miinch, C., Steinfurth, L., Meyer, R.,
Meyer, T., 2013. Severe Loss of Appetite in Amyotrophic Lateral Sclerosis Patients: Online
Self-Assessment Study. Interact ) Med Res 2, e8. https://doi.org/10.2196/ijmr.2463

Howe, K., Clark, M.D., Torroja, C.F., Torrance, J., Berthelot, C., Muffato, M., Collins,
J.E., Humphray, S., Mclaren, K., Matthews, L., Mclaren, S., Sealy, |., Caccamo, M., Churcher,
C., Scott, C., Barrett, J.C., Koch, R., Rauch, G.-J., White, S., Chow, W., Kilian, B., Quintais, L.T.,
Guerra-Assuncao, J.A,, Zhou, Y., Gu, Y., Yen, J., Vogel, J.-H., Eyre, T., Redmond, S., Banerjee,
R., Chi, J.,, Fu, B., Langley, E., Maguire, S.F., Laird, G.K., Lloyd, D., Kenyon, E., Donaldson, S.,
Sehra, H., Almeida-King, J., Loveland, J., Trevanion, S., Jones, M., Quail, M., Willey, D., Hunt,
A., Burton, J,, Sims, S., Mclay, K., Plumb, B., Davis, J., Clee, C., Oliver, K., Clark, R., Riddle, C.,

149



Elliot, D., Eliott, D., Threadgold, G., Harden, G., Ware, D., Begum, S., Mortimore, B.,
Mortimer, B., Kerry, G., Heath, P., Phillimore, B., Tracey, A., Corby, N., Dunn, M., Johnson, C,,
Wood, J., Clark, S., Pelan, S., Griffiths, G., Smith, M., Glithero, R., Howden, P., Barker, N.,
Lloyd, C., Stevens, C., Harley, J., Holt, K., Panagiotidis, G., Lovell, J., Beasley, H., Henderson,
C., Gordon, D., Auger, K., Wright, D., Collins, J., Raisen, C., Dyer, L., Leung, K., Robertson, L.,
Ambridge, K., Leongamornlert, D., McGuire, S., Gilderthorp, R., Griffiths, C., Manthravadi, D.,
Nichol, S., Barker, G., Whitehead, S., Kay, M., Brown, J., Murnane, C., Gray, E., Humphries,
M., Sycamore, N., Barker, D., Saunders, D., Wallis, J., Babbage, A., Hammond, S., Mashreghi-
Mohammadi, M., Barr, L., Martin, S., Wray, P., Ellington, A., Matthews, N., Ellwood, M.,
Woodmansey, R., Clark, G., Cooper, J.D., Cooper, J., Tromans, A., Grafham, D., Skuce, C.,
Pandian, R., Andrews, R., Harrison, E., Kimberley, A., Garnett, J., Fosker, N., Hall, R., Garner,
P., Kelly, D., Bird, C., Palmer, S., Gehring, |., Berger, A., Dooley, C.M., Ersan-Uriin, Z., Eser, C.,
Geiger, H., Geisler, M., Karotki, L., Kirn, A., Konantz, J., Konantz, M., Oberlander, M.,
Rudolph-Geiger, S., Teucke, M., Lanz, C., Raddatz, G., Osoegawa, K., Zhu, B., Rapp, A., Widaa,
S., Langford, C., Yang, F., Schuster, S.C., Carter, N.P., Harrow, J., Ning, Z., Herrero, J., Searle,
S.M.J,, Enright, A,, Geisler, R., Plasterk, R.H.A,, Lee, C., Westerfield, M., de Jong, P.J., Zon, L.I,,
Postlethwait, J.H., Nisslein-Volhard, C., Hubbard, T.J.P.,, Roest Crollius, H., Rogers, J.,
Stemple, D.L., 2013. The zebrafish reference genome sequence and its relationship to the

human genome. Nature 496, 498-503. https://doi.org/10.1038/nature12111

Hu, Y.W., Zhang, J., Wu, X.M,, Cao, L., Nie, P., Chang, M.X., 2018. TANK-Binding Kinase
1 (TBK1) Isoforms Negatively Regulate Type | Interferon Induction by Inhibiting TBK1-IRF3
Interaction and IRF3 Phosphorylation. Front Immunol 9, 84.

https://doi.org/10.3389/fimmu.2018.00084

Huang, R., Guo, X., Chen, X., Zheng, Z., Wei, Q., Cao, B., Zeng, Y., Shang, H., 2015. The
serum lipid profiles of amyotrophic lateral sclerosis patients: A study from south-west China
and a meta-analysis. Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration 16,

359-365. https://doi.org/10.3109/21678421.2015.1047454

Huang, S.-L., Wu, L.-S., Lee, M., Chang, C.-W., Cheng, W.-C,, Fang, Y.-S., Chen, Y.-R,,
Cheng, P.-L., Shen, C.-K.J., 2020. A robust TDP-43 knock-in mouse model of ALS. Acta
Neuropathologica Communications 8, 3. https://doi.org/10.1186/s40478-020-0881-5

150



Hughes, C.E., Nibbs, R.J.B., 2018. A guide to chemokines and their receptors. FEBS J
285, 2944-2971. https://doi.org/10.1111/febs.14466

Hurley, J.H., Young, L.N., 2017. Mechanisms of Autophagy Initiation. Annu Rev
Biochem 86, 225—-244. https://doi.org/10.1146/annurev-biochem-061516-044820

Hwang, W.Y.,, Fu, Y., Reyon, D., Maeder, M.L., Tsai, S.Q., Sander, J.D., Peterson, R.T.,
Yeh, J.-R.J., Joung, J.K., 2013. Efficient genome editing in zebrafish using a CRISPR-Cas
system. Nat Biotechnol 31, 227-229. https://doi.org/10.1038/nbt.2501

Ikeda, F., Hecker, C.M., Rozenknop, A., Nordmeier, R.D., Rogov, V., Hofmann, K.,
Akira, S., Dotsch, V., Dikic, 1., 2007. Involvement of the ubiquitin-like domain of TBK1/IKK-i
kinases in regulation of IFN-inducible genes. EMBO J 26, 3451-3462.
https://doi.org/10.1038/sj.emboj.7601773

Ingre, C., Roos, P.M., Piehl, F., Kamel, F., Fang, F., 2015. Risk factors for amyotrophic
lateral sclerosis. Clin Epidemiol 7, 181-193. https://doi.org/10.2147/CLEP.S37505

Inoue, H., Tsukita, K., lwasato, T., Suzuki, Y., Tomioka, M., Tateno, M., Nagao, M.,
Kawata, A., Saido, T.C., Miura, M., Misawa, H., Itohara, S., Takahashi, R., 2003. The crucial
role of caspase-9 in the disease progression of a transgenic ALS mouse model. The EMBO

Journal 22, 6665—6674. https://doi.org/10.1093/emboj/cdg634

Ito, Y., Ofengeim, D., Najafov, A., Das, S., Saberi, S., Li, Y., Hitomi, J., Zhu, H., Chen, H.,
Mayo, L., Geng, J., Amin, P., DeWitt, J.P., Mookhtiar, A.K., Florez, M., Ouchida, A.T., Fan, J.,
Pasparakis, M., Kelliher, M.A., Ravits, J., Yuan, J., 2016. RIPK1 mediates axonal degeneration
by promoting inflammation and necroptosis in ALS. Science 353, 603-608.
https://doi.org/10.1126/science.aaf6803

Jablonski, A.M., Lamitina, T., Liachko, N.F., Sabatella, M., Lu, J., Zhang, L., Ostrow,
L.W., Gupta, P., Wu, C.-Y., Doshi, S., Mojsilovic-Petrovic, J., Lans, H., Wang, J., Kraemer, B.,
Kalb, R.G., 2015. Loss of RAD-23 Protects Against Models of Motor Neuron Disease by
Enhancing Mutant Protein Clearance. J Neurosci 35, 14286-14306.
https://doi.org/10.1523/INEUROSCI.0642-15.2015

151



Jacobs, K.R., Lovejoy, D.B., 2018. Inhibiting the kynurenine pathway in spinal cord
injury:  Multiple therapeutic potentials? Neural Regen Res 13, 2073-2076.
https://doi.org/10.4103/1673-5374.241446

Jami, M.-S., Salehi-Najafabadi, Z., Ahmadinejad, F., Hoedt, E., Chaleshtori, M.H.,
Ghatrehsamani, M., Neubert, T.A., Larsen, J.P., Mgller, S.G., 2015. Edaravone leads to
proteome changes indicative of neuronal cell protection in response to oxidative stress.

Neurochem Int 90, 134-141. https://doi.org/10.1016/j.neuint.2015.07.024

Jawaid, A., Khan, R., Polymenidou, M., Schulz, P.E., 2018. Disease-modifying effects of
metabolic  perturbations in ALS/FTLD. Molecular Neurodegeneration 13, 63.

https://doi.org/10.1186/s13024-018-0294-0

Jensen, L.J., Kuhn, M., Stark, M., Chaffron, S., Creevey, C., Muller, J., Doerks, T., Julien,
P., Roth, A., Simonovic, M., Bork, P., von Mering, C., 2009. STRING 8--a global view on
proteins and their functional interactions in 630 organisms. Nucleic Acids Res 37, D412-416.

https://doi.org/10.1093/nar/gkn760

Jiang, J., Zhu, Q., Gendron, T.F., Saberi, S., McAlonis-Downes, M., Seelman, A.,
Stauffer, J.E., Jafar-Nejad, P., Drenner, K., Schulte, D., Chun, S., Sun, S, Ling, S.-C., Myers, B.,
Engelhardt, J., Katz, M., Baughn, M., Platoshyn, O., Marsala, M., Watt, A., Heyser, C.J., Ard,
M.C., De Muynck, L., Daughrity, L.M., Swing, D.A., Tessarollo, L., Jung, C.J., Delpoux, A.,
Utzschneider, D.T., Hedrick, S.M., de Jong, P.J., Edbauer, D., Van Damme, P., Petrucelli, L.,
Shaw, C.E., Bennett, C.F., Da Cruz, S., Ravits, J., Rigo, F., Cleveland, D.W., Lagier-Tourenne, C.,
2016. Gain of Toxicity from ALS/FTD-Linked Repeat Expansions in C9ORF72 Is Alleviated by
Antisense Oligonucleotides Targeting GGGGCC-Containing RNAs. Neuron 90, 535-550.
https://doi.org/10.1016/j.neuron.2016.04.006

Jinek, M., Chylinski, K., Fonfara, |., Hauer, M., Doudna, J.A., Charpentier, E., 2012. A
programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science

337, 816—-821. https://doi.org/10.1126/science.1225829

Johann, S., Heitzer, M., Kanagaratnam, M., Goswami, A., Rizo, T., Weis, J., Troost, D.,

Beyer, C., 2015. NLRP3 inflammasome is expressed by astrocytes in the SOD1 mouse model

of ALS and in human sporadic ALS patients. Glia 63, 2260-2273.
https://doi.org/10.1002/glia.22891

152



Johansen, T., Lamark, T., 2020. Selective Autophagy: ATG8 Family Proteins, LIR Motifs
and Cargo Receptors. J Mol Biol 432, 80-103. https://doi.org/10.1016/j.jmb.2019.07.016

Jones, S.P., Franco, N.F., Varney, B., Sundaram, G., Brown, D.A., de Bie, J., Lim, C.K.,
Guillemin, G.J., Brew, B.J., 2015. Expression of the Kynurenine Pathway in Human Peripheral
Blood Mononuclear Cells: Implications for Inflammatory and Neurodegenerative Disease.

PLoS One 10, e0131389. https://doi.org/10.1371/journal.pone.0131389

Jung, C.H., Jun, C.B., Ro, S.-H., Kim, Y.-M., Otto, N.M., Cao, J., Kundu, M., Kim, D.-H.,
2009. ULK-Atg13-FIP200 complexes mediate mTOR signaling to the autophagy machinery.
Mol Biol Cell 20, 1992-2003. https://doi.org/10.1091/mbc.e08-12-1249

Kabashi, E., Brustein, E., Champagne, N., Drapeau, P., 2011. Zebrafish models for the
functional genomics of neurogenetic disorders. Biochim Biophys Acta 1812, 335-345.

https://doi.org/10.1016/j.bbadis.2010.09.011

Kabashi, E., Champagne, N., Brustein, E., Drapeau, P., 2010. In the swim of things:
recent insights to neurogenetic disorders from zebrafish. Trends Genet 26, 373-381.

https://doi.org/10.1016/j.tig.2010.05.004

Kabashi, E., Lin, L., Tradewell, M.L., Dion, P.A., Bercier, V., Bourgouin, P., Rochefort,
D., Bel Hadj, S., Durham, H.D., Vande Velde, C., Rouleau, G.A., Drapeau, P., 2010. Gain and
loss of function of ALS-related mutations of TARDBP (TDP-43) cause motor deficits in vivo.

Hum Mol Genet 19, 671-683. https://doi.org/10.1093/hmg/ddp534

Kabashi, E., Valdmanis, P.N., Dion, P., Spiegelman, D., McConkey, B.J., Vande Velde,
C., Bouchard, J.-P., Lacomblez, L., Pochigaeva, K., Salachas, F., Pradat, P.-F., Camu, W,,
Meininger, V., Dupre, N., Rouleau, G.A., 2008. TARDBP mutations in individuals with sporadic
and familial  amyotrophic  lateral  sclerosis. Nat Genet 40, 572-574.
https://doi.org/10.1038/ng.132

Kakarla, R., Hur, J.,, Kim, Y.J., Kim, J., Chwae, Y.-J., 2020. Apoptotic cell-derived
exosomes: messages from dying cells. Exp Mol Med 52, 1-6.

https://doi.org/10.1038/s12276-019-0362-8

Kamelgarn, M., Chen, J., Kuang, L., Arenas, A., Zhai, J., Zhu, H., Gal, J.,, 2016.

Proteomic analysis of FUS interacting proteins provides insights into FUS function and its role

153



in ALS. Biochim Biophys Acta 1862, 2004-2014.
https://doi.org/10.1016/j.bbadis.2016.07.015

Kanekura, K., Suzuki, H., Aiso, S., Matsuoka, M., 2009. ER stress and unfolded protein
response in  amyotrophic lateral sclerosis. Mol Neurobiol 39, 81-89.

https://doi.org/10.1007/s12035-009-8054-3

Kankel, M.W., Sen, A., Lu, L, Theodorou, M., Dimlich, D.N., McCampbell, A.,
Henderson, C.E., Shneider, N.A., Artavanis-Tsakonas, S., 2020. Amyotrophic Lateral Sclerosis
Modifiers in Drosophila Reveal the Phospholipase D Pathway as a Potential Therapeutic

Target. Genetics 215, 747-766. https://doi.org/10.1534/genetics.119.302985

Kano, O., Tanaka, K., Kanno, T., Iwasaki, Y., lkeda, J.-E., 2018. Neuronal apoptosis
inhibitory protein is implicated in amyotrophic lateral sclerosis symptoms. Sci Rep 8, 6.

https://doi.org/10.1038/s41598-017-18627-w

Kataoka, T., 2005. The caspase-8 modulator c-FLIP. Crit Rev Immunol 25, 31-58.
https://doi.org/10.1615/critrevimmunol.v25.i1.30

Kawai, T., Akira, S., 2006. TLR signaling. Cell Death Differ 13, 816-825.
https://doi.org/10.1038/sj.cdd.4401850

Kegel, M.E., Bhat, M., Skogh, E., Samuelsson, M., Lundberg, K., Dahl, M.-L., Sellgren,
C., Schwieler, L., Engberg, G., Schuppe-Koistinen, I., Erhardt, S., 2014. Imbalanced kynurenine
pathway in schizophrenia. Int J Tryptophan Res 7, 15-22.
https://doi.org/10.4137/1JTR.S16800

Kelly, G.L., Strasser, A., 2020. Toward Targeting Antiapoptotic MCL-1 for Cancer
Therapy. Annual Review of Cancer Biology 4, 299-313. https://doi.org/10.1146/annurev-
cancerbio-030419-033510

Kerr, J.F.R., Wyllie, A.H., Currie, A.R., 1972. Apoptosis: A Basic Biological Phenomenon

with Wide-ranging Implications in Tissue Kinetics. Br J Cancer 26, 239-257.

Khaspekov, L., Kida, E., Victorov, |., Mossakowski, M.J., 1989. Neurotoxic effect
induced by quinolinic acid in dissociated cell culture of mouse hippocampus. Journal of

Neuroscience Research 22, 150-157. https://doi.org/10.1002/jnr.490220207

154



Kiernan, M.C., Vucic, S., Cheah, B.C., Turner, M.R., Eisen, A., Hardiman, O., Burrell,
J.R., Zoing, M.C., 2011. Amyotrophic lateral sclerosis. The Lancet 377, 942-955.
https://doi.org/10.1016/5S0140-6736(10)61156-7

Kim, J.P.,, Choi, D.W., 1987. Quinolinate neurotoxicity in cortical cell culture.

Neuroscience 23, 423-432. https://doi.org/10.1016/0306-4522(87)90066-2

Kim, K., Lee, S.-G., Kegelman, T.P., Su, Z.-Z., Das, S.K., Dash, R., Dasgupta, S., Barral,
P.M., Hedvat, M., Diaz, P., Reed, J.C., Stebbins, J.L., Pellecchia, M., Sarkar, D., Fisher, P.B.,
2011. Role of Excitatory Amino Acid Transporter-2 (EAAT2) and glutamate in
neurodegeneration: Opportunities for developing novel therapeutics. Journal of Cellular

Physiology 226, 2484—2493. https://doi.org/10.1002/jcp.22609

Kim, K.Y., Kim, Y.R., Choi, K.W., Lee, M., Lee, S., Im, W, Shin, J.-Y., Kim, J.Y., Hong,
Y.H., Kim, M., Kim, J.-l., Sung, J.-J., 2020. Downregulated miR-18b-5p triggers apoptosis by
inhibition of calcium signaling and neuronal cell differentiation in transgenic SOD1 (G93A)
mice and SOD1 (G17S and G86S) ALS patients. Transl Neurodegener 9, 23.
https://doi.org/10.1186/s40035-020-00203-4

Kim, S.-M., Noh, M.-Y., Kim, H., Cheon, S.-Y., Lee, K.M., Lee, J., Cha, E., Park, K.S., Lee,
K.-W., Sung, J.-J., Kim, S.H., 2017. 25-Hydroxycholesterol is involved in the pathogenesis of
amyotrophic lateral sclerosis. Oncotarget 8, 11855-11867.
https://doi.org/10.18632/oncotarget.14416

Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., Schilling, T.F., 1995. Stages of
embryonic development of the =zebrafish. Developmental Dynamics 203, 253-310.

https://doi.org/10.1002/aja.1002030302

Kinoshita, T., 2016. Glycosylphosphatidylinositol (GPI) Anchors: Biochemistry and Cell
Biology: Introduction to a Thematic Review Series. J Lipid Res 57, 4-5.

https://doi.org/10.1194/jlr.E065417

Kinoshita, T., 2020 Biosynthesis and biology of mammalian GPl-anchored proteins.

Open Biology 10, 190290. https://doi.org/10.1098/rsob.190290

Kiriyama, Y., Nochi, H., 2015. The Function of Autophagy in Neurodegenerative
Diseases. Int J Mol Sci 16, 26797-26812. https://doi.org/10.3390/ijms161125990

155



Klein, C., Patte-Mensah, C., Taleb, O., Bourguignon, J.-J., Schmitt, M., Bihel, F., Maitre,
M., Mensah-Nyagan, A.G., 2013. The neuroprotector kynurenic acid increases neuronal cell
survival through neprilysin induction. Neuropharmacology 70, 254-260.

https://doi.org/10.1016/j.neuropharm.2013.02.006

Knafo, S., Prendergast, A., Thouvenin, O., Figueiredo, S.N., Wyart, C., 2017.
Bioluminescence Monitoring of Neuronal Activity in Freely Moving Zebrafish Larvae. Bio-

protocol 7, e2550—e2550.

Koriath, C.A.M., Bocchetta, M., Brotherhood, E., Woollacott, I.0.C., Norsworthy, P.,
Simén-Sanchez, J., Blauwendraat, C., Dick, K.M., Gordon, E., Harding, S.R., Fox, N.C., Crutch,
S., Warren, J.D., Revesz, T., Lashley, T., Mead, S., Rohrer, J.D., 2017. The clinical,
neuroanatomical, and neuropathologic phenotype of TBK1-associated frontotemporal
dementia: A longitudinal case report. Alzheimers Dement (Amst) 6, 75-81.

https://doi.org/10.1016/j.dadm.2016.10.003

Krishnan, J., Vannuvel, K., Andries, M., Waelkens, E., Robberecht, W., Van Den Bosch,
L., 2008. Over-expression of Hsp27 does not influence disease in the mutant SOD1G93A
mouse model of amyotrophic lateral sclerosis. Journal of Neurochemistry 106, 2170-2183.

https://doi.org/10.1111/j.1471-4159.2008.05545.x

Kubo, S., 2016. Membrane lipids as therapeutic targets for Parkinson’s disease: a
possible link between Lewy pathology and membrane lipids. Expert Opinion on Therapeutic

Targets 20, 1301-1310. https://doi.org/10.1517/14728222.2016.1086340

Kurihara, M., Bamba, S., Yasuhara, S., Itoh, A., Nagao, T., Nakanishi, N., Nakamura, R.,
Ogawa, N., Kitamura, A., Yamakawa, |., Kim, H., Sanada, M., Urushitani, M., Sasaki, M., 2021.
Factors Affecting Energy Metabolism and Prognosis in Patients with Amyotrophic Lateral

Sclerosis. ANM 77, 236-243. https://doi.org/10.1159/000518908

Kuwano, N., Kato, T.A., Setoyama, D., Sato-Kasai, M., Shimokawa, N., Hayakawa, K.,
Ohgidani, M., Sagata, N., Kubo, H., Kishimoto, J., Kang, D., Kanba, S., 2018. Tryptophan-
kynurenine and lipid related metabolites as blood biomarkers for first-episode drug-naive
patients with major depressive disorder: An exploratory pilot case-control study. J Affect

Disord 231, 74-82. https://doi.org/10.1016/j.jad.2018.01.014

156



Kwiatkowski, T.J., Bosco, D.A., Leclerc, A.L., Tamrazian, E., Vanderburg, C.R., Russ, C.,
Davis, A., Gilchrist, J., Kasarskis, E.J., Munsat, T., Valdmanis, P., Rouleau, G.A., Hosler, B.A.,,
Cortelli, P., de Jong, P.J., Yoshinaga, Y., Haines, J.L., Pericak-Vance, M.A., Yan, J., Ticozzi, N.,
Siddique, T., McKenna-Yasek, D., Sapp, P.C., Horvitz, H.R., Landers, J.E., Brown, R.H., 2009.
Mutations in the FUS/TLS gene on chromosome 16 cause familial amyotrophic lateral

sclerosis. Science 323, 1205-1208. https://doi.org/10.1126/science.1166066

Kyritsis, N., Kizil, C., Zocher, S., Kroehne, V., Kaslin, J., Freudenreich, D., lltzsche, A.,
Brand, M., 2012. Acute Inflammation Initiates the Regenerative Response in the Adult

Zebrafish Brain. Science 338, 1353—-1356. https://doi.org/10.1126/science.1228773

Labun, K., Montague, T.G., Krause, M., Torres Cleuren, Y.N., Tjeldnes, H., Valen, E.,
2019. CHOPCHOP v3: expanding the CRISPR web toolbox beyond genome editing. Nucleic
Acids Research 47, W171-W174. https://doi.org/10.1093/nar/gkz365

Lafont, E., Draber, P., Rieser, E., Reichert, M., Kupka, S., de Miguel, D., Draberova, H.,
von Massenhausen, A., Bhamra, A., Henderson, S., Wojdyla, K., Chalk, A., Surinova, S.,
Linkermann, A., Walczak, H., 2018. TBK1 and IKK? prevent TNF-induced cell death by RIPK1
phosphorylation. Nat Cell Biol 20, 1389-1399. https://doi.org/10.1038/s41556-018-0229-6

Lagier-Tourenne, C., Polymenidou, M., Hutt, K.R., Vu, A.Q., Baughn, M., Huelga, S.C,,
Clutario, K.M., Ling, S.-C., Liang, T.Y., Mazur, C., Wancewicz, E., Kim, A.S., Watt, A., Freier, S.,
Hicks, G.G., Donohue, J.P., Shiue, L., Bennett, C.F., Ravits, J., Cleveland, D.W., Yeo, G.W.,
2012. Divergent roles of ALS-linked proteins FUS/TLS and TDP-43 intersect in processing long
pre-mRNAs. Nat Neurosci 15, 1488-1497. https://doi.org/10.1038/nn.3230

Lamkanfi, M., Kanneganti, T.-D., 2010. Caspase-7: a protease involved in apoptosis
and inflammation. Int J Biochem Cell Biol 42, 21-24.

https://doi.org/10.1016/j.biocel.2009.09.013

LaMonte, B.H., Wallace, K.E., Holloway, B.A., Shelly, S.S., Ascafio, J., Tokito, M., Van
Winkle, T., Howland, D.S., Holzbaur, E.L.F., 2002. Disruption of dynein/dynactin inhibits
axonal transport in motor neurons causing late-onset progressive degeneration. Neuron 34,

715-727. https://doi.org/10.1016/s0896-6273(02)00696-7

157



Larabi, A., Devos, J.M., Ng, S.-L., Nanao, M.H., Round, A., Maniatis, T., Panne, D.,
2013. Crystal structure and mechanism of activation of TANK-binding kinase 1. Cell Rep 3,
734-746. https://doi.org/10.1016/j.celrep.2013.01.034

Lattante, S., de Calbiac, H., Le Ber, I., Brice, A., Ciura, S., Kabashi, E., 2015. Sgqstm1
knock-down causes a locomotor phenotype ameliorated by rapamycin in a zebrafish model

of ALS/FTLD. Hum Mol Genet 24, 1682-1690. https://doi.org/10.1093/hmg/ddu580

Laurien, L., Nagata, M., Schiinke, H., Delanghe, T., Wiederstein, J.L., Kumari, S.,
Schwarzer, R., Corona, T., Kriiger, M., Bertrand, M.J.M., Kondylis, V., Pasparakis, M., 2020.
Autophosphorylation at serine 166 regulates RIP kinase 1-mediated cell death and

inflammation. Nat Commun 11, 1747. https://doi.org/10.1038/s41467-020-15466-8

Le Ber, I., De Septenville, A., Millecamps, S., Camuzat, A., Caroppo, P., Couratier, P.,
Blanc, F., Lacomblez, L., Sellal, F., Fleury, M.-C., Meininger, V., Cazeneuve, C., Clot, F.,
Flabeau, O., LeGuern, E., Brice, A., French Clinical and Genetic Research Network on
FTLD/FTLD-ALS, 2015. TBK1 mutation frequencies in French frontotemporal dementia and
amyotrophic lateral sclerosis cohorts. Neurobiol Aging 36, 3116.e5-3116.e8.
https://doi.org/10.1016/j.neurobiolaging.2015.08.009

Lee, H., Lee, J.J., Park, N.Y., Dubey, S.K., Kim, T., Ruan, K., Lim, S.B., Park, S.-H., Ha, S.,
Kovlyagina, 1., Kim, K., Kim, S., Oh, Y., Kim, H., Kang, S.-U., Song, M.-R., Lloyd, T.E., Maragakis,
N.J., Hong, Y.B., Eoh, H., Lee, G., 2021. Multi-omic analysis of selectively vulnerable motor
neuron subtypes implicates altered lipid metabolism in ALS. Nat Neurosci 24, 1673-1685.
https://doi.org/10.1038/s41593-021-00944-z

Lee, J.-M., Tan, V., Lovejoy, D., Braidy, N., Rowe, D.B., Brew, B.J., Guillemin, G.J.,
2017. Involvement of quinolinic acid in the neuropathogenesis of amyotrophic lateral
sclerosis. Neuropharmacology, The Kynurenine Pathway in Health and Disease 112, 346—

364. https://doi.org/10.1016/j.neuropharm.2016.05.011

Lee, J.Y., Lee, J.D,, Phipps, S., Noakes, P.G., Woodruff, T.M., 2015. Absence of toll-like
receptor 4 (TLR4) extends survival in the hSOD1G93A mouse model of amyotrophic lateral
sclerosis. Journal of Neuroinflammation 12, 90. https://doi.org/10.1186/s12974-015-0310-z

158



Lee, Y., Morrison, B.M,, Li, Y., Lengacher, S., Farah, M.H., Hoffman, P.N., Liu, Y.,
Tsingalia, A., Jin, L., Zhang, P.-W., Pellerin, L., Magistretti, P.J., Rothstein, J.D., 2012.
Oligodendroglia metabolically support axons and contribute to neurodegeneration. Nature

487, 443-448. https://doi.org/10.1038/naturel11314

Lehmann, S., Esch, E., Hartmann, P., Goswami, A., Nikolin, S., Weis, J., Beyer, C.,
Johann, S., 2018. Expression profile of pattern recognition receptors in skeletal muscle of
SOD1(G93A) amyotrophic lateral sclerosis (ALS) mice and sporadic ALS patients. Neuropathol
Appl Neurobiol 44, 606—627. https://doi.org/10.1111/nan.12483

Leipnitz, G., Schumacher, C., Dalcin, K.B., Scussiato, K., Solano, A., Funchal, C., Dutra-
Filho, C.S., Wyse, A.T.S., Wannmacher, C.M.D., Latini, A., Wajner, M., 2007. In vitro evidence
for an antioxidant role of 3-hydroxykynurenine and 3-hydroxyanthranilic acid in the brain.

Neurochem Int 50, 83-94. https://doi.org/10.1016/j.neuint.2006.04.017

Lenzi, J., De Santis, R., de Turris, V., Morlando, M., Laneve, P., Calvo, A., Caliendo, V.,
Chio, A., Rosa, A., Bozzoni, I.,, 2015. ALS mutant FUS proteins are recruited into stress
granules in induced pluripotent stem cell-derived motoneurons. Dis Model Mech 8, 755—

766. https://doi.org/10.1242/dmm.020099

Lenzi, J., Pagani, F., De Santis, R., Limatola, C., Bozzoni, |., Di Angelantonio, S., Rosa,
A., 2016. Differentiation of control and ALS mutant human iPSCs into functional skeletal
muscle cells, a tool for the study of neuromuscolar diseases. Stem Cell Res 17, 140-147.

https://doi.org/10.1016/j.scr.2016.06.003

Leskeld, S., Huber, N., Hoffmann, D., Rostalski, H., Remes, A.M., Takalo, M., Hiltunen,
M., Haapasalo, A., 2021. Expression of C9orf72 hexanucleotide repeat expansion leads to
formation of RNA foci and dipeptide repeat proteins but does not influence autophagy or
proteasomal function in neuronal cells. Biochim Biophys Acta Mol Cell Res 1868, 119021.
https://doi.org/10.1016/j.bbamcr.2021.119021

Li, C., Zhu, Y., Chen, W,, Li, M., Yang, M., Shen, Z., Zhou, Y., Wang, L., Wang, H.,, Li, S,,
Ma, J.,, Gong, M., Xu, R., 2022. Circulating NAD+ Metabolism-Derived Genes Unveils
Prognostic and Peripheral Immune Infiltration in Amyotrophic Lateral Sclerosis. Front Cell

Dev Biol 10, 831273. https://doi.org/10.3389/fcell.2022.831273

159



Li, H., Zhu, H., Xu, C.J., Yuan, J., 1998. Cleavage of BID by caspase 8 mediates the
mitochondrial damage in the Fas pathway of apoptosis. Cell 94, 491-501.
https://doi.org/10.1016/s0092-8674(00)81590-1

Li, M., Ona, V.0., Guégan, C., Chen, M., Jackson-Lewis, V., Andrews, L.J., Olszewski,
A.l., Stieg, P.E., Lee, J.P., Przedborski, S., Friedlander, R.M., 2000. Functional role of caspase-
1 and caspase-3 in an ALS transgenic mouse model. Science 288, 335-339.

https://doi.org/10.1126/science.288.5464.335

Li, Q., Lu, Q., Hwang, J.Y., Bischer, D., Lee, K.-F., Izpisua-Belmonte, J.C., Verma, |.M.,
1999. IKK1-deficient mice exhibit abnormal development of skin and skeleton. Genes Dev.

13, 1322-1328.

Li, S., Wen, H., Du, S., 2020. Defective sarcomere organization and reduced larval
locomotion and fish survival in slow muscle heavy chain 1 (smyhcl) mutants. FASEB J 34,

1378-1397. https://doi.org/10.1096/fj.201900935RR

Liachko, N.F., Saxton, A.D., McMillan, P.J., Strovas, T.J., Currey, H.N., Taylor, L.M.,
Wheeler, J.M., Oblak, A.L., Ghetti, B., Montine, T.J., Keene, C.D., Raskind, M.A., Bird, T.D.,
Kraemer, B.C., 2016. The phosphatase calcineurin regulates pathological TDP-43
phosphorylation. Acta Neuropathol 132, 545-561. https://doi.org/10.1007/s00401-016-
1600-y

Liao, B., Zhao, W., Beers, D.R., Henkel, J.S., Appel, S.H., 2012. Transformation from a
neuroprotective to a neurotoxic microglial phenotype in a mouse model of ALS. Exp Neurol

237, 147-152. https://doi.org/10.1016/j.expneurol.2012.06.011

Liao, D., Sun, L., Liu, W., He, S., Wang, X., Lei, X., 2014. Necrosulfonamide inhibits
necroptosis by selectively targeting the mixed lineage kinase domain-like protein. Med.

Chem. Commun. 5, 333-337. https://doi.org/10.1039/C3MD00278K

Lim, C.K., Bilgin, A., Lovejoy, D.B., Tan, V., Bustamante, S., Taylor, B.V., Bessede, A.,
Brew, B.J., Guillemin, G.J., 2017. Kynurenine pathway metabolomics predicts and provides
mechanistic insight into multiple sclerosis progression. Sci Rep 7, 41473.

https://doi.org/10.1038/srep41473

160



Ling, S.-C., Polymenidou, M., Cleveland, D.W., 2013. Converging mechanisms in ALS
and FTD: Disrupted RNA and protein homeostasis. Neuron 79, 416-438.
https://doi.org/10.1016/j.neuron.2013.07.033

Liston, P., Roy, N., Tamai, K., Lefebvre, C., Baird, S., Cherton-Horvat, G., Farahani, R.,
McLean, M., lkeda, J.E., MacKenzie, A., Korneluk, R.G., 1996. Suppression of apoptosis in
mammalian cells by NAIP and a related family of IAP genes. Nature 379, 349-353.
https://doi.org/10.1038/379349a0

Liu, S., Cai, X., Wuy, J., Cong, Q., Chen, X,, Li, T., Du, F., Ren, J., Wu, Y.-T., Grishin, N.V.,
Chen, Z.J., 2015. Phosphorylation of innate immune adaptor proteins MAVS, STING, and TRIF
induces IRF3 activation. Science 347, aaa2630. https://doi.org/10.1126/science.aaa2630

Liu, T., Zhang, L., Joo, D., Sun, S.-C., 2017. NF-?B signaling in inflammation. Sig
Transduct Target Ther 2, 1-9. https://doi.org/10.1038/sigtrans.2017.23

Lizarraga-Valderrama, L.R., Sheridan, G.K., 2021. Extracellular vesicles and
intercellular communication in the central nervous system. FEBS Letters 595, 1391-1410.

https://doi.org/10.1002/1873-3468.14074

Logroscino, G., Traynor, B.J., Hardiman, O., Chio, A., Mitchell, D., Swingler, R.J., Millul,
A., Benn, E., Beghi, E., EURALS, 2010. Incidence of amyotrophic lateral sclerosis in Europe. J
Neurol Neurosurg Psychiatry 81, 385—-390. https://doi.org/10.1136/jnnp.2009.183525

Longinetti, E., Fang, F., 2019. Epidemiology of amyotrophic lateral sclerosis: an
update of recent literature. Curr Opin Neurol 32, 771-776.
https://doi.org/10.1097/WC0.0000000000000730

Ludolph, A.C., Langen, K.J., Regard, M., Herzog, H., Kemper, B., Kuwert, T., Bottger,
I.G., Feinendegen, L., 1992. Frontal lobe function in amyotrophic lateral sclerosis: a
neuropsychologic and positron emission tomography study. Acta Neurologica Scandinavica

85, 81-89. https://doi.org/10.1111/j.1600-0404.1992.tb04003.x

Luo, W., Pant, G., Bhavnasi, Y.K., Blanchard, S.G., Brouwer, C., 2017. Pathview Web:
user friendly pathway visualization and data integration. Nucleic Acids Res 45, W501-W508.
https://doi.org/10.1093/nar/gkx372

161



Luo, X., Budihardjo, I., Zou, H., Slaughter, C., Wang, X., 1998. Bid, a Bcl2 interacting
protein, mediates cytochrome c release from mitochondria in response to activation of cell

surface death receptors. Cell 94, 481-490. https://doi.org/10.1016/s0092-8674(00)81589-5

MacGillivray, D.M., Kollmann, T.R., 2014. The role of environmental factors in
modulating  immune responses in early life. Front Immunol 5, 434.

https://doi.org/10.3389/fimmu.2014.00434

Mackay, G.M., Zheng, L., van den Broek, N.J.F., Gottlieb, E., 2015. Analysis of Cell
Metabolism Using LC-MS and Isotope Tracers. Methods Enzymol 561, 171-196.
https://doi.org/10.1016/bs.mie.2015.05.016

Mackenzie, I.R.A., Rademakers, R., 2008. The role of TDP-43 in amyotrophic lateral
sclerosis and frontotemporal dementia. Curr Opin  Neurol 21, 693-700.

https://doi.org/10.1097/WC0.0b013e3283168d1d

Magrané, J., Cortez, C., Gan, W.-B., Manfredi, G., 2014. Abnormal mitochondrial
transport and morphology are common pathological denominators in SOD1 and TDP43 ALS

mouse models. Hum Mol Genet 23, 1413-1424. https://doi.org/10.1093/hmg/ddt528

Mai, C.T., Le, Q.G., Ishiwata-Kimata, Y., Takagi, H., Kohno, K., Kimata, Y., 2018. 4-
Phenylbutyrate suppresses the unfolded protein response without restoring protein folding

in Saccharomyces cerevisiae. FEMS Yeast Res 18. https://doi.org/10.1093/femsyr/foy016

Majounie, E., Renton, A.E., Mok, K., Dopper, E.G.P., Waite, A., Rollinson, S., Chio, A.,
Restagno, G., Nicolaou, N., Simon-Sanchez, J., van Swieten, J.C., Abramzon, Y., Johnson, J.O.,
Sendtner, M., Pamphlett, R., Orrell, R.W., Mead, S., Sidle, K.C., Houlden, H., Rohrer, J.D.,
Morrison, K.E., Pall, H., Talbot, K., Ansorge, O., Chromosome 9-ALS/FTD Consortium, French
research network on FTLD/FTLD/ALS, ITALSGEN Consortium, Hernandez, D.G., Arepalli, S.,
Sabatelli, M., Mora, G., Corbo, M., Giannini, F., Calvo, A., Englund, E., Borghero, G., Floris,
G.L., Remes, A.M., Laaksovirta, H., McCluskey, L., Trojanowski, J.Q., Van Deerlin, V.M,,
Schellenberg, G.D., Nalls, M.A., Drory, V.E., Lu, C.-S., Yeh, T.-H., Ishiura, H., Takahashi, Y.,
Tsuji, S., Le Ber, 1., Brice, A., Drepper, C., Williams, N., Kirby, J., Shaw, P., Hardy, J., Tienari,
P.J., Heutink, P., Morris, H.R., Pickering-Brown, S., Traynor, B.J., 2012. Frequency of the

C90rf72 hexanucleotide repeat expansion in patients with amyotrophic lateral sclerosis and

162



frontotemporal dementia: a cross-sectional study. Lancet Neurol 11, 323-330.

https://doi.org/10.1016/S1474-4422(12)70043-1

Manjaly, Z.R., Scott, K.M., Abhinav, K., Wijesekera, L., Ganesalingam, J., Goldstein,
L.H., Janssen, A., Dougherty, A., Willey, E., Stanton, B.R., Turner, M.R., Ampong, M.-A., Sakel,
M., Orrell, R.W., Howard, R., Shaw, C.E., Leigh, P.N., Al-Chalabi, A., 2010. The sex ratio in
amyotrophic lateral sclerosis: A population based study. Amyotroph Lateral Scler 11, 439—-

442. https://doi.org/10.3109/17482961003610853

Manzo, E., Lorenzini, |., Barrameda, D., O’Conner, A.G., Barrows, J.M., Starr, A,,
Kovalik, T., Rabichow, B.E., Lehmkuhl, E.M., Shreiner, D.D., Joardar, A., Liévens, J.-C., Bowser,
R., Sattler, R., Zarnescu, D.C., 2019. Glycolysis upregulation is neuroprotective as a

compensatory mechanism in ALS. eLife 8, e45114. https://doi.org/10.7554/elife.45114

Marin, B., Boumédiene, F., Logroscino, G., Couratier, P., Babron, M.-C., Leutenegger,
A.L.,, Copetti, M., Preux, P.-M., Beghi, E., 2017. Variation in worldwide incidence of
amyotrophic lateral sclerosis: a meta-analysis. Int J Epidemiol 46, 57-74.

https://doi.org/10.1093/ije/dyw061

Marrone, L., Drexler, H.C.A., Wang, J., Tripathi, P., Distler, T., Heisterkamp, P.,
Anderson, E.N., Kour, S., Moraiti, A., Maharana, S., Bhatnagar, R., Belgard, T.G., Tripathy, V.,
Kalmbach, N., Hosseinzadeh, Z., Crippa, V., Abo-Rady, M., Wegner, F., Poletti, A., Troost, D.,
Aronica, E., Busskamp, V., Weis, J., Pandey, U.B., Hyman, A.A,, Alberti, S., Goswami, A,
Sterneckert, J., 2019. FUS pathology in ALS is linked to alterations in multiple ALS-associated
proteins and rescued by drugs stimulating autophagy. Acta Neuropathol 138, 67-84.
https://doi.org/10.1007/s00401-019-01998-x

Martin, LJ., 1999. Neuronal death in amyotrophic lateral sclerosis is apoptosis:
possible contribution of a programmed cell death mechanism. J Neuropathol Exp Neurol 58,

459-471. https://doi.org/10.1097/00005072-199905000-00005

Martin, L.J., Al-Abdulla, N.A., Brambrink, A.M., Kirsch, J.R., Sieber, F.E., Portera-
Cailliau, C., 1998. Neurodegeneration in Excitotoxicity, Global Cerebral Ischemia, and Target
Deprivation: A Perspective on the Contributions of Apoptosis and Necrosis. Brain Research

Bulletin 46, 281-309. https://doi.org/10.1016/50361-9230(98)00024-0

163



Martin, N.R.W., Passey, S.L., Player, D.J., Mudera, V., Baar, K., Greensmith, L., Lewis,
M.P., 2015. Neuromuscular Junction Formation in Tissue-Engineered Skeletal Muscle
Augments Contractile Function and Improves Cytoskeletal Organization. Tissue Eng Part A

21, 2595-2604. https://doi.org/10.1089/ten.TEA.2015.0146

Martin-Villanueva, S., Gutiérrez, G., Kressler, D., de la Cruz, J., 2021. Ubiquitin and
Ubiquitin-Like Proteins and Domains in Ribosome Production and Function: Chance or
Necessity? International Journal of Molecular Sciences 22, 4359.

https://doi.org/10.3390/ijms22094359

Masrori, P., Van Damme, P., 2020. Amyotrophic lateral sclerosis: a clinical review. Eur

J Neurol 27, 1918-1929. https://doi.org/10.1111/ene.14393

Mathis, S., Goizet, C., Soulages, A., Vallat, J.-M., Masson, G.L., 2019. Genetics of
amyotrophic  lateral sclerosis: A review. J Neurol Sci 399, 217-226.

https://doi.org/10.1016/j.jns.2019.02.030

Mattiazzi, M., D’Aurelio, M., Gajewski, C.D., Martushova, K., Kiaei, M., Beal, M.F.,
Manfredi, G., 2002. Mutated human SOD1 causes dysfunction of oxidative phosphorylation
in  mitochondria of transgenic mice. J Biol Chem 277, 29626-29633.
https://doi.org/10.1074/jbc.M203065200

Maury, Y., Come, J., Piskorowski, R.A., Salah-Mohellibi, N., Chevaleyre, V., Peschanski,
M., Martinat, C., Nedelec, S., 2015. Combinatorial analysis of developmental cues efficiently
converts human pluripotent stem cells into multiple neuronal subtypes. Nat Biotechnol 33,

89-96. https://doi.org/10.1038/nbt.3049

McAlary, L., Plotkin, S.S., Yerbury, J.J., Cashman, N.R., 2019. Prion-Like Propagation of
Protein Misfolding and Aggregation in Amyotrophic Lateral Sclerosis. Front Mol Neurosci 12,

262. https://doi.org/10.3389/fnmol.2019.00262

McCombe, P.A., Henderson, R.D., 2011. The Role of immune and inflammatory
mechanisms in ALS. Curr Mol Med 11, 246-254.
https://doi.org/10.2174/156652411795243450

McCombe, P.A., Ngo, S.T., Guo, C.C., Fazlollahi, A., Bollmann, S., Wang, L., Hu, X.,
Barth, M., Salvado, O., Davis, M., Ceslis, A., Robinson, G., Henderson, R.D., Steyn, F.J., 2019.

164



Patient with ALS with a novel TBK1 mutation, widespread brain involvement, behaviour
changes and metabolic dysfunction. J Neurol Neurosurg Psychiatry 90, 952-954.
https://doi.org/10.1136/jnnp-2018-318823

McDonald, T.S., Kumar, V., Fung, J.N., Woodruff, T.M., Lee, J.D., 2021. Glucose
clearance and uptake is increased in the SOD1G93A mouse model of amyotrophic lateral
sclerosis through an insulin-independent mechanism. FASEB J 35, e21707.

https://doi.org/10.1096/fj.202002450R

McGurk, L., Berson, A., Bonini, N.M., 2015. Drosophila as an In Vivo Model for Human
Neurodegenerative Disease. Genetics 201, 377-402.
https://doi.org/10.1534/genetics.115.179457

McWhirter, S.M., Fitzgerald, K.A., Rosains, J., Rowe, D.C., Golenbock, D.T., Maniatis,
T., 2004. IFN-regulatory factor 3-dependent gene expression is defective in Tbk1-deficient
mouse embryonic fibroblasts. Proc Natl Acad Sci U S A 101, 233-238.
https://doi.org/10.1073/pnas.2237236100

Medchalmi, S., Tare, P., Sayyad, Z., Swarup, G., 2021. A glaucoma- and ALS-associated
mutant of OPTN induces neuronal cell death dependent on Tbk1 activity, autophagy and ER
stress. FEBS J 288, 4576—4595. https://doi.org/10.1111/febs.15752

Mesev, E.V., LeDesma, R.A., Ploss, A., 2019. Decoding type | and Il interferon
signalling during viral infection. Nat Microbiol 4, 914-924. https://doi.org/10.1038/s41564-
019-0421-x

Miller, T.M., Cudkowicz, M.E., Genge, A., Shaw, P.J., Sobue, G., Bucelli, R.C., Chio, A.,
Van Damme, P., Ludolph, A.C,, Glass, J.D., Andrews, J.A., Babu, S., Benatar, M., McDermott,
C.J., Cochrane, T., Chary, S., Chew, S., Zhu, H., Wu, F., Nestorov, |.,, Graham, D., Sun, P.,
McNeill, M., Fanning, L., Ferguson, T.A., Fradette, S., VALOR and OLE Working Group, 2022.
Trial of Antisense Oligonucleotide Tofersen for SOD1 ALS. N Engl J Med 387, 1099-1110.
https://doi.org/10.1056/NEJM0a2204705

Mizielinska, S., Gronke, S., Niccoli, T., Ridler, C.E., Clayton, E.L., Devoy, A., Moens, T.,
Norona, F.E., Woollacott, 1.0.C., Pietrzyk, J., Cleverley, K., Nicoll, A.J., Pickering-Brown, S.,
Dols, J., Cabecinha, M., Hendrich, O., Fratta, P., Fisher, E.M.C., Partridge, L., Isaacs, A.M.,,

165



2014. C9orf72 repeat expansions cause neurodegeneration in Drosophila through arginine-

rich proteins. Science 345, 1192-1194. https://doi.org/10.1126/science.1256800

Mizuno, Y., Amari, M., Takatama, M., Aizawa, H., Mihara, B., Okamoto, K., 2006.
Immunoreactivities of p62, an ubiqutin-binding protein, in the spinal anterior horn cells of
patients with amyotrophic lateral sclerosis. J Neurol Sci 249, 13-18.

https://doi.org/10.1016/j.jns.2006.05.060

Mizushima, N., Noda, T., Yoshimori, T., Tanaka, Y., Ishii, T., George, M.D., Klionsky,
D.J., Ohsumi, M., Ohsumi, Y., 1998. A protein conjugation system essential for autophagy.
Nature 395, 395-398. https://doi.org/10.1038/26506

Moffett, J.R., Arun, P., Puthillathu, N., Vengilote, R., lves, J.A., Badawy, A.A.-B.,
Namboodiri, A.M., 2020. Quinolinate as a Marker for Kynurenine Metabolite Formation and
the Unresolved Question of NAD+ Synthesis During Inflammation and Infection. Front

Immunol 11, 31. https://doi.org/10.3389/fimmu.2020.00031

Moore, S., Alsop, E., Lorenzini, |., Starr, A., Rabichow, B.E., Mendez, E., Levy, J.L.,
Burciu, C., Reiman, R., Chew, J., Belzil, V.V., W. Dickson, D., Robertson, J., Staats, K.A., Ichida,
J.K., Petrucelli, L., Van Keuren-Jensen, K., Sattler, R., 2019. ADAR2 mislocalization and
widespread RNA editing aberrations in C9orf72-mediated ALS/FTD. Acta Neuropathol 138,
49-65. https://doi.org/10.1007/s00401-019-01999-w

Mori, K., Weng, S.-M., Arzberger, T., May, S., Rentzsch, K., Kremmer, E., Schmid, B.,
Kretzschmar, H.A., Cruts, M., Van Broeckhoven, C., Haass, C., Edbauer, D., 2013. The C9orf72
GGGGCC repeat is translated into aggregating dipeptide-repeat proteins in FTLD/ALS.
Science 339, 1335-1338. https://doi.org/10.1126/science.1232927

Morita, M., Al-Chalabi, A., Andersen, P.M., Hosler, B., Sapp, P., Englund, E., Mitchell,
J.E., Habgood, J.J., de Belleroche, J., Xi, J., Jongjaroenprasert, W., Horvitz, H.R., Gunnarsson,
L.-G., Brown, R.H., 2006. A locus on chromosome 9p confers susceptibility to ALS and
frontotemporal dementia. Neurology 66, 839-844.
https://doi.org/10.1212/01.wnl.0000200048.53766.b4

Moérotz, G.M., De Vos, K.J., Vagnoni, A., Ackerley, S., Shaw, C.E., Miller, C.C.J., 2012.

Amyotrophic lateral sclerosis-associated mutant VAPBP56S perturbs calcium homeostasis to

166



disrupt axonal transport of mitochondria. Hum Mol Genet 21, 1979-1988.
https://doi.org/10.1093/hmg/dds011

Morris, G., Walker, A.l., Berk, M., Maes, M., Puri, B.K., 2018. Cell Death Pathways: a
Novel Therapeutic Approach for Neuroscientists. Mol Neurobiol 55, 5767-5786.
https://doi.org/10.1007/s12035-017-0793-y

Mosallanejad, K., Kagan, J.C., 2022. Control of innate immunity by the cGAS-STING
pathway. Immunology & Cell Biology 100, 409-423. https://doi.org/10.1111/imcb.12555

Moujalled, D., Strasser, A., Liddell, J.R., 2021. Molecular mechanisms of cell death in
neurological diseases. Cell Death Differ 28, 2029-2044. https://doi.org/10.1038/s41418-021-
00814-y

Mozaffarieh, M., Grieshaber, M.C., Flammer, J., 2008. Oxygen and blood flow: players
in the pathogenesis of glaucoma. Mol Vis 14, 224-233.

Mu, X., He, J., Anderson, D.W., Springer, J.E., Trojanowski, J.Q., 1996. Altered
expression of bcl-2 and bax mRNA in amyotrophic lateral sclerosis spinal cord motor

neurons. Annals of Neurology 40, 379-386. https://doi.org/10.1002/ana.410400307

Midiller, C.P., Reichel, M., Mihle, C., Rhein, C., Gulbins, E., Kornhuber, J., 2015. Brain
membrane lipids in major depression and anxiety disorders. Biochimica et Biophysica Acta
(BBA) - Molecular and Cell Biology of Lipids, Brain Lipids 1851, 1052-1065.
https://doi.org/10.1016/j.bbalip.2014.12.014

Minch, C., O’Brien, J., Bertolotti, A., 2011. Prion-like propagation of mutant
superoxide dismutase-1 misfolding in neuronal cells. Proc Natl Acad Sci U S A 108, 3548—

3553. https://doi.org/10.1073/pnas.1017275108

Munoz, M.C., Giani, J.F., Mayer, M.A., Toblli, J.E., Turyn, D., Dominici, F.P., 2009.
TANK-binding kinase 1 mediates phosphorylation of insulin receptor at serine residue 994: a
potential link between inflammation and insulin resistance. J Endocrinol 201, 185-197.

https://doi.org/10.1677/J0OE-08-0276

Murakami, T., Yang, S.-P., Xie, L., Kawano, T., Fu, D., Mukai, A., Bohm, C., Chen, F.,

Robertson, J., Suzuki, H., Tartaglia, G.G., Vendruscolo, M., Kaminski Schierle, G.S., Chan,

167



F.T.S., Moloney, A., Crowther, D., Kaminski, C.F., Zhen, M., St George-Hyslop, P., 2012. ALS
mutations in FUS cause neuronal dysfunction and death in Caenorhabditis elegans by a
dominant gain-of-function mechanism. Hum Mol Genet 21, 1-9.

https://doi.org/10.1093/hmg/ddr417

Murphy, J.M., Czabotar, P.E., Hildebrand, J.M., Lucet, |.S., Zhang, J.-G., Alvarez-Diaz,
S., Lewis, R., Lalaoui, N., Metcalf, D., Webb, A.l., Young, S.N., Varghese, L.N., Tannahill, G.M.,,
Hatchell, E.C., Majewski, I.J., Okamoto, T., Dobson, R.C.J., Hilton, D.J., Babon, J.J., Nicola,
N.A., Strasser, A., Silke, J., Alexander, W.S., 2013. The pseudokinase MLKL mediates
necroptosis via a molecular switch mechanism. Immunity 39, 443-453.

https://doi.org/10.1016/j.immuni.2013.06.018

Myers, P., Eisen, J., Westerfield, M., 1986. Development and axonal outgrowth of
identified motoneurons in  the  zebrafish. . Neurosci. 6, 2278-2289.

https://doi.org/10.1523/INEUROSCI.06-08-02278.1986

Nagai, M., Re, D.B., Nagata, T., Chalazonitis, A., Jessell, T.M., Wichterle, H.,
Przedborski, S., 2007. Astrocytes expressing ALS-linked mutated SOD1 release factors
selectively toxic to motor neurons. Nat Neurosci 10, 615—622.

https://doi.org/10.1038/nn1876

Nakamura, R., Kurihara, M., Ogawa, N., Kitamura, A., Yamakawa, |., Bamba, S.,
Sanada, M., Sasaki, M., Urushitani, M., 2022. Investigation of the prognostic predictive value
of serum lipid profiles in amyotrophic lateral sclerosis: roles of sex and hypermetabolism. Sci

Rep 12, 1826. https://doi.org/10.1038/s41598-022-05714-w

Nakashima, H., Nguyen, T., Goins, W.F., Chiocca, E.A., 2015. Interferon-stimulated
Gene 15 (ISG15) and ISG15-linked Proteins Can Associate with Members of the Selective
Autophagic Process, Histone Deacetylase 6 (HDAC6) and SQSTM1/p62 *. Journal of Biological
Chemistry 290, 1485-1495. https://doi.org/10.1074/jbc.M114.593871

Neumann, M., Sampathu, D.M., Kwong, L.K., Truax, A.C., Micsenyi, M.C., Chou, T.T.,

Bruce, J., Schuck, T., Grossman, M., Clark, C.M., McCluskey, L.F., Miller, B.L., Masliah, E.,

Mackenzie, I.R., Feldman, H., Feiden, W., Kretzschmar, H.A., Trojanowski, J.Q., Lee, V.M.-Y.,

2006. Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic lateral
sclerosis. Science 314, 130-133. https://doi.org/10.1126/science.1134108

168



Ngo, S.T., van Eijk, R.P.A., Chachay, V., van den Berg, L.H., McCombe, P.A.,
Henderson, R.D., Steyn, F.J., 2019. Loss of appetite is associated with a loss of weight and fat
mass in patients with amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis and
Frontotemporal Degeneration 20, 497-505.
https://doi.org/10.1080/21678421.2019.1621346

Niccoli, T., Partridge, L., Isaacs, A.M., 2017. Ageing as a risk factor for ALS/FTD. Hum
Mol Genet 26, R105—R113. https://doi.org/10.1093/hmg/ddx247

Nishitoh, H., Kadowaki, H., Nagai, A., Maruyama, T., Yokota, T., Fukutomi, H.,
Noguchi, T., Matsuzawa, A., Takeda, K., Ichijo, H., 2008. ALS-linked mutant SOD1 induces ER
stress- and ASK1-dependent motor neuron death by targeting Derlin-1. Genes Dev 22, 1451
1464. https://doi.org/10.1101/gad.1640108

Nivon, M., Fort, L., Muller, P., Richet, E., Simon, S., Guey, B., Fournier, M., Arrigo, A.-
P., Hetz, C., Atkin, J.D., Kretz-Remy, C., 2016. NF?B is a central regulator of protein quality
control in response to protein aggregation stresses via autophagy modulation. MBoC 27,

1712-1727. https://doi.org/10.1091/mbc.e15-12-0835

O’Donnell, M.A., Perez-Jimenez, E., Oberst, A., Ng, A., Massoumi, R., Xavier, R,,
Green, D.R,, Ting, A.T., 2011. Caspase 8 inhibits programmed necrosis by processing CYLD.
Nat Cell Biol 13, 1437-1442. https://doi.org/10.1038/ncb2362

O’Rourke, J.G., Bogdanik, L., Yafiez, A,, Lall, D., Wolf, A.J., Muhammad, A.K.M.G., Ho,
R., Carmona, S., Vit, J.P., Zarrow, J., Kim, K.J., Bell, S., Harms, M.B., Miller, T.M., Dangler, C.A,,
Underhill, D.M., Goodridge, H.S., Lutz, C.M., Baloh, R.H., 2016. C90rf72 is required for proper
macrophage and microglial function in  mice. Science 351, 1324-1329.

https://doi.org/10.1126/science.aaf1064

Oakes, J.A., Davies, M.C., Collins, M.O., 2017. TBK1: a new player in ALS linking
autophagy and neuroinflammation. Mol Brain 10, 5. https://doi.org/10.1186/s13041-017-
0287-x

Obrador, E., Salvador, R., Marchio, P., Lépez-Blanch, R., Jihad-Jebbar, A., Rivera, P.,
Vallés, S.L., Banacloche, S., Alcacer, J., Colomer, N., Coronado, J.A., Alandes, S., Drehmer, E.,

Benlloch, M., Estrela, J.M., 2021. Nicotinamide Riboside and Pterostilbene Cooperatively

169



Delay Motor Neuron Failure in ALS SOD1G93A Mice. Mol Neurobiol 58, 1345-1371.
https://doi.org/10.1007/s12035-020-02188-7

Obrador, E., Salvador-Palmer, R., Lépez-Blanch, R., Dellinger, R.W., Estrela, J.M,,
2021. NAD+ Precursors and Antioxidants for the Treatment of Amyotrophic Lateral Sclerosis.

Biomedicines 9, 1000. https://doi.org/10.3390/biomedicines9081000

Oeckinghaus, A., Ghosh, S., 2009. The NF-kappaB family of transcription factors and
its regulation. Cold Spring Harb Perspect Biol 1, a000034.
https://doi.org/10.1101/cshperspect.a000034

Oeda, T., Shimohama, S., Kitagawa, N., Kohno, R., Imura, T., Shibasaki, H., Ishii, N.,
2001. Oxidative stress causes abnormal accumulation of familial amyotrophic lateral
sclerosis-related mutant SOD1 in transgenic Caenorhabditis elegans. Hum Mol Genet 10,

2013-2023. https://doi.org/10.1093/hmg/10.19.2013

Ofengeim, D., Yuan, J., 2013. Regulation of RIP1 kinase signalling at the crossroads of
inflammation and cell death. Nat Rev Mol Cell Biol 14, 727-736.
https://doi.org/10.1038/nrm3683

Ohnmacht, J., Yang, Y., Maurer, G.W., Barreiro-Iglesias, A., Tsarouchas, T.M., Wehner,
D., Sieger, D., Becker, C.G., Becker, T., 2016. Spinal motor neurons are regenerated after
mechanical lesion and genetic ablation in larval zebrafish. Development 143, 1464-1474.

https://doi.org/10.1242/dev.129155

Okamoto, K., Hirai, S., Shoji, M., Senoh, Y., Yamazaki, T., 1990. Axonal swellings in the
corticospinal tracts in amyotrophic lateral sclerosis. Acta Neuropathol 80, 222-226.

https://doi.org/10.1007/BF00308929

Okuda, S., Nishiyama, N., Saito, H., Katsuki, H., 1998. 3-Hydroxykynurenine, an
endogenous oxidative stress generator, causes neuronal cell death with apoptotic features
and region selectivity. J Neurochem 70, 299-307. https://doi.org/10.1046/j.1471-
4159.1998.70010299.x

Oskarsson, B., Horton, D.K., Mitsumoto, H., 2015. Potential Environmental Factors in
Amyotrophic Lateral Sclerosis. Neurol Clin 33, 877-888.
https://doi.org/10.1016/j.ncl.2015.07.009

170



Ott, C., Konig, J., Hohn, A., Jung, T., Grune, T., 2016. Macroautophagy is impaired in
old murine brain tissue as well as in senescent human fibroblasts. Redox Biol 10, 266—273.

https://doi.org/10.1016/j.redox.2016.10.015

Ou, Y.-H., Torres, M., Ram, R., Formstecher, E., Roland, C., Cheng, T., Brekken, R.,
Wurz, R., Tasker, A., Polverino, T., Tan, S.-L., White, M.A., 2011. TBK1 directly engages
Akt/PKB survival signaling to support oncogenic transformation. Mol Cell 41, 458-470.
https://doi.org/10.1016/j.molcel.2011.01.019

Paganoni, S., Hendrix, S., Dickson, S.P., Knowlton, N., Macklin, E.A., Berry, J.D., Elliott,
M.A., Maiser, S., Karam, C., Caress, J.B., Owegi, M.A., Quick, A., Wymer, J., Goutman, S.A.,
Heitzman, D., Heiman-Patterson, T.D., Jackson, C.E., Quinn, C., Rothstein, J.D., Kasarskis, E.J.,
Katz, J., Jenkins, L., Ladha, S., Miller, T.M., Scelsa, S.N., Vu, T.H., Fournier, C.N., Glass, J.D.,
Johnson, K.M., Swenson, A., Goyal, N.A,, Pattee, G.L., Andres, P.L., Babu, S., Chase, M.,
Dagostino, D., Hall, M., Kittle, G., Eydinov, M., McGovern, M., Ostrow, J., Pothier, L., Randall,
R., Shefner, J.M., Sherman, A.V., St Pierre, M.E., Tustison, E., Vigneswaran, P., Walker, J., Yu,
H., Chan, J., Wittes, J., Yu, Z.-F., Cohen, J., Klee, J., Leslie, K., Tanzi, R.E., Gilbert, W.,
Yeramian, P.D., Schoenfeld, D., Cudkowicz, M.E., 2021. Long-term survival of participants in
the CENTAUR trial of sodium phenylbutyrate-taurursodiol in amyotrophic lateral sclerosis.

Muscle Nerve 63, 31-39. https://doi.org/10.1002/mus.27091

Paganoni, S., Macklin, E.A., Hendrix, S., Berry, J.D., Elliott, M.A., Maiser, S., Karam, C.,
Caress, J.B., Owegi, M.A., Quick, A., Wymer, J.,, Goutman, S.A., Heitzman, D., Heiman-
Patterson, T., Jackson, C.E., Quinn, C., Rothstein, J.D., Kasarskis, E.J., Katz, J., Jenkins, L.,
Ladha, S., Miller, T.M., Scelsa, S.N., Vu, T.H., Fournier, C.N., Glass, J.D., Johnson, K.M.,
Swenson, A., Goyal, N.A., Pattee, G.L., Andres, P.L.,, Babu, S., Chase, M., Dagostino, D.,
Dickson, S.P., Ellison, N., Hall, M., Hendrix, K., Kittle, G., McGovern, M., Ostrow, J., Pothier, L.,
Randall, R., Shefner, J.M., Sherman, A.V., Tustison, E., Vigneswaran, P., Walker, J., Yu, H.,
Chan, J., Wittes, J., Cohen, J., Klee, J., Leslie, K., Tanzi, R.E., Gilbert, W., Yeramian, P.D.,
Schoenfeld, D., Cudkowicz, M.E., 2020. Trial of Sodium Phenylbutyrate—Taurursodiol for
Amyotrophic Lateral Sclerosis. New England Journal of Medicine 383, 919-930.
https://doi.org/10.1056/NEJM0a1916945

171



Pal, A., Kretner, B., Abo-Rady, M., Gla?, H., Dash, B.P.,, Naumann, M., Japtok, J.,
Kreiter, N., Dhingra, A., Heutink, P., Bockers, T.M., Glinther, R., Sterneckert, J., Hermann, A,,
2021. Concomitant gain and loss of function pathomechanisms in C9ORF72 amyotrophic

lateral sclerosis. Life Sci Alliance 4, e202000764. https://doi.org/10.26508/Isa.202000764

Palamiuc, L., Schlagowski, A., Ngo, S.T., Vernay, A., Dirrig-Grosch, S., Henriques, A.,
Boutillier, A.-L., Zoll, J., Echaniz-Laguna, A., Loeffler, J.-P., René, F., 2015. A metabolic switch
toward lipid use in glycolytic muscle is an early pathologic event in a mouse model of
amyotrophic lateral sclerosis. EMBO Mol Med 7, 526-546.
https://doi.org/10.15252/emmm.201404433

Pandey, U.B., Nichols, C.D., 2011. Human disease models in Drosophila melanogaster
and the role of the fly in therapeutic drug discovery. Pharmacol Rev 63, 411-436.
https://doi.org/10.1124/pr.110.003293

Pang, Z., Chong, J., Zhou, G., de Lima Morais, D.A., Chang, L., Barrette, M., Gauthier,
C., Jacques, P.-E., Li, S., Xia, J., 2021. MetaboAnalyst 5.0: narrowing the gap between raw
spectra and functional insights. Nucleic Acids Research 49, W388-W396.
https://doi.org/10.1093/nar/gkab382

Pasinelli, P., Belford, M.E., Lennon, N., Bacskai, B.J., Hyman, B.T., Trotti, D., Brown,
R.H., 2004. Amyotrophic lateral sclerosis-associated SOD1 mutant proteins bind and
aggregate with Bcl-2 in  spinal cord mitochondria. Neuron 43, 19-30.
https://doi.org/10.1016/j.neuron.2004.06.021

Pasinelli, P., Houseweart, M.K., Brown, R.H., Cleveland, D.W., 2000. Caspase-1 and -3
are sequentially activated in motor neuron death in Cu,Zn superoxide dismutase-mediated
familial amyotrophic lateral sclerosis. Proceedings of the National Academy of Sciences 97,

13901-13906. https://doi.org/10.1073/pnas.240305897

Pasparakis, M., Vandenabeele, P., 2015. Necroptosis and its role in inflammation.

Nature 517, 311-320. https://doi.org/10.1038/nature14191

Patel, Y.J.K., Payne Smith, M.D., de Belleroche, J., Latchman, D.S., 2005. Hsp27 and

Hsp70 administered in combination have a potent protective effect against FALS-associated

172



SOD1-mutant-induced cell death in mammalian neuronal cells. Brain Res Mol Brain Res 134,

256-274. https://doi.org/10.1016/j.molbrainres.2004.10.028

Patten, S.A., Armstrong, G.A.B., Lissouba, A., Kabashi, E., Parker, J.A., Drapeau, P.,
2014. Fishing for causes and cures of motor neuron disorders. Dis Model Mech 7, 799-809.

https://doi.org/10.1242/dmm.015719

Paz, S., Vilasco, M., Werden, S.J., Arguello, M., Joseph-Pillai, D., Zhao, T., Nguyen, T.L.-
A., Sun, Q., Meurs, E.F., Lin, R., Hiscott, J., 2011. A functional C-terminal TRAF3-binding site in
MAVS participates in positive and negative regulation of the IFN antiviral response. Cell Res

21, 895-910. https://doi.org/10.1038/cr.2011.2

Pedley, A.M., Benkovic, S.J.,, 2017. A New View into the Regulation of Purine
Metabolism - The Purinosome. Trends Biochem Sci 42, 141-154.
https://doi.org/10.1016/].tibs.2016.09.009

Pennetta, G., Welte, M.A., 2018. Emerging Links between Lipid Droplets and Motor
Neuron Diseases. Dev Cell 45, 427-432. https://doi.org/10.1016/j.devcel.2018.05.002

Peterson, A.R., Binder, D.K., 2019. Post-translational Regulation of GLT-1 in
Neurological Diseases and Its Potential as an Effective Therapeutic Target. Front Mol

Neurosci 12, 164. https://doi.org/10.3389/fnmol.2019.00164

Phukan, J., Elamin, M., Bede, P., Jordan, N., Gallagher, L., Byrne, S., Lynch, C., Pender,
N., Hardiman, O., 2012. The syndrome of cognitive impairment in amyotrophic lateral
sclerosis: a population-based study. J Neurol Neurosurg Psychiatry 83, 102-108.
https://doi.org/10.1136/jnnp-2011-300188

Pickart, C.M., 2001. Mechanisms underlying ubiquitination. Annu Rev Biochem 70,
503-533. https://doi.org/10.1146/annurev.biochem.70.1.503

Pierozan, P., Ferreira, F., de Lima, B.O., Pessoa-Pureur, R., 2015. Quinolinic acid
induces disrupts cytoskeletal homeostasis in striatal neurons. Protective role of astrocyte-

neuron interaction. J Neurosci Res 93, 268-284. https://doi.org/10.1002/jnr.23494

Platanias, L.C., 2005. Mechanisms of type-I- and type-ll-interferon-mediated
signalling. Nat Rev Immunol 5, 375-386. https://doi.org/10.1038/nri1604

173



Pluk, H., van Hoeve, B.J.A., van Dooren, S.H.J., Stammen-Vogelzangs, J., van der
Heijden, A., Schelhaas, H.J., Verbeek, M.M., Badrising, U.A., Arnardottir, S., Gheorghe, K.,
Lundberg, IL.E., Boelens, W.C., van Engelen, B.G., Pruijn, G.J.M., 2013. Autoantibodies to
cytosolic 5?-nucleotidase 1A in inclusion body myositis. Annals of Neurology 73, 397-407.

https://doi.org/10.1002/ana.23822

Polymenidou, M., Cleveland, D.W., 2011. The seeds of neurodegeneration: prion-like

spreading in ALS. Cell 147, 498-508. https://doi.org/10.1016/j.cell.2011.10.011

Pomerantz, J.L., Baltimore, D., 1999. NF-kappaB activation by a signaling complex
containing TRAF2, TANK and TBK1, a novel IKK-related kinase. EMBO J 18, 6694—6704.
https://doi.org/10.1093/emboj/18.23.6694

"Portera-Cailliau, C., Price, D.L., Martin, L.J., 1997. Excitotoxic neuronal death in the
immature brain is an apoptosis-necrosis morphological continuum. Journal of Comparative
Neurology 378, 10-87. https://doi.org/10.1002/(SICI)1096-9861(19970203)378:1<10::AID-
CNE4>3.0.CO;2-N"

Pottier, C., Bieniek, K.F., Finch, N., van de Vorst, M., Baker, M., Perkersen, R., Brown,
P., Ravenscroft, T., van Blitterswijk, M., Nicholson, A.M., DeTure, M., Knopman, D.S,,
Josephs, K.A., Parisi, J.E.,, Petersen, R.C., Boylan, K.B., Boeve, B.F., Graff-Radford, N.R.,
Veltman, J.A., Gilissen, C., Murray, M.E., Dickson, D.W., Rademakers, R., 2015. Whole-
genome sequencing reveals important role for TBK1 and OPTN mutations in frontotemporal
lobar degeneration without motor neuron disease. Acta Neuropathol 130, 77-92.

https://doi.org/10.1007/s00401-015-1436-x

Puthalakath, H., Strasser, A., 2002. Keeping killers on a tight leash: transcriptional and
post-translational control of the pro-apoptotic activity of BH3-only proteins. Cell Death Differ

9, 505-512. https://doi.org/10.1038/sj.cdd.4400998

Qi, Z., Yan, D., Cao, L., Xu, Y., Chang, M., 2021. Zebrafish BID Exerts an Antibacterial
Role by Negatively Regulating p53, but in a Caspase-8-Independent Manner. Frontiers in

Immunology 12.

Qu, L., Feng, Z., Yamane, D., Liang, Y., Lanford, R.E., Li, K., Lemon, S.M., 2011.

Disruption of TLR3 Signaling Due to Cleavage of TRIF by the Hepatitis A Virus Protease-

174



Polymerase  Processing Intermediate, 3CD. PLOS Pathogens 7, e1002169.
https://doi.org/10.1371/journal.ppat.1002169

Qureshi, S.A., Salditt-Georgieff, M., Darnell, J.E., 1995. Tyrosine-phosphorylated Statl
and Stat2 plus a 48-kDa protein all contact DNA in forming interferon-stimulated-gene factor

3. Proc Natl Acad Sci U S A 92, 3829-3833. https://doi.org/10.1073/pnas.92.9.3829

Ragagnin, A.M.G., Shadfar, S., Vidal, M., Jamali, M.S., Atkin, J.D., 2019. Motor Neuron
Susceptibility in ALS/FTD. Front Neurosci 13, 532. https://doi.org/10.3389/fnins.2019.00532

Ramesh, T., Lyon, A.N., Pineda, R.H., Wang, C., Janssen, P.M.L., Canan, B.D., Burghes,
A.H.M., Beattie, C.E., 2010. A genetic model of amyotrophic lateral sclerosis in zebrafish
displays phenotypic hallmarks of motoneuron disease. Dis Model Mech 3, 652-662.
https://doi.org/10.1242/dmm.005538

Rape, M., 2018. Ubiquitylation at the crossroads of development and disease. Nat
Rev Mol Cell Biol 19, 59-70. https://doi.org/10.1038/nrm.2017.83

Ratti, A., Buratti, E., 2016. Physiological functions and pathobiology of TDP-43 and
FUS/TLS proteins. J Neurochem 138 Suppl 1, 95-111. https://doi.org/10.1111/jnc.13625

Raya, |, Douahem, Y., Brenner, D., Yilmaz, R., Cristofani, R., Poletti, A., Maglione, V.,
Weishaupt, J., Parlato, R., 2022. A36 Neuropathological function of the TANK1-binding
kinase 1 (TBK1) in mouse models of Huntington’s disease. J Neurol Neurosurg Psychiatry 93,

A13-A13. https://doi.org/10.1136/jnnp-2022-ehdn.36

Re, D.B., Le Verche, V., Yu, C., Amoroso, M.W., Politi, K.A., Phani, S., lkiz, B.,
Hoffmann, L., Koolen, M., Nagata, T., Papadimitriou, D., Nagy, P., Mitsumoto, H., Kariya, S.,
Wichterle, H., Henderson, C.E., Przedborski, S., 2014. Necroptosis drives motor neuron death
in  models of both sporadic and familial ALS. Neuron 81, 1001-1008.
https://doi.org/10.1016/j.neuron.2014.01.011

Reber, S., Stettler, J., Filosa, G., Colombo, M., Jutzi, D., Lenzken, S.C., Schweingruber,
C., Bruggmann, R., Bachi, A., Barabino, S.M., Miihlemann, O., Ruepp, M.-D., 2016. Minor
intron splicing is regulated by FUS and affected by ALS-associated FUS mutants. EMBO J 35,
1504-1521. https://doi.org/10.15252/embj.201593791

175



Rehwinkel, J., Gack, M.U., 2020. RIG-I-like receptors: their regulation and roles in RNA
sensing. Nat Rev Immunol 20, 537-551. https://doi.org/10.1038/s41577-020-0288-3

Renton, A.E., Majounie, E., Waite, A., Simén-Sanchez, J., Rollinson, S., Gibbs, J.R.,
Schymick, J.C., Laaksovirta, H., van Swieten, J.C., Myllykangas, L., Kalimo, H., Paetau, A,,
Abramzon, Y., Remes, A.M., Kaganovich, A., Scholz, S.W., Duckworth, J., Ding, J., Harmer,
D.W., Hernandez, D.G., Johnson, J.0., Mok, K., Ryten, M., Trabzuni, D., Guerreiro, R.J., Orrell,
R.W., Neal, J., Murray, A., Pearson, J., Jansen, |L.E., Sondervan, D., Seelaar, H., Blake, D.,
Young, K., Halliwell, N., Callister, J.B., Toulson, G., Richardson, A., Gerhard, A., Snowden, J.,
Mann, D., Neary, D., Nalls, M.A., Peuralinna, T., Jansson, L., Isoviita, V.-M., Kaivorinne, A.-L.,
Holtta-Vuori, M., lkonen, E., Sulkava, R., Benatar, M., Wuu, J., Chio, A., Restagno, G.,
Borghero, G., Sabatelli, M., ITALSGEN Consortium, Heckerman, D., Rogaeva, E., Zinman, L.,
Rothstein, J.D., Sendtner, M., Drepper, C., Eichler, E.E., Alkan, C., Abdullaev, Z., Pack, S.D.,
Dutra, A., Pak, E., Hardy, J., Singleton, A., Williams, N.M., Heutink, P., Pickering-Brown, S.,
Morris, H.R., Tienari, P.J., Traynor, B.J., 2011. A hexanucleotide repeat expansion in COORF72
is the cause of chromosome 9p21-linked ALS-FTD. Neuron 72, 257-268.
https://doi.org/10.1016/j.neuron.2011.09.010

Reyes, N.A., Fisher, J.K., Austgen, K., VandenBerg, S., Huang, E.J., Oakes, S.A., 2010.
Blocking the mitochondrial apoptotic pathway preserves motor neuron viability and function
in a mouse model of amyotrophic lateral sclerosis. J Clin Invest 120, 3673-3679.

https://doi.org/10.1172/1Cl142986

Rezaie, T., Child, A., Hitchings, R., Brice, G., Miller, L., Coca-Prados, M., Héon, E.,
Krupin, T., Ritch, R., Kreutzer, D., Crick, R.P., Sarfarazi, M., 2002. Adult-onset primary open-
angle glaucoma caused by mutations in optineurin. Science 295, 1077-1079.

https://doi.org/10.1126/science.1066901

Richter, B., Sliter, D.A., Herhaus, L., Stolz, A., Wang, C., Beli, P., Zaffagnini, G., Wild, P.,
Martens, S., Wagner, S.A., Youle, R.J., Dikic, I., 2016. Phosphorylation of OPTN by TBK1
enhances its binding to Ub chains and promotes selective autophagy of damaged
mitochondria. Proc Natl Acad Sci U S A 113, 4039-4044.
https://doi.org/10.1073/pnas.1523926113

176



Ringholz, G.M., Appel, S.H., Bradshaw, M., Cooke, N.A., Mosnik, D.M., Schulz, P.E.,
2005. Prevalence and patterns of cognitive impairment in sporadic ALS. Neurology 65, 586—

590. https://doi.org/10.1212/01.wnl.0000172911.39167.b6

Ripps, M.E., Huntley, G.W., Hof, P.R., Morrison, J.H., Gordon, J.W., 1995. Transgenic
mice expressing an altered murine superoxide dismutase gene provide an animal model of

amyotrophic lateral sclerosis. Proc Natl Acad Sci U S A 92, 689-693.

Rodrigues, C.M.P., Sold, S., Sharpe, J.C., Moura, J.J.G., Steer, C.J., 2003.
Tauroursodeoxycholic acid prevents Bax-induced membrane perturbation and cytochrome C
release in isolated mitochondria. Biochemistry 42, 3070-3080.
https://doi.org/10.1021/bi026979d

Rosen, D.R., Siddique, T., Patterson, D., Figlewicz, D.A., Sapp, P., Hentati, A.,
Donaldson, D., Goto, J., O’Regan, J.P., Deng, H.X., 1993. Mutations in Cu/Zn superoxide
dismutase gene are associated with familial amyotrophic lateral sclerosis. Nature 362, 59—

62. https://doi.org/10.1038/362059a0

Rothe, M., Xiong, J., Shu, H.B., Williamson, K., Goddard, A., Goeddel, D.V., 1996. I-
TRAF is a novel TRAF-interacting protein that regulates TRAF-mediated signal transduction.
Proc Natl Acad Sci U S A 93, 8241-8246. https://doi.org/10.1073/pnas.93.16.8241

Rothstein, J.D., Patel, S., Regan, M.R., Haenggeli, C., Huang, Y.H., Bergles, D.E., Jin, L.,
Dykes Hoberg, M., Vidensky, S., Chung, D.S., Toan, S.V., Bruijn, L.I., Su, Z.-Z., Gupta, P., Fisher,
P.B., 2005. Beta-lactam antibiotics offer neuroprotection by increasing glutamate

transporter expression. Nature 433, 73—77. https://doi.org/10.1038/nature03180

Roy, N., Mahadevan, M.S., McLean, M., Shutler, G., Yaraghi, Z., Farahani, R., Baird, S.,
Besner-Johnston, A., Lefebvre, C., Kang, X., 1995. The gene for neuronal apoptosis inhibitory
protein is partially deleted in individuals with spinal muscular atrophy. Cell 80, 167-178.
https://doi.org/10.1016/0092-8674(95)90461-1

Rudolph, D., Yeh, W.-C., Wakeham, A., Rudolph, B., Nallainathan, D., Potter, J., Elia,
A.l., Mak, T.W., 2000. Severe liver degeneration and lack of NF-?B activation in NEMO/IKK?-
deficient mice. Genes Dev. 14, 854—862. https://doi.org/10.1101/gad.14.7.854

177



Saitoh, Y., Takahashi, Y., 2020. Riluzole for the treatment of amyotrophic lateral
sclerosis. Neurodegener Dis Manag 10, 343—-355. https://doi.org/10.2217/nmt-2020-0033

Sakowski, S.A., Lunn, J.S., Busta, A.S., Oh, S.S., Zamora-Berridi, G., Palmer, M,,
Rosenberg, A.A., Philip, S.G., Dowling, J.J., Feldman, E.L.,, 2012. Neuromuscular effects of
G93A-SOD1 expression in  zebrafish. Molecular Neurodegeneration 7, 44.

https://doi.org/10.1186/1750-1326-7-44

Samson, A.L., Zhang, Y., Geoghegan, N.D., Gavin, X.J., Davies, K.A., Mlodzianoski, M.J.,
Whitehead, L.W., Frank, D., Garnish, S.E., Fitzgibbon, C., Hempel, A., Young, S.N., Jacobsen,
A.V., Cawthorne, W., Petrie, E.J., Faux, M.C., Shield-Artin, K., Lalaoui, N., Hildebrand, J.M.,
Silke, J., Rogers, K.L., Lessene, G., Hawkins, E.D., Murphy, J.M., 2020. MLKL trafficking and
accumulation at the plasma membrane control the kinetics and threshold for necroptosis.

Nat Commun 11, 3151. https://doi.org/10.1038/s41467-020-16887-1

Sanberg, P.R., Calderon, S.F., Giordano, M., Tew, J.M., Norman, A.B., 1989. The
quinolinic acid model of Huntington’s disease: locomotor abnormalities. Exp Neurol 105, 45—

53. https://doi.org/10.1016/0014-4886(89)90170-2

Sandyk, R., 2006. Serotonergic mechanisms in amyotrophic lateral sclerosis. Int J

Neurosci 116, 775-826. https://doi.org/10.1080/00207450600754087

Sano, R., Reed, J.C., 2013. ER stress-induced cell death mechanisms. Biochim Biophys
Acta 1833, 3460—3470. https://doi.org/10.1016/j.bbamcr.2013.06.028

Santhanam, N., Kumanchik, L., Guo, X., Sommerhage, F., Cai, Y., Jackson, M., Martin,
C., Saad, G., McAleer, C.W., Wang, Y., Lavado, A,, Long, C.J., Hickman, J.J., 2018. Stem cell
derived phenotypic human neuromuscular junction model for dose response evaluation of

therapeutics. Biomaterials 166, 64—78. https://doi.org/10.1016/j.biomaterials.2018.02.047

Sasaki, S., 2010. Endoplasmic reticulum stress in motor neurons of the spinal cord in
sporadic amyotrophic lateral sclerosis. J Neuropathol Exp Neurol 69, 346-355.

https://doi.org/10.1097/NEN.0b013e3181d44992

Sasaki, S., 2011. Autophagy in spinal cord motor neurons in sporadic amyotrophic
lateral sclerosis. J Neuropathol Exp Neurol 70, 349-359.
https://doi.org/10.1097/NEN.0b013e3182160690

178



Sasaki, S., Iwata, M., 2007. Mitochondrial alterations in the spinal cord of patients
with sporadic amyotrophic lateral sclerosis. J Neuropathol Exp Neurol 66, 10-16.

https://doi.org/10.1097/nen.0b013e31802c396b

Sasaki, S., Komori, T., Iwata, M., 2000. Excitatory amino acid transporter 1 and 2
immunoreactivity in the spinal cord in amyotrophic lateral sclerosis. Acta Neuropathol 100,

138-144. https://doi.org/10.1007/s004019900159

Saydoff, J.A., Garcia, R.A.G., Browne, S.E., Liu, L., Sheng, J., Brenneman, D., Hu, Z,
Cardin, S., Gonzalez, A., von Borstel, R.W., Gregorio, J., Burr, H., Beal, M.F., 2006. Oral
uridine pro-drug PN401 is neuroprotective in the R6/2 and N171-82Q mouse models of
Huntington’s disease. Neurobiology of Disease 24, 455-465.
https://doi.org/10.1016/j.nbd.2006.08.011

Saydoff, J.A., Liu, L.S., Garcia, R.A.G., Hu, Z., Li, D., von Borstel, R.W., 2003. Oral
uridine pro-drug PN401 decreases neurodegeneration, behavioral impairment, weight loss
and mortality in the 3-nitropropionic acid mitochondrial toxin model of Huntington’s

disease. Brain Research 994, 44-54. https://doi.org/10.1016/j.brainres.2003.09.049

Scaramozza, A., Marchese, V., Papa, V., Salaroli, R., Soraru, G., Angelini, C., Cenacchi,
G., 2014. Skeletal muscle satellite cells in amyotrophic lateral sclerosis. Ultrastruct Pathol 38,

295-302. https://doi.org/10.3109/01913123.2014.937842

Scaricamazza, S., Salvatori, |., Giacovazzo, G., Loeffler, J.P., Reng, F., Rosina, M.,
Quessada, C., Proietti, D., Heil, C., Rossi, S., Battistini, S., Giannini, F., Volpi, N., Steyn, F.J,,
Ngo, S.T., Ferraro, E., Madaro, L., Coccurello, R., Valle, C., Ferri, A., 2020. Skeletal-Muscle
Metabolic Reprogramming in ALS-SOD1G93A Mice Predates Disease Onset and Is A
Promising Therapeutic Target. iScience 23. https://doi.org/10.1016/j.isci.2020.101087

Scekic-Zahirovic, J., Sendscheid, O., El Oussini, H., Jambeau, M., Sun, Y., Mersmann,
S., Wagner, M., Dieterlé, S., Sinniger, J., Dirrig-Grosch, S., Drenner, K., Birling, M.-C., Qiu, J.,
Zhou, Y., Li, H., Fu, X.-D., Rouaux, C., Shelkovnikova, T., Witting, A., Ludolph, A.C., Kiefer, F.,
Storkebaum, E., Lagier-Tourenne, C., Dupuis, L., 2016. Toxic gain of function from mutant
FUS protein is crucial to trigger cell autonomous motor neuron loss. EMBO J 35, 1077-1097.

https://doi.org/10.15252/embj.201592559

179



Schmid, B., Haass, C., 2013. Genomic editing opens new avenues for zebrafish as a
model for neurodegeneration. Journal of Neurochemistry 127, 461-470.

https://doi.org/10.1111/jnc.12460

Schneider, W.M., Chevillotte, M.D., Rice, C.M., 2014. Interferon-stimulated genes: a
complex web of host defenses. Annu Rev  Immunol 32, 513-545.

https://doi.org/10.1146/annurev-immunol-032713-120231

Scotter, E.L., Chen, H.-J., Shaw, C.E., 2015. TDP-43 Proteinopathy and ALS: Insights
into Disease Mechanisms and Therapeutic Targets. Neurotherapeutics 12, 352-363.

https://doi.org/10.1007/s13311-015-0338-x

Sellier, C., Campanari, M.-L., Julie Corbier, C., Gaucherot, A., Kolb-Cheynel, 1., Oulad-
Abdelghani, M., Ruffenach, F., Page, A., Ciura, S., Kabashi, E., Charlet-Berguerand, N., 2016.
Loss of C90RF72 impairs autophagy and synergizes with polyQ Ataxin-2 to induce motor
neuron dysfunction and cell death. EMBO J 35, 1276-1297.
https://doi.org/10.15252/embj.201593350

Sha, S.J., Takada, L.T., Rankin, K.P., Yokoyama, J.S., Rutherford, N.J., Fong, J.C., Khan,
B., Karydas, A., Baker, M.C., Delesus-Hernandez, M., Pribadi, M., Coppola, G., Geschwind,
D.H., Rademakers, R., Lee, S.E., Seeley, W., Miller, B.L., Boxer, A.L., 2012. Frontotemporal
dementia due to C90RF72 mutations: clinical and imaging features. Neurology 79, 1002—
1011. https://doi.org/10.1212/WNL.0b013e318268452¢

Shao, W., Todd, T.W., Wu, Y., Jones, C.Y., Tong, J., Jansen-West, K., Daughrity, L.M.,
Park, J., Koike, Y., Kurti, A., Yue, M., Castanedes-Casey, M., del Rosso, G., Dunmore, J.A.,
Zanetti Alepuz, D., Oskarsson, B., Dickson, D.W., Cook, C.N., Prudencio, M., Gendron, T.F.,
Fryer, J.D., Zhang, Y.-J., Petrucelli, L., 2022. Two FTD-ALS genes converge on the endosomal
pathway to induce TDP-43 pathology and degeneration. Science 378, 94-99.
https://doi.org/10.1126/science.abq7860

Sharma, A., Lyashchenko, A.K., Lu, L., Nasrabady, S.E., ElImaleh, M., Mendelsohn, M.,
Nemes, A., Tapia, J.C., Mentis, G.Z., Shneider, N.A., 2016. ALS-associated mutant FUS induces
selective motor neuron degeneration through toxic gain of function. Nat Commun 7, 10465.

https://doi.org/10.1038/ncomms10465

180



Sharp, P.S., Akbar, M.T., Bouri, S., Senda, A., Joshi, K., Chen, H.-J., Latchman, D.S,,
Wells, D.J., de Belleroche, J., 2008. Protective effects of heat shock protein 27 in a model of
ALS occur in the early stages of disease progression. Neurobiol Dis 30, 42-55.

https://doi.org/10.1016/j.nbd.2007.12.002

Shi, Y., Lin, S., Staats, K.A., Li, Y., Chang, W.-H., Hung, S.-T., Hendricks, E., Linares, G.R.,
Wang, Y., Son, E.Y., Wen, X., Kisler, K., Wilkinson, B., Menendez, L., Sugawara, T., Woolwine,
P., Huang, M., Cowan, M.J,, Ge, B., Koutsodendris, N., Sandor, K.P., Komberg, J., Vangoor,
V.R., Senthilkumar, K., Hennes, V., Seah, C., Nelson, A.R., Cheng, T.-Y., Lee, S.-J.J., August,
P.R., Chen, J.A., Wisniewski, N., Hanson-Smith, V., Belgard, T.G., Zhang, A., Coba, M,,
Grunseich, C., Ward, M.E., van den Berg, L.H., Pasterkamp, R.J., Trotti, D., Zlokovic, B.V.,
Ichida, J.K., 2018. Haploinsufficiency leads to neurodegeneration in C9ORF72 ALS/FTD
human induced motor neurons. Nat Med 24, 313—325. https://doi.org/10.1038/nm.4490

Shibata, N., Kakita, A., Takahashi, H., lhara, Y., Nobukuni, K., Fujimura, H., Sakoda, S.,
Kobayashi, M., 2010. Increased expression and activation of cytosolic phospholipase A2 in
the spinal cord of patients with sporadic amyotrophic lateral sclerosis. Acta Neuropathol

119, 345-354. https://doi.org/10.1007/s00401-009-0636-7

Shichiri, M., 2014. The role of lipid peroxidation in neurological disorders. J Clin

Biochem Nutr 54, 151-160. https://doi.org/10.3164/jcbn.14-10

Shorter, J., 2017. Liquidizing FUS via prion?like domain phosphorylation. EMBO J 36,
2925-2927. https://doi.org/10.15252/embj.201798078

Shu, C,, Li, X., Li, P., 2014. The mechanism of double-stranded DNA sensing through
the  cGAS-STING pathway. Cytokine Growth  Factor Rev 25, 641-648.
https://doi.org/10.1016/j.cytogfr.2014.06.006

Shu, C., Sankaran, B., Chaton, C.T., Herr, A.B., Mishra, A., Peng, J., Li, P., 2013.
Structural insights into the functions of TBK1 in innate antimicrobial immunity. Structure 21,

1137-1148. https://doi.org/10.1016/j.str.2013.04.025

Sieverding, K., Ulmer, J., Bruno, C., Satoh, T., Tsao, W., Freischmidt, A., Akira, S.,
Wong, P.C., Ludolph, A.C., Danzer, K.M., Lobsiger, C.S., Brenner, D., Weishaupt, J.H., 2021.

181



Hemizygous deletion of Tbkl worsens neuromuscular junction pathology in TDP-43G298S

transgenic mice. Exp Neurol 335, 113496. https://doi.org/10.1016/j.expneurol.2020.113496

Silverman, J.M., Christy, D., Shyu, C.C., Moon, K.-M., Fernando, S., Gidden, Z., Cowan,
C.M., Ban, Y., Stacey, R.G., Grad, L.I., McAlary, L., Mackenzie, I.R., Foster, L.J., Cashman, N.R.,
2019. CNS-derived extracellular vesicles from superoxide dismutase 1 (SOD1)G93A ALS mice
originate from astrocytes and neurons and carry misfolded SOD1. J Biol Chem 294, 3744—

3759. https://doi.org/10.1074/jbc.RA118.004825

Singleman, C., Holtzman, N.G., 2014. Growth and maturation in the zebrafish, Danio
rerio: a staging tool for teaching and research. Zebrafish 11, 396-406.
https://doi.org/10.1089/zeb.2014.0976

Slowicka, K., van Loo, G., 2018. Optineurin Functions for Optimal Immunity. Front

Immunol 9, 769. https://doi.org/10.3389/fimmu.2018.00769

Smeyers, J., Banchi, E.-G., Latouche, M., 2021. C90RF72: What It Is, What It Does, and
Why It Matters. Front Cell Neurosci 15, 661447. https://doi.org/10.3389/fncel.2021.661447

Smith, B.A., Smith, B.D., 2012. Biomarkers and Molecular Probes for Cell Death
Imaging and  Targeted  Therapeutics. Bioconjug  Chem 23, 1989-2006.
https://doi.org/10.1021/bc3003309

Smith, G., 2012. Herpesvirus Transport to the Nervous System and Back Again. Annu
Rev Microbiol 66, 10.1146/annurev-micro-092611-150051.
https://doi.org/10.1146/annurev-micro-092611-150051

Smith, J.A., Das, A., Ray, S.K., Banik, N.L., 2012. Role of pro-inflammatory cytokines
released from microglia in neurodegenerative diseases. Brain Res Bull 87, 10-20.

https://doi.org/10.1016/j.brainresbull.2011.10.004

Smith, M.G., Lennette, E.H., Reames, H.R., 1941. Isolation of the virus of herpes
simplex and the demonstration of intranuclear inclusions in a case of acute encephalitis. Am

J Pathol 17, 55-68.1.

Sol, J., Jové, M., Povedano, M., Sproviero, W., Dominguez, R., Pifiol-Ripoll, G.,

Romero-Guevara, R., Hye, A., Al-Chalabi, A., Torres, P., Andres-Benito, P., Area-Gémez, E.,

182



Pamplona, R., Ferrer, I., Ayala, V., Portero-Otin, M., 2021. Lipidomic traits of plasma and
cerebrospinal fluid in amyotrophic lateral sclerosis correlate with disease progression. Brain

Communications 3, fcab143. https://doi.org/10.1093/braincomms/fcab143

Solomonov, Y., Hadad, N., Levy, R., 2016. Reduction of cytosolic phospholipase A2?
upregulation delays the onset of symptoms in SOD1G93A mouse model of amyotrophic

lateral sclerosis. J Neuroinflammation 13, 1-12. https://doi.org/10.1186/s12974-016-0602-y

Son, J.L., Soto, |., Ogleshy, E., Lopez-Roca, T., Pease, M.E., Quigley, H.A., Marsh-
Armstrong, N., 2010. Glaucomatous optic nerve injury involves early astrocyte reactivity and

late oligodendrocyte loss. Glia 58, 780—789. https://doi.org/10.1002/glia.20962

Soo, K.Y., Halloran, M., Sundaramoorthy, V., Parakh, S., Toth, R.P., Southam, K.A,,
McLean, C.A., Lock, P., King, A., Farg, M.A., Atkin, J.D., 2015. Rabl-dependent ER-Golgi
transport dysfunction is a common pathogenic mechanism in SOD1, TDP-43 and FUS-
associated ALS. Acta Neuropathol 130, 679-697. https://doi.org/10.1007/s00401-015-1468-
2

Spreux-Varoquaux, O., Bensimon, G., Lacomblez, L., Salachas, F., Pradat, P.F., Le
Forestier, N., Marouan, A., Dib, M., Meininger, V., 2002. Glutamate levels in cerebrospinal
fluid in amyotrophic lateral sclerosis: a reappraisal using a new HPLC method with
coulometric detection in a large cohort of patients. J Neurol Sci 193, 73-78.

https://doi.org/10.1016/s0022-510x(01)00661-x

Staats, K.A.,, Borchelt, D.R., Tansey, M.G., Wymer, J., 2022. Blood-based biomarkers of
inflammation in amyotrophic lateral sclerosis. Mol Neurodegener 17, 11.

https://doi.org/10.1186/s13024-022-00515-1

Staats, K.A., Van Den Bosch, L., 2009. Astrocytes in amyotrophic lateral sclerosis:
direct effects on motor neuron survival. J Biol Phys 35, 337-346.

https://doi.org/10.1007/s10867-009-9141-4

Stainier, D.Y.R., Raz, E., Lawson, N.D., Ekker, S.C., Burdine, R.D., Eisen, J.S., Ingham,
P.W., Schulte-Merker, S., Yelon, D., Weinstein, B.M., Mullins, M.C., Wilson, S.W.,

Ramakrishnan, L., Amacher, S.L.,, Neuhauss, S.C.F.,, Meng, A., Mochizuki, N., Panula, P.,

183



Moens, C.B., 2017. Guidelines for morpholino use in zebrafish. PLoS Genet 13, e1007000.
https://doi.org/10.1371/journal.pgen.1007000

Stallings, N.R., Puttaparthi, K., Dowling, K.J., Luther, C.M., Burns, D.K., Davis, K.,
Elliott, J.L., 2013. TDP-43, an ALS linked protein, regulates fat deposition and glucose
homeostasis. PLoS One 8, €71793. https://doi.org/10.1371/journal.pone.0071793

Stanberry, L.R., Jorgensen, D.M., Nahmias, A.J., 1997. Herpes Simplex Viruses 1 and 2,
in: Evans, A.S., Kaslow, R.A. (Eds.), Viral Infections of Humans: Epidemiology and Control.

Springer US, Boston, MA, pp. 419-454. https://doi.org/10.1007/978-1-4899-0036-4_14

Stennicke, H.R., Jirgensmeier, J.M., Shin, H., Deveraux, Q., Wolf, B.B., Yang, X., Zhou,
Q., Ellerby, H.M., Ellerby, L.M., Bredesen, D., Green, D.R., Reed, J.C., Froelich, C.J., Salvesen,
G.S., 1998. Pro-caspase-3 is a major physiologic target of caspase-8. J Biol Chem 273, 27084—
27090. https://doi.org/10.1074/jbc.273.42.27084

Steyn, F.J., loannides, Z.A., van Eijk, R.P.A., Heggie, S., Thorpe, K.A., Ceslis, A., Heshmat,
S., Henders, A.K., Wray, N.R., van den Berg, L.H., Henderson, R.D., McCombe, P.A., Ngo, S.T.,
2018. Hypermetabolism in ALS is associated with greater functional decline and shorter
survival. J Neurol Neurosurg Psychiatry 89, 1016—1023. https://doi.org/10.1136/jnnp-2017-
317887

Stolz, A., Wolf, D.H., 2010. Endoplasmic reticulum associated protein degradation: a
chaperone assisted journey to hell. Biochim Biophys Acta 1803, 694-705.
https://doi.org/10.1016/j.bbamcr.2010.02.005

Stoy, N., Mackay, G.M., Forrest, C.M., Christofides, J., Egerton, M., Stone, T.W,,
Darlington, L.G., 2005. Tryptophan metabolism and oxidative stress in patients with
Huntington’s disease. Journal of Neurochemistry 93, 611-623.

https://doi.org/10.1111/j.1471-4159.2005.03070.x

Streisinger, G., Walker, C., Dower, N., Knauber, D., Singer, F., 1981. Production of
clones of homozygous diploid zebra fish (Brachydanio rerio). Nature 291, 293-296.
https://doi.org/10.1038/291293a0

184



Su, W.-M., Cheng, Y.-F., Jiang, Z., Duan, Q.-Q., Yang, T.-M., Shang, H.-F., Chen, Y.-P.,
2021. Predictors of survival in patients with amyotrophic lateral sclerosis: A large meta-

analysis. EBioMedicine 74, 103732. https://doi.org/10.1016/j.ebiom.2021.103732

Sui, C,, Xiao, T., Zhang, S., Zeng, H., Zheng, Y., Liu, B., Xu, G., Gao, C., Zhang, Z., 2022.
SARS-CoV-2 NSP13 Inhibits Type | IFN Production by Degradation of TBK1 via p62-Dependent
Selective Autophagy. J Immunol 208, 753-761. https://doi.org/10.4049/jimmunol.2100684

Sui, L., Zhao, Y., Wang, W., Wu, P., Wang, Z., Yu, Y., Hou, Z., Tan, G., Liu, Q., 2021.
SARS-CoV-2 Membrane Protein Inhibits Type | Interferon Production Through Ubiquitin-
Mediated Degradation of TBK1. Front Immunol 12, 662989.
https://doi.org/10.3389/fimmu.2021.662989

Sullivan, P.M., Zhou, X., Robins, A.M., Paushter, D.H., Kim, D., Smolka, M.B., Hu, F.,
2016. The ALS/FTLD associated protein C9orf72 associates with SMCR8 and WDR41 to
regulate the autophagy-lysosome pathway. Acta Neuropathol Commun 4, 51.

https://doi.org/10.1186/s40478-016-0324-5

Sun, L., Wang, H., Wang, Z,, He, S., Chen, S, Liao, D., Wang, L., Yan, J., Liu, W., Lei, X,
Wang, X., 2012. Mixed lineage kinase domain-like protein mediates necrosis signaling

downstream of RIP3 kinase. Cell 148, 213-227. https://doi.org/10.1016/j.cell.2011.11.031

Swanson, K.V., Deng, M., Ting, J.P.-Y., 2019. The NLRP3 inflammasome: molecular
activation and regulation to therapeutics. Nat Rev Immunol 19, 477-489.

https://doi.org/10.1038/s41577-019-0165-0

Swarup, V., Phaneuf, D., Dupré, N., Petri, S., Strong, M., Kriz, J., Julien, J.-P., 2011.
Deregulation of TDP-43 in amyotrophic lateral sclerosis triggers nuclear factor ?B—mediated
pathogenic  pathways. Journal of Experimental Medicine 208, 2429-2447.
https://doi.org/10.1084/jem.20111313

Swift, I.J., Bocchetta, M., Benotmane, H., Woollacott, 1.0., Shafei, R., Rohrer, J.D.,
2021. Variable clinical phenotype in TBK1 mutations: case report of a novel mutation causing
primary progressive aphasia and review of the literature. Neurobiol Aging 99, 100.e9-

100.e15. https://doi.org/10.1016/j.neurobiolaging.2020.08.014

185



Sztal, T.E., Ruparelia, A.A., Williams, C., Bryson-Richardson, R.J., 2016. Using Touch-
evoked Response and Locomotion Assays to Assess Muscle Performance and Function in

Zebrafish. J Vis Exp 54431. https://doi.org/10.3791/54431

Taft, J., Markson, M., Legarda, D., Patel, R., Chan, M., Malle, L., Richardson, A.,
Gruber, C., Martin-Fernandez, M., Mancini, G.M.S., van Laar, J.A.M., van Pelt, P., Buta, S.,
Wokke, B.H.A., Sabli, I.K.D., Sancho-Shimizu, V., Chavan, P.P., Schnappauf, O., Khubchandani,
R., Ciiceo?lu, M.K., Ozen, S., Kastner, D.L., Ting, A.T., Aksentijevich, I., Hollink, I.H.l.M.,
Bogunovic, D., 2021. Human TBK1 deficiency leads to autoinflammation driven by TNF-

induced cell death. Cell 184, 4447-4463.e20. https://doi.org/10.1016/j.cell.2021.07.026

Tait, S.W.G., Green, D.R., 2010. Mitochondria and cell death: outer membrane
permeabilization and beyond. Nat Rev Mol Cell Biol 11, 621-632.
https://doi.org/10.1038/nrm2952

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., Yamanaka,
S., 2007. Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined
Factors. Cell 131, 861-872. https://doi.org/10.1016/j.cell.2007.11.019

Takeuchi, O., Akira, S., 2010. Pattern recognition receptors and inflammation. Cell

140, 805-820. https://doi.org/10.1016/j.cell.2010.01.022

Talbott, E.O., Malek, A.M., Lacomis, D., 2016. The epidemiology of amyotrophic
lateral sclerosis. Handb Clin Neurol 138, 225-238. https://doi.org/10.1016/B978-0-12-
802973-2.00013-6

Tallima, H., El Ridi, R., 2017. Arachidonic acid: Physiological roles and potential health
benefits — A review. J Adv Res 11, 33-41. https://doi.org/10.1016/j.jare.2017.11.004

Tan, V.X., Guillemin, G.J., 2019. Kynurenine Pathway Metabolites as Biomarkers for
Amyotrophic Lateral Sclerosis. Front Neurosci 13, 1013.

https://doi.org/10.3389/fnins.2019.01013

Tanaka, K., Kanno, T., Yanagisawa, Y., Yasutake, K., Hadano, S., Yoshii, F., Ikeda, J.-E.,
2011. Bromocriptine methylate suppresses glial inflammation and moderates disease
progression in a mouse model of amyotrophic lateral sclerosis. Exp Neurol 232, 41-52.

https://doi.org/10.1016/j.expneurol.2011.08.001

186



Tanaka, M., Fuentes, M.E., Yamaguchi, K., Durnin, M.H., Dalrymple, S.A., Hardy, K.L.,
Goeddel, D.V., 1999. Embryonic lethality, liver degeneration, and impaired NF-kappa B
activation in IKK-beta-deficient mice. Immunity 10, 421-429. https://doi.org/10.1016/s1074-
7613(00)80042-4

Tang, Y., Le, W. 2016. Differential Roles of M1 and M2 Microglia in
Neurodegenerative Diseases. Mol Neurobiol 53, 1181-1194.
https://doi.org/10.1007/s12035-014-9070-5

Tefera, T.W., Steyn, F.J., Ngo, S.T., Borges, K., 2021. CNS glucose metabolism in
Amyotrophic  Lateral Sclerosis: a therapeutic target? Cell Biosci 11, 14.

https://doi.org/10.1186/s13578-020-00511-2

Tham, Y.-C,, Li, X., Wong, T.Y., Quigley, H.A., Aung, T., Cheng, C.-Y., 2014. Global
prevalence of glaucoma and projections of glaucoma burden through 2040: a systematic
review and meta-analysis. Ophthalmology 121, 2081-2090.
https://doi.org/10.1016/j.0phtha.2014.05.013

Therrien, M., Rouleau, G.A., Dion, P.A., Parker, J.A., 2013. Deletion of C90ORF72
results in motor neuron degeneration and stress sensitivity in C. elegans. PLoS One 8,

e83450. https://doi.org/10.1371/journal.pone.0083450

Tojima, Y., Fujimoto, A., Delhase, M., Chen, Y., Hatakeyama, S., Nakayama, K.,
Kaneko, Y., Nimura, Y., Motoyama, N., lkeda, K., Karin, M., Nakanishi, M., 2000. NAK is an
IkappaB kinase-activating kinase. Nature 404, 778—782. https://doi.org/10.1038/35008109

Tooley, AS., Kazyken, D., Bodur, C., Gonzalez, |.E., Fingar, D.C., 2021. The innate
immune kinase TBK1 directly increases mTORC2 activity and downstream signaling to Akt. J

Biol Chem 297, 100942. https://doi.org/10.1016/j.jbc.2021.100942

Tortelli, R., Zecca, C., Piccininni, M., Benmahamed, S., Dell’Abate, M.T., Barulli, M.R.,
Capozzo, R., Battista, P., Logroscino, G., 2020. Plasma Inflammatory Cytokines Are Elevated

in ALS. Front Neurol 11, 552295. https://doi.org/10.3389/fneur.2020.552295

Tracey, T.J., Kirk, S.E., Steyn, F.J., Ngo, S.T., 2021. The role of lipids in the central
nervous system and their pathological implications in amyotrophic lateral sclerosis. Seminars

in Cell & Developmental Biology, 1. Cell and Developmental Biology of Bone Marrow by

187



Meriem Lamghari2. Role of Lipids in CNS Cell Physiology and Pathology byShyuan Ngo 112,
69-81. https://doi.org/10.1016/j.semcdb.2020.08.012

Traxinger, K., Kelly, C., Johnson, B.A., Lyles, R.H., Glass, J.D., 2013. Prognosis and
epidemiology of amyotrophic lateral sclerosis. Neurol Clin Pract 3, 313-320.

https://doi.org/10.1212/CPJ.0b013e3182a1b8ab

Trostchansky, A., Mastrogiovanni, M., Miquel, E., Rodriguez-Bottero, S., Martinez-
Palma, L., Cassina, P., Rubbo, H., 2018. Profile of Arachidonic Acid-Derived Inflammatory
Markers and Its Modulation by Nitro-Oleic Acid in an Inherited Model of Amyotrophic Lateral
Sclerosis. Front Mol Neurosci 11, 131. https://doi.org/10.3389/fnmol.2018.00131

Tsarouchas, T.M., Wehner, D., Cavone, L., Munir, T., Keatinge, M., Lambertus, M.,
Underhill, A., Barrett, T., Kassapis, E., Ogryzko, N., Feng, Y., van Ham, T.J., Becker, T., Becker,
C.G., 2018. Dynamic control of proinflammatory cytokines 1l-1? and Tnf-? by macrophages in
zebrafish spinal cord regeneration. Nat Commun 9, 4670. https://doi.org/10.1038/s41467-
018-07036-w

Tu, D., Zhu, Z., Zhou, A.Y., Yun, C., Lee, K.-E., Toms, A.V., Li, Y., Dunn, G.P., Chan, E.,
Thai, T., Yang, S., Ficarro, S.B., Marto, J.A,, Jeon, H., Hahn, W.C., Barbie, D.A., Eck, M.J., 2013.
Structure and ubiquitination-dependent activation of TANK-binding kinase 1. Cell Rep 3,
747-758. https://doi.org/10.1016/j.celrep.2013.01.033

Tummers, B., Green, D.R., 2017. Caspase-8: regulating life and death. Immunol Rev

277, 76-89. https://doi.org/10.1111/imr.12541

Turner, B.J., Lopes, E.C., Cheema, S.S., 2003. The serotonin precursor b5-
hydroxytryptophan delays neuromuscular disease in murine familial amyotrophic lateral
sclerosis. Amyotroph Lateral Scler Other Motor Neuron Disord 4, 171-176.
https://doi.org/10.1080/14660820310009389

Turner, M.R., Cagnin, A., Turkheimer, F.E., Miller, C.C.J., Shaw, C.E., Brooks, D.J.,
Leigh, P.N., Banati, R.B., 2004. Evidence of widespread cerebral microglial activation in
amyotrophic lateral sclerosis: an [11C](R)-PK11195 positron emission tomography study.

Neurobiol Dis 15, 601-609. https://doi.org/10.1016/j.nbd.2003.12.012

188



Tyanova, S., Temu, T., Sinitcyn, P., Carlson, A., Hein, M.Y., Geiger, T., Mann, M., Cox,
J., 2016. The Perseus computational platform for comprehensive analysis of (prote)omics

data. Nat Methods 13, 731-740. https://doi.org/10.1038/nmeth.3901

Ugur, B., Chen, K., Bellen, H.J., 2016. Drosophila tools and assays for the study of
human diseases. Dis Model Mech 9, 235-244. https://doi.org/10.1242/dmm.023762

Uhlén, M., Fagerberg, L., Hallstrom, B.M., Lindskog, C., Oksvold, P., Mardinoglu, A.,
Sivertsson, A., Kampf, C., Sjostedt, E., Asplund, A., Olsson, I., Edlund, K., Lundberg, E., Navani,
S., Szigyarto, C.A.-K., Odeberg, J., Djureinovic, D., Takanen, J.0., Hober, S., Alm, T., Edquvist,
P.-H., Berling, H., Tegel, H., Mulder, J., Rockberg, J., Nilsson, P., Schwenk, J.M., Hamsten, M.,
von Feilitzen, K., Forsberg, M., Persson, L., Johansson, F., Zwahlen, M., von Heijne, G,,
Nielsen, J., Pontén, F., 2015. Tissue-based map of the human proteome. Science 347,

1260419. https://doi.org/10.1126/science.1260419

Uranishi, H., Tetsuka, T., Yamashita, M., Asamitsu, K., Shimizu, M., Itoh, M., Okamoto,
T., 2001. Involvement of the pro-oncoprotein TLS (translocated in liposarcoma) in nuclear
factor-kappa B p65-mediated transcription as a coactivator. J Biol Chem 276, 13395-13401.
https://doi.org/10.1074/jbc.M011176200

Van Damme, P., Bogaert, E., Dewil, M., Hersmus, N., Kiraly, D., Scheveneels, W.,
Bockx, I., Braeken, D., Verpoorten, N., Verhoeven, K., Timmerman, V., Herijgers, P.,
Callewaert, G., Carmeliet, P., Van Den Bosch, L., Robberecht, W., 2007. Astrocytes regulate
GluR2 expression in motor neurons and their vulnerability to excitotoxicity. Proc Natl Acad

Sci U'S A 104, 14825-14830. https://doi.org/10.1073/pnas.0705046104

Van Damme, P., Robberecht, W., Van Den Bosch, L., 2017. Modelling amyotrophic
lateral sclerosis: progress and possibilities. Disease Models & Mechanisms 10, 537-549.

https://doi.org/10.1242/dmm.029058

Van Mossevelde, S., van der Zee, J., Gijselinck, 1., Engelborghs, S., Sieben, A., Van
Langenhove, T., De Bleecker, J., Baets, J., Vandenbulcke, M., Van Laere, K., Ceyssens, S., Van
den Broeck, M., Peeters, K., Mattheijssens, M., Cras, P., Vandenberghe, R., De Jonghe, P.,
Martin, J.-J., De Deyn, P.P., Cruts, M., Van Broeckhoven, C., Belgian Neurology consortium,
2016. Clinical features of TBK1 carriers compared with C9orf72, GRN and non-mutation
carriers in a Belgian cohort. Brain 139, 452-467. https://doi.org/10.1093/brain/awv358

189



Vance, C., Al-Chalabi, A., Ruddy, D., Smith, B.N., Hu, X., Sreedharan, J., Siddique, T.,
Schelhaas, H.J., Kusters, B., Troost, D., Baas, F., de Jong, V., Shaw, C.E., 2006. Familial
amyotrophic lateral sclerosis with frontotemporal dementia is linked to a locus on

chromosome 9p13.2-21.3. Brain 129, 868—-876. https://doi.org/10.1093/brain/awl030

Vance, C., Rogelj, B., Hortobdgyi, T., De Vos, K.J., Nishimura, A.L., Sreedharan, J., Hu,
X., Smith, B., Ruddy, D., Wright, P., Ganesalingam, J., Williams, K.L., Tripathi, V., Al-Saraj, S.,
Al-Chalabi, A., Leigh, P.N., Blair, I.P., Nicholson, G., de Belleroche, J., Gallo, J.-M., Miller, C.C,,
Shaw, C.E., 2009. Mutations in FUS, an RNA processing protein, cause familial amyotrophic

lateral sclerosis type 6. Science 323, 1208-1211. https://doi.org/10.1126/science.1165942

Vanden Berghe, T., Linkermann, A., Jouan-Lanhouet, S., Walczak, H., Vandenabeele,
P., 2014. Regulated necrosis: the expanding network of non-apoptotic cell death pathways.

Nat Rev Mol Cell Biol 15, 135—-147. https://doi.org/10.1038/nrm3737

Vandenabeele, P., Galluzzi, L., Vanden Berghe, T., Kroemer, G., 2010. Molecular
mechanisms of necroptosis: an ordered cellular explosion. Nat Rev Mol Cell Biol 11, 700—

714. https://doi.org/10.1038/nrm2970

Vanoni, C., Massari, S., Losa, M., Carrega, P., Perego, C., Conforti, L., Pietrini, G., 2004.
Increased internalisation and degradation of GLT-1 glial glutamate transporter in a cell
model for familial amyotrophic lateral sclerosis (ALS). J Cell Sci 117, 5417-5426.
https://doi.org/10.1242/jcs.01411

Vasta, R., Chia, R., Traynor, B.J., Chio, A., 2022. Unraveling the complex interplay
between  genes, environment, and climate in  ALS. eBioMedicine  75.

https://doi.org/10.1016/j.ebiom.2021.103795

Velde, C.V., McDonald, K.K., Boukhedimi, Y., McAlonis-Downes, M., Lobsiger, C.S.,
Hadj, S.B., Zandona, A., Julien, J.-P., Shah, S.B., Cleveland, D.W., 2011. Misfolded SOD1
Associated with Motor Neuron Mitochondria Alters Mitochondrial Shape and Distribution

Prior to Clinical Onset. PLOS ONE 6, e22031. https://doi.org/10.1371/journal.pone.0022031

Venkatesan, D., lyer, M., Narayanasamy, A., Siva, K., Vellingiri, B., 2020. Kynurenine
pathway in  Parkinson’s disease—An update. eNeurologicalSci 21, 100270.
https://doi.org/10.1016/j.ensci.2020.100270

190



Vitkovic, L., Konsman, J.P., Bockaert, J., Dantzer, R., Homburger, V., Jacque, C., 2000.
Cytokine signals propagate through the brain. Mol Psychiatry 5, 604-615.
https://doi.org/10.1038/sj.mp.4000813

Vucic, S., Westeneng, H.-J., Al-Chalabi, A., Van Den Berg, L.H., Talman, P., Kiernan,
M.C., 2019. Amyotrophic lateral sclerosis as a multi-step process: an Australia population
study. Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration 20, 532-537.

https://doi.org/10.1080/21678421.2018.1556697

Vukosavic, S., Stefanis, L., Jackson-Lewis, V., Guégan, C., Romero, N., Chen, C,
Dubois-Dauphin, M., Przedborski, S., 2000. Delaying caspase activation by Bcl-2: A clue to
disease retardation in a transgenic mouse model of amyotrophic lateral sclerosis. J Neurosci

20,9119-9125.

Wainger, B.J., Kiskinis, E., Mellin, C., Wiskow, O., Han, S.5S.W., Sandoe, J., Perez, N.P.,
Williams, L.A., Lee, S., Boulting, G., Berry, J.D., Brown, R.H., Cudkowicz, M.E., Bean, B.P.,
Eggan, K., Woolf, C.J., 2014. Intrinsic membrane hyperexcitability of amyotrophic lateral
sclerosis patient-derived motor neurons. Cell Rep 7, 1-11.

https://doi.org/10.1016/j.celrep.2014.03.019

Walczak, M., Martens, S., 2013. Dissecting the role of the Atg12-Atg5-Atgl6 complex
during autophagosome formation. Autophagy 9, 424-425.
https://doi.org/10.4161/auto.22931

Wang, A.C., Jensen, E.H., Rexach, J.E., Vinters, H.V., Hsieh-Wilson, L.C., 2016. Loss of
O-GIcNAc glycosylation in forebrain excitatory neurons induces neurodegeneration.
Proceedings of the National Academy of Sciences 113, 15120-15125.
https://doi.org/10.1073/pnas.1606899113

Wang, T., Perera, N.D., Chiam, M.D.F., Cuic, B., Wanniarachchillage, N., Tomas, D.,
Samson, A.L., Cawthorne, W., Valor, E.N., Murphy, J.M., Turner, B.J., 2020. Necroptosis is
dispensable for motor neuron degeneration in a mouse model of ALS. Cell Death Differ 27,

1728-1739. https://doi.org/10.1038/s41418-019-0457-8

Wang, T.H., Wang, S.Y., Wang, X.D., Jiang, H.Q., Yang, Y.Q., Wang, Y., Cheng, J.L,,

Zhang, C.T., Liang, W.W., Feng, H.L., 2018. Fisetin Exerts Antioxidant and Neuroprotective

191



Effects in Multiple Mutant hSOD1 Models of Amyotrophic Lateral Sclerosis by Activating ERK.
Neuroscience 379, 152-166. https://doi.org/10.1016/j.neuroscience.2018.03.008

Wang, W.-Y,, Pan, L., Su, S.C., Quinn, E.J., Sasaki, M., Jimenez, J.C., Mackenzie, |.R.A,,
Huang, E.J., Tsai, L.-H., 2013. Interaction of FUS and HDAC1 regulates DNA damage response
and repair in neurons. Nat Neurosci 16, 1383—-1391. https://doi.org/10.1038/nn.3514

Wang, Xiaowan, Zhang, Q., Bao, R., Zhang, N., Wang, Y., Polo-Parada, L., Tarim, A,
Alemifar, A., Han, X., Wilkins, H.M., Swerdlow, R.H., Wang, Xinglong, Ding, S., 2017. Deletion
of Nampt in Projection Neurons of Adult Mice Leads to Motor Dysfunction,
Neurodegeneration, and Death. Cell Rep 20, 2184-2200.
https://doi.org/10.1016/j.celrep.2017.08.022

Wang, Y., Shen, D., Zhao, L., Zeng, N., Hu, T., 2019. Sting is a critical regulator of spinal
cord injury by regulating microglial inflammation via interacting with TBK1 in mice.
Biochemical and Biophysical Research Communications 517, 741-748.

https://doi.org/10.1016/j.bbrc.2019.07.125

Watson, M.R., Lagow, R.D., Xu, K., Zhang, B., Bonini, N.M., 2008. A drosophila model
for amyotrophic lateral sclerosis reveals motor neuron damage by human SOD1. J Biol Chem

283, 24972-24981. https://doi.org/10.1074/jbc.M804817200

Wegorzewska, |., Bell, S., Cairns, N.J., Miller, T.M., Baloh, R.H., 2009. TDP-43 mutant
transgenic mice develop features of ALS and frontotemporal lobar degeneration. Proc Natl

Acad Sci U S A 106, 18809-18814. https://doi.org/10.1073/pnas.0908767106

Weinreb, R.N., Aung, T., Medeiros, F.A., 2014. The pathophysiology and treatment of
glaucoma: a review. JAMA 311, 1901-1911. https://doi.org/10.1001/jama.2014.3192

Weinreich, M., Shepheard, S.R., Verber, N., Wyles, M., Heath, P.R., Highley, J.R,,
Kirby, J., Shaw, P.J., 2020. Neuropathological characterization of a novel TANK binding kinase
(TBK1) gene loss of function mutation associated with amyotrophic lateral sclerosis.

Neuropathol Appl Neurobiol 46, 279-291. https://doi.org/10.1111/nan.12578

Weishaupt, J.H., Bartels, C., Pélking, E., Dietrich, J., Rohde, G., Poeggeler, B., Mertens,
N., Sperling, S., Bohn, M., Hiither, G., Schneider, A., Bach, A, Sirén, A.-L., Hardeland, R., Bahr,
M., Nave, K.-A., Ehrenreich, H., 2006. Reduced oxidative damage in ALS by high-dose enteral

192



melatonin treatment. J Pineal Res 41, 313-323. https://doi.org/10.1111/j.1600-
079X.2006.00377.x

Wen, W., Chen, J.,, Zhou, Y., Li, G., Zhang, Y., 2022. Loss of Ripk3 attenuated
neutrophil accumulation in a lipopolysaccharide-induced zebrafish inflammatory model. Cell

Death Discov. 8, 1-10. https://doi.org/10.1038/s41420-022-00891-z

Wen, X., Tan, W., Westergard, T., Krishnamurthy, K., Markandaiah, S.S., Shi, Y., Lin, S.,
Shneider, N.A., Monaghan, J., Pandey, U.B., Pasinelli, P., Ichida, J.K., Trotti, D., 2014.
Antisense Proline-Arginine RAN Dipeptides Linked to C9ORF72-ALS/FTD Form Toxic Nuclear
Aggregates that Initiate In Vitro and InVivo Neuronal Death. Neuron 84, 1213-1225.
https://doi.org/10.1016/j.neuron.2014.12.010

Westergard, T., Jensen, B.K., Wen, X., Cai, J., Kropf, E., lacovitti, L., Pasinelli, P., Trotti,
D., 2016. Cell-to-Cell Transmission of Dipeptide Repeat Proteins Linked to C9orf72-ALS/FTD.
Cell Rep 17, 645-652. https://doi.org/10.1016/j.celrep.2016.09.032

White, M.A., Lin, Z., Kim, E., Henstridge, C.M., Pena Altamira, E., Hunt, C.K., Burchill,
E., Callaghan, I., Loreto, A., Brown-Wright, H., Mead, R., Simmons, C., Cash, D., Coleman,
M.P., Sreedharan, J.,, 2019. Sarml deletion suppresses TDP-43-linked motor neuron
degeneration and cortical spine loss. Acta Neuropathologica Communications 7, 166.

https://doi.org/10.1186/s40478-019-0800-9

Whitley, R.J., 2015. Herpes Simplex Virus Infections of the Central Nervous System.
Continuum (Minneap Minn) 21, 1704-1713.
https://doi.org/10.1212/CON.0000000000000243

Wilke, C., Baets, J., De Bleecker, J.L., Deconinck, T., Biskup, S., Hayer, S.N., Zlichner, S.,
Schiile, R., De Jonghe, P., Synofzik, M., 2018. Beyond ALS and FTD: the phenotypic spectrum
of TBK1 mutations includes PSP-like and cerebellar phenotypes. Neurobiol Aging 62, 244.e9-
244.e13. https://doi.org/10.1016/j.neurobiolaging.2017.10.010

Williams, K.L., McCann, E.P., Fifita, J.A., Zhang, K., Duncan, E.L., Leo, P.J., Marshall, M.,
Rowe, D.B., Nicholson, G.A,, Blair, I.P., 2015. Novel TBK1 truncating mutation in a familial
amyotrophic lateral sclerosis patient of Chinese origin. Neurobiol Aging 36, 3334.e1-3334.e5.
https://doi.org/10.1016/j.neurobiolaging.2015.08.013

193



Williamson, T.L., Cleveland, D.W., 1999. Slowing of axonal transport is a very early
event in the toxicity of ALS-linked SOD1 mutants to motor neurons. Nat Neurosci 2, 50-56.

https://doi.org/10.1038/4553

Wokke, J., 1996. Riluzole. Lancet 348, 795-799. https://doi.org/10.1016/5S0140-
6736(96)03181-9

Wong, P.C., Pardo, C.A., Borchelt, D.R., Lee, M.K.,, Copeland, N.G., Jenkins, N.A,,
Sisodia, S.S., Cleveland, D.W., Price, D.L., 1995. An adverse property of a familial ALS-linked
SOD1 mutation causes motor neuron disease characterized by vacuolar degeneration of

mitochondria. Neuron 14, 1105-1116. https://doi.org/10.1016/0896-6273(95)90259-7

Wu, R.S., Lam, LI, Clay, H., Duong, D.N., Deo, R.C., Coughlin, S.R., 2018. A Rapid
Method for Directed Gene Knockout for Screening in GO Zebrafish. Developmental Cell 46,

112-125.e4. https://doi.org/10.1016/j.devcel.2018.06.003

Wuolikainen, A., Acimovic, J., Lovgren-Sandblom, A., Parini, P., Andersen, P.M.,
Bjorkhem, I., 2014. Cholesterol, Oxysterol, Triglyceride, and Coenzyme Q Homeostasis in ALS.
Evidence against the Hypothesis That Elevated 27-Hydroxycholesterol Is a Pathogenic Factor.
PLoS One 9, e113619. https://doi.org/10.1371/journal.pone.0113619

Wurtman, R.J., Cansev, M., Sakamoto, T., Ulus, ., 2010. Nutritional modifiers of aging
brain function: use of uridine and other phosphatide precursors to increase formation of
brain synapses. Nutrition Reviews 68, S88-S101. https://doi.org/10.1111/j.1753-
4887.2010.00344.x

Xie, N., Zhang, L., Gao, W., Huang, C., Huber, P.E., Zhou, X,, Li, C., Shen, G., Zou, B.,
2020. NAD+ metabolism: pathophysiologic mechanisms and therapeutic potential. Signal

Transduct Target Ther 5, 227. https://doi.org/10.1038/s41392-020-00311-7

Xie, Y., Meijer, A.H., Schaaf, M.J.M., 2021. Modeling Inflammation in Zebrafish for the

Development of Anti-inflammatory Drugs. Frontiers in Cell and Developmental Biology 8.

Xu, D., Jin, T., Zhu, H., Chen, H., Ofengeim, D., Zou, C., Mifflin, L., Pan, L., Amin, P., Li,
W., Shan, B., Naito, M.G., Meng, H., Li, Y., Pan, H., Aron, L., Adiconis, X., Levin, J.Z., Yankner,

B.A., Yuan, J., 2018. TBK1 Suppresses RIPK1-Driven Apoptosis and Inflammation during

194



Development and in Aging. Cell 174, 1477-1491.e19.
https://doi.org/10.1016/j.cell.2018.07.041

Xu, D., Zhang, T., Xiao, J., Zhu, K., Wei, R., Wu, Z., Meng, H., Li, Y., Yuan, J., 2015.
Modification of BECN1 by ISG15 plays a crucial role in autophagy regulation by type |
IFN/interferon. Autophagy 11, 617—628. https://doi.org/10.1080/15548627.2015.1023982

Xu, E., Kumar, M., Zhang, Y., Ju, W., Obata, T., Zhang, N., Liu, S., Wendt, A., Deng, S.,
Ebina, Y., Wheeler, M.B., Braun, M., Wang, Q., 2006. Intra-islet insulin suppresses glucagon
release  via GABA-GABAA  receptor system. Cell Metabolism 3, 47-58.
https://doi.org/10.1016/j.cmet.2005.11.015

Xu, L., Liu, T, Liu, L., Yao, X., Chen, L., Fan, D., Zhan, S., Wang, S., 2020. Global
variation in prevalence and incidence of amyotrophic lateral sclerosis: a systematic review

and meta-analysis. J Neurol 267, 944-953. https://doi.org/10.1007/s00415-019-09652-y

Xu, Y.-F., Gendron, T.F., Zhang, Y.-J., Lin, W.-L., D’Alton, S., Sheng, H., Casey, M.C,,
Tong, J., Knight, J., Yu, X., Rademakers, R., Boylan, K., Hutton, M., McGowan, E., Dickson,
D.W., Lewis, J., Petrucelli, L., 2010. Wild-type human TDP-43 expression causes TDP-43
phosphorylation, mitochondrial aggregation, motor deficits, and early mortality in transgenic

mice. J Neurosci 30, 10851—-10859. https://doi.org/10.1523/JNEUROSCI.1630-10.2010

Xu, Z., Henderson, R.D., David, M., McCombe, P.A., 2016. Neurofilaments as
Biomarkers for Amyotrophic Lateral Sclerosis: A Systematic Review and Meta-Analysis. PLoS

One 11, e0164625. https://doi.org/10.1371/journal.pone.0164625

Xu, Z., Poidevin, M., Li, X,, Li, Y., Shu, L., Nelson, D.L., Li, H., Hales, C.M., Gearing, M.,
Wingo, T.S., Jin, P., 2013. Expanded GGGGCC repeat RNA associated with amyotrophic
lateral sclerosis and frontotemporal dementia causes neurodegeneration. Proc Natl Acad Sci

US A 110, 7778-7783. https://doi.org/10.1073/pnas.1219643110

Yamanaka, K., Chun, S.J., Boillee, S., Fujimori-Tonou, N., Yamashita, H., Gutmann,
D.H., Takahashi, R., Misawa, H., Cleveland, D.W., 2008. Astrocytes as determinants of
disease progression in inherited ALS. Nat Neurosci 11, 251-253.
https://doi.org/10.1038/nn2047

195



Yang, E., Li, M.M.H., 2020. All About the RNA: Interferon-Stimulated Genes That
Interfere With Viral RNA Processes. Front Immunol 11, 605024.
https://doi.org/10.3389/fimmu.2020.605024

Yang, L., Gal, J., Chen, J., Zhu, H., 2014. Self-assembled FUS binds active chromatin
and regulates gene transcription. Proc Natl Acad Sci U S A 111, 17809-17814.
https://doi.org/10.1073/pnas.1414004111

Yang, M., Liang, C., Swaminathan, K., Herrlinger, S., Lai, F., Shiekhattar, R., Chen, J.-F.,
2016. A C90ORF72/SMCR8-containing complex regulates ULK1 and plays a dual role in
autophagy. Science Advances 2, e1601167. https://doi.org/10.1126/sciadv.1601167

Yang, X., Sheng, W., Sun, G.Y., Lee, J.C.-M., 2011. Effects of fatty acid unsaturation
numbers on membrane fluidity and ?-secretase-dependent amyloid precursor protein
processing. Neurochemistry International 58, 321-329.

https://doi.org/10.1016/j.neuint.2010.12.004

Yang, Y., Li, X., Zhang, T., Xu, D., 2022. RIP kinases and necroptosis in aging and aging-
related diseases. Life Medicine Inac003. https://doi.org/10.1093/lifemedi/Inac003

Young, J.J., Lavakumar, M., Tampi, D., Balachandran, S., Tampi, R.R., 2018.
Frontotemporal dementia: latest evidence and clinical implications. Ther Adv

Psychopharmacol 8, 33-48. https://doi.org/10.1177/2045125317739818

Yu, C.-H., Davidson, S., Harapas, C.R., Hilton, J.B.,, Mlodzianoski, M.},
Laohamonthonkul, P., Louis, C., Low, R.R.J., Moecking, J., De Nardo, D., Balka, K.R., Calleja,
D.J., Moghaddas, F., Ni, E., McLean, C.A., Samson, A.L., Tyebiji, S., Tonkin, C.J., Bye, C.R,,
Turner, B.J., Pepin, G., Gantier, M.P., Rogers, K.L., McArthur, K., Crouch, P.J., Masters, S.L.,
2020. TDP-43 Triggers Mitochondrial DNA Release via mPTP to Activate cGAS/STING in ALS.
Cell 183, 636-649.e18. https://doi.org/10.1016/j.cell.2020.09.020

Yu, J., Zhou, X., Chang, M., Nakaya, M., Chang, J.-H., Xiao, Y., Lindsey, J.W., Dorta-
Estremera, S., Cao, W,, Zal, A,, Zal, T., Sun, S.-C., 2015. Regulation of T-cell activation and
migration by the kinase TBK1 during neuroinflammation. Nat Commun 6, 6074.

https://doi.org/10.1038/ncomms7074

196



Yu, T., Vi, Y.-S., Yang, Y., Oh, J., Jeong, D., Cho, J.Y., 2012. The pivotal role of TBK1 in
inflammatory responses mediated by macrophages. Mediators Inflamm 2012, 979105.

https://doi.org/10.1155/2012/979105

Yu, Y., Chi, B., Xia, W., Gangopadhyay, J., Yamazaki, T., Winkelbauer-Hurt, M.E., Yin,
S., Eliasse, Y., Adams, E., Shaw, C.E., Reed, R., 2015. U1 snRNP is mislocalized in ALS patient
fibroblasts bearing NLS mutations in FUS and is required for motor neuron outgrowth in

zebrafish. Nucleic Acids Res 43, 3208-3218. https://doi.org/10.1093/nar/gkv157

Yum, S., Li, M., Fang, Y., Chen, Z.J., 2021. TBK1 recruitment to STING activates both
IRF3 and NF-?B that mediate immune defense against tumors and viral infections.
Proceedings of the National Academy of Sciences 118, e2100225118.
https://doi.org/10.1073/pnas.2100225118

Yuzwa, S.A., Shan, X., Macauley, M.S., Clark, T., Skorobogatko, Y., Vosseller, K.,
Vocadlo, D.J., 2012. Increasing O-GIcNAc slows neurodegeneration and stabilizes tau against

aggregation. Nat Chem Biol 8, 393-399. https://doi.org/10.1038/nchembio.797

Zhang, C., Liang, W., Wang, H., Yang, Y., Wang, T., Wang, S., Wang, X., Wang, Y., Feng,
H., 2019. ?-Oryzanol mitigates oxidative stress and prevents mutant SOD1-Related
neurotoxicity in Drosophila and cell models of amyotrophic lateral sclerosis.

Neuropharmacology 160, 107777. https://doi.org/10.1016/j.neuropharm.2019.107777

Zhang, C., Yang, Y., Liang, W., Wang, T., Wang, S., Wang, X., Wang, Y., Jiang, H., Feng,
H., 2019. Neuroprotection by urate on the mutant hSOD1-related cellular and Drosophila
models of amyotrophic lateral sclerosis: Implication for GSH synthesis via activating
Akt/GSK3?/Nrf2/GCLC pathways. Brain Res Bull 146, 287-301.
https://doi.org/10.1016/j.brainresbull.2019.01.019

Zhang, J., Wu, X.M., Hu, Y.W., Chang, M.X., 2020. A Novel Transcript Isoform of TBK1
Negatively Regulates Type | IFN Production by Promoting Proteasomal Degradation of TBK1

and Lysosomal Degradation of IRF3. Frontiers in Immunology 11.

Zhang, J.-M., An, J., 2007. Cytokines, inflammation, and pain. Int Anesthesiol Clin 45,
27-37. https://doi.org/10.1097/AIA.0b013e318034194e

197



Zhang, K., Donnelly, C.J., Haeusler, A.R., Grima, J.C., Machamer, J.B., Steinwald, P.,
Daley, E.L., Miller, S.J., Cunningham, K.M., Vidensky, S., Gupta, S., Thomas, M.A., Hong, |,
Chiu, S.-L., Huganir, R.L.,, Ostrow, L.W., Matunis, M.J).,, Wang, J., Sattler, R., Lloyd, T.E.,
Rothstein, J.D., 2015. The C90rf72 repeat expansion disrupts nucleocytoplasmic transport.

Nature 525, 56—61. https://doi.org/10.1038/nature14973

Zhang, S., Tang, M.-B., Luo, H.-Y., Shi, C.-H., Xu, Y.-M., 2017. Necroptosis in
neurodegenerative diseases: a potential therapeutic target. Cell Death Dis 8, e€2905.

https://doi.org/10.1038/cddis.2017.286

Zhang, S.-Y., 2020. Herpes simplex virus encephalitis of childhood: inborn errors of
central nervous system cell-intrinsic immunity. Hum Genet 139, 911-918.

https://doi.org/10.1007/s00439-020-02127-5

Zhang, Y.-)., Jansen-West, K., Xu, Y.-F., Gendron, T.F., Bieniek, K.F., Lin, W.-L.,
Sasaguri, H., Caulfield, T., Hubbard, J., Daughrity, L., Chew, J., Belzil, V.V., Prudencio, M.,
Stankowski, J.N., Castanedes-Casey, M., Whitelaw, E., Ash, P.E.A., DeTure, M., Rademakers,
R., Boylan, K.B., Dickson, D.W., Petrucelli, L., 2014. Aggregation-prone c9FTD/ALS poly(GA)
RAN-translated proteins cause neurotoxicity by inducing ER stress. Acta Neuropathol 128,

505-524. https://doi.org/10.1007/s00401-014-1336-5

Zhou, R., Zhang, Q., Xu, P., 2020. TBK1, a central kinase in innate immune sensing of
nucleic acids and beyond. Acta Biochim Biophys Sin (Shanghai) 52, 757-767.
https://doi.org/10.1093/abbs/gmaa051

Zhou, Y., Chen, Y., Dong, S., Yang, W., Qian, T., Liu, X., Cheng, Q., Wang, J., Chen, X,,
2021. Role of Blood Neurofilaments in the Prognosis of Amyotrophic Lateral Sclerosis: A

Meta-Analysis. Front Neurol 12, 712245. https://doi.org/10.3389/fneur.2021.712245

Zhou, Y., Danbolt, N.C., 2014. Glutamate as a neurotransmitter in the healthy brain. J
Neural Transm (Vienna) 121, 799-817. https://doi.org/10.1007/s00702-014-1180-8

Zon, L., Peterson, R.T., 2005. In vivo drug discovery in the zebrafish. Nat Rev Drug
Discov 4, 35-44. https://doi.org/10.1038/nrd1606

Zotta, A., Hooftman, A., O’Neill, L.A.J., 2021. SARS-CoV-2 targets MAVS for immune
evasion. Nat Cell Biol 23, 682—683. https://doi.org/10.1038/s41556-021-00712-y

198



Zou, Z.-Y., Zhou, Z.-R., Che, C.-H., Liu, C.-Y., He, R.-L., Huang, H.-P., 2017. Genetic
epidemiology of amyotrophic lateral sclerosis: a systematic review and meta-analysis. J

Neurol Neurosurg Psychiatry 88, 540-549. https://doi.org/10.1136/jnnp-2016-315018

199



