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Abstract

ALS is a multifactorial neurodegenerative disease. As it is currently an incurable disease without a
known cause, the efforts in discovering novel targets are well justified. Available evidence indicates
that ALS pathophysiology can be partially comprised of interactions between lipid alterations,
oxidative stress, TDP-43 mislocalization, and RNA metabolism. In order to explore the impact of
TDP-43 mislocalization, we quantified for the first time the cryptic exon splicing derived from TDP-
43 dysfunction in human tissue, cell models, and mice. Cryptic exons are candidate biomarkers in
ALS, and we quantified them in other pathologies related to TDP-43 disturbances, such as the
Alzheimer-LATE type dementia. One of the TDP-43 controlled mRNAs is codifying for ATG4B, an
essential protein at the build-up of autophagy's membranal machinery. On the other hand, the
central nervous system membranes are enriched in polyunsaturated fatty acids (PUFASs), which are
very sensitive to oxidative stress. The group's previous publications indicated a decrease in
docosahexaenoic acid (DHA) -a PUFA- in ALS donors' spinal cord. DHA is a crucial regulator of
inflammation and has been implicated in age-related neurodegenerative diseases. This thesis
shows that dietary intervention can effectively increase DHA content of the spinal cord by using a
DHA enriched diet, which has a beneficial effect on male survival time. This improvement was
associated with decreased inflammatory and DNA damage markers. Because a similar DNA
damage and cytokine release profile are seen in senescence-associated secretory profile (SASP)
in neuroinflammation, we also examined the potential role of senescence in ALS. We detected
increased levels of SASP markers and signs of cell senescence (increased expression of p16-INK
and p21) in pre- and symptomatic stages in the hSOD1-G93A ALS spinal cord. However, a
senolytic treatment with Navitoclax (a Bcl-2 inhibitor) did not offer any benefit in mice survival nor a
decreased level of cell senescence and SASP markers. We also demonstrate that cryptic exon
splicing is increased in the hSOD1-G93A ALS model at the end-stage, and it is correlated with
senescence marker p16-INK mRNA. Finally, to enhance transference potential, we explored both
metabolomic and cryptic exon splicing alterations in peripheral biomarkers. Unfortunately, cryptic
exons measured in nervous tissue are not expressed in peripheral blood mononuclear cells.
Notwithstanding, platelet metabolome analyses revealed significant changes in case-control and
prognostic approaches. Globally, this thesis highlights novel findings related to potential dietary
interventions, open the door for new therapeutic agents such as senolytic drugs and propose new

metabolomics and transcriptomic biomarkers.



Resum

L'ELA és una malaltia neurodegenerativa multifactorial. Atés que actualment és una malaltia
incurable sense una causa coneguda, els esforcos per descobrir noves dianes terapéutiques estan
ben justificats. L'evidéncia disponible indica que la fisiopatologia de I'ELA pot estar composta
parcialment d'interaccions entre alteracions de lipids, estrés oxidatiu, deslocalitzacié de TDP-43 i
metabolisme de I'ARN. Per explorar I'impacte de la deslocalitzacié de TDP-43, quantifiquem per
primera vegada I'splicing criptic derivat de la disfuncié de TDP-43 en teixit huma, models cel-lulars
i ratolins. Els exons criptics son candidats a biomarcadors en I'ELA, i els quantifiquem en altres
patologies relacionades amb alteracions de TDP-43, com la deméncia tipus Alzheimer-LATE. Un
dels ARNm controlats per TDP-43 codifica per ATG4B, una proteina essencial en la formaci6 de la
magquinaria de membrana de l'autofagia. D'altra banda, les membranes de el sistema nerviés
central estan enriquides en acids grassos poliinsaturats (PUFA), molt sensibles a l'estrés oxidatiu.
Les publicacions anteriors de el grup demostren una disminucié en l'acid docosahexaenoic (DHA)
-un PUFA- a la medul-la espinal dels donants d'ELA. EI DHA és un regulador crucial de la
inflamaci6 i s'ha relacionat amb malalties neurodegeneratives relacionades amb I'edat. Aquesta
tesi mostra que la intervencié dietética pot augmentar eficagment el contingut de DHA de la
medul-la espinal mitjancant I'ls d'una dieta enriquida amb DHA, que té un efecte beneficiés en la
supervivéncia dels ratolins transgenics mascles. Aguesta millora es va associar amb una
disminucié dels marcadors inflamatoris i de dany de I'ADN. A causa de que s'observa un dany en
I'ADN similar i un perfil d'alliberament de citocines en el perfil secretor associat a la senescéncia
(SASP) en la neuroinflamacié, també examinem el paper potencial de la senescéncia en I'ELA.
Vam detectar nivells augmentats de marcadors SASP i signes de senesceéncia cel-lular (expressio
augmentada de pl6-INK i p21) en etapes presimptomatiques i simptomatiques en la medul-la
espinal dels ratolins hSOD1-G93A. No obstant aix0, el tractament senolitic amb Navitoclax (un
inhibidor de Bcl-2) no va oferir cap benefici en la supervivéncia dels ratolins ni una disminucié dels
nivells d'expressié de gens de senescéncia cel-lular i marcadors SASP. També vam demostrar
que I'splicing criptic augmenta en ratolins hSOD1-G93A en l'etapa final i es correlaciona amb el
marcador de senescéencia pl6-INK. Finalment, per millorar el potencial de transferéncia, vam
explorar les alteracions de I'splicing criptic i canvis metabolomics com a potencials biomarcadors
periferics. Desafortunadament, els exons criptics mesurats en teixit nerviés no s'expressen en
cel-lules mononuclears de sang periferica. No obstant aixo, les analisis del metaboloma plaquetari
van revelar canvis significatius en els enfocaments de casos-controls i de pronostic. En conclusié,
aquesta tesi destaca les noves troballes relacionades amb possibles intervencions dietétiques,

obre



la porta a nous agents terapeutics com els senolitics, i proposa nous biomarcadors

metabolomics i transcriptomics.



Resumen

La ELA es una enfermedad neurodegenerativa multifactorial. Dado que actualmente es una
enfermedad incurable sin una causa conocida, los esfuerzos para descubrir nuevas dianas
terapéuticas estan bien justificados. La evidencia disponible indica que la fisiopatologia de la ELA
puede estar compuesta parcialmente de interacciones entre alteraciones de lipidos, estrés
oxidativo, deslocalizacion de TDP-43 y metabolismo del ARN. Para explorar el impacto de la
deslocalizacion de TDP-43, cuantificamos por primera vez el splicing criptico derivado de la
disfuncion de TDP-43 en tejido humano, modelos celulares y ratones. Los exones cripticos son
candidatos a biomarcadores en la ELA, y los cuantificamos en otras patologias relacionadas con
alteraciones de TDP-43, como la demencia tipo Alzheimer-LATE. Uno de los ARNm controlados por
TDP-43 codifica para ATG4B, una proteina esencial en la formacién de la maquinaria de
membrana de la autofagia. Por otro lado, las membranas del sistema nervioso central estan
enriquecidas en acidos grasos poliinsaturados (PUFA), muy sensibles al estrés oxidativo. Las
publicaciones anteriores del grupo demuestran una disminucion en el acido docosahexaenoico
(DHA) -un PUFA- en la médula espinal de los donantes de ELA. El DHA es un regulador crucial
de la inflamacién y se ha relacionado con enfermedades neurodegenerativas relacionadas con la
edad. Esta tesis muestra que la intervencion dietética puede aumentar eficazmente el contenido
de DHA de la médula espinal mediante el uso de una dieta enriquecida con DHA, que tiene un
efecto beneficioso en la supervivencia de los ratones transgénicos machos. Esta mejora se asocio
con una disminucion de los marcadores inflamatorios y de dafio del ADN. Debido a que se
observa un dafio en el ADN similar y un perfil de liberaciéon de citocinas en el perfil secretor
asociado a la senescencia (SASP) en la neuroinflamacién, también examinamos el papel
potencial de la senescencia en la ELA. Detectamos nhiveles aumentados de marcadores SASP y
signos de senescencia celular (expresion aumentada de pl6-INK y p21) en etapas
presintomaticas y sintomaticas en la médula espinal de los ratones hSOD1-G93A. Sin embargo, el
tratamiento senolitico con Navitoclax (un inhibidor de Bcl-2) no ofrecié ningan beneficio en la
supervivencia de los ratones ni una disminucién de los niveles de expresiéon de genes de
senescencia celular y marcadores SASP. También demostramos que el splicing criptico aumenta
en ratones hSOD1-G93A en la etapa final y se correlaciona con el marcador de senescencia pl6-
INK. Por ultimo, para mejorar el potencial de transferencia, exploramos las alteraciones del
splicing criptico y cambios metabolomicos como potenciales biomarcadores periféricos.
Desafortunadamente, los exones cripticos medidos en tejido nervioso no se expresan en células
mononucleares de sangre periférica. No obstante, los analisis del metaboloma plaquetario
revelaron cambios significativos en los enfoques de casos-controles y de prondstico. En
conclusion, esta tesis destaca los hallazgos novedosos relacionados con posibles intervenciones

dietéticas, abre la puerta a nuevos agentes



terapéuticos como los senoliticos, y propone nuevos biomarcadores metabolémicos y

transcriptomicos.
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Introduction

1.1 Epidemiology and genetics of ALS

1.1.1 ALS: acomplex disease

Amyotrophic lateral sclerosis (ALS) was first described in 1869 by French neurologist Jean-Martin
Charcot in a group of patients with progressive paralysis. He correlated the symptoms with a loss of
grey matter in the ventral horn (corresponding to motor neurons) and damaged lateral tract

(sclerosis).

ALS is the most incident motor neuron disease in adulthood. One to two of 100.000 people is
diagnosed with ALS worldwide every year with a man: woman ratio of 3:2 (Kiernan et al., 2011).
Notably, in Spain, the incidence is 1.4 per 100.000 people/year. Worldwide prevalence is 2-5 per
100.000, whereas prevalence in the Spanish population is especially higher (5.4 per 100.000
people), probably due to the proportion of the aged population (Camacho, Esteban, & Paradas,
2018).

ALS is characterized by the loss of upper and lower motor neurons, leading to progressive paralysis
and death in 2-5 years. Interestingly, the peak of onset of this disease is 58-63 years. This fact has
a profound impact not only on a personal level but also on a social level. This disabling disease
affects the active population and dramatically shortens the lifespan of the patients. Moreover, the
incidence of ALS is expected to increase by 69% in 2040, especially in developing countries. This
fact is a consequence of a higher life span and the aging of the population. Nevertheless, the
improvement in ALS managing and research may lower the impact of this prediction (Arthur et al.,
2016).

ALS is typically classified into two groups depending on genetic association: sporadic ALS (SALS)
without other diseased relatives, and familial ALS (fALS) with Mendelian inheritance. The first one
represents 95% of the cases and does not have any known cause. On the other hand, several genes

are linked to fALS in an autosomal dominant inheritance (Figure 1).

Twin data from sALS patients have shown an approximately 60% of heritability (Al-Chalabi et al.,
2010). However, 80-90% of the genetic component of sALS is still unknown (Gibson et al., 2017,
Zou et al., 2017). This data demonstrates a high heritability component in sALS, where genetic
variants that confer moderate risk of SALS play an essential and largely unknown role. Rare variants
are predicted to be the primary source of the heritability of SALS. Nevertheless, the low number of
people sharing the same genetic rare variant constrains the statistical analyses. To overcome this

problem, MinE Project is collecting and analyzing by Next Generation Sequencing (NGS) technology
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15000 DNA samples from people with SALS and 7500 control subjects to analyze full DNA profiles

and find enriched rare variants in this large sALS cohort (Van Rheenen, Pulit, et al., 2018).

fALS European fALS Asian

TARDBP /-~ FUS (6.4%)

(L5%) -
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Figure 1. Genetics of ALS. Representation of the most relevant genes linked to ALS in European
and Asian populations. Half of the genetic component in fALS and more than 90% in SALS remains
unknown (Mejzini R. et al 2019).

The genetic architecture of SALS is complex and sequencing probably is not enough to understand
it. Four primary sources of confounding factors could interfere with the dissection of Whole Genome
Sequence (WGS) data: i) oligogenic inheritance (when one genetic variant is not enough to cause
the disease, although it increases the risk), ii) pleiotropy (the same genetic variant can cause
different disease), iii) age-dependent and incomplete penetrance (a genetic variant could increase
the risk of the disease in age-dependent or incomplete manner), and iv) somatic mosaicism (a
mutation can occur after mitotic division and found only in specific cells). Identifying truly genetic
variants in sALS is just the first step to disentangle the genetic component(s) of the disease. The
effects of genetic variants in non-coding regions (99% of the genome) are not easy to predict. Some
authors claim that structural variants (SVs), composed by insertion, deletions, inversions, and
microsatellites, could have an underestimated impact on the genetics of SALS. SVs are generally
found in non-coding regions but have a higher impact on gene expression than single nucleotide
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variants (SNVs) (Chiang et al., 2017). NGS platforms and exome sequencing are not able to find
most of SVs due to the nature of this repetitive and variable elements and the location in non-coding
regions. However, SVs like CO9ORF72 repeat expansion (the most common gene variant in fALS and
SALS) and ATXN2 repeat expansion are described in ALS, and maybe other SVs can explain part
of the missing genetic component of ALS (Theunissen et al., 2020). Also, SV can be relevant in
oligogenic inheritance. As an example, SQSTM1 SV is associated with some SOD1 fALS families,
and it may explain an incomplete penetrance (Pytte et al., 2020). Understanding the genetics of the

disease will open the door for precision medicine, gene therapy, and genetic counseling.

The first mutation associated with fALS was discovered in the SOD1 gene in 1993 (Rosen et al.,
1993). Since then, 29 genes have been associated with fALS and sALS (Figure 2). Most of them
are involved in RNA processing, protein homeostasis, and the cytoskeleton. In the case of fALS,
approximately half of genetic variants have been discovered, with significant differences regarding
the frequencies of significant mutations between Asian and European cohorts (Zou et al., 2017).
(Figure 1 from PMID: 31866818). The known mutations in ALS correspond to SOD1, C90RF72, and
TARDBP.

On the other hand, 40% of the variance of developing ALS is associated with environmental factors.
According to a mathematical model based on the comparison of the incidence rate and age of onset,
only six steps leads to the onset of ALS (Al-Chalabi et al., 2014). Knowing each of these steps would
result in effective prevention of the disease. Nevertheless, environmental studies are challenging to
perform due to its dynamic nature and gene-environment interactions, in contrast to genetics.
Moreover, ALS clinical onset could be a result of years of pre-clinical stage, where molecular events
could lead to the disease manifestation. The only proven environmental risk factor of ALS is smoking
through an unknown mechanism, and some authors hypothesize a link with oxidative stress (Armon,
2009). Besides, male gender and age are also risk factors. Vivekananda and collaborators
performed a case-control study measuring the ratio of the index to ring finger length (2D:4D ratio) as
a surrogate marker of prenatal testosterone exposure. They found that the ALS cohort had a lower
2D:4D ratio, indicating a higher prenatal testosterone exposure that could increase the vulnerability
of motor neurons to death (Vivekananda et al., 2011). Sexual dimorphism is also present in mouse
models in a similar way. The female mouse model of fALS overexpressing a mutated hSOD1 (G93A)
transgene has more prolonged survival and a delayed onset compared to male mouse (Gurney et
al., 1994). In our laboratory, we demonstrated the role of estrogen preventing oxidative stress-
mediated by the overexpression of mutated hSOD1 in vitro (Cacabelos, Ramirez-Nufiez, et al.,
2016). Additionally, controversial evidence points to physical activity (Hamidou et al., 2014; Huisman
et al., 2013) and military service in the US (Beard & Kamel, 2015) as risk factors of ALS. Another

probable (yet not confirmed) risk factor is the exposure to neurotoxins like lead (M.-D. Wang, Gomes,
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Cashman, Little, & Krewski, 2014), some pesticides (Malek, Barchowsky, Bowser, Youk, & Talbott,
2012) and B-Methylamino-l-alanine (BMAA) (Masseret et al., 2013).

30 -
NEK1
25 - TUBA4A ~ — C21orf2
MOBP
TBK1 )
—SCFD1
= 20 - RFNL -~ MATRS CHCHD10
= UBQLNZ~ "\
O \..\
TAF15
; 15 -+ HNRNPA1
OPTN
c s C9ORF72
Q
O 10 - TARDBP . —
SOD1 Lo — UNC13A
c N VAPB — ,
——— DCTN1 ~E
SQSTM1
0 " ] L | ] |
1990 1995 2000 2005 2010 2015 2020

Year of Discovery

Figure 2. Gene discovery in ALS. The number of mutated genes associated with ALS is
exponentially increasing. The mutation found in SALS is colored in red and those linked to fALS in
blue. Blue and red circles indicate the mutation found in fALS and sALS (Brown RH and Al-Chalabi
A 2017).

1.1.2 SOD1 mutations

Cu/Zn Superoxide Dismutase (SOD1) is an enzyme localized in the cytosol and the intermembrane
space of mitochondria, which catalyzes the dismutation of superoxide radical, mainly produced
during cellular respiration, into oxygen and hydrogen peroxide (McCord & Fridovich, 1969). This
activity plays an important antioxidant role in preventing the oxidation of lipids, proteins, and
carbohydrates. According to the oxidative stress theory of aging postulated in 1956 by Denham

Harman, superoxide radical is the primary source of damage to macromolecules (HARMAN, 1956).
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Rosen et al. found 11 missense mutation in fALS patients in 1993 (Rosen et al., 1993) and postulated
two theories regarding the effect of these mutations: a dominant-negative effect of the mutant
carriers (a loss of function itself was not likely the effect because of the dominant inheritance) or a
gain of toxic function. These breakthrough results encourage a possible cure of this cluster of
patients within wtSOD1 replacement or antioxidant intake. One year later, in 1994, Gurney et al.,
developed the first fALS mouse model based on the substitution of the glycine in position 93 of the
protein sequence to Alanine (G93A). They also reinforced the theory of a dominant gain-of-function
of mutation in SOD1 in fALS (Gurney et al., 1994). The loss-of-function hypothesis was refused when
Reaume et al., created in 1996 a Sod1 knockout mouse without motor symptoms nor signs of spinal
cord pathology. However, they observed a marked vulnerability of motor neurons to death after
axotomy, suggesting a critical role of Sodl only under stress conditions (Reaume et al., 1996).
Nowadays, there are 155 SOD1 mutations described in ALS patients (Figure 3). The creation and
the commercialization of SOD1 mouse models boost ALS research, and for the first time,
researchers were able to analyze the whole disease process, some of them shared with human
pathology (Hayashi, Homma, & Ichijo, 2016).
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Figure 3. SOD1 mutational landscape. SOD1 mutations linked to ALS are homogeneously

distributed along the sequence (Saccon RA et al 2013).

There are 25 SOD1 fALS commercially available mouse models in The Jackson Laboratory with
different mutations, strains, promoters, copy humbers, and tags. Animal models have allowed us to
study the details of the pathological mechanisms involved in this disease. Nevertheless, the effects
of the mutant SOD1 overexpression (approximately 25 copies in the mouse genome) are likely to be
linked to simply overexpression, not to the specific point mutation. One of the evidence for that
statement is that Wild Type (WT) SOD1 overexpression also causes paralysis and motor neuron
degeneration (Jaarsma et al., 2000). Another one is the fact that heterozygous point mutation
(described in fALS patients) in a knock-in (KI) model (with a physiological expression) does not cause
ALS pathology (Joyce et al., 2015).
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Moreover, the random insertion of the transgene may alter other genes in SOD1-G93A strains (De
Giorgio, Maduro, Fisher, & Acevedo-Arozena, 2019). Nonetheless, SOD1 overexpression mouse
models have been the only pre-clinical model for drug testing before starting a Randomized Clinical
Trials (RCT). This fact is probably the main reason for the failure of 22 of 24 compounds tested in
RCT for ALS. Only Riluzole (tested before mutant SOD1 mouse models) and Edaravone have a mild

effect increasing the survival for a few months (Petrov, Mansfield, Moussy, & Hermine, 2017).

1.1.3 C90ORF72 hexanucleotide repeat expansion

In 2011, two independent groups discovered the most common gene variant in fALS: GGGGCC
Hexanucleotide Repeat Expansion (HRE) in C9ORF72 (DeJesus-Hernandez et al., 2011; Renton et
al., 2011). This polymorphic SV forms extremely stable structures (100% G-C content) termed G4-
guadruplexes in the DNA and RNA (Fratta et al., 2012). As happen with other repetitive structures
or microsatellites, there are often expansions and retraction after DNA replication, leading to genetic
mosaicism in somatic cells. Therefore, the number of repeat expansions is variable between tissues
(Nordin et al., 2015) and can modify the disease penetrance (Murphy et al., 2017). For example, a
70-repeat allele from an unaffected father can be expanded to 1750-repeat in ALS affected children
(McGoldrick et al., 2018). The correlation with disease phenotype/risk factor and repeat number
expansion are not clear (Gami et al., 2015; Van Mossevelde, van der Zee, Cruts, & Van
Broeckhoven, 2017), and other variables such as promoter methylation can also modulate disease
progression (E. Y. Liu et al., 2014). Three disease mechanisms are proposed for C9ORF72
pathogenesis (Figure 4) (Kumar, Hasan, & Hassan, 2017):

-RNA toxicity: When GGGGCC is transcribed in both sense and antisense way, it also folds into
stable quaternary structures in pre-mRNA and sequester different RNA Binding Proteins (RBPs)
leading to impairment in RNA biology, including splicing, translation, and transport. Moreover, the
antisense RNA foci, but not the sense foci, correlates with the mislocalization of TDP-43 by unknown

mechanisms (Cooper-Knock et al., 2015).

-Dipeptide Repeat (DPR) inclusion: Both sense and antisense C90ORF72 mRNA containing HRE can
produce proteins (DPR) by unconventional non-AUG (RAN) translation. DPR are found aggregated
in C9O0RF72 ALS patients. DPRs can alter nucleocytoplasmic transport, splicing, and liquid-liquid
phase separation (Freibaum & Taylor, 2017).

-Haploinsufficiency: C9ORF72 protein is structurally related to DENN Rab-GEFs. It has been
involved in membrane trafficking and autophagy (Sellier et al., 2016). However, C9orf72 deletion

alone does not lead to motor neuron disease (Lagier-Tourenne et al., 2013; O’'Rourke et al., 2016).
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Interestingly, the combination of RNA and DPR toxicity, together with CO9ORF72 deletion,

exacerbates axonal trafficking defects in vitro (Abo-Rady et al., 2020).
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Figure 4. C9orf72 toxic mechanisms. Three possible toxic mechanisms are proposed for C9orf72
HRE (A). The downregulation of the protein product by haploinsufficiency of the gene, leading to its
loss of functions (B). RBP sequestration in the RNA foci (B). Protein aggregation of DPRs derived
from HRE RAN (non-AUG) translation (Gitler AD and Tsuiji H 2016).

There are several C9ORF72 mouse models commercially available in The Jackson Laboratory.
These models differ in the number of GGGGCC repeats and mouse strains. However, any of them
develop the ALS paralytic phenotype. It is curious the case of C9orf72 500 repeats mouse (Stock
No: 029099, The Jackson Laboratory) because the original article reported paralysis and gait
abnormalities (Yuanjing Liu et al., 2016) that were not reproduced in The Jackson Laboratory
facilities. Nevertheless, some of these C90ORF72 mouse models display behavioral impairments and
anxiety that resemble Frontotemporal Dementia phenotype, also linked to COORF72 HRE).

1.1.4 TARDBP mutations

TDP-43 is the protein product of the TAR DNA-Binding Protein 43 (TARDBP) gene. TDP-43 was

discovered in 1995 as a binding protein of the HIV-1 trans-activation response (TAR) element. Tat
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HIV protein binds to the TAR element to promote viral transcription. TDP-43 can prevent Tat binding,
thus inhibiting viral replication (Ou, Wu, Harrich, Garcia-Martinez, & Gaynor, 1995). Additionally,
TDP-43 can prevent the alternative splicing of CFTR"s exon 9 by binding to a polymorphic UG repeat
region in the pre-mRNA (Buratti et al., 2001). Further studies elucidated multiple functions of this
protein in RNA metabolism, regulating transcription, mRNA transport, stress granule formation, and

splicing (Figure 5) (Cohen, Lee, & Trojanowski, 2011).
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Figure 5. TDP-43 functions. TDP-43 is a multifunctional protein involved in several processes of
RNA biology (A-l) (Lagier-Tourenne et al 2010).

TARDBRP is highly conserved in evolution (H. Y. Wang, Wang, Bose, & Shen, 2004) and is a member
of the heterogeneous nuclear ribonucleoproteins (hnRNPs) family. Structurally, TDP-43 is formed
by two tandem RNA Recognition Motifs (RRM1 and RRM2) with two highly conserved hexameric
and octameric segments denoted respectively as ribonucleoprotein 2 (RNP2) and ribonucleoprotein
1 (RNP1); and a C-terminal composed by a glycine-rich domain. RRM motifs are essential for
DNA/RNA binding to TG/UG abundant sequences, and the C-terminal domain is relevant for protein
interaction and dimerization (Kuo, Doudeva, Wang, Shen, & Yuan, 2009). About fifty missense
mutations in TARDBP have been found in ALS. Most of the TARDBP mutations are found in the C-
terminal domain (Figure 6). Mutations induce changes in the solubility and eventually trigger nuclear

export and cytoplasmic aggregation. Whether cytoplasmic aggregation (Neumann et al., 2006) or
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nuclear clearance (Nana et al., 2019) or combined, are the main contributor to pathogenesis is still

under debate.
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Figure 6. TARDBP mutational landscape. In contrast to SOD1 mutations, those found in TARDBP

are concentrated in C-terminal (Gly-rich) Domain (Chen H-J et al 2019)

There are several animal models for TDP-43 pathology. However, any of them reproduce all the
features of the disease but can be useful to study different aspects of the disease (De Giorgio et al.,
2019). Transgenic mice carrying a variable copy number of mutated TARDBP are the most used.
The pathology and the phenotype of these models are mostly dependent on copy number, promoter,
genetic background, and mutation. Some of them reproduce TDP-43 aggregation, phosphorylation,
or ubiquitination. One of the pitfalls of these models is the overexpression expression of TARDP,
random insertion (potentially mutagenic) of the transgene, and sometimes the lack of loss of function
of the endogenous TDP-43. Another strategy is the mutation of the genomic TARDBP to generate
knock-in (KI) mice with average expression levels. However, even closer to human fALS mouse
models, they do not develop the disease. KI mice carrying mutations in RRM2 exhibit splicing defects
and are an excellent model to study this specific disease mechanism. The last TDP-43 mouse model
is conditional KO. TARDBP is essential for embryonic development (Sephton et al., 2010), but
specific motor neuron TARDBP KO causes slow-progressive motor neuron degeneration (Iguchi et
al., n.d.). They are useful to study TDP-43 functions in specific cell types in vivo (Jeong et al., 2017).

On the one hand, transgene models, although they reproduce some features of the disease, are not
likely to share a common disease mechanism with human patients. On the other hand, physiological
K1l models do not reproduce the disease. A possible reason for the lack of symptoms in KI models is
the underestimated oligogenic inheritance (Van Blitterswijk et al., 2012). The breeding of distinct Kl
mouse could be useful to obtain proper combinations which develop an oligogenic fALS. The

improvement of reliable preclinical models is critical to improving drug discovery for RCTs.
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1.2 A clinical overview of ALS

From a clinical point of view, ALS can be classified as a group of different conditions that share the
neurodegeneration of both upper and lower motor neurons (UMN and LMN, respectively) (Figure
7). ALS diagnostic is based on El Escorial Criteria (Brooks, Miller, Swash, & Munsat, 2000), which
requires “(A) the presence of

-(A:1) Evidence of lower motor neuron (LMN) degeneration by clinical, neuropathological, or
electrophysiologic examination.

-(A:2) Evidence of upper motor neuron (UMN) degeneration by clinical examination, and

-(A:3) Progressive spread of symptoms or signs within a region or to other regions, as determined
by the history of examination,

together with:

(B) the absence of

-(B:1) Electrophysiological or pathological evidence of other disease processes that might explain
the signs of LMN and UMN degeneration, and

-(B:2) Neuroimaging evidence of other disease processes that might explain the observed clinical

and electrophysiological signs.”

The lack of specific biomarkers hinders the diagnostic, which often is not definitive or misdiagnosed
in 10% of the cases with ALS mimic syndromes (Traynor et al., 2000). Therefore, El Escorial Criteria
also divides the ALS diagnostic according to the confidence level:
“-Clinically definite ALS

UMN and LMN clinical signs or electrophysiological evidence in three regions

Clinically definite ALS-laboratory supported

UMN and LMN clinical signs in one region and the patient is a carrier of a pathogenic SOD1-gene
mutation
-Clinically probable ALS

UMN and LMN clinical or electrophysiological evidence by LMN and UMN signs in two regions
with some UMN signs rostral to the LMN signs
-Clinically possible ALS

UMN and LMN clinical or electrophysiological signs in one region only, or

UMN signs in at least two regions, or

UMN and LMN signs in two regions with no UMN signs rostral to LMN signs. Neuroimaging and

laboratory studies have excluded other diagnoses.”

25



Introduction

UPPER MOTOR
NEURONS

Right motor ‘
cortex A =

LOWER MOTOR
NEURONS

Medulla

Cervical
Spinal Cord

Lateral & //
corticospinal tract S &4
i

Anterior
corticospinal tract

Thoracic
Spinal Cord

Somatic motor
< neuron
AL N

7

Lumbar
Spinal Cord

Figure 7. Anatomy of the motor system. The motor system is the main affected in ALS. It is
composed of UMNSs in the frontal cortex traveling through the corticospinal tract to synapse with
LMNs. LMNs are located in the ventral horn of the spinal cord and control the voluntary movements
of limbs. UMNs can also synapse with bulbar motor neurons that control facial muscles (Brown RH
and Al-Chalabi A 2017).

ALS can be stratified by the clinical onset of the patients. On the one hand, when the signs and
symptoms are related to motor neurons located in the brainstem, it is classified as bulbar ALS. This
specific bulbar phenotype corresponds to 25% of the patients, and the symptomatology includes
sialorrhea, facial weakness, gait abnormalities, dysphagia, and speech disturbances. On the other
hand, when the signs and symptoms start in the limbs, it is referred to as spinal ALS, and it is the
most common phenotype (75% of the cases). The symptomatology includes weakness and
progressive spastic limb paralysis.
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Additionally, progressive paralysis can be more spastic (UMN degeneration predominance) or more
flaccid (LMN degeneration predominance). In general, bulbar onset survival is shorter due to the
proximity of disease onset to vital motor neuron nuclei innervating respiratory muscles (Kiernan et
al., 2011). The median survival of ALS is 15.3 months for spinal onset and 13.1 months for bulbar
onset, although other variables such as age on onset, lag from onset to the first visit, Body Mass
Index (BMI)< 18.5, and respiratory capacity negatively influence on survival time (Traxinger, Kelly,
Johnson, Lyles, & Glass, 2013).

The ALS Functional Rating Scale-Revised (ALSFRS-R) is a validated instrument for monitoring the
disability of ALS patients. It takes into account the degree of disability in executing several functions
and symptoms, including speech, salivation, swallowing, handwriting, patients with gastrostomy and
>50% daily nutrition intake via G-tube (Yes/No), cutting food and handling utensils, dressing and
hygiene, turning in bed and adjusting bedclothes, walking, climbing stairs, dyspnea, orthopnea, and
respiratory insufficiency. Average ability to do these tasks are scored by 4 points, and 0 points if the
person is unable to do it (Cedarbaum et al., 1999). Moreover, the decline in ALSFRS-R score
(measured by ALSFRS-R slope) is useful to estimate the disease progression and the efficacy of a
given treatment in Randomized Clinical Trials (RCT) (Castrillo-Viguera, Grasso, Simpson, Shefner,
& Cudkowicz, 2010).

According to a mathematical model, the main contributors to disease prognosis are the clinical onset
and the diagnostic delay (the time between the first symptoms and the diagnostic). Using these two
variables, ALS patients can be divided into five clusters with non-overlapping survival duration.
Curiously, 1200 of the 1467 patients of this study are grouped into two groups, suggesting a more
homogenous disease than expected (Ganesalingam et al., 2009). Similar results were obtained in a
recent study with a larger cohort and a more significant number of clinical and biochemical variables
(Kueffner et al., 2019).

Regarding clinical managing, a multidisciplinary clinic approach improves survival in ALS (Rooney
et al., 2015). Patients develop multiple complications that need integrative healthcare. ALS patients
in this multidisciplinary clinic approach are seen by a neurologist with specialist expertise in ALS, a
specialist ALS nurse, and a neuromuscular multidisciplinary team, including a physiotherapist,
occupational therapist, speech, and swallow therapist, and dietician, and given direct next-day
access to Respiratory Medicine where indicated. Meetings of these healthcare professionals are
necessary to implement a personalized intervention. One of the elements to consider is an
appropriate diet. Muscular atrophy is a catabolic process that ultimately kills the patient when it

occurs in respiratory muscles
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Moreover, 50% of ALS patients are hypermetabolic, and it is associated with a faster progression
(Bouteloup et al., 2009). A premorbid BMI is a protective factor of ALS (O’Reilly et al., 2013), whereas
a low BMI is associated with a poor outcome (Barone et al., 2019). Dietary intervention with a high
caloric diet should be taken into account according to preliminary evidence in an RCT to prevent a
low BMI (Wills et al., 2014). Therefore, other dietary interventions could be low-cost and low-risk

treatments for ALS.

1.3 Pathogenic mechanisms in ALS

1.3.1 Excitotoxicity

Glutamate is an excitatory neurotransmitter widely used in the central nervous system (CNS). When
an excessive release or a lack of clearance occurs, it remains in the synaptic cleft prolonging the
excitation of postsynaptic receptors with toxic effects (Figure 8) (P. Van Damme, Dewil, Robberecht,
& Van Den Bosch, 2006). In 1992, Rothstein et al. observed a defect in glutamate transport in ALS
patients that could lead to neurotoxic extracellular levels of this neurotransmitter (Jeffrey D.
Rothstein, Martin, & Kuncl, 1992). This finding was the rationale for a Randomized Clinical Trial
(RCT) of a supposed anti-excitotoxicity molecule (Riluzole®)), which reported a benefit extending
the survival for 2-3 months (Bensimon, Lacomblez, & Meininger, 1994). However, this mild effect is
driven from the extension of the late stage of the disease, extending the worst phase for the patients
in which respiratory or nutritional intervention is determined as clinically necessary (Fang et al.,
2018). Riluzole was the only FDA approved drug for ALS until 2016.

At a molecular level, there is a loss of astroglia Glutamate Transporter 1 (GLT1 or EAAT2) in the
motor cortex and spinal cord (the central affected CNS regions in the disease) in ALS patients
(Jeffrey D. Rothstein, Van Kammen, Levey, Martin, & Kuncl, 1995). Loss of GLT1 is also confirmed
in the G93A SOD1 mouse model during the neurodegeneration but not before onset and without
altering glutamate concentration in cerebrospinal fluid (CSF) (Bendotti et al., 2001). However, GLT1
overexpression in G93A mouse delays grip strength decline but does not extend life span,
suggesting a modest role of this glutamate transport in the disease (H. Guo et al., 2003). Although
excitotoxicity has been widely reported in several ALS models and electrophysiological studies are
included in the clinical diagnosis of ALS (Brooks et al., 2000), the cause of this alteration remains
elusive (King, Woodhouse, Kirkcaldie, & Vickers, 2016).
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Figure 8. Glutamate excitotoxicity. Glial cells remove the glutamate from the synaptic cleft to limit
the effects of this neurotransmitter. EAAT2 is a glutamate transporter involved in this process and is
downregulated in ALS. Therefore, glutamate can exert its functions for a longer time and triggers the

apoptosis of overexposed neurons (Fotana ACK 2015).

1.3.2 Protein oxidative damage

Reactive Oxygen Species (ROS) are generated by a leak of electron flow through the Electron
Transport Chain (ETC) in mitochondria. An electron can reduce the O into a high reactive Oz*—
(superoxide). Complex | and Il are the primary source of ROS, and its efficiency is critical to prevent
and imbalance increasing ROS production (Q. Chen, Vazquez, Moghaddas, Hoppel, & Lesnefsky,
2003; Herrero & Barja, 2000). The lower content of oxidable amino acid methionine and the
adaptation of cell membranes contribute to preventing oxidative damage and age-related events
(Pamplona, Portero-Otin, et al., 2005).

ROS modify macromolecules via non-enzymatic reactions, altering the physicochemical properties.
The most common form of protein oxidation implies third-party molecules derived from the oxidation
of carbohydrates (glycoxidation) and lipids (lipoxidation) (John W Baynes, 2003; Requena et al.,
1997). Superoxide is produced after the reduction of O, and has a short half-life (microseconds) and
rapidly reacts within surrounding molecules near of complex | in the mitochondrial inner membrane.
SOD enzymes can catalyze the dismutation of Oz— into O, and H,O2, preventing the oxidizing
damage of superoxide. However, hydrogen peroxide can react with Fe?* producing OHe (Hydroxyl
radical) + OH- and Fe®* (metal-catalyzed oxidation named Fenton reaction) (Hayyan, Hashim, &
Alnashef, 2016). When ROS, like superoxide or hydroxyl radical, oxidize carbohydrates or lipids
generate relatively stable intermediates that can spread across the cell modifying proteins and
altering its functions (Singh, Barden, Mori, & Beilin, 2001). Glycoxidation and lipoxidation of proteins

result in Advanced Glycation End-products (AGEs) and Advanced lipidation end-products (ALES). In
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the case of AGEs formation, the spreading intermediates are glyoxal, methylglyoxal, and 3-

deoxyglucosone (3-DG), derived from glycolysis (Figure 9) (Thornalley, Langborg, & Minhas, 1999).

On the other hand, principal substrates for the generation of ALEs are fatty acids (FAs) from cell
membranes. FAs are formed by a carboxylic group and an aliphatic chain with a variable number of
carbons and unsaturations (carbon-carbon double bond). FAs can be classified by the number of
unsaturations of the aliphatic chain. Saturated fatty acid (SFA) lacks double bonds, monounsaturated
fatty acids (MUFAS) contain one double bond, and polyunsaturated fatty acids (PUFAs) have multiple
double bonds. The carbon from the carboxylic group is named alpha, and the opposite of the aliphatic
chain is omega. Hence, n or w-3 FAs means that the first unsaturation is located in the third carbon
from the omega terminal. The number of carbons and unsaturation from the aliphatic chain is also
crucial for the nomenclature, i. e., C22:6n3 is interpreted as an aliphatic chain of 22 carbons, six
unsaturations and the first of them is in the third carbon from the omega terminal. Additionally, FAs
unsaturation can be cis, if the adjacent hydrogens of the double bond are on the same side, or trans
if they are on the opposite side.

The characteristics mentioned above of FAs determine the physicochemical properties of the
molecule. The number of unsaturations and cis configuration are both negatively correlated with
melting temperature. A side effect of increasing the number of unsaturations, also known as Double
Bond Index (DBI), is an exponential increase of the sensitivity to oxidation or Peroxidability Index
(P1) (Bielski, Arudi, & Sutherland, 1983). Non-enzymatic oxidation of PUFAs results in chain
breakdown and the formation of reactive aldehyde intermediates, like hydroxynonenal and
malondialdehyde. These short molecules propagate across the cell, oxidizing other biomolecules

like proteins (Schopfer, Cipollina, & Freeman, 2011).

Both ALEs and AGEs are formed by carbonyl adducts with proteins, such as Ne-carboxymethyl-
lysine (CML), Ne-carboxyethyl-lysine (CEL) and Ne-malondialdehyde-lysine (MDAL), which can be
measured by Gas Chromatography/Mass Spectrometry (GC/MS) techniques (J W Baynes & Thorpe,
2000). The high content of lipids, especially PUFAs with high Pl and elevated oxygen consumption
in CNS, make this tissue highly susceptible to oxidative damage (O’Brien & Sampson, 1965; Sastry,
1985; Schopfer et al., 2011). In the case of ALS, several fatty acids are altered in the spinal cord.
Interestingly, docosahexaenoic acid (DHA, C22:6n3) together with Pl are markedly decreased in the
spinal cord of ALS donors, whereas frontal cortex DHA and PI are slightly increased. However, in
both tissue, there is an increase in AGEs and ALEs measured by GC/MS and western blot analyses
of carbonylated proteins. In this line, a suboptimal assembly of Complex | and Complex Il could be
responsible for a higher ROS production promoting AGEs and ALEs accumulation in the spinal cord
of ALS patients (llieva et al., 2007). A plausible hypothesis for the reduction of DHA content is a

faster consumption to counteract the neuroinflammation in the spinal cord. Although DHA has a high
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Pl, it is also implicated in the resolution of the neuroinflammation (Hong, Gronert, Devchand,
Moussignac, & Serhan, 2003) and excitotoxicity (Hogyes et al., 2003). In the same work, under a
paradigm of an early stage of excitotoxicity in organotypic spinal cord cultures, DHA, PI, and protein
oxidation are increased similarly to the frontal cortex. The authors attributed these changes to events

before motor neuron death, followed by DHA consumption to mitigate detrimental insults.
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Figure 9. Molecular effectors of oxidative damage. ROS can modify lipids to form reactive

carbonyl molecules (lipidic propagators). These molecules form stable adducts with proteins (AGEs

and ALEs). Depending on the source of the oxidative damage, the products can be classified in

glycoxidative damage, lipoxidative damage, mitochondrial damage, metal-catalyzed oxidative
derivates, and DNA damage (Cacabelos D 2014).

Studies of oxidative stress in the hSOD1-G93A mouse model are controversial due to the

overexpression of mutant SOD1, an antioxidant enzyme, which does not entirely loss its activity.

Regarding cellular respiratory function, hSOD1-G93A mice have a lower O in the spinal cord only

at a late stage, probably due to general atrophy status. However, females hSOD1-G93A mice have

a higher Complex | O than transgenic males, suggesting a mechanism for female ALS resilient. In

the case of oxidative stress protein damage, the results in the mouse model do not reproduce the

human ones, probably due to the antioxidant effect of hSOD1 overexpression. Notably, DHA content
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in the mouse model has a strong interaction with transgene expression, age, and gender. Female
transgenic mice have a higher content of DHA in the early stages, which is likely to exert a gender-
specific neuroprotective role. Nevertheless, in the late stages of the disease in the mouse model,
DHA content in the spinal cord is lower than the early stages (Cacabelos, Ramirez-Nufez, et al.,

2016), similar to the human disease.

1.3.3 DNA oxidative damage

ROS can also modify DNA generating 8-Oxo0-2'-deoxyguanosine (8-oxo-dG) as one of the most
known products. Mitochondrial DNA (mtDNA), due to the proximity of the ROS source in the ETC,
contains 2-3 times more oxidized bases than nuclear DNA. This phenomenon has been proposed
as a contributor to mitochondrial dysfunction in age-related processes (Hudson et al., 1998).
Oxidation of DNA bases has a mutagenic effect, prokaryotes and eukaryotes have evolved to repair
this damage. Base Excision Repair (BER) is the central system to correct the oxidized base in
mammalian cells (Demple & Harrison, 1994; Dianov, Bischoff, Piotrowski, Vilhelm, & Bohr, 1998).

However, BER is not 100% efficient, and mutations eventually occur. Cells have evolved to detect
and respond when genome integrity is compromised to prevent the inheritance of potentially
oncogenic mutations. P53 is a master regulator of the signaling pathway of oxidative damage in
DNA. This gene is deleted in several cancers (S. J. Baker et al., 1989; Mowat, Cheng, Kimura,
Bernstein, & Benchimol, 1985; Takahashi et al., 1989) and is an important tumor suppressor.
However, this protein has been proposed as a pro-aging factor and inductor of senescence (Rodier,
Campisi, & Bhaumik, 2007). This gene has a crucial role in the DNA Damage Response (DDR).
When BER is deficient, oxidation of the base can derive in DNA Double-Strand Break (DSB). ATM
is a serine/threonine kinase that is recruited to DSB and initiate DDR (Lee & Paull, 2007). ATM
phosphorylates p53 and Checkpoint Kinase 2 (CHK2), which in turn also phosphorylates p53
(Pluguet & Hainaut, 2001). ATM and other DDR related kinases (ATR, DNA-PK, CHK1, CHK2)
phosphorylate histone gamma-H2AX. Phosphorylation of this histone is critical for the assembly of
DNA-repair complexes of DSB (Celeste et al., 2002; Rogakou, Pilch, Orr, Ivanova, & Bonner, 1998).
Phosphorylation of p53 reduces the interaction with the ubiquitin ligase MDM2, enhancing its

stabilization to function as a transcription factor of many genes (Lavin & Gueven, 2006).

In an initial stage of the DDR, p53 is localized in the focus of DNA damage promoting DNA repair
(Al Rashid et al., 2005) and upregulates the expression of the cyclin-dependent kinase inhibitor p21
(Guillouf et al., 1995). Cell fate after DDR is driven by the degree of p53 activation and can result in
four possible outcomes (Figure 10) (Rodier et al., 2007):
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i) A proper repair and the return to cell homeostasis when the damage is not severe.

ii) A defective repair and a premature re-entry in the cell cycle could derive in the accumulation of
mutation and carcinogenesis.

iii) When the damage is severe, p53 can induce apoptosis to prevent potential carcinogenesis.

iv) Cellular senescence, a permanent cell cycle arrest, can be derived from severe DNA damage in

a cell type and physiological dependent manner.
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Figure 10. Possible outcomes after the DDR. DDR is engaged after DNA oxidation. Depending
on the magnitude of the stress and the cell type, it can result in distinct cell fates. The protein p53
regulates these outcomes (cell cycle arrest, DNA repair, senescence, and apoptosis) and has
profound implications in healthspan, tumor suppression, and aging (Ou H-L and Schumacher B
2018).

Neurons are particularly prone to DNA damage due to high oxygen consumption and transcriptional
rate (open chromatin and free vulnerable DNA). DNA damage is notably higher in neurodegenerative
diseases, including ALS (Coppedé & Migliore, 2015). 8-o0xo-dG concentration is elevated in both
SALS and fALS CNS (Ferrante et al., 2002) and G93A mouse model at the early pre-symptomatic
stage (Aguirre, Beal, Matson, & Bogdanov, 2005; Warita, Hayashi, Murakami, Manabe, & Abe,
2001). Moreover, urinary 8-oxo-dG is associated with disease severity, suggesting a role as a
biomarker (Bogdanov et al., 2000). In 1982, Bradley and Krasin formulated a hypothesis in which
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the primary abnormality in ALS is an accumulation of DNA damage in motor neurons, which
compromises gene transcription in these cells, probably due to a deficiency of DNA repair enzyme
(Walter G. Bradley & Krasin, 1982). In this line, some mutations and polymorphisms in DNA repair
enzymes have been associated with sALS and fALS (Y.-Z. Chen et al., 2004; Coppedé et al., 2007,
Olkowski, 1998).

Additionally, other genes linked to ALS can induce or impair DDR in neurons (Higelin et al., 2018;
Konopka & Atkin, 2018). Moreover, different pieces of evidence show lower expression of different
DNA repair enzymes in both nucleus and mitochondria in sALS and fALS CNS, cell and animal
models, pointing to an early event in the disease before motor neuron death (W G Bradley, Robison,
& Tandan, 1987; Kikuchi et al., 2002; Kisby, Milne, & Sweatt, 1997; Manabe et al., 2001; Murakami
et al., 2007; Shaikh & Martin, 2002; Tandan, Robison, Munzer, & Bradley, 1987). Nevertheless, a
new study of laser capture microdissection of motor neurons shows a hypomethylation of several
DDR enzymes promoters and a higher expression in ALS patients. The authors concluded that
vulnerable neurons in ALS have higher levels of DNA damage, but they can engage a DDR (Kim,
Jeong, Wong, & Martin, 2020).

Oxidative stress and mitochondrial dysfunction have been studied in ALS since a long time ago. The
relative impact and whether they are the primary cause of ALS remains elusive. FDA approved the
use of a ROS scavenger (antioxidant drug) Edaravone to treat ALS. However, this drug is only valid
when it is administered in an early stage with a definite or probable diagnosis of ALS, defined by the
revised El Escorial criteria. Phase Ill RCT demonstrated a 33% protection on ALSFRS-R decline

only in participants who met these inclusion criteria (Abe et al., 2017).

1.3.4 Protein aggregation:

Protein aggregates are a hallmark of ALS. Different mutated genes are frequently found aggregated
in fALS but also without the mutation in sALS. These aggregates are formed by large insoluble
cytoplasmic inclusions and are often polyubiquitinated and phosphorylated. However, the origin of
this aggregation is mostly unknown. A recent study indicates that ALS vulnerable motor neurons
have a supersaturated proteome compared to other resistant neurons. This characteristic could
compromise the solubility of the proteins and the promotion towards aggregation (Yerbury et al.,
2019). Other authors point to higher proteasomal activity in the resistant neurons as a defense

mechanism to maintain the protein homeostasis (proteostasis) (An et al., 2019).

The most common protein aggregate in ALS is named either Lewy body-like hyaline inclusions or
skein-like inclusions. In 2006, Neumann M. et al. identified hyperphosphorylated, ubiquitinated, and
cleaved TDP-43 as the protein which conforms cytoplasmic inclusions in ALS and Frontotemporal
Dementia (FTD-TDP) (Neumann et al., 2006). TDP-43 aggregates are found in 97% of SALS patients
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in spinal cord and fALS negative-SOD1 patients (Mackenzie et al., 2007; C.-F. Tan et al., 2007).
These cytoplasmic inclusions are found in degenerating motor neurons in the spinal cord and the
surrounding oligodendroglia but also hippocampal and frontal cortex neurons. Ultrastructural
analyses reveal that the typical conformation of TDP-43 aggregates is 10—-20 nm diameter straight
filaments of dense granular material. These aggregates are usually found in the cytoplasm but also

in the nucleus and neurites of degenerating neurons (Lin & Dickson, 2008).

TDP-43 has a glycine-rich region in its C-terminal domain, which is critical and sufficient for
aggregation. Interestingly, mutations associated with TDP-43 found in fALS are concentrated in this
region, promoting its aggregation (B. S. Johnson et al., 2009). However, toxic effects TDP-43
aggregation are under debate due to the disparity of models and methods to evaluate the cytotoxicity
(Hergesheimer et al., 2019).

An initial step for TDP-43 aggregation is an intermediate oligomerization. In this phase, the
interaction with specific UG enriched RNA regions is critical to prevent the TDP-43 self-assembly
into intermediate oligomers (French et al., 2019). Moreover, the addition of UG-rich oligonucleotides
increases TDP-43 solubility and prevents its self-assembly (Zacco et al., 2019). Although the vast
majority of mutations in TARDBP are found in the C-terminal domain, those mutations nearby RRM1
disturb RNA and ATP interaction, lower its solubility, and promote self-assembly and aggregation
(Dang & Song, 2020). Several stressors found in ALS, such as oxidative stress, endoplasmic
reticulum stress, chronic excitotoxicity, and proteasomal stress, can also induce the aggregation of
TDP-43 (V. Ayala et al., 2011).

Due to the ability of TDP-43 to self-assembly and neuroanatomical progression of ALS, some
authors have postulated the Prion-Like theory (Figure 11). Prions are misfolded and aggregation-
prone proteins capable of transmitting this state to other normal-folded proteins. Classical prion
diseases in humans cause neurodegeneration with a genetic cause (Prusiner, 1991) or zoonotic
infection (lronside, 2012). Prions are infectious agents and can cause epidemic diseases (Aguzzi,
Sigurdson, & Heikenwaelder, 2008; Gajdusek, Gibbs, & Alpers, 1966; Prusiner, 1982). However,
ALS is not classified as an infectious disease, and the transmissibility of TDP-43 proteinopathy in
humans has not been demonstrated. Strictly, ALS cannot be defined as a prion disease, but TDP-
43 seeding, self-template oligomerization, and cell transmissibility are demonstrated in vitro
(Furukawa, Kaneko, Watanabe, Yamanaka, & Nukina, 2011; Nonaka et al., 2013; Porta et al., 2018).

The aggregation-prone domain of TDP-43 has been conserved, even its potential toxicity. One of
the reasons seems to be the regulation of Stress Granules (SGs) formation. SGs are large structures
conformed of proteins and RNA. These structures formed during cell stress are dynamic and

reversible. Although the functions of SGs have not been fully elucidated, the most accepted theory
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is the protection of the RNA during cell stress (Kedersha & Anderson, 2002; Nover, Scharf, &
Neumann, 1989). TDP-43 is localized in SGs during stress, and it is essential for their assembly due
to its RNA interaction, highlighting that TDP-43 self-assembly has a protective role against cell stress
(McDonald et al., 2011).

Further structural studies demonstrated the capacity of TDP-43 to undergo a reversible phase
transition mediated by its low complex (LC) domain. This phase transition is based on the capacity
of forming hydrogel particles from soluble proteins through polymerization (Kato et al., 2012). This
physical phenomenon is called liquid-liquid phase separation (LLPS). It allows increasing a specific
protein concentration at a particular cellular location, a fact particularly relevant for RNA Binding
Protein (RBP)(Hyman, Weber, & Jilicher, 2014). It may be evolutionarily advantageous to
concentrate TDP-43 where RNA is processed (Conicella et al., 2020).

As stated above, the toxic properties of aggregated TDP-43 are under debate. There is a manifest
presence of TDP-43 aggregates in neurodegenerating neurons, but whether it is a cause or
consequence and the biological effects remain unknown. Additionally, a high-throughput mutational
screening in yeast demonstrated higher toxicity of TDP-43 mutations, which enhance its phase
transition. They also observed a decreased toxicity in TDP-43 aggregation-prone mutation. The
authors concluded that TDP-43 aggregation is a protective mechanism to prevent toxic phase
transition (Bolognesi et al., 2019). However, this paradigm is demonstrated in yeast and with an
exogenous TDP-43 overexpression. Therefore, the specific vulnerability of motor neurons and

regular TDP-43 expression has not been taken into account.

SOD1 is also an aggregation-prone protein. It is misfolded and aggregated in fALS SOD1 linked
patients. SOD1 aggregation may occur in sALS (Forsberg et al., 2010) and other fALS (Forsberg et
al., 2019), although it is controversial (Da Cruz et al., 2017) and could be related to oligogenic forms

(Kuuluvainen et al., 2019).

A proper formation of SOD1 functional and stable homodimers requires the presence of a zinc ion,
a copper ion, and an intramolecular disulfide bond. At its turn, the addition of the copper ion requires
a copper chaperone (CCS). Interestingly, some fALS mutations render a defective interaction
between SOD1 and CCS (Wright, Antonyuk, & Hasnain, 2016). The absence of copper and reduced
cysteines in the enzyme create an unstable hydrophobic motif. As a consequence, unstructured toxic
apo-SOD1 oligomers are formed (Luchinat et al., 2014). Oligomers tend to form large aggregates,
mainly in the proximal axons of motor neurons. These aggregates are interwoven intermediate
filaments of 10-15 nm in diameter, resembling Lewi Bodies. A smaller proportion of aggregates
appears as a granular, amorphous vesicular material. Aggregation of ubiquitinated apo-SOD1 starts

at the pre-symptomatic stage in mice, increases in time, and probably disturbs axonal transport
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(Bourassa, Brown, Borchelt, Vogt, & Miller, 2014; Jonsson et al., 2006; Sasaki et al., 2005).
Enhancing SOD1 metal stabilization within CCS activity in transgenic mice has a considerable
increase in survival (Williams et al., 2016). This fact reflects the importance of SOD1 maturation in

the aggregation process and pathology.

SODL1 aggregation has been linked to the prion-like hypothesis. As in the case of TDP-43, there is
no evidence for SOD1 infectious disease with human to human or zoonotic spreading. However,
several in vitro and in vivo evidence for seeding and transmissibility have been reported (Ayers et
al., 2014; Chattopadhyay et al., 2015; Chia et al., 2010; Ekhtiari Bidhendi et al., 2018; Grad et al.,
2014; Christian Munch, O’Brien, & Bertolotti, 2011; Pokrishevsky, Hong, Mackenzie, & Cashman,
2017). In the case of SOD1, but not in TDP-43, animal to animal propagation has been established.
Nevertheless, the authors suggested animal-animal transmission through indirect evidence using an
uncommon model. They just see a faster disease of G85R-YFP fused mice when they injected spinal
cord homogenates (not only SOD1 oligomers) from paralyzed G93A strain. Other strain
combinations failed to worsen the disease, generating doubts about in vivo properties of prion-like
propagators (Ayers et al., 2014).

CI90RF72 repeat expansion translation produces DPRs (poly-GR, poly-GP, poly-GA, poly-PR, and
poly-PA), which can also form cytoplasmic aggregates (Mori et al., 2013). Poly-GA DPR is the most
common DPR in COORF72-ALS (Mackenzie et al., 2015). Ultrastructural analysis reveals that poly-
GA DPR is formed by large aggregates of 3 um in diameter of dense polymorphic ribbons (Q. Guo
et al., 2018). Prion-like properties are less studied in DPRs, but they can be transmitted cell-to-cell

and can induce TDP-43 aggregation (Khosravi et al., 2020; Westergard et al., 2016).
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Figure 11. Prion-like theory. A prion is a misfolded protein with the ability to convert other native-

folded forms of the same protein to prions. Prions can self-assemble to form seeds that are

37



Introduction

propagated within the surrounding tissue. These seeds are eventually condensed in large

aggregates (Composite using Biorender).

1.3.5 Autophagy dysregulation

Autophagy was discovered in 1967 as an observation of liver mitochondria self-degradation within
large lysosomes in rats (Deter & De Duve, 1967). However, it was in the early 1990s when Yoshinori
Ohsumi and colleagues began to characterize the molecular effectors of the autophagy. In 1996
Oshumi clones the first autophagy-related gene, APG5 (ATGb5), in yeast (Kametaka, Matsuura,
Wada, & Ohsumi, 1996). The work of Oshumi and other researchers boost the knowledge of
autophagy, and he won the Nobel Prize in 2016. The molecular mechanism of autophagy is
exceptionally conserved across every eukaryote. However, it has not been described in prokaryotes.
Saccharomyces cerevisiae genome encodes for 32 autophagy-related genes (Nakatogawa, Suzuki,
Kamada, & Ohsumi, 2009) highly conserved in mammals. For a unified nomenclature, the use of
ATG or Atg (autophagy-related) follow by a number is widely used in the literature (Klionsky et al.,
2003).

Autophagy is thought to be a survival mechanism of the cell under stress situation. It can provide
energy during starvation and remove damaged or aggregated proteins or organelle. However, it has
been related to cell death (Kroemer & Levine, 2008), senescence (Young et al., 2009), and
carcinogenesis (Mathew, Karantza-Wadsworth, & White, 2007), highlighting a complex and context-
dependent role in cell fate. Autophagy can be divided into two groups: selective or non-selective.
The first one consists of the degradation of misfolded or aggregated protein, damaged or over-
abundant organelles, and invading pathogens. The recognition of cargo material within the receptors

is crucial for this purpose.

On the other hand, non-selective autophagy occurs under starvation or cell stress in which cells
catabolize some cell structures to obtain energy and overcome this situation. Mechanistically, there
are three types of autophagy: macroautophagy, microautophagy, and chaperone-mediated
autophagy. In macro-autophagy, a double-membrane structure engulfs the cargo (proteins and
organelles) and forms the autophagosome. Autophagosome is fused with lysosomes to form
autophagolysosomes to degrade the cargo. In microautophagy, the lysosome membrane is
invaginated to take up the cargo. In chaperone-mediated autophagy, proteins are delivered to
lysosomes through chaperones (like Hsc-70) and recognized by lysosomal receptor LAMP-2A.
Macroautophagy (from now on, autophagy) is the most studied type and has been associated with

several diseases.

38



Introduction

In the first step of autophagy, mTOR complex initiates the formation of an isolated membrane from
unknown origin (Diaz-Troya, Pérez-Pérez, Florencio, & Crespo, 2008). This complex integrates
several inputs and regulates cell metabolism (Goberdhan, Wilson, & Harris, 2016). Nutrient
starvation is a paradigm to study non-selective autophagy and the activation of mTOR. Selective
autophagy is essential to maintain cell homeostasis (Dikic & Elazar, 2018). Depending on the
severity of the stress, the number of the autophagosome and the size will be different. mTOR
phosphorylates PI3KC3 Complex | and generates phosphatidylinositol 3-phosphate (Ptdins3P). At
the initiation point, ATG8 must be cleaved by ATG4. After ATG8 cleavage, a glycine is exposed at
the C-terminus. A ubiquitin-like system composed of ATG3 (E1) and ATG7 (E2) recognizes C-
terminal glycine. Ptdins3P activates WIPI2b, which recruits ATG8 to the autophagosome within
ATG16L1 of the ATG12-ATG5-ATG16L1 (E3) complex and conjugates cleaved ATG8 (LC3) with
phosphatidylethanolamine (PE) (Dooley et al., 2014).

The next phase of autophagy is the elongation (maturation). In this step, the amount of
phosphatidylethanolamine (PE)-conjugated ATG8 (LC3) determines the size of the autophagosome
(Z. Xie, Nair, & Klionsky, 2008). Moreover, ATG8 confers the selectivity of the cargos (Turco &
Martens, 2016). ATG4 catalyzes the ATG8-PE deconjugation. This step is critical to recycle ATG8
and allows the elongation (Hirata, Ohya, & Suzuki, 2017; Nakatogawa, Ishii, Asai, & Ohsumi, 2012).
ATG4 has four family members (ATG4A, ATG4B, ATGA4C, and ATG4D. ATG4 homologs differ in
their activity and affinity. For example, ATG4B activity of processing ATG8 (LC3B) is 1500-fold higher
than the other homologs. ATG4A prefers GABARAP-L2 to LC3B, whereas ATG4B processes all
ATG8 homologs. ATG4C and ATGA4D protease activity are shallow (Li et al., 2011; Tanida et al.,
2004). ATG4B activity is regulated by post-translational modification, inhibited by oxidation (Scherz-
Shouval et al., 2007), and activated by phosphorylation (Yang et al., 2015) and O-GlcNAcylation (Jo
et al.,, 2016). ATG4B protein levels are regulated by ubiquitination and miRNAs, thus controlling
basal autophagy and stress response (Kuang et al., 2012; Y. Wu et al., 2017). The dual role of ATG4
promoting PE conjugation and deconjugation of ATG8 makes it difficult to predict the final effect on
ATGB8-PE abundance. Elongation of autophagosome is also mediated by phospholipid transfer from
the endoplasmic reticulum (ER) by Atg2 (Osawa et al., 2019). Although the lipid composition of
autophagosome is poorly understood, different classes of phospholipids modify its physicochemical
properties, modifying the shape, size, and mediating the cargo delivery (de la Ballina, Munson, &
Simonsen, 2020).

The growing autophagosome engulfment of cargoes can be selective or non-selective. The selective
form is based on the receptor ATGS8, which recognizes adaptor molecules attached to the target.
The most studied system is the p62/SQSTM1 adaptor. This protein adaptor recognizes poly-
ubiquitinated cargos (like protein aggregates) and tethers them to autophagosome (Pankiv et al.,

2007). SQSTM1 accumulates in the cytosol when autophagy is inhibited and is often used for its
39



Introduction

monitoring (Bjerkey et al., 2009). Cargoes can be misfolded proteins, mitochondrial (mitophagy),
lysosomes (lysophagy), ER (ERphagy), peroxisomes (pexophagy), and nucleus (nucleophagy)
(Anding & Baehrecke, 2017).

When autophagosome is finally closed, it is fused to the lysosome to form autophagolysosome.
Autophagosomes are transported to the lysosomes through the microtubules-dynein system
(Jahreiss, Menzies, & Rubinsztein, 2008). HOPS is a protein complex of vacuolar protein sorting 11
(VPS11), Vpsle6, VPS18, Vps33A, VPS39, and Vps4l. It regulates the tethering of autophagosomes
and lysosomes in yeast and mammals (Balderhaar & Ungermann, 2013; Solinger & Spang, 2013).
Q-SNARE STX17 is a protein that interacts with the HOPS complex to induce the formation of
autophagolysosomes (P. Jiang et al., 2014). The lysosome requires V-ATPase and the counterion
transporter to generate an internal pH= 4.5-5 optimal hydrolytic enzymes (Mindell, 2012) in order to
degrade its cargo.

A prominent feature of autophagy imbalance in ALS is the presence of cytoplasmic poly-ubiquitinated
aggregated proteins. All forms of SALS and fALS are characterized by cytoplasmic inclusion,
suggesting the autophagy dysregulation as a common disease mechanism. Most of the protein
aggregates in ALS are ubiquitinated and positive for SQSTML, indicating an initial but inefficient
autophagic degradation (Brady, Meng, Zheng, Mao, & Hu, 2011; Gal et al., 2009). Moreover,
mutations in several genes involved in autophagy, like SQSTM1, UBQLN2, DCTN1, OPTN, PFNL1,
FIG4, C9ORF72, TBK1, VAPB, ALS2, and VCP are found in fALS and sALS (H.-J. Chen et al., 2010;
C. Y. Chow et al., 2009; Cirulli et al., 2015; DeJesus-Hernandez et al., 2011; Fecto et al., 2011;
Hadano et al., 2001; J. O. Johnson et al., 2010; Maruyama et al., 2010; Christoph Minch et al.,
2004; Osaka, Ito, & Suzuki, 2016; C.-H. Wu et al., 2012). These genes patrticipate in different steps
of autophagy (Figure 12).
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Figure 12. Autophagy dysregulation in ALS. Selective macroautophagy is a process in which the
target proteins or organelles are degraded. This process starts with the phagophore formation
engulfing the cargoes and finishes with the lysosome fusion and cargo degradation in
autolysosomes. Several genes and molecular structures involved in autophagy (in red) are mutated
or altered in ALS (Vicencio E et al 2020).

Neurons are mainly dependent on autophagy for proteostasis because they cannot dilute the toxic
misfolded proteins and dysfunctional organelles by cell division (M. Damme, Suntio, Saftig, &
Eskelinen, 2015). Motor neurons, due to its complex morphology and functions, are highly dependent
on energy supply and vesicular transport. These cells need an efficient organelle quality control, like
mitophagy, to remove damaged mitochondria to maintain a proper energetic metabolism (Palikaras,
Lionaki, & Tavernarakis, 2015). Protein aggregates can compromise vesicular transport, necessary
for autophagosome and lysosome function, and also axonal transport (F. Zhang et al., 2007).

However, we can only analyze and static final stage in the human disease. Different animal and cell

models are used. To study this dynamic process, The abovementioned mutations in fALS and sALS

are predicted to have some opposite effects in autophagy regulation (Nguyen, Thombre, & Wang,

2019). It could mean that either an overactivated or defective autophagy can be related to motor
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neuron death. It also complicates possible therapies targeting autophagy. For example, rapamycin
(an mTOR inhibitor) is a standard inductor of autophagy. Rapamycin has a protective role in Tardbp
mutant mice (I.-F. Wang et al., 2012), whereas it exacerbates disease progression in SOD1 mutant
mice (X. Zhang et al., 2011). According to a study performed in SOD1 mutant mice, autophagy may
have a dual role in ALS depending on disease stage and cell type. Authors conclude that autophagy
in motor neurons is required to prevent muscular denervation in the early stages, but it has a

detrimental role late in the disease in a non-cell-autonomous manner (Rudnick et al., 2017).

Autophagy disturbances are implicated in ALS pathogenicity. There are several molecules and
therapeutic interventions to enhance or inhibit autophagy in every step. However, how and when

target autophagy in ALS is under debate.

1.3.6 Nucleocytoplasmic transport impairment

Nucleocytoplasmic transport is a regulated connection between the nucleoplasm and the cytoplasm.
This connection is mainly driven by the Nuclear Pore Complex (NPC). NPC is a large complex of
approximately 110 MDa (Hoelz, Glavy, & Beck, 2016), and it is formed by high conserved proteins
termed Nups. Structurally, Nups are divided into seven groups: cytoplasmic filament Nups,
nucleoplasmic and cytoplasmic ring Nups, inner ring complex Nups, transmembrane Nups, central

Nups containing phenylalanine-glycine (FG) repeats, nuclear basket Nups, and adaptor Nups.

NPC is formed by a scaffold structure consisting of symmetrical nucleoplasmic and cytoplasmic ring,
and the inner ring complex between them. These parts of the NPC contain hundreds of copies of the
same protein. FG-Nups project their intrinsically disordered Low Complex Domain (LCD) of
phenylalanine, and glycine repeats into the center of the channel (Figure 13). Some authors
postulate that FG-Nups create a selective barrier by phase separation of hydrogel properties of LCD.
It allows the free transport of less than 40 KDa molecules and active transport for larger molecules
(Hoelz, Debler, & Blobel, 2011).

Nucleocytoplasmic transport is carried out by exportins and importins proteins. This active transport
consists of a differential gradient of Ran-GTP (enriched in the nucleoplasm) and Ran-GDP (enriched
in the cytoplasm). Importins usually couple the Nuclear Localization Signal (NLS)-containing cargo
with the RanGTP-RanGDP gradient to import proteins to the nucleus. Exportins recognize Nuclear
Export Signal (NES)-containing cargo and couple de RanGTP gradient with the nuclear export
(Cautain, Hill, De Pedro, & Link, 2015). Other molecules, including tRNA, miRNA, snRNA, and
ribosomal RNA export, are also coupled with the RanGDP-RanGTP gradient. However, mRNA
export does not depend on this gradient. The mRNP complex binds to nascent pre-mRNA, and, after
maturation, it is recognized by NXF1-NXT1 and TREX that mediate the export. (Kohler & Hurt,
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2007). Once in the cytoplasm, some mRNPs are modified to preclude the return to the nucleus,

ensuring unidirectional mRNA transport (Ma et al., 2013).

Homozygous recessive mutations in a gene encoding for mRNA export regulator GLEL is linked to
Lethal congenital contracture syndrome 1 (LCCS1). LCCS1 is often lethal in the fetal period. When
the carriers are born, they develop the most severe form of arthrogryposis in children. This disease
is characterized by the loss of spinal motor neurons (Vuopala, Ignatius, & Herva, 1995). Interestingly,
heterozygous deleterious mutations in GLE1 are associated with adult-onset ALS, suggesting a
haploinsufficiency mechanism (Kaneb et al.,, 2015). This phenomenon highlights the specific

vulnerability of motor neurons to mRNA transport disturbances.

Moreover, C9ORF72 HRE also leads to mRNA export and NPC structural disturbances. COORF72
HRE toxicity is enhanced by additional mutations in several mMRNA export modulators (Freibaum et
al., 2015; Y. J. Zhang et al., 2016). Another proposed toxic mechanism for nucleocytoplasmic
transport impairment is related to protein aggregation. TDP-43 pathological aggregates in human
samples contain components of nucleocytoplasmic transport pathways. FG-Nups, due to their LCD
(a Prion-like domain), are aggregation-prone components. FG-Nup aggregation leads to the nuclear
envelope and NPC assembly defects. Consequently, it impairs protein and RNA nucleocytoplasmic
transport (Chou et al., 2018). Furthermore, importin mislocalization is also present in ALS, and it has
been associated with DPR pathology and TDP-43 mislocalization (Aizawa, Yamashita, Kato, Kimura,
& Kwak, 2019; Solomon et al., 2018).

One of the mechanisms for ensuring a proper protein location is the presence of NLS. Mutations in
NLS of FUS and HNRNPAL, RNA binding proteins, are linked to ALS (Gal et al., 2011; Q. Liu et al.,
2016). Although, any TARDBP mutation in NLS has not been determined in ALS. TARDBP ANLS
expression has been used to reproduce TDP-43 pathology in animal and cellular models (Che, Jiang,
Xie, Jiang, & Hu, 2011; L.-L. Jiang et al., 2017; Walker et al., 2015). TDP-43 is a predominately
nuclear protein. However, it is shuttled continuously to the cytoplasm in a transcription-dependent
manner (Y. M. Ayala et al., 2008). Nuclear import of TDP-43 is an active transport mediated by
Importin-a, whereas nuclear export is a passive mechanism (Pinarbasi et al., 2018). Nuclear
clearance of TDP-43 is likely to be an early event in human diseases. Neurons that display TDP-43
nuclear loss exhibit atrophic phenotype independently of TDP-43 cytoplasmic inclusions (Nana et
al., 2019). When TDP-43 is cannot bind to pre-mRNA in the nucleus, hundreds of genes are
dysregulated. This situation can be defined as a “transcriptomophaty”, affecting several molecular
pathways (L.-S. Wu et al., 2019).
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Figure 13. NPC structure. NPC is a large complex formed by Nups. Nups are divided into seven
groups according to their relative position in NPC. Components in which loss of function (LOF)
suppresses or in which gain of function (GOF) enhances degeneration in yeast and flies COORF72
HRE models are labeled green, whereas components in which LOF enhances or GOF suppresses

degeneration are colored in red (Kim HJ and Taylor JP 2017).

The product of the TARDBP gene (TDP-43) can also be located in mitochondria. The role of
mitochondrial TDP-43 has not been fully elucidated since it is a relatively recent discovery (W. Wang
et al., 2016). In a normal situation, TDP-43 is located in mitochondria in selected neuronal
populations in both young and aged mice (Termsarasab et al., 2020), indicating that TDP-43 is a
physiologically neuronal mitochondrial protein. Soluble TDP-43 is present in the mitochondrial matrix
and it has a specific sequence for its insertion to this organelle. In mitochondria, TDP-43 negatively
regulates the respiratory subunit of complex | ND3 and ND6 mRNA by binding to UG repeats. In
ALS subjects, mitochondrial TDP-43 amount is higher than control ones, compromising Complex |
assembly and bioenergetic metabolism (W. Wang et al., 2016). Mitochondrial TDP-43 location is
regulated by its expression and by the mitochondrial Unfolded Protein Response (UPR™), the quality
control system for mitochondrial proteins . LonP1 protease is a member of UPR™and mediates TDP-
43 mitochondrial degradation. Both wild type TDP-43 and A315T mutant TDP-43 overexpression
lead to mitochondrial dysfunction (complex | disassembly and ROS production), partially prevented
by UPR™ (P. Wang et al., 2019). Other TDP-43 functions in this organelle are both the mitochondrial
biogenesis and the mitophagy by interacting with MFN2 and PHB2. Interestingly, there are low levels
of full-length TDP-43 and higher levels of N-terminal 27 KDa and C-terminal 30 KDa fragments in
mitochondria. These fragments can be produced by the mitochondrial peptidase PMPCA (Davis et
al., 2018).These facts highlight the role of peptidases for TDP-43 mitochondrial location linked to

toxic effects in ALS and to possible new targets for drug discovery.
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1.3.7 Cryptic exon transcriptomopathy

Splicing can be defined as the process of joining two coding regions of pre-mRNA (the product of
the transcription by RNA polymerase Il) denominated exons, and the removal of non-coding
sequences, termed introns (Berget, Moore, & Sharp, 1977; L. T. Chow, Gelinas, Broker, & Roberts,
1977). This process is conserved in all eukaryotes and appeared early in evolution. Splicing is
necessary to prevent intron translation that would lead to aberrant protein synthesis. Introns are
highly variable, dynamic, and poorly conserved in the mRNA of eukaryotes (Mlguyera, 2005). There
are some points in evolution that have triggered a massive intron gain, being mammals and birds
the eukaryotic lineage with a higher intron per gene ratio (Mlguyera, 2005). The origin of introns and
splicing remains controversial, although there are some plausible explanations like the ‘intron
invasion’ theory. In this theory, the primitive mitochondrial endosymbiont introduced group Il
retroelements with the capacity to auto-insert in the host cell genome (the precursor of the nuclear
genome). This invasion gave rise to selective pressure for the nuclear compartmentalization to
separate nuclear unspliced RNA (which would lead to aberrant polypeptides) from cytosolic
ribosomes (Martin & Koonin, 2006).

Splicing can be classified into two types according to the frequency of a given splicing event.
Constitutive splicing comprises the changes impinged to a set of exons that are included in all MRNA
isoforms of the gene. On the other hand, Alternative Splicing (AS) of a gene can produce distinct
MRNAs depending on the included exons. It allows a great increase in the proteome complexity
(Yansheng Liu et al., 2017), As being regulated by cis- and trans-acting elements (Figure 14). These
elements regulate the recognition of the exon by the spliceosome, the protein complex that removes
the introns and joins exons. Spliceosome joins the 5’ splice site (5’ ss) with the 3’ splice site (3’ sS)
of the following exon. Branch point and polypyrimidine tract are conserved elements necessary to
spliceosome assembly. Cis-acting elements are seguences in exonic or intronic regions that
promote or repress exon splicing. Trans-acting elements are proteins that bind to cis-acting elements
and interact with spliceosome. Serine-Rich (SR) proteins bind to pre-mRNA cis-acting elements
Exon Splicing Enhancers (ESE) and Intron Splicing Enhancers (ISE) to promote the splicing. On the
other hand, heterogeneous nuclear ribonucleoproteins (hnRNPSs) bind to Intron Splicing Silencers
(ISS) and Exon Splicing Silencers (ESS) to inhibit the splicing. All these elements form the splicing
code (Figure 14) (Matlin, Clark, & Smith, 2005).
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Figure 14. Splicing regulatory elements. The splicing decision depends on cis- and trans-
elements. SR proteins bind to ESE and ISE to enhance the splicing, whereas hnRNPs bind to ESS
and ISS to repress it (Matlin AJ et al 2005).

Cryptic splicing is a specific form of AS that leads to the inclusion of a deleterious sequence in the
MRNA. It is constantly taking place in cells but usually at a low rate (Kapustin et al., n.d.). In cryptic
splicing, the spliceosome complex recognizes a wide range of (degenerate) splice sites, branch point
and polypyrimidine tract. Therefore, there are numerous cryptic splice sites (Faustino & Cooper,
2003). Cryptic splicing alteration can be activated within cis-acting element mutations and are often
associated with human diseases (Cartegni, Chew, & Krainer, 2002). Moreover, hnRNPs can also
prevent the use of cryptic splice sites. This is the case of TDP-43 cryptic exon repression (J. P. Ling,
Pletnikova, Troncoso, & Wong, 2015).

Nevertheless, cryptic exons can lead to the formation of new (premature) exons (Sorek, 2007), as a
part of evolution. Assuming, that evolution depends on genetic variation, variants that contribute to
a better adaptation to the environment will be fixed (i.e. selected), whereas those which cause a
deleterious effect tends to be removed. Thus, it is considered that one of the processes that generate
genetic variation is the exonization of an intron using a cryptic splice site. However, it often drives to

a random sequence introduced in the mRNA and potentially to an aberrant protein (Sorek, 2007).

The mechanism of the cell to control the impact of these novel exons in the proteome is the
alternative splicing coupled with the surveillance of aberrant mRNAs. These transcripts frequently
contain a Premature Termination Codon (PTC), which are removed by Non-sense mMRNA Mediated
Decay (NMD) (McGlincy & Smith, 2008). The AS process, coupled with NMD, allows a higher
variability in the transcriptome to be tested by evolutionary forces without compromising the integrity
and the functionality of the proteome (Sorek, 2007). 74% of human genes contain one or more
alternative exon (J. M. Johnson et al., 2003), with approximately 35% of these contain a PTC

predicted to be removed by NMD, and just 5.8% of the proteins derived from PTC-containing mRNA
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are translated (Hillman, Green, & Brenner, 2004). Nevertheless, experimental data shows that upper
frameshift protein 1 (UPF1), the supposed principal regulator of NMD, just regulates a small extent

of PTC-containing mRNAs (Pan et al., 2006), suggesting a tight control at the splicing level.

To maintain a low inclusion ratio of new exonized sequences in mMRNA, hnRNPs prevent their
splicing (Z. Wang & Burge, 2008). TDP-43 is a member of this gene family (Buratti & Baralle, 2008),
showing a high affinity for UG dinucleotide repeats. TDP-43 is bound to UG repeats through its
RRM1 and RRM2 motifs and it is able to regulate (either repress or enhance) the inclusion of exon
enriched in UG repeats (Buratti et al., 2001). The binding TDP-43 to its target pre-mRNA prevents
the inclusion of a large number of non-conserved (cryptic) exons (new exonized sequences) that
contains a UG tract close to 3’ splicing site (SS) or/and 5’SS (J. P. Ling et al., 2015). The repression
of cryptic splicing is shared with other hnRNPs, as PTBP1 and PTBP2, which also repress cryptic
exons with CU repeats (Jonathan P. Ling et al., 2016), hnRNP L affecting those exons with CA
repeat (McClory, Lynch, & Ling, 2018) and hnRNP C inhibits the exonization of Alu elements
(Zarnack et al., 2013). Specifically, UG repeats form a secondary structure that enhances the splicing
depending on the number of repeats and the propension to hairpin formation (Hefferon, Groman,
Yurk, & Cutting, 2004). However, the importance of the secondary structure on splicing (Jin, Yang,
& Zhang, 2011) and the difficulty to predict the folding of pre-mRNA, hinder the anticipation of the
TDP-43 effect on the splicing. TDP-43 can either promote or repress the splicing of a given target,
so we could only indicate the final effect (inclusion or exclusion ) based on experimental data at
today’s date (Passoni, De Conti, Baralle, & Buratti, 2012). Noteworthy, the position of UG tract near
3'SS or 5’SS and the distance from the polyA site (Rot et al., 2017) influence the splicing activity of
TDP-43, but not in all cases. Usually, known cryptic exons are all repressed by TDP-43, contain the
UG tract upstream and/or downstream of 3’'SS and 5’'SS, being located at different distances from
the polyA site (J. P. Ling et al., 2015).

The origin of UGs in the pre-mRNA is the simple sequence repeat (SSR) or microsatellite ‘AC’ in the
genome. This SSR is the most common dinucleotide repetition in the human genome (Téth, Gaspari,
& Jurka, 2000), accounting for 0.25% of the whole sequence (Lander et al., 2001). For this reason,
they have a higher probability to reside in a proper location to act as a splicing modulator. Moreover,
repetition motifs are polymorphic both between different species and in the same specie (Téth et al.,
2000) due to the replication slippage (Ellegren, 2004). This phenomenon can explain the low
conservation of cryptic exons. Replication slippage of AC repeats depends on the length and the
purity (Ellegren, 2004; Vergnaud & Denoeud, 2000). A mutation that disrupts the purity of the
repetition can stabilize the SSR. Interestingly, the most frequent number of repetitions of TDP-43-
regulated cryptic exons is just two UG, which implies a low number of repetitions needed to exonize
a sequence via UG repeats. It gives rise to a potentially large number of genes containing cryptic

exons (predicted to be more than 1000 genes) (Q. Tan et al.,, 2016). TDP-43 also regulates
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conserved exons (Hefferon et al., 2004) within the same mechanism but in a lower proportion (J. P.
Ling et al., 2015). Interestingly, UGUGU and GUGUG motifs are enriched beside 5’ss in conserved
exons and potentially could serve as a ‘genetic buffer’. Genetic buffers allow changes of nucleotides
in the 5’ ss that otherwise will diminish the splicing of the exon. It is important to increase the

variability of sequences (and amino acids) in 5’ ss (Xiao et al., 2009).

Therefore, cryptic exons are random sequences inserted in mRNA and are not derived from
transposable elements. These cryptic exons contain weak splicing signals (acceptor and donor),
slightly different from the consensus (Humphrey, Emmett, Fratta, Isaacs, & Plagnol, 2017). TDP-43
does not act alone in splicing and other cis- and trans-acting elements can be present in TDP-43-
regulated genes. An example of this complex regulation is the splicing of the constitutive apoA-Il
exon 3. In this context, TDP-43 (splicing repressor), an ESE and an ISE play a role in the splicing
outcome. The ESE is located in exon 3. It is highly conserved and essential for the inclusion of the
exon. However, a long and poor conserved UG tract is present only in humans (16 UG repeats) and
chimpanzees (17 UG repeats) but absent in mice. This UG tract acts as a de novo binding site for
TDP-43 which represses the splicing in humans and chimpanzees. TDP-43 splicing repression is
balanced with an ISE in both species. Moreover, TDP-43 depletion is enough to induce the splicing,
even without the ESE and the ISE (Mercado, Ayala, Romano, Buratti, & Baralle, 2005). It suggests
that an unbound UG tract can promote exonization. Therefore, TDP-43 and other hnRNPs can be
considered as the guardians of the transcriptome since they prevent cryptic exon
transcriptomopathy. In this sense, cryptic exon transcriptomopathy (e.g. induced by TDP-43
dysfunction) could result in an asymmetric impact in affected transcripts, depending on the inclusion
rate and the position. The possible outcomes are NMD (downregulation), in-frame insertion (extra
sequence) or upregulation (J. P. Ling et al., 2015). Moreover, TDP-43 sensitive cryptic exons are

highly variable between cell types (Jeong et al., 2017).

The fact that rodents do not exhibit these characteristics is still unknown. The presence of TDP-43
pathology is controversial in SOD1 forms of fALS (G. S. Jeon et al., 2019; Mackenzie et al., 2007;
Shan, Vocadlo, & Krieger, 2009; Zeineddine, Farrawell, Lambert-Smith, & Yerbury, 2017). In this
thesis, we evaluated TDP-43 loss of function and the extent of cryptic splicing in this model. Finding
commonalities could help in the understanding of the disease and the discovery of better targets for
therapy.

1.3.8 Neuroinflammation and aging

Inflammation is a physiological response to harmful conditions, such as tissue injury or invading
pathogens. In an acute phase, inflammation has a beneficial role, promoting tissue remodeling and

pathogen elimination. However, chronic inflammation can be detrimental, and it is associated to age-
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related diseases. Inflammatory cells produce cytotoxic molecules, which normally kill pathogens or

infected cells, but side effects include tissue damage.

One of the characteristics of aging is a sterile chronic mild-inflammation dubbed inflammaging
(Franceschi & Campisi, 2014). In inflammaging, aging cells accumulate damaged organelles and
macromolecules which can induce an inflammatory response which consists of. the release of
intracellular components (ATP, peroxidized fatty acids, cardiolipin, etc.) , that would trigger an
activation of immune (or inflammatory) cells (Franceschi & Campisi, 2014). Moreover, damaged
mitochondria generate oxidative stress, increasing molecular damage. These signals are integrated
into the NRLP3 inflammasome pathway, which promotes caspase-1 activation and IL-13 pro-
inflammatory cytokine secretion. Mitochondrial derived molecules, due to its bacterial origin, are the
main source of inflammasome activation (Q. Zhang et al., 2010).

Another link between inflammation and aging is the cellular senescence. This process was first
described by Leonard Hayflick as a limit to the replication of diploid cells in vitro (Hayflick, 1965).
Senescent cells become larger, flatten out, increase their granularity and the borders tend to vanish
(Schmitt, 2007). Moreover, an increase in Senescence-Associated B-galactosidase (SA-B-gal)
activity, related to a higher content of lysosomes, is also a common marker in senescent cells (Kurz,
Decary, Hong, & Erusalimsky, 2000). Apart from a physiological limitation derived from the telomere
shortening after mitotic division, cellular senesce participates in pathological processes. In 1997,
Serrano et al., discovered the molecular effectors of cellular senescence. They highlight for the first
time that cellular senescence is also an antitumoral mechanism. When an oncogenic gene (ras) is
overactivated in primary cells, it induces cell cycle arrest with a senescent phenotype mediated by
p53 and cell cycle inhibitors p16™K42 and p21©"®! (Serrano, Lin, McCurrach, Beach, & Lowe, 1997).
In this line, different types of cell stress, including oxidative stress, can induce DNA damage and
potentially generate detrimental mutations and carcinogenesis. To prevent the transmission of these
mutations, cells can undergo senescence. However, the cellular senescence process is highly
variable between cell types and its definition is currently under debate (Hernandez-Segura, Nehme,
& Demaria, 2018). Senescent cells are dysfunctional and normally secrete different pro-inflammatory
paracrine cytokines to trigger tissue remodeling. This secretory phenotype is known as Senescence-
Associated Secretory Phenotype (SASP) (Figure 15) (Coppé et al., 2008).

Although SASP can be considered a physiological response to repair the tissue after injury or stress,
it may have detrimental effects such as promoting chronic inflammation. Cellular senescence and
SASP has been linked to several age-related diseases, such as cancer, Type-2 diabetes,
atherosclerosis, among other SASP is composed of a myriad of secreted molecules. Although it is
highly variable depending on cell type, SASP normally includes interleukins (IL-1a, IL-1 8, IL-6) and

chemokines (IL-8, CXCL1), among other molecules to orchestrate an inflammatory response (He &
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Sharpless, 2017). Indeed, senescent glial cells and SASP have been recently observed in Alzheimer
(AD) (Musi et al., 2018; P. Zhang et al., 2019) and Parkinson’s Disease (PD) (Chinta et al., 2018)
animal models, suggesting an unanticipated role in neurodegeneration. Whether these changes are
also present in ALS is still unknow but as happens in other molecular changes (protein aggregation,

oxidative stress, neuroinflammation...), senescence and SASP could happen in ALS.

The benefits of eliminating senescence cells (senolysis) was first described in animal models
genetically altered. The addition of a suicide gene under pl6 promoter induces apoptosis in
senescent cells and prevents age-related disorder in a progeroid mouse model (D. J. Baker et al.,
2011). Moreover, clearance of senescence cells also increases lifespan and decreases age-related
pathologies (including cancer, kidney dysfunction and cardiomyocyte hypertrophy) in mouse
physiological aging (D. J. Baker et al., 2016). Other examples of the senolysis benefits are found in
post-traumatic osteoarthritis (O. H. Jeon et al., 2017), acute myeloid leukemia (Abdul-Aziz et al.,
2019), age-associated intervertebral disc degeneration (Patil et al., 2019), obesity-related anxiety
(Ogrodnik et al., 2019) and Alzheimer (Musi et al., 2018; P. Zhang et al., 2019). However, these
examples of senolysis were driven by transgene expression of a suicide gene, without a clear
translation to the clinic. The emergence of specific drugs that selectively kill senescent cells
(senolytics) has recently revolutionized this field. In 2013, the Kirkland group speculated with the
feasibility of using senolytics to treat age-related human diseases based on the distinct morphology,
secreted protein patterns, and gene expression profiles of senescent cells (Tchkonia, Zhu, Van
Deursen, Campisi, & Kirkland, 2013). Although exhibiting an active DDR, a high concentration of
pro-apoptotic cytokines and other toxic factors, senescent cells do not undergo apoptosis by itself
and must be killed by immune cells (Xue et al., 2007). Apoptosis is a type of Programmed Cell Death
(PCD) executed by caspases and triggered by mitochondrial depolarization (intrinsic pathway) or
external receptors (extrinsic pathway). Kirkland group analyzed transcriptomic changes behind
senescent cells and found an increase in anti-apoptotic genes. Based on that, they screened several
drugs and found that the apoptosis inhibitors Dasatinib and Quercetin were able to specifically kill
senescent cell in vivo and in vitro (Zhu et al., 2015). Additionally, the same article described the use
of senolytic siRNAs targeting EFNB1 or 3, PI3KCD, p21, BCL-xL, and PAI-2. Moreover, Dasatinib
and/or Quercetin also had a modest effect in increasing healthspan in progeroid mouse (Zhu et al.,
2015). Another inhibitor of an anti-apoptotic pathway, ABT-263 (Navitoclax), also kills senescent
cells specifically. This drug is a Bcl-2 family member inhibitor and its senolytic effect depends on the
expression of its targets (Zhu et al., 2016). Due to the variability of genes that are required for a
specific cell type senescence, senolytics do not eliminate all senescent cells (Zhu et al., 2015). The
use of senolytics in age-related chronic disease could mean an extremely long-term RCTs due to
human longevity. Additionally, its use may also have side-effects inhibiting the physiological roles of

senescence (Demaria et al., 2014).
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The first hypothesis of the cellular senescence as a major pathological mechanism in
neurodegenerative disorders was postulated in 2009 (Golde & Miller, 2009). In this article, the
authors proposed a positive feedback loop between proteinopathy, chronic inflammation and
senescence in AD. Interestingly, they speculated that astroglia, microglia and neurons could be
senescent. Neuronal senescence is somehow contradictory since these cells are normally post-
mitotic. However, like many other cells, they can harbor senescence markers, including changes in
morphology, lipofuscin granules and expression senescence and SASP genes (F. C. C. Tan,
Hutchison, Eitan, & Mattson, 2014). Important evidence supporting this hypothesis is the
amelioration of animal models of PD and AD after a senolytic treatment (Chinta et al., 2018; Musi et
al., 2018; P. Zhang et al., 2019).

Microglia is the specialized monocyte in nervous tissue and the main regulator of neuroinflammation.
However, these cells have multiple physiological and pathological roles (Prinz & Priller, 2014). They
can proliferate and change their phenotype when an insult occurs. Protein aggregates and cell debris
release trigger a change from the M2 anti-inflammatory microglia phenotype to the M1 (activated)
cytotoxic microglia. M1 microglia can release pro-inflammatory cytokines (IL-6, TNFaq, IL-13, among
others), ROS and mediate neuronal phagocytosis, thus damaging motor neurons in ALS and
exacerbating the inflammation (Henkel, Beers, Zhao, & Appel, 2009). Moreover, the degree of
microglial activation is associated with the disease progression in ALS patients and mouse models
(Gargiulo et al., 2016; M. R. Turner et al., 2004). Interestingly, microglia can be senescent. This
process takes place in the aging brain. Senescent microglia display morphological changes and an
increase in SASP cytokine (TNFa, IL-1B, 1I-6) release (Sierra, Gottfried-Blackmore, McEwen, &
Bulloch, 2007).

Besides microglia, other cell could be involved in central nervous system potential senescent
changes. Astrocytes are the main support cells for neurons but, similarly to microglia, they also have
a double edge sword role in ALS. In a normal situation, astrocytes metabolically sustain motor
neurons and uptake Ca?* excess from synapses. However, some ALS astrocytes become cytotoxic
and stop metabolic support and Ca?* uptake (Nagai et al., 2007; Jeffrey D. Rothstein et al., 1995).
Toxic effects from mutated cells to other non-mutated cells are termed non-cell autonomous. Non-
cell autonomous effects are present in ALS (Nagai et al., 2007), and different mutations in a specific
cell type can lead to opposite effects in a complex oligogenic manner (Gerbino et al., 2020).
Astrocytes from ALS donors and mouse models express higher levels of pro-inflammatory mediators
(prostaglandin E2, leukotriene B4, nitric oxide, and NOX2), thus contributing to neuroinflammation
(Haidet-Phillips et al., 2011; Hensley et al., 2006; Marchetto et al., 2008). There is an increase of
senescent astrocytes in AD, probably induced by the exposure of extracellular aggregates. These

cells secrete pro-inflammatory IL-6 cytokine, a component of SASP (Bhat et al., 2012).
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Figure 15. Senescence and SASP pathway. Different cell stressors damage DNA and induce
cellular senescence activating p53/p21 and p16/Rb cell cycle inhibitors. Senescent cells secrete
several pro-inflammatory molecules (SASP) with paracrine effects. SASP promotes chronic

inflammation and is associated with age-related diseases (Tchkonia T et al 2013).

Anti-inflammatory agents have been widely used since centuries ago to stop the detrimental effects
of inflammation. These drugs target initial pro-inflammatory pathways, preventing leukocyte
infiltration and blocking the release of cytotoxic molecules. For example, aspirin and other NSAIDs,
inhibit the production of prostaglandins, pro-inflammatory lipid mediators derived from n-6 PUFA
arachidonic acid by COX enzyme catalysis (Poorani, Bhatt, Dwarakanath, & Das, 2016). However,
the resolution of inflammation is not a passive process. Antagonizing key pro-inflammatory mediators
does not lead to a permanent resolution. Resolution implies the clearance of apoptotic cells and
microbes from inflamed tissue, which is not achieved by inhibiting inflammation (Serhan et al., 2007).
The discovery of n-3 PUFA DHA and eicosapentaenoic acid (EPA) derived pro-resolution molecules
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has opened a new window to manage inflammatory diseases (Schwab, Chiang, Arita, & Serhan,

2007). These molecules are often termed Specialized Pro-resolving Mediators (SPMs).

There are four classes of SPMs: resolvins, protectins and maresins. SPMs are synthesized from n-
3 PUFAS DHA (D-series resolvins and protectins), EPA (E-series resolvins) and docosapentaenoic
acid (DPA) (D-series resolvins and maresins) and lipoxins (arachidonic acid). The main source of
these FAs is the dietary intake(fish oil) or supplementation, besides endogenous synthesis from
dietary available precursors (Calder, 2015). SPMs synthesis requires several steps mediated by
LOX and acetylated COX-2 and has biological effects even at pico-nanograms in tissue (Serhan et
al.,, 2002). Their actions include cessation of polymorphonuclear cell (PMNs) infiltration,
enhancement of macrophage phagocytosis of apoptotic PMNs, cells debris and microbes, as well
as transcriptional and translational changes, shortening of time to resolution and reduction of pain
(Serhan & Levy, 2018).

SPMs have demonstrated benefits in hepatobiliary surgery, coronary artery disease, traumatic brain
injury and cancer-associated inflammation (Serhan & Levy, 2018). Moreover, recent studies reveal
decreased levels of resolvins in neurodegenerative diseases and a positive effect of resolvin
treatment in animal models of AD and PD (Kantarci et al., 2018; Krashia et al., 2019). Regarding
ALS, DHA levels are decreased in the spinal cord of patients, suggesting an impaired metabolism
(llieva et al., 2007). Also, a population-based case-control study found elevated fish consumption,
the main source of n-3 PUFAs, associated with a lower risk of ALS (Filippini et al., 2020).
Furthermore, DHA and especially Resolvin D1 (1100 times greater potency than DHA) prevent
cytokine pro-inflammatory (IL-6 and TNF-a) production from ALS macrophages and neuronal death
(G. Liu et al., 2012).

Whether DHA supply is able to modulate ALS damage in experimental models is still unknown.
Previous publications of the group revealed that a high polyunsaturated fatty acid content in diet
accelerate the disease in hSOD1-G93A male mice. Nevertheless, antagonic effects of n-6 and n-3
PUFA was not addressed in this work. Although DHA is a pro-resolvin molecule, it is also high
susceptible to be oxidized. Hence, the potential role in ALS is ambiguous.
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Figure 16. Acute inflammation and resolution. There are temporally defined steps during acute
inflammation. The synthesis of SPMs initiates the resolution phase that finishes with the elimination
of the insult and immune cells from the tissue (A). SPMs are a family of lipidic molecules derived
from n-6 FAs (lipoxins) and n-3 FAs (resolvins, protectins and maresins) (B) (Serhan CN and Levy
BD 2018).
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1.4 TDP-43 pathology in AD-LATE

AD is the most frequent form of dementia worldwide, strongly associated with age (Livingston et al.,
2020). The prevalence of AD is extremely high (3% of people age 65-74, 17% of people age 75-84
and 32% of people older than 85) and is expected to increase the next years (Hebert, Weuve, Scherr,
& Evans, 2013). The affected brain exhibits cortex atrophy, neuronal loss and deposition of two
different aggregates: extracellular amyloid fibrils composed of the amyloid § (AB) peptide and
intracellular neurofibrillary tangles (NFTs) composed by hyperphosphorylated neurofilament tau
(Wilcock & Esiri, 1982).

The disease begins with the neurodegeneration of memory circuits of the hippocampus and
entorhinal cortex (structures of the limbic system). Neurodegeneration gradually extends within other
cortical regions and leads to language, reasoning and social-behavioral impairments (Braak & Braak,
1991). Aimed by the toxic properties of amyloid fibrils, some authors have postulated the amyloid
hypothesis as a major disease mechanism in AD (Hardy & Allsop, 1991). However, phase Il clinical
trials with monoclonal antibodies targeting amyloid fibrils only have moderate effect slowing cognitive
decline in mild subjects (Selkoe & Hardy, 2016). Other authors hypothesize that NFTs are
responsible for the progress of the disease, not amyloid fibrils (Kametani & Hasegawa, 2018).
Nevertheless, a drug targeting NFTs aggregation failed to demonstrate a benefit for AD patients in
a clinical trial (Gauthier et al., 2016). Hence, AD etiology, as well as patient stratification for clinical
trials, should be reconsidered. With this purpose, in 2019 Nelson et al., defined a new disease entity
termed Limbic-predominant Age-related TDP-43 Encephalopathy (LATE) which was previously
diagnosed as AD (Nelson et al., 2019), involving dementia with TDP-43 intracellular inclusions.
Neuropathological staging of AD neuropathological changes (AD-NC) (Braak stage) is based on
NFTs distribution. Stages I-IV correspond to mild to severe entorhinal cortex affection, whereas
cortical regions are also affected in stages V-VI (Braak & Braak, 1991). To help individualization of
patients, LATE neuropathological changes (LATE-NC) stages are classified by TDP-43 pathology
extent (Table 1)

Table 1. LATE-NC Stages according to TDP-43 pathology extent (modified from Nelson PT et
al 2019).

LATE-NC Stage TDP-43 pathology
0 None
1 Amygdala
2 Hippocampus
3 Middle frontal gyrus (MFG)
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However, both amyloid and tau aggregates are also found in LATE-NC. LATE is associated with the
oldest individuals with a severe cognitive impairment, previously classified in advanced Braak stage.
Pure LATE-NC subjects have a more gradual decline than LATE/AD-NC mixed pathology,
suggesting a synergistic effect. Authors estimate that >20% of brain autopsies from >80 years old
people probably have LATE-NC (Nelson et al., 2019) and 25-50% of those with AD-NC (Wilson,
Dugger, Dickson, & Wang, 2011) (Figure 17). A plausible explanation is the interaction of TDP-43
and A processing. For instance, AB aggregation triggers TDP-43 pathology, independently of NFTSs,
in animal models (Herman, Khandelwal, Stanczyk, Rebeck, & Moussa, 2011). Cleavage of amyloid
precursor protein (APP) produces AR and APP intracellular domain (AICD). TDP-43 interacts with
AICD, up-regulating p53 mRNA and inducing apoptosis in vitro (J. Wang et al., 2014). Moreover,
depletion of neuronal TDP-43 in AD mouse models exacerbates the disease, although diminishes
the presence of AB aggregates (LaClair et al., 2016).

Rush University community-based cohort data (n = 1376)
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Figure 17. LATE-NC and ADNC estimated prevalence. LATE-NC and severe ADNC prevalence
increase in advanced old ages in a community-based cohort, including people with and without
dementia (A and B). LATE-NC prevalence is relatively stable between different age ranges in a
cohort of people with AD(C). The prevalence of severe ADNC in AD patients diminishes in advanced
old ages (D) (Nelson PT et al 2019).
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Genetics of LATE are partially overlapped with FTD-TDP (other dementia linked to TDP-43
pathology), sharing GRN and TMEM106B mutations; and AD, sharing APOE ¢4 allele. ABCC9 and
KCNMB2 variants are also linked to LATE. However, genetic studies on LATE have been performed
with varied inclusion/exclusion criteria, compromising the results (Nelson et al., 2019). A better
definition and the finding of robust LATE biomarkers are necessary for clinical trial stratification,
consistent genetic analyses and risk factor assessment (Nelson et al.,, 2019). Whether LATE is
associated to changes in cryptic exon is not well characterized. A recent publication points to an
increase in cryptic exon splicing in some advanced forms of Alzheimer (Sun et al., 2017). However,
guantification of the relative impact in spliced transcripts and protein levels were not performed. This
information can be useful for a better stratification of the disease and the selection criteria for drug

candidates.

TDP-43 is a multifunctional protein linked to several neurodegenerative diseases, making it an
excellent candidate for therapeutic targeting. Deciphering pathological consequences of TDP-43
would lead to possible treatments for ALS, LATE and FTD-TDP. However, there is a lack of TDP-43
peripheral biomarkers and specific drugs targeting TDP-43 pathology and its consequences.
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1.6 ALS biomarkers

1.6.1 General concepts

A biomarker can be defined as a “characteristic that is objectively measured and evaluated as an
indicator of normal biological or pathologic processes, or biological responses to a therapeutic
intervention” (Strimbu & Tavel, 2010). Biomarkers can be classified by their purpose: diagnostic,
prognostic, predictive, or pharmacodynamic. A diagnostic biomarker is related to the presence or
absence of a characteristic in a specific disease. This type of biomarkers is useful for an early and
robust diagnostic. Shortening diagnostic delay and start the treatment in early stages improve the
disease outcome. Prognostic biomarkers inform about the natural history of the disease. ALS
stratification into a homogenous prognostic group could be useful to design better RCTs. A candidate
treatment could be useful in a subgroup of ALS, as it is the case with Edaravone (Abe et al., 2017).
Predictive biomarkers are characteristics that allow the classification of the individuals according to
their response to therapy. They are employed to choose the best therapy for every patient.
Pharmacodynamic biomarkers inform about the magnitude of the effects of a drug. They are critical

for dosage and monitoring (Califf, 2018).
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The quality of the biomarkers can be measured by statistic tools such as the sensitivity and the
specificity. Sensitivity (true positive rate) is the proportion of actual positives correctly identified.
Specificity (true negative rate) is the proportion of actual negatives correctly identified. These
statistical analysis can be employed to determine the quality of a given biomarker in Receiver
Operating Characteristic (ROC) curve (Hajian-Tilaki, 2013). ROC curve is created by plotting
different thresholds of sensitivity (Y-axis) and 1-specificity (X-axis) of the biomarker. Within ROC
analyses we can choose the best threshold to classify a dichotomic variable for a given purpose. For
example, in a population screening of an infectious disease, a high value (close to 1) of sensitivity is
the best option, although the specificity could be lower. Identifying all the infected people with a
higher false positive rate is more effective to stop the spreading than a lower true positive rate.
However, when the purpose is a definitive diagnostic, a higher specificity threshold should be set up.
Another important parameter of ROC analysis is the Area Under the Curve (AUC). This value
(ranging from O to 1) summarizes the goodness of a given threshold, balancing both sensitivity and
specificity. When the prevalence of the condition in a case-control study is considered in the
proportion of true positive and true negative rates, we obtain the positive and negative predictive
values (PPV and NPV) of the biomarker, being 1 (100%) a perfect test. The complement of PPV is
the False Discovery Rate (FDR) (1-PPV) and is often used in statistical analyses of biomarkers.

As discussed above, ALS biomarkers have been proposed, comprising any measurable
characteristic, including concentration of given molecules, electrophysiological records, muscular
strength, respiratory capacity, and composite measures, such as the score in a functional test
(ALSFRS-R) (Taga & Maragakis, 2018). Fluid-based biomarkers can come from cerebrospinal fluid
(CSF), blood, urine, saliva, or similar Due to the direct contact of this biofluid with the CNS, CSF is
probably the most reliable source of them. However, extracting CSF is an invasive procedure (lumbar
puncture), prone to side-effect and inadvisable to obtain repeatedly in longitudinal analyses. Blood,
plasma/serum and urine could be more suitable sources of biomarkers. Nevertheless, it is not easy

to assert whether a molecule found in these biofluids is a reflection of neurodegeneration.

1.6.2 Targeted strategies

Currently, the most employed fluid-based biomarkers for ALS are the concentration of
phosphorylated Neurofilament Heavy (pNfH) and Neurofilament Light (NfL) chains in CSF and blood
(Poesen & Van Damme, 2019). Neurofilaments (NF) are specific components of the neuronal
cytoskeleton. When a neuron dies, NFs are released to the CSF and subsequently to the blood.
They are detected through Enzyme-Linked Immunosorbent Assay (ELISA) and electro-
chemiluminescent immunoassay. NfL PPV in blood or CSF is around 95% and NPV 55%
approximately (Poesen & Van Damme, 2019). These values for pNfH are 95% of PPV and 67% of

NPV. In conclusion, neurofilament determination can predict almost all ALS patients, although are
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not so efficient to discriminate ALS mimics. Moreover, these values are variable across studies.
Neurofilaments are also a good prognostic biomarker and are correlated with ALSFRS-R score
decline and survival. A longitudinal study highlights an important increase in early stage and a
stabilization in later stages, suggesting limited use of NFs for monitoring the progression (McCombe
et al., 2015). However, the prognosis of different ALS subtypes or genetic forms is not always
reflected in neurofilament levels (Poesen & Van Damme, 2019). Although several studies indicate
that NFs are good biomarkers, some experts think that further larger and longitudinal studies
elucidating some properties of these proteins, such as blood and CSF half-life, are needed to

establish their clinical use (Taga & Maragakis, 2018).

Another frequently used biomarker in ALS is the concentration of plasma creatinine (Van Eiik et al.,
2018). This protein is related to muscle mass, which is progressive lost during the disease. Plasma
creatinine kinase is detected with an enzyme-linked colorimetric assay, which is inexpensive and
easy to perform. These concentrations strongly correlate with ALSFRS-R, muscle strength and
overall survival in a longitudinal study (Van Eijk et al., 2018). Moreover, it has been successfully
used for monitoring disease progression in an RCT (Bozik et al., 2014).

Major disease proteins (TDP-43, SOD1 and C9ORF72) have also been postulated as biomarker
candidates of ALS. SOD1 protein levels in CSF is a pharmacodynamic biomarker of ASO response
in SOD1 fALS (Winer et al., 2013). Additionally, the detection of specific peptides derived from
pathological aggregates have been proposed as pharmacodynamic biomarkers for recent SOD1
anti-aggregation RCTs (Benatar et al., 2018; Gertsman et al., 2019). Regarding C9ORF72
biomarkers, there is only one study demonstrating an increase in poly-GP DPR in CSF from
C90RF72 HRE carriers (Lehmer et al., 2017). However, the levels are the same for asymptomatic
and symptomatic carriers. This biomarker is excellent to detect the carriers but lacks prognostic and
diagnostic value. A similar pharmacodynamic biomarker of SOD1 would be useful for the ongoing
phase | RCT C90RF72 ASO (ClinicalTrials.gov Identifier: NCT03626012).

TDP-43-related biomarkers are potentially useful because the prevalence of its pathology in ALS is
97% of the cases. The measurement of specific TDP-43 pathological signature in biofluid is
challenging because this protein is ubiquitously expressed. The first attempt to find a TDP-43
biomarker was just two years after the discovery of TDP-43 as the principal component of protein
aggregates in ALS. In this study, TDP-43 CSF levels were higher in ALS than healthy controls,
although with a great dispersion between subjects and without a diagnostic value. However, the
authors did not find differences in pathological phosphorylated TDP-43 neither cleaved forms,
suggesting a limited reflection of the disease (Steinacker et al., 2008). Other studies analyzed
changes in TDP-43 expression and localization in Peripheral Blood Mononuclear Cells (PBMCs).
TDP-43 is mislocalized to the cytoplasm in PBMCs from ALS patients (De Marco et al., 2011).
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Another study found an increase of TDP-43 expression in ALS PBMCs but not in the plasmatic
soluble fraction. Additionally, a ROC analysis was performed in this study. TDP-43 levels in
combination with other RNA-related protein levels resulted in high AUC value discriminating ALS
from other neurological diseases (AUC= 0.75). Nevertheless, authors did not report the data of PPV,
NPV nor FDR (Luotti et al., 2020). TDP-43 alterations should not be extrapolated to other cell types
(Codron et al., 2018). Further studies from independent groups are necessary to elucidate the
reproducibility of TDP-43-based biomarkers. In this sense it is not known whether biomarkers of
TDP-43 focused at their functions (i.e. splicing control) could be useful in ALS management. For that
reason, we wonder whether cryptic exons are higher expressed in peripheral blood mononuclear
cells (PBMCs) from ALS patients. Moreover, we also wanted to investigate a broader TDP-43
mislocalization that could take place in anucleate cells (platelets) and if it could be employed as a

biomarker.

1.6.3 Non-targeted approaches

The emergence of omic profiling (genomic, transcriptomic, proteomic, metabolomic and lipidomic)
has revolutionized the biomarker field (Figure 20). Non-targeted approaches are based on the
detection of global changes of known and unknown molecules. This strategy is useful when we do
not know the origin of the possible alterations and we want to cover the maximum range of potential
biomarkers. Non-targeted omic approaches usually found multiple significative hits. Multivariate
analyses are useful tools to obtain a better picture of the changes between groups (Worley & Powers,
2013).In this sense, powerful multivariate analyses might be employed as the Principal Component
Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA). PCA is an unsupervised
analysis, which means the sample is not matched in its experimental group before the analysis. PCA
clusters several variables to reduce the dimensionality of the sample and plot the results in two or
three dimensions or components. PLS-DA is similar to PCA by plotting the results. The main
difference is that PLS-DA is a supervised analysis and the group identity is matched to the sample
before the analysis. Sometimes this supervised analysis can be overoptimistic by overfitting the

results (Rodriguez-Pérez, Fernandez, & Marco, 2018) so it requires adequate FDR correction.
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Figure 20. Omics sciences overview. The metabolome/lipidome is the downstream output of the
genome and is a reflection of all the changes in the transcriptome and the proteome. It is also
influenced by the environment (Steuer AE et al 2019).

Genomic analyses have been used to found new genes associated with ALS. Ongoing genomic
studies, like the MinE Project, are providing very valuable information about the genomic architecture
of this disease (Van Rheenen, Pulit, et al., 2018). One of the advantages of this omic approach is
the high stability of the genome in time and good characterization of the targets since the Human
Genome Project in 2001. However, as already mentioned, SV elements are still poorly understood.
The next level of complexity is the transcriptome, defined as the complete set of RNA transcripts
under specific circumstances (Figure 20).

Blood (or other fluid or tissues) transcriptomic analysis can be assessed to find biomarkers. In ALS,
a ROC analysis of whole-blood transcriptome resulted in an AUC= 0.9 discriminating ALS from
controls but an AUC= 0.68 in ALS vs mimics (Van Rheenen, Diekstra, et al., 2018). However, this
transcriptomic profiling was not as useful as a prognostic biomarker. Interestingly, RNA binding
(several mutations linked to ALS belong to this category) was the molecular function with the highest
number of differently expressed genes in ALS (Van Rheenen, Diekstra, et al., 2018). A recent study
of blood transcriptomic profile identified the upregulation of neutrophil gene expression and

downregulation of hypoxia-related genes. Moreover, they obtained an accuracy of 87% comparing
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ALS vs control and ALS vs mimic using machine learning. This value is significatively higher than
NFs accuracy (49-53%). This approach also resulted in a new way of patient stratification according
to a higher expression of myeloid lineage-specific genes or lymphoid-specific genes (Swindell,
Kruse, List, Berryman, & Kopchick, 2019).

The proteome is the product of the transcriptome translation. CSF proteome analysis revealed
significant differences in several proteins in ALS. ROC analysis using four of these proteins for ALS
diagnosis resulted in an AUC= 0.94. However, this was, in fact, a preliminary study with some
limitations. Authors mixed in the same ALS group (n= 15) sALS and fALS patients; and the group
“NON” (n= 7) was formed by healthy controls mixed with other neurodegenerative diseases (Collins,
An, Hood, Conrads, & Bowser, 2015). Plasma and PBMC proteomic can be useful for disease
stratification. Curiously, senescence-related proteins are upregulated in ALS fast progressors (Zubiri
et al., 2018). Several proteomic studies have been performed in ALS for biomarker research. The
use of different technology, samples, experimental design, statistical analysis resulted in different
conclusions and candidates (Hedl et al., 2019).

Metabolomic, lipidomic or metabolipidomic approaches are based on the global search for
metabolites (Figure 20). A metabolite is any small molecule (i.e. lower than 3 kDa) produced by the
ongoing biological reactions in a determined system (cell, tissue, biofluid) and at a specific timepoint.
Depending on the solubility, metabolites can be included in the metabolome (those soluble in
inorganic phases like water/methanol) or the lipidome (those soluble in organic phases like
chloroform). However, some metabolites can be found in both phases. The combination of
metabolomics and lipidomics can be defined as metabolipidomics (Veyrat-Durebex et al., 2019).
One of the characteristics of these approaches is the extremely high dynamic behavior of the
metabolipidome. This offers a high chance to find significant differences between metabolites, but
reproducibility is sometimes challenging. Metabolomic profiling of CSF in ALS patients can be a
source of diagnostic biomarkers according to independent groups. However, even using a similar
methodology (*H-NMR), they found distinctly altered metabolites (Hélene Blasco et al., 2010; Gray
et al., 2015). Moreover, metabolomics has also a prognostic value for RCTs and can be used to
design therapies (pharmacometabolomics) (Hélene Blasco et al.,, 2018). CSF lipidomics is also
useful for diagnostic and prognostic. Several phospholipids, specially Phosphatidylcholine PC(36:4)
are differentially expressed in ALS (H. Blasco et al., 2017). Moreover, CSF lipidomics can also
predict the ALSFR-R decline with an accuracy of 71% (H. Blasco et al., 2017). Plasma samples can
also be used for metabolipidomic profiling in ALS. Plasma metabolomic analysis was used as a
diagnostic biomarker (ALS vs mimics) with 65% sensitivity and 81% specificity (AUC of 0.76) (Lawton
et al., 2014).
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Non-targeted approaches usually report a huge amount of data that is not reproduced in other
laboratories. Moreover, the interpretation is often challenging. In the case of metabolipidomics,
external inputs (like diet, lifestyle conditions, physical activity, to name a few) can be a source of
confounding factors. Additionally, the identification of metabolites is not always achieved, and the

databases are constantly being improved.

In this sense the specific changes in lipids found in platelets from ALS patients are not know. These
blood particles contain a high content of mitochondria, an affected organelle in ALS (Vandoorne, De
Bock, & Van Den Bosch, 2018). Platelet metabolomic has been used to analyze mitochondrial
bioenergetic function (Chacko et al., 2019). In this thesis we analyzed the lipid composition of

platelets and correlated with clinical parameters.
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As commented in the introductory section, ALS is a devastating motor neuron disease that does
neither have effective treatments, nor proficient biomarkers. Several pathways are implicated in the

pathophysiology, such as impaired proteostasis, heuroinflammation and cryptic exon pathology.

One of the processes that can link these pathological mechanisms is aging and senescence. Aging
is associated with an increase in senescent cells in many tissues. These cells switch their phenotype
to a pro-inflammatory type, secreting several cytokines and chemokines. The elimination of these
cells has reported benefits in neurodegenerative animal models of AD and PD. Moreover, aging is
also strongly associated with TDP-43 mislocalization and aggregation. More than 70% of people
over 100 years old display LATE-NC. After TDP-43 mislocalization, cryptic exons are spliced in
several genes, inducing mRNA instability and promoting its degradation. One of the cryptic exons
repressed by TDP-43 is in ATG4B, an important autophagy gene, essential to maintain the
proteostasis.

On the other hand, little is known about TDP-43 pathology in platelets and PBMCs and its
consequences in metabolomic changes. Whether the findings observed in the central nervous
system could be reflected in these cells and its potential use as biomarkers remains elusive.

Based on previous evidence, we hypothesize that cryptic exons are increased in affected CNS
regions in ALS and LATE patients, influenced by disease status. Moreover, these cryptic exons are
degraded in the cytoplasm. This leads to lower protein expression, thus affecting several functions,
like autophagy. Concomitantly, neuroinflammation associated with ALS can be explained by
premature aging and cell stress. This process leads to an increase in senescent cells and SASP in
the spinal cord. The elimination of senescent cells with senolytic administration (Navitoclax) or pro-
resolving treatment (DHA enriched diet) could alleviate neuroinflammation and disease
progression. The abovementioned changes are partially reflected in platelets and PBMCs,

inducing metabolipidomic changes that can be used as biomarkers candidates.
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In order to validate the hypothesis, we propose the following objectives:

Objective 1: To determine the quantitative impact of the cryptic exon splicing from ALS and
LATE-AD samples.

- Objective 1.1: To set up a quantitative method based on SYBR Green RT-qPCR to determine

the splicing rate of ATG4B, GPSM2 and PFKP cryptic exons.

- Objective 1.2: To quantify the abovementioned cryptic exons in spinal cord, frontal cortex,

brainstem, occipital cortex and PBMCs from ALS and control samples.

- Objective 1.3: To quantify the abovementioned cryptic exons in hippocampus from AD and

LATE samples.

- Objective 1.4: To analyze the correlation with cryptic exon parameters with clinical

parameters.

- Objective 1.5: To determine the NMD effect on mRNA and protein levels of cryptic exon-

containing genes.

- Objective 1.6: To generate a TDP-43 loss of function cell model for quantifying cryptic exon

splicing and its consequences in autophagy.
- Objective 1.7: To set up a fluorescence-based method to study ATG4B cryptic splicing.

Objective 2: To study the cellular senescence, neuroinflammation and senolytic and pro-resolving

therapies in G93A-hSOD1 ALS mouse model.

- Objective 2.1: To quantify the expression of senescence related genes (pl16 and p21) and
SASP (ll-1a, 1I-6, Ifn-a, Ifn-b) in spinal cord of G93A-hSOD1 mouse at different disease

stages by RT-qPCR.
- Objective 2.2: To analyze p16 and p21 histological expression pattern by IHQ and IF.

- Objective 2.3: To treat hSOD1-G93A mice with senolytic drug Navitoclax and determine

disease progression, survival and senescence-related markers (p16 and p21) in spinal cord.

- Objective 2.4: To perform a dietary intervention with pro-resolving DHA enriched diet and

analyze its effect on disease progression, survival, neuroinflammation, spinal cord fatty acid

content and oxidative stress.

Objective 3: To analyze TDP-43-based biomarkers and metabolomic changes in platelets and

PBMCs from ALS patients.

- Objective 3.1: To determine TDP-43 levels in platelets from ALS patients.
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- Objective 3.2: To quantify abovementioned cryptic exons in PBMCs from ALS patients.
- Objective 3.3: To analyze metabolomic changes in platelets from ALS patients.
- Objective 3.4: To determine the biomarker potential for diagnosis and prognosis of

abovementioned parameters studied in Objective 3.
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4 MATERIALS AND METHODS

74



Materials and Methods

Isolation of Peripheral Blood Mononuclear Cells and platelets

Peripheral Blood Mononuclear Cells (PBMCs) and platelets were isolated from peripheral blood
using Histopaque-1077 (10771, SIGMA). Briefly, 3 ml of Ficoll were added to the bottom of a
centrifuge tube. Carefully, 3 ml of blood were layer onto Ficoll without mixing the phases. The tubes
were centrifuge at 400g for 30 minutes at RT with the lowest acceleration and brake program. The
upper phase was removed, and the opaque interphase was collected into a new tube. The interphase
was the washed with PBS and centrifuged at 300g. The supernatant contained platelet fraction and
the pellet PBMCs. PBMCs were washed with PBS and centrifuged at 300g. Platelets were
centrifuged at 360g and the pellet were discarded. Supernatant was collected and centrifuge at 800g.
The resulting pellet was washed with PBS and centrifuged at 800g to obtain the platelets. Both
fractions were observed with an optical microscope to ensure that were enriched in PBMCs or
platelets.

Fatty Acid Compositional Analyses

Samples were homogenized in an ice-chilled buffer containing 180 mM KCI, 5 mM MOPS, 2 mM
EDTA, 1 mM diethylenetriaminepentaacetic acid, and 1 pyM of freshly prepared butylated hydroxyl
toluene (BHT) at pH 7.3. Lipids were extracted with chloroform/methanol (2:1, v/v) 0.01% BHT for 2
times as described in (Pamplona, Dalf6, et al., 2005). The chloroform phase was then evaporated
under N, steam. After the evaporation, FAs were transesterified with in 2 ml of 5% methanolic HCL
at 75 °C for 90 min, resulting in the formation of FA methyl esters (FAMES). FAME extraction was
performed by adding n-pentane and saturated NaCl solution (2:1 v/v). After a centrifugation, n-
pentane phase was separated and evaporated under N, steam. Finally, 80 ul of CS; were employed
to dissolve the FAMEs for GC-FID analysis.

Separation was performed in a DBWAX capillary column (30 m x 0.25 mm x 0.20um) in an Agilent
GC System 7890A with a Series Injector 7683B and a flame ionization detector (Agilent
Technologies, Santa Clara, CA). The injection port was maintained at 220 °C and the detector at
250 °C. The temperature program was as follows: 2 min at 100 °C, then an increase of 10 °C/min to
200 °C, then 5 °C/min to 240 °C, and finally maintained at 240 °C for10 min. For fatty acid methyl
ester integration, we compared the peaks with the retention time of authentic standards (Larodan
Fine Chemicals, Malmd, Sweden) injected according to the same method. Results were expressed
as mol% .The fatty acid—derived indexes were calculated with the following formulas: Saturated fatty
acids (SFA) = 2% of saturated fatty acids; unsaturated fatty acids (UFA) = £% unsaturated fatty
acids; monounsaturated fatty acids(MUFA) = 2% of monoenoic fatty acids; polyunsaturated fatty

acids series n-3 (PUFAN-3) = 2% of polyunsaturated fatty acids n-3 series; polyunsaturated fatty
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acids series n-6 (PUFA n-6) = 2% of polyunsaturated fatty acids n-6 series; average chain length
(ACL) = [(2% total 14x14)+---+(X% total nxn)]/100 (n= carbon atom number); peroxidability index
(PI) = [(£mol% monoenoic x0.025) + (Xmol% dienoic x 1) + (Zmol% trienoic x 2) + (Zmol% tetraenoic
x 4) + (Zmol% pentaenoic x 6) + (£mol% hexaenoic x 8)]; double-bond index (DBI) = [(Zmol%
monoenoic) + (2 xEmol% dienoic) + (3 xXmol% trienoic) + (4 xZ% mol tetraenoic) + (5 xZmol%
pentaenoic) + (6 xZmol% hexaenoic); anti-inflammatory index (Al) = (20:3n-6) + (20:5n-3) + (22:5n-
3) + (22:6n-3)/(20:4n-6), according previously published methods (Pamplona, Dalfé, et al., 2005).

Western blot analysis

Protein from cells and platelets was extracted adding 100 pL of radioimmunoprecipitation (RIPA)
buffer with Protease Inhibitor Cocktail (1X) to the pellet. Protein from tissue was extracted
homogenizing the sample in a buffer containing 180 mM KCI, 5 mM MOPS, 2 mM EDTA, 1 mM
diethylenetriaminepentaacetic acid, and 1 yM of freshly prepared butylated hydroxyl toluene (BHT)
at pH 7. After sonication, protein quantification was performed with Bradford assay (5000006, Bio-
Rad). Fifteen pg of protein were loaded onto a 12% acrylamide SDS-PAGE gel. Membranes were
blocked with I-Block (T2015, Thermo Fisher Scientific) for 1 hour and incubated overnight with
primary incubated in TBS-T 0.05% (Table 2). After primary antibody incubation, membranes were
washed 3 times with TBS-T 0.05% and incubated with secondary antibody for 1h. Immobilon™
Western Chemiluminiscent HRP Substrate (WBKLSO0500, Merck Millipore) was used for
immunodetection. Membranes were stained with Coomassie Brilliant Blue G (27815, Sigma) for

normalization. Specific bands were quantified with ImageLab v5.2.1 (Bio-Rad).
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Table 2. Antibody dilutions.

Target Western Blot | IF/IHQ Manufacturer Catalogue
dilution dilution number
TDP-43 1:1000 - Proteintech 10782-2-AP
ATG4B 1:500 - Sigma A2981
GPSM2 1:500 - Abcam ab84571
PFKP 1:500 - Atlas Antibodies | HPA018257
Syntaxin 3 1:1000 - Abcam ab4113
8-0x0-dG - 1:200 Abcam ab62623
yH2AX - 1:200 Abcam ab2893
SMI-32 - 1:200 Covance SMI-32
pl6 - IF 1:200 Abcam ab54210
pl16 - IHQ 1:100 | ROCHE clone E6H4
p21WAF1/Cipl | - IHQ 1:100 | Agilent clone SX118
Technologies-
DAKO
Beta Il Tubulin | - 1:200 Abcam ab18207
GFAP - 1:200 Abcam ab7260
Ibal - 1:200 Abcam ab5076

RNA extraction, cDNA synthesis, and quantitative RT-PCR (RT-gPCR)

RNA was extracted from PBMCs using TRI Reagent (Thermo Fisher Scientific, AM9738) following
the manufacturer’s instructions. RNA concentrations were measured using a NanoDrop ND-1000
(Thermo Fisher Scientific). One microgram of RNA was used for retrotranscription employing
TagMan Reverse Transcription Reagent using random hexamers (Thermo Fisher Scientific,
N8080234).

Cryptic exons were quantified as previously described (Torres et al., 2020, 2018). Briefly, RT-gPCR
experiments were performed using a CFX96 instrument (Bio-Rad, Hercules, California, USA) with
SYBR Select Master mix for CFX (Thermo Fisher Scientific, 4472937). Each 20 pL of reaction
contained 4puL cDNA, 10 pL SYBR Select Master Mix, 0.2 nM of forward primer and 0.2 nM of reverse
primer solutions and 4 pL PCR grade water. RT-qPCR run protocol was as follows: 50 °C for 2
minutes and 95 °C for 2 minutes, with the 95 °C for 15 seconds and 60 °C for 1 minute steps
repeated for 40 cycles; and a melting curve test from 65°C to 95 °C at a 0.1 °C/s measuring rate.
Primers employed in these experiments are listed in (Table 3). Cryptic exon inclusion or Percentage

Spliced-In (PSI) was estimated using the following formula: 100 x 2(-Conserved exon Cq ~Cryptic exon Cq),
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Table 3. Sequence of RT-gPCR oligos.

Gene Forward primer 5°-3’ Reverse primer 5-3’

ATG4B CTGAGTGTGCATGGATGAGTG TTGCTGGCACCAATCATTGAA
cryptic

ATGA4B Total | AACGCATTCATCGACAGGAAG TTTGCGCTATCTGGTGAATGG
GPSM2 GTGTGTATGAGAGAGAGAGCGA | AGAAGCTTCCATTCTGTTCATCA
cryptic

GPSM2 GGACGTGCCTTTGGAAATCTT TTTGCAATAAGGAGACGCTGC
Total

PFKP cryptic | ACGTTTGCAAAACATCAGGAG GCCTTCAACTCTCCGTTCAC
PFKP Total GACCTTCGTTCTGGAGGTGAT CACGGTTCTCCGAGAGTTTG
RFP cryptic | GAGAGCGTGTGTCTGGATGT CGGAACTTCACCATGGCTCA
RFP Total TCTACAAGGTGAAGTTCCGCG TCTTCTTCTGCATTACGGGGC
TARDBP CTGCGGGAGTTCTTCTCTCA CGCAATCTGATCATCTGCAA
GAPDH CCCTTCATTGACCTCAACTACATG | TGGGATTTCCATTGATGACAAG
Adipor2 AGAAGTGGAGTTACAATTGTG AAACAAACTCTTCCATTCGTT
cryptic

Adipor2 TGTTTGTAAGGTGTGGGAAGG GTTGCCCGTCTCTGTGTGTAT
Total

Cdkn2a CCCAACGCCCCGAACT GCAGAAGAGCTGCTACGTGAA
(p16)

Cdknla TTGCCAGCAGAATAAAAGGTG TTTGCTCCTGTGCGGAAC
(p21)

llla AGCGCTCAAGGAGAAGACC CCAGAAGAAAATGAGGTCGG
116 ACCAGAGGAAATTTTCAATAGGC | TGATGCACTTGCAGAAAACA
Ifna ATGGCTAGGCTCAGCACTTTC CTCACTCAGACTTGCCAGCA
Ifnb AGCTCCAAGAAAGGACGAACA GCCCTGTAGGTGAGGTTGAT
Actb GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC

Animal Experiments

For the fifth paper, a colony of the strain B6.Cg-Tg(SOD1*G93A)1Gur/J JAX catalogue stock number

004435 was purchased at The Jackson Laboratories (Bar Harbor, MN, USA). Mice were maintained
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in C57BL/6J background and maintained in B6SJL backgrounds by male founder crossing with
B6SJLF1/J for fourth paper. After genotyping and weaning, animals were placed at 12:12 hours
dark / light cycle, at 22+2°C temperature, 50%z=10 relative humidity, in individual cages (at 21 days).
Navitoclax (T2101, Targemol) was diluted in 60% Phosal 50 PG (Lipoid), 30% PEG400 (Sigma,
91893) 10% EtOH. Navitoclax was administered by oral gavage at a dose of 50 mg kg—1 body during
five consecutive days followed by 16 days of rest. Treatment cycles were repeated until clinical
endpoint (righting reflex >20 s). Spinal cords were rapidly excised, frozen in liquid N2 and stored at
-80C. This study was approved by the Animal Research and Ethics Committee at the University of
Lleida. Animals were weighed weekly. All diets were stored at 4 °C for its better preservation. All
experimental diets were isocaloric and without nutritional deficits. After 9 days under control diet,
mice were randomized to follow on the same control diet (#PMI5015, PMI International LabDiet, St.
Louis, MO), a low-n-3 diet (TD 00522, Harlan Teklad, Madison, WI), or the same low n-3
supplemented with 0.6% (w/w) DHA (Martek Bioscience, Columbia, MD), as previously described
(Calon et al., 2004). For food intake calculation, pellets were weighed and removed weekly. The
intake of n-3 fatty acids was calculated by accounting individual food intake and the amount of
linolenic acid plus DHA specified in the diet. Blood was obtained by tail vein puncture. For animal
sacrifice, mice were anesthetized with 2.5% isoflurane.

Spinal cords were rapidly excised, snap-frozen in liquid N2, and stored at — 80 °C. All experimental
procedures were approved by the Institutional Animal Care Committee of the University of Lleida,
according to local laws and to the Directive 2010/63/EU of the European Parliament. The minimal
number of animals was calculated according to the deviation of fatty acid profiles in previous

experiments (Cacabelos et al., 2014).

Genotyping

Both DNA extraction and PCR-based genotyping have been previously described (RE Neuromol
Med o similar). Briefly, tail DNA was extracted using the XNAT Kit (# 2740, Sigma-Aldrich, Sant
Louis, MO). Primers employed for hSOD1 transgene genotyping were:

l12F (IMR042) 5’-CTAGGCCACAGAATTGAAAGATCT-3’

IIR2 (IMR043) 5’-GTAGGTGGAAATTCTAGCATCATCC-3

hSOD1F (IMR113) &-CATCAGCCCTAATCCATCTGA-3

hSOD1R (IMR114) &-CGCGACTAACAATCAAAGTGA-3’

IL2 genotyping was assessed as a technical positive control.
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Thermal Cycler v2.08 (Applied Biosystems, Carlsbad, CA) was used to perform the following PCR
protocol: Pre-denaturation for 5 min at 95°C, denaturation for 1 min at 94 C, annealing for 45 sec at
50 C, elongation for 4 min at 72 'C and finally, after 35 cycles, elongation for another 7 min at 72C.
The amplification products were resolved in 1% agarose stained with SYBR safe (S33102, Thermo
Fisher Scientific, Waltham, MA) following manufacture protocol and electrophoresed for 30 min
under constant 100 V. Images were taken under 365nm UV light lamp from (Alpha Innotech, Santa

Clara, CA) with the software acquisition Digidoc RT2 (Alpha Innotech).

Stride Length Analysis

Phenotypical analyses for motor neuron loss have been previously described (Cacabelos et al.,
2014). Briefly, mice were trained flat narrow corridor (5 cm wide, 70 cm long) three times per week
for 1 month. After this training, animal hind limbs were stained with a non-toxic colorant and put on
a paper which served to track the walking behaviour along the corridor. A minimum of 5-7 continuous
strides was recorded to calculate the mean value of the animal 3 days per week. The firsts footprints
were discarded as the mice tend to walk faster when are released to the corridor. Stride and stance
length were measured manually and blinded manner. Corridors were periodically ventilated to avoid

cross contamination of volatile compounds present in mice.

Protein Oxidative Modifications

The concentration of protein oxidative modifications glutamic semialdehyde (GSA), aminoadipic
semialdehyde (AASA), glycoxidative modification carboxyethyllysine (CEL), mixed lipoxidative
glycoxidative modification (CML) and lipoxidative modification malondialdehyde lysine (MDAL) was
analyzed by Gas Chromatography—mass spectrometry (GC/MS) in lumbar spinal cord homogenates
as indicated (Pamplona, Dalfo, et al., 2005). Briefly, 0.5 mg of proteins from lysate were reduced
with an overnight incubation in 500 mM NaBHA4 (final concentration) in 0.2 M borate buffer, containing
1 drop of hexanol as an anti-foam reagent. Reduced proteins were then re-precipitated with 20% of
10% trichloroacetic acid (final concentration). Internal standards used for relative quantification were
the following: [2H8]lysine (d8-Lys; CDN Isotopes); [2H4]CML (d4-CML), [2H4]CEL (d4-CEL),
[2H8]JMDAL (d8-MDAL), [2H5]5-hydroxy-2-aminovaleric acid (for GSA quantitation) and [2H4]6-
hydroxy-2-aminocaproic acid (for AASA quantitation). Proteins were hydrolyzed by incubation at
155°C for 30 min in 1 ml of 6 N HCI. Samples were dried using SpeedVac (SPD131DDA, Thermo
Fisher Scientific, Waltham, MA ).For preparation of the methyl esters, the hydrolysates were
dissolved in 1.5 ml of freshly prepared 1 N methanolic HCI and heated for 30 min at 65°C. Solvent
was evaporated at room temperature under a stream of N2, then 1.5 ml trifluoroacetic anhydride was

added, and the mixture was incubated at room temperature for 1h. The resulting N,O-trifluoroacetyl
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methyl ester derivatives were analyzed in Agilent model 6890 gas chromatograph equipped with a
30-m HP-5MS capillary column (30 m x 0.25 mm x 0.25 um) coupled to a Agilent model 5973A mass
selective detector (Agilent, Barcelona, Spain) under the condition previously described (Pamplona,
Dalfo, et al., 2005).

Analysis of Cytokines in Plasma

After blood obtention, it was centrifuged at 8000 rpm for 6 min to retrieve plasma. Plasma was stored

at < — 20 °C until cytokine analysis. Cytokine levels from plasma were measured using the BD

Biosciences Cytometric Bead Array Mouse Inflammation Kit (BD, Franklin Lakes, NJ, USA).

Immunofluorescence

Animals were anesthetized by an intraperitoneal injection of pentobarbital and ketamine, 20 mg/kg
and 60 mg/kg respectively in PBS. Mice were then perfused with saline solution followed by ice cold
4% paraformaldehyde (Sigma-Aldrich, Sant Louis, MO, USA) solution (freshly prepared with pH 7.4
phosphate buffer). Spinal cords were extracted, and fixation was continued by incubation in 4%
paraformaldehyde made in pH 7.4 phosphate buffer overnight at 4°C. The next day, samples were
cryopreserved in 30% sucrose, (made in pH 7.4 phosphate buffer) 48 hours. After this time, tissue
was encased in a cubic recipient (Peel-A-Way Disposable Embeding Molds- S-22, Polysciences
Inc., Warrington, PA), and embedded in tissue freezing medium (Triangle Biomedical Sciences Inc.,
Newcastle, UK) and frozen (-80°C). The lumbar spinal cord was then cut at a 16 um section depth
and resulting seeded on a gelatin-coated slide. Samples were permeabilized with 0.4% Triton X-100
PBS for 30 min and blocked with 5% normal horse serum in 0.4% Triton X-100 PBS (blocking
solution) for 2h at room temperature. Primary antibody was performed in blocking solution overnight
at 4°C. Then, the slices were washed with PBS three times for 10 min at room temperature, followed
by the secondary antibody (diluted 1:800 in PBS), goat anti-mouse Alexa Fluor 555 (A21422, Thermo
Fisher Scientific, Waltham, MA) and goat anti-rabbit Alexa Fluor 488 (A11008, Thermo Fisher
Scientific, Waltham, MA) incubation for 1h at room temperature in darkness. Sections were finally
counterstained with 1 pg/ml 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) in PBS for 10 min
at RT and mounted on slides with Fluoromount-G® (Southern Biotech, 0100). Samples were imaged
using a laser scanning confocal microscope with FV500 (Olympus) forimmunofluorescence imaging.
Immunoreactivty quantification was analyzed with the Image J software (Rasband, W.S., ImageJ, U.
S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018).
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Immunohistochemistry

One control and one transgenic paraformaldehyde fixed paraffin embedded tissue slides were dried
for 1h at 65° before pre-treatment procedure of deparaffinization, rehydration and epitope retrieval
in the Pre-Treatment Module (Agilent Technologies-DAKO, PT-LINK) at 95°C for 20 min in 50x
Tris/EDTA buffer, pH 9. For p21 immunohistochemical staining, p21WAF1/Cipl antibody (Agilent
Technologies-DAKO, clone SX118) 1:100 dilution was used. After incubation, the reaction was
visualized with the EnVisionTM FLEX Detection Kit (Agilent Technologies-DAKO) using
diaminobenzidine chromogen as a substrate. For p16 immunohistochemical staining, p16 INK4a
antibody was used using CINtec® Histology Kit (ROCHE, clone E6H4) following manufacturer’s

instructions. Sections were counterstained with hematoxylin.

Senescence-associated B-galactosidase activity

Briefly, paraformaldehyde-fixed frozen sections were incubated with X-gal solution (20 mg/ml X-Gal
(SIGMA), 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 and 2 mM MgCI2) in PBS at pH 6.0 overnight at 37 °C.
To allow comparison between specimens, all samples were assayed simultaneously. Then, neurons
were stained with Green Fluorescent Nissl Stain (Thermo Fisher Scientific, N21480) diluted 1:150 in
PBS and incubated 20 minutes at room temperature. The slices were then washed 3x with PBS for
10 minutes at room temperature and 1x with PBS for 2 hours at room temperature. Nuclei were
stained with DAPI (SIGMA, 32670). Images of the stained sections were taken using inverted
microscope (Olympus, IX71S8F-2). Eight randomly selected areas of each mouse (N=2-3 per group)
of the ventral horn of lumbar spinal cord sections were photographed at 20x magnification for visual

analysis. The whole section of SA-B-Gal stained slices was photographed at 4x magnification.

Cell culture

HelLa and 3T3 cells were maintained in Dulbecco's Modified Eagle's Medium (11965, Thermo Fisher
Scientific), 10% FBS (10270, Thermo Fisher Scientific), 100 U/ml Penicillin-Streptomycin (15140-

122, Thermo Fisher Scientific) at 37°C and 5% CO2. NSC-34 cells were maintained in MEM-

Advanced Medium (12492013, Thermo Fisher Scientific) and MTT assay (M5655, SIGMA) was
employed to estimate cell viability. TDP-43 knockdown HeLa cells were obtained transducing cells
with a TDP-43 shRNA (TDP-43 KD) or scrambled (SCR) lentivirus. 50000 cells were seeded in 6-
well plate and transduced with lentivirus the same day. Cell media was changed the next day. Cells
were harvested 96-hour post-transduction. Human neural tissue cells were obtained from Axol (Axol

Biosciences, ax0018). iPSC-Derived Neural Stem Cells derived from integration-free, induced
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pluripotent stem cells under fully defined neural induction condition were expanded and differentiated
following System A of the manufacturer’s protocol (version 5.0). For siRNA and ASO treatment, 20
nM (final concentration) of TARDBP siRNA (EHU109221, SIGMA) for human and mmsiTDP-43s:

5'-AGGAAUCAGCGUGCAUAUA-3 " mmsiTDP-43as: 5'-UAUAUGCACGCUGAUUCCU-3'

for mouse or scrambled siRNA was mixed with ASO at 5, 10, 20, 40 or 100 nM (final concentration
in well) in 100 yl Opti-MEM (31985062, Thermo Fisher Scientific) mix. 2 pl/well of RNAIMAX
(13778100, Thermo Fisher Scientific) were mixed with ASOs (Table 4) and siRNA mix for 20 minutes
at room temperature on the bottom of the well. 2 ml of DMEM (11965092, Thermo Fisher Scientific)
supplemented with 10% FBS containing 100.000 HeLa or 3T3 cells/well were seeded onto mixed
transfection. After 24 hours, transfection media was removed and changed to DMEM 10% FBS

media. 48 hours post-transfection, cells were collected for posterior analyses.

Organotypic Spinal Cord Culture

Lumbar spinal cord slices from P8 rat pups were obtained as described (J. D. Rothstein, Jin,

Dykes-Hoberg, & Kuncl, 1993). Slices were maintained in 50%minimal essential medium,
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25 mM HEPES, 25% Hank’s balanced salt solution with D-glucose 25.6 mg/l, 25% heat-
inactivated horse serum, and 2 mM L-glutamine (Invitrogen, Carlsbad, CA, USA). Five
complete slices from the lumbar region were transferred to 30-mm-diameter Millipore
Millicell-CM (0.22 pm; Millipore Corporation, Bedford, MA, USA) membrane inserts. The
inserts were placed in 6-well culture trays (35-mm-diameter Falcon; BD), with 1-ml culture
medium: 50% (vol/vol) minimal essential medium (MEM) with 25 mM HEPES (Invitrogen),
25% (vol/vol) heat-inactivated horse serum, and 25% (vol/vol) Hank’s balanced salt solution
(HBSS) supplemented with D-glucose (25.6 mg/ml; SIGMA), 2 mM L-glutamine, 100 U/ml
penicillin, and 100 ug/ml streptomycin (Invitrogen). Organotypic cultures were incubated at
37 °C in a 5% C02-95% O2 humidified incubator, and the culture medium was changed 4
h after harvesting and then twice a week. Cultures were let to stabilize for 10 days; after this
point, the motoneuron population reaches a steady number and remains stable from 1 to 4
weeks. Thus, the treatments, inducing chronic excitotoxicity with threohydroxyaspartate
(THA) at 100 uM, with DHA and/or a-tocopherol, 500 uM each, started 10 days after the
explant procedure. After 15 days of treatment, cultures were harvested and fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, overnight at 4°C and processed for

immunohistochemistry.

Fluorescent TDP-43 cryptic splicing function reporter

pRint was a gift from Mariano Garcia-Blanco (Addgene plasmid #24218;
http://n2t.net/addgene:24218; RRID: Addgene_24218). This plasmid was modified by Agentide to
introduce ATG4B cryptic exon in the Multiple Cloning Site between the two exons of RFP. HelLa cells
were transfected using 1 pg of plasmid and 1 ul of Lipofectamine 2000 (11668-027, Thermo Fisher
Scientific) mixed in Opti-MEM (31985-047, Thermo Fisher Scientific) 72 hours post-transduction.

After 24 hours cells were visualized and harvested.

Metabolites extraction

100 uL of PBS and 300 uL of ice-cold acetone were added to platelet pellet. Samples were vortex-
mixed for 10 seconds and incubated 30 minutes at 4 °C. Samples were then centrifuge at 4 °C for
10 minutes at 1000 xg. Supernatant was separated into a clean glass tube and evaporated in Speed
Vac. 250 pL of methanol and 500 pL of chloroform were added together with standard mix. Samples
were vortex-mixed for 10 seconds, 200 ul de KCI 0,7% were added, vortex-mixed for 10 seconds

and centrifuge at 4 °C for 10 minutes at 1000 xg. Upper and bottom phases were separated. Bottom
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phase contained chloroform soluble metabolites (lipids) and upper phase contained methanol

soluble metabolites (employed for the metabolomic analysis).

Metabolomic analysis

For the metabolomic study, an Agilent 1290 liquid chromatography system coupled to an ESI-Q-TOF
MS/MS 6520 instrument (Agilent Technologies, Santa Clara, CA, US) was used. In all cases, 2 uL
of extracted sample was applied onto a reversed-phase column (Zorbax SB-Aq 1.8 um 2.1 x 50 mm;
Agilent Technologies) equipped with a precolumn (Zorbax-SB-C8 Rapid Resolution Cartridge
2.1 %30 mm 3.5 um; Agilent Technologies) with a column temperature of 60 °C. The flow rate was
0.6 mL/min. Solvent A was composed of water containing 0.2% acetic acid and solvent B was
composed of methanol 0.2% acetic acid. The gradient started at 2% B and increased to 98% B in
13 min and held at 98% B for 6 min. Post-time was established in 5 min.

Data were collected in positive electrospray mode time of flight operated in full-scan mode at 100—
3000 m/z in an extended dynamic range (2 GHz), using N2 as the nebulizer gas (5 L/min, 350 °C).
The capillary voltage was 3500V with a scan rate of 1 scan/s. The ESI source used a separate
nebulizer for the continuous, low-level (10L/min) introduction of reference mass compounds:
121.050873, 922.009798 (positive ion mode) and 119.036320, 966.000725 (negative ion mode),
which were used for continuous, online mass calibration. MassHunter Data Analysis Software
(Agilent Technologies) was used to collect the results, and MassHunter Qualitative Analysis
Software (Agilent Technologies) to obtain the molecular features of the samples, representing
different, co-migrating ionic species of a given molecular entity using the Molecular Feature Extractor

algorithm (Agilent Technologies), as described (Jove et al., 2015).

Statistical analyses

Metaboanalyst software (www.metaboanalyst.ca) and GraphPad Prism (GraphPad Software, San

Diego, CA, USA) were used for the analyses. Unpaired t-test was used to estimate significant
differences between ALS vs CTL and Fast Progressors vs Slow Progressors in metabolipidomic, FA
profile, Western Blot and RT-gPCR analyses. Spearman's rank correlation analysis was employed
to estimate the association between two variables. Statistical significance was considered when
p<0.05.
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ABSTRACT

TARDBP (TAR DNA binding protein) is one of the components of neuronal aggregates in sporadic
amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration. We have developed a simple
quantitative method to evaluate TARDBP splicing function that was applied to spinal cord, brainstem,
motor cortex, and occipital cortex in ALS (n = 8) cases compared to age- and gender-matched control
(n = 17). Then, we quantified the abundance of a TARDBP-spliced cryptic exon present in ATG4B
(autophagy related 4B cysteine peptidase) mRNA. Results of these analyses demonstrated that the loss
of this TARDBP function in spinal cord, brainstem, motor cortex, and occipital cortex differentiated ALS
from controls (area under the curve of receiver operating characteristic: 0.85). Significant correlations were
also observed between cryptic exon levels, age, disease duration, and aberrant mRNA levels. To test if
TARDBP function in splicing is relevant in ATG4B major function (autophagy) we downregulated TARDBP
expression in human neural tissue and in Hela cells, demonstrating that TARDBP is required for main-
taining the expression of ATG4B. Further, ATG4B overexpression alone is sufficient to completely prevent
the increase of SQSTM1 induced by TARDBP downregulation in human neural tissue cells and in cell lines.
In conclusion, the present findings demonstrate abnormal alternative splicing of ATG4B transcripts in ALS
neural tissue in agreement with TARDBP loss of function, leading to impaired autophagy.
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individuals. Further, we have characterized the effects of
TARDBP loss in autophagy role of ATG4B.

Introduction

TARDBP (TAR DNA binding protein) is one of the components
of neuronal aggregates in sporadic amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration (FTLD). Whether
these aggregates are associated with TARDBP loss of function is
not known. TARDBP is involved in the splicing of cryptic exons
of selected mRNAs, such as of ATG4B (autophagy related 4B
cysteine peptidase). Cryptic exons are considered splicing var-
iants that may introduce frameshifts or stop codons, among
other changes in the resulting mRNA. These aberrant mRNA
have been demonstrated in motor cortex and middle temporal
gyrus of ALS and FTLD patients [1]. However, it was undeter-
mined whether ALS target locations also presented cryptic
exons. Further, whether these mRNA anomalies have any impact
in translation of the corresponding proteins was unknown. In
this brief report, we have developed a simple quantitative
method to evaluate this TARDBP splicing function that was
applied to samples of various central nervous system regions
from ALS cases compared to age- and gender-matched control

Results and discussion

RNA was extracted from 50-100 mg homogenized nervous
tissue. We quantified the abundance of TARDBP-spliced
cryptic exons present in ATG4B mRNAs with RT-qPCR.
RT-qPCR results agree with the loss of TARDBP function in
spinal cord, brainstem, motor cortex, and occipital cortex
differentiating ALS from controls (area under the curve of
ROC: 0.85, Figure 1(a)). Next, we observed that the abun-
dance of cryptic exons in the ATGB transcript was mainly
influenced by ALS status (p < 0.005 for ALS status, p = 0.69
for brain region and p = 0.1 for interaction in 2-way ANOVA)
(Figure 1(b)). Significant correlations were also observed
between bulbar levels of cryptic exons and age (Figure 1(c)).
Indeed, a more severe phenotype of the disease (i.e., shorter
duration of disease after diagnosis) was associated with higher
level of aberrant mRNAs (Figure 1(d)).
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Figure 1. The abundance of TARDBP regulated cryptic exons in ATG4B mRNA is an ALS tissue biomarker and TARDBP knockdown leads to down regulation of ATG4B.
(a) Values of ATG4B mRNA analyses (+ standard error) indicate that ATG4B cryptic exon levels are higher in samples from ALS when compared with controls. (b) RT-
gPCR of ATG4B cryptic exons show different expression levels in spinal cord, frontal cortex, occipital cortex, and brain stem; ATG4B aberrant mRNA levels depend on
ALS type (bulbar vs non-bulbar cases). (c) ATG4B cryptic exon levels in brainstem of ALS patients have a positive correlation with age and (d) a negative correlation
with disease duration. Further, TARDBP knockdown (KD) in human neural tissue cells differentiated from iPSC induced significant increase of the amount of ATG4B
cryptic exon levels, as quantified by RT-gPCR (e), with a downregulation of ATG4B protein (f) evaluated by western blot and quantified by densitometry. Bars indicate
mean values with standard error. For (g) *** p < 0.001 for disease type in a 2-way ANOVA accounting for disease type and region. In (e) and (f)**** p < 0.0001 and **
p < 0.001 after Student’s t test (e) or post hoc Bonferroni analyses (f). AUC, area under the curve.

To demonstrate if TARDBP function is relevant in main-
tenance of ATG4B mRNA we downregulated TARDB in
human nervous tissue cells. The results demonstrate that
TARDBP downregulation increased the amount of cryptic
exons to up 20% of ATG4B mRNA (Figure 1(e)) and causes
a loss of 30% of ATG4B protein (Figure 1(f)). Nonsense-
mediated decay of aberrant ATG4B mRNA may explain the
hereby observed loss of ATG4B in human cells. The fact that
this mRNA anomaly would target mainly motor neurons - a
quantitatively minor cell population in these tissues — could
account for the low percentage of mRNA affected and the
apparent lack of quantitative differences of ATG4B protein in
nervous tissue samples observed (data not shown). Of note,
sequence analyses suggest that loss of function of TARDBP on
ATGH4B cryptic exon introduces a premature stop codon lead-
ing to loss of residues 317-393 in the resulting protein.
Because these residues contain 2 phosphorylation sites
required for ATG4B protein activity [2], their loss induced
by cryptic exon inclusion may result in defective autophagy.

To test if TARDBP function in splicing is relevant in
ATG4B major cellular function (macroautophagy/autophagy)
we downregulated TARDBP expression in HeLa cells. Results
showed that TARDBP is required for maintaining the expres-
sion of ATG4B, as loss of TARDBP leads to an approximately
50% loss of ATG4B mRNA (Figure 2(a)) and protein (Figure 2
(b)) in HeLa cells, in association with the presence of cryptic

exons in 38% of ATG4B mRNA (Figure 2(a)). TARDBP is
required to orchestrate a physiological autophagy response, as
reinforced by the failure of TARDBP-deficient cells to increase
ATG4B mRNA in cases of autophagy induction (Figure 2(a));
TARDBP-deficient HeLa cells also exhibited increased base-
line levels of SQSTM1 (Figure 2(c)), a hallmark of autophagy
disturbance [3].

TARDBP deficiency might affect autophagy by other
mechanisms, besides ATG4B downregulation, as it modifies
the expression of transcripts of approximately 41 genes.
However, ATG4B overexpression alone is sufficient to com-
pletely prevent the increase of SQSTM1 induced by TARDBP
downregulation in HeLa and human neural tissue cells
(Figure 2(d)). Noteworthy, ATG4B loss was not compensated
by increased expression of other ATG4B homologs (Figure S6,
ESM). Previous data have shown that SQSTM1 interacts with
TARDBP aggregates in ALS [4]. Together, the present data
point to a novel mechanism implicating autophagy as a rele-
vant factor in the pathogenesis of sporadic ALS, in addition to
the involvement of autophagy pathway components in famil-
ial ALS including ALS2, OPTN, and SIGMARI [5].

Besides ATG4B mRNA, other genes, such as GPSM2 (G
protein signaling modulator 2) are also influenced by TARDBP
dysfunction [1]. We also designed a RT-qPCR method for
analysis of cryptic exon inclusion in its mRNA. The results
confirm that abundance of cryptic exons in GPSM2 mRNA
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Figure 2. TARDBP is required for a homeostatic autophagy response. (a) TARDBP knockdown (KD) in Hela cells leads to decreased ATG4B mRNA levels (left panel)
linked to increased amounts of ATG4B mRNA with cryptic exons (right panel); this is associated with a failure to enhance ATG4B mRNA expression as a response to
autophagy stimulation by nutrient deprivation. (b) TARDBP protein loss is associated with ATG4B decrease as shown by western blot (left panel) and densitometry
(right panel). (c) Functional analyses reveal that loss of TARDBP in Hela cells induces increased levels of SQSTM1 as shown by western blot (left panel) and
immunofluorescence (right panel), suggesting a functional loss of autophagy flux. (d) The increase in SQSTM1 induced by TARDBP knockdown is rescued by ATG4B
overexpression, as shown by densitometry analyses, either in Hela cells (left panel) or in Human Neural Tissue primary cells (right panel). Blots are representative of
different experiments (n = 3-5). Bars indicate mean values (+ standard error). For (a), (b) and (c) **** p < 0.0001, ***p < 0.001 after 2-way ANOVA. For (d) *p < 0.05

and **p < 0.01 in Student’s t test.

could also be useful for ALS diagnosis (area under the curve
of ROC for GPSM2 aberrant mRNA: 0.89, Figure 3(a)). Levels
of GPSM?2 aberrant mRNA are significantly influenced both
by brain region and ALS type (bulbar ALS vs non-bulbar ALS;
2-way ANOVA: p < 0.001 for interaction, p < 0.0001 for
disease status and p = 0.0061 for brain region, Figure 3(b)).
Bulbar cases show higher levels of these mRNA in brain stem
and occipital cortex, in comparison to spinal cord and frontal

cortex, being opposite for non-bulbar cases. These results
might be explained by spreading of the disease pathological
traits (i.e., loss of TARDBP function) between adjacent ana-
tomical locations, as indicated previously by neuroimaging
techniques [6]. Furthermore, levels of cryptic exons in
GPSM2 in frontal cortex correlate with those in spinal cord
(Figure 3(c)). Interestingly, and supporting the involvement of
the loss of this TARDBP function as a common mechanism
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cortex, occipital cortex, and brain stem. (c) Linear regression between the amount of cryptic exons in GPSM2 in lumbar spinal cord and motor cortex (Ctx). (d) Tissue
concentrations of cryptic exons in ATG4B and GPSM2 correlate positively in a non-linear fashion. For (b), *** p < 0.001 and **** p < 0.0001 for disease type in a 2-way
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for appearance of both cryptic exons, levels of aberrant
mRNA in GPSM2 correlate with those in ATG4B mRNAs in
every tissue evaluated (Figure 3(d)).

In conclusion, we show the usefulness of tissue RT-qPCR in
searching for cryptic exons as a rapid method to analyze
TARDBP function, with potential implications in ALS diagnosis.
We recognize that the usefulness for ALS diagnoses, based on this
preliminary study, should be further substantiated by employing
a larger number of individuals. This is evidenced by the shape of
the ROC curve indicated above, showing the impact of a relative
low number of specimens analyzed. Nonetheless, the present
findings demonstrate abnormal alternative splicing of ATG4B
transcripts in ALS neural tissue in agreement with TARDBP loss
of function, leading to impaired autophagy.

Materials and methods
Neuronal tissues

All  samples were obtained from the Institute of
Neuropathology and the University of Barcelona Brain Bank
following the guidelines of the local ethics committees.
Extensive pathological studies were done for ALS diagnosis
as previously described [7]. Samples from different anatomical
locations were from 5 males and 3 females aged between 50
and 79 years affected with typical neurological and neuro-
pathological characteristics of sporadic ALS. The post-mor-
tem delay between death and tissue processing was between 3
and 16 h. Age- and gender-matched controls with no clinical
evidence of neurological disease and with a normal neuro-
pathological study were processed in parallel (see Table S1,
Electronic Supplemental Material (ESM)).

Cell culture and treatments

HeLa cells were maintained in Dulbecco’s Modified Eagle’s
Medium (Thermo Fisher Scientific, 11965), 10% FBS (Thermo
Fisher Scientific, 10270), 100 U/ml penicillin-streptomycin
(Thermo Fisher Scientific, 15140-122) at 37°C and 5% CO..
Human neural tissue cells were obtained from Axol (Axol
Biosciences, ax0018). Briefly, iPSC-Derived Neural Stem
Cells derived from integration-free, induced pluripotent
stem cells under fully defined neural induction condition
were expanded and differentiated following System A of the
manufacturer’s protocol (version 5.0).

TARDBP knockdown cells were obtained by transducing
cells with a TARDBP shRNA lentivirus (see below for further
details). Cell media were changed the day after the transduc-
tion and the cells were cultured for further 96 h to allow
TARDBP silencing.

For inducing autophagy by nutrient deprivation, cells were
infected with scrambled or TARDBP shRNA as indicated
above, and for the last 16 h after transduction the medium
was replaced with complete fresh medium, as control, or

HBSS (Thermo Fisher Scientific, 14025), for nutrient
starvation.

ShRNA design

Primer was designed against the sequence 5'-

GACGATGGTGTGACTGCAAAC-3" for human TARDBP
and cloned in the pSUPER (Oligoengine, pSUPER). Then, an
EcoRI-Clal fragment containing the H1 promoter for RNA
polymerase III and the shRNA sequence was cut from
pSUPER and subcloned into the pLVIHM plasmid, a gift
from Didier Trono (Addgene, 12247) [8]. shRNA vector, the
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plasmids psPAX2 (Addgene, 12260) and pMD2.G (Addgene,
12259) (both a gift from Dr. Trono) were transfected together
using the polyethyleneimine transfection method (Sigma-
Aldrich, 408727) into HEK293T cells. The HEK293T medium
was collected after 48 h of transfection and centrifuged at
50,000 x g for 3 h. The final viral pellet was diluted in sterile
phosphate-buffered saline (Thermo Fisher Scientific, 10010015)
plus 2% bovine serum albumin (Sigma-Aldrich, A4503). The
efficacy of the shRNA was demonstrated by western blot.

RNA extraction, cDNA synthesis, conventional PCR and
quantitative RT-PCR (RT-qPCR)

RNA was extracted from cells and tissue samples using TRI
Reagent (Thermo Fisher Scientific, AM9738) following the
manufacturer’s instructions. RNA concentrations were mea-
sured using a NanoDrop ND-1000 (Thermo Fisher
Scientific). One microgram of RNA was used for retrotran-
scription employing TagqMan Reverse Transcription
Reagent wusing random hexamers (Thermo Fisher
Scientific, N8080234).

Primers used to perform conventional PCR reaction were
those previously described [1], purchased from Roche Oligo
synthesis service (Roche Diagnostics, Barcelona, Spain). For
ATG4B  forward: 5-TGTGTCTGGATGTGAGCGTG-3',
reverse 5-TCTAGGGACAGGTTCAGGACG-3'; for GPSM2
forward: 5-AGTGGACATGTGGTGGTAAGAA-3', reverse:
5-GCTTCAAAGAATGACACGCCA-3'; for GAPDH (PCR
control)  forward: 5-ATCCCATCACCATCTTCCAG-3/,
reverse: 5'-CCATCACGCCACAGTTTCC-3". PCR conditions
were as follows: initial denaturation at 98°C for 30 sec, fol-
lowed by 40 cycles of 98°C for 30 sec, 63°C for 12 sec and
72°C for 30 sec. Gel analyses demonstrated the presence of
potential ATG4B and GPSM2 cryptic exons in samples from
ALS patients (Figure S1, ESM), whose identity was ensured by
Sanger sequencing (> 99% sequence homology, E value ran-
ging between 1 and 3e-40) as shown in Figure S2 and
Figure S3 (ESM).

In order to quantify the level of cryptic exons we developed
a RT-qPCR method. Briefly, RT-qPCR experiments were per-
formed using a CFX96 instrument (Bio-Rad) with SYBR
Select Master Mix (Thermo Fisher Scientific, 4472908). Each
20 pL of reaction contained 4 pL ¢cDNA, 10 pL SYBR Select
Master Mix, 0.2 nM of forward primer and 0.2 nM of reverse
primer solutions and 4 pL PCR grade water. Primers devel-
oped for mRNAs quantification by RT-qPCR are listed in
Table S2 (ESM). Oligonucleotides for human GPSM2 and
human ATG4B were designed with Primer3 [9] (http://pri
mer3.ut.ee). GAPDH oligo and ATG4B homologs have been
previously described [10,11]. All oligonucleotides were pur-
chased from Sigma-Aldrich. Three technical replicates for all
RT-qPCR reactions were conducted. For all RT-qPCR pri-
mers, quality control was performed for their specificity,
sensitivity, melting curves and standard curves as shown in
Figure S4 and Figure S5 (ESM). The RT-qPCR run protocol
was as follows: 50°C for 2 min and 95°C for 2 min, with the
95°C for 15 sec and 60°C for 1 min steps repeated for 40
cycles; and a melting curve test from 65°C to 95°C at a 0.1°C/

sec measuring rate. Cryptic exon abundances were normalized
by total mRNA for each gene with the following formula [12]:

ACq = Cq (total mRNA) — Cq (cryptic mRNA)
Cryptic exon abundance = 272¢

For total ATG4b mRNA relative expression, we used the
formula as follows:

ACq = Cq (total ATGAB) — Cq (GAPDH)
AACq = ACq (target) — ACq (control)
ATGAB mRNA fold change = 2722¢4

Western blot analysis

Protein from cells was extracted using radioimmunopreci-
pitation buffer with 1X Halt Protease Inhibitor Cocktail
(Thermo Fisher Scientific, 1861278). After sonication, pro-
tein quantification was performed with the Bradford assay
[13] using a commercial reagent (Bio-Rad, 5000006).
Fifteen micrograms of protein were loaded onto a 12%
acrylamide SDS-PAGE gel. Membranes were blocked with
I-Block (Thermo Fisher Scientific, T2015) for 1 h and
incubated overnight with the antibodies and conditions
listed in Table 1.

After primary antibody incubation, membranes were
washed 3 times with TBS-T 0.05% (20 mM Tris, 125 mM
NaCl, 0.05% TWEEN 20 [Sigma-Aldrich, P7949], pH 7.6) and
incubated with secondary antibody for 1 h. Immobilon™
Western Chemiluminiscent HRP Substrate (Merck Millipore,
WBKLS0500) was used for immunodetection. Membranes
were stained with Coomassie Brilliant Blue G (Sigma-
Aldrich, 27815) for normalization. Specific bands were quan-
tified with ImageLab v5.2.1 (Bio-Rad).

ATG4B overexpression

HeLa or human neural tissue primary cells derived from iPSC
were transfected after 72 h of transduction with shRNA or
scrambled with Lipofectamine 2000 (Thermo Fisher, 11668)
according to the manufacturer’s protocol. Briefly, 0.5 pl of
Lipofectamine were used per 0.5 pug of ATG4B overexpression
plasmid (Sino Biological Inc., HG20407-UT). Complexes were
formed in 500 pl of Opti-MEM (Thermo Fisher, 31985070).
The mixture was added to the cells grown in complete med-
ium and collected after 24 h post-transfection.

Table 1. Antibodies and conditions employed.

Target Dilution Source
TARDBP 1:1000 in TBS-T 0.05% Proteintech,
10782-2-AP
ATG4B 1:250 in TBS-T 0.05% Sigma-Aldrich,
A2981
SQSTM1 1:1000 in TBS-T 0.05% (Western Cell Signalling
blot); 1:100 in PBS Technology,
(immunocytofluorescence) 5114
Secondary anti-rabbit, 1:50000 in TBS-T 0.05% Thermo Fisher
HRP conjugate Scientific,
31460
Secondary anti-rabbit, 1:800 in PBS Thermo Fisher
Alexa Fluor® 546 Scientific,
conjugate A11010
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Immunofluorescence

HeLa cells (10,000) were seeded in a 24-well plate onto glass
coverslips. After 3 h of seeding, cells were transduced and treated
as described above. Cells were washed twice with sterile PBS pH
7.4 (Thermo Fisher Scientific, 10010015) and fixed with 4%
formaldehyde (Sigma-Aldrich, 252549) solution in PBS for
10 min at room temperature. After fixation, cells were washed
twice with PBS, permeabilized and blocked with PBS containing
0.5% Triton X-100 (Sigma-Aldrich, X100) 10% normal goat
serum (Abcam, ab7481) for 15 min followed by primary anti-
body incubation overnight at 4°C. Cells thereafter were washed 2
times with PBS and incubated with secondary antibody and
DAPI (Sigma-Aldrich, D9542) at 1 pg/ml for 1 h at room
temperature and mounted with Fluoromount-G (Southern
Biotech, 0100-01). Immunofluorescence controls, performed
by omitting the primary antibodies, resulted in the abolition of
the immunostaining in all cases.

Statistical analysis

All statistics and figures were performed with GraphPad
Prism (GraphPad Software), unless indicated otherwise. For
receiver operating characteristic (ROC) analyses, we employed
the Metaboanalyst platform [14]. Student’s t or 2-way
ANOVA tests were used to analyze the differences between
groups. Associations between variables were studied with
non-linear and linear regression analyses. The 0.05 level was
selected as the point of minimal statistical significance in
every comparison.
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Sir,

Nelson et al. (2019) recently reported in a consensus
working paper that the presence of TDP-43 pathology re-
stricted to the limbic system, alters the disease phenotype in
old aged individuals, most of them suffering from
Alzheimer’s disease-related pathology; so they named this
alteration limbic-predominant age-related TDP-43 enceph-
alopathy (LATE). As TDP-43 proteinopathy was already
described in Alzheimer’s disease, other opinions casted
doubt on whether this is a novel entity or not (Josephs
et al., 2019). Other researchers propose to include LATE
in the differential diagnosis of frontotemporal dementia in
elderly patients (Larner and Griffiths, 2019). Beyond no-
menclature, the precise classification of Alzheimer’s disease
subtypes and co-morbidities, and the identification of TDP-
43 targets may serve to improve drug discovery and better
clinical trial designs. TDP-43 is a complex protein with
multiple physiological and pathological functions in RNA
biology (Prasad et al., 2019). Among them, TDP-43 spli-
cing repression has been postulated as a key pathological
feature in amyotrophic lateral sclerosis (ALS), and fronto-
temporal lobar degeneration-TDP (FTLD) (Donde et al.,
2019b). Interestingly, TDP-43 is frequently associated
with non-conserved UG repeats in pre-mRNA in the
vicinity of splicing sites (Ling et al., 2015) of selected

mRNAs, including autophagy-related 4B cysteine peptidase
(ATG4B), G protein signalling modulator 2 (GPSM2),
platelet-phosphofructokinase (PFKP). As a consequence of
the nuclear depletion of TDP-43, there is an increase in
non-conserved (cryptic) exon splicing which introduces
random sequences in these mRNAs (Humphrey et al.,
2017). This phenomenon occurs in ALS-FTLD-TDP (Ling
et al., 2015), and Alzheimer’s disease (Sun et al., 2017). We
previously demonstrated that TDP-43 can regulate autop-
hagy by repressing cryptic exon incorporation in ATG4B
mRNA, thus preventing function decay (Torres et al.,
2018). Quantification analyses in ALS nervous tissue sug-
gested low inclusion of cryptic exons (0.1% for ATG4B
and 1% for GPSM2) but with robust diagnostic capacities.
In this work we used the same methodology to ascertain
whether Alzheimer’s disease patients, compatible with
LATE diagnosis, also had higher cryptic exon inclusion
rates. Thus, we quantified the inclusion ratio of selected
cryptic exons in ATG4B, GPSM2 and PFKP mRNAs in
the hippocampus total homogenates and in nuclear en-
riched fraction from cases with Alzheimer’s disease-related
pathology and TDP-43 pathology (AD +TDP-43 proteino-
pathy) and Alzheimer’s disease-related pathology without
TDP-43 proteinopathy, being compared to control individ-
uals (Supplementary material).
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Immunohistochemistry to TDP-43 discriminated between
AD +TDP-43 proteinopathy (7 =6 cases) and Alzheimer’s
disease without TDP-43 proteinopathy (7 =11 cases).
Alzheimer’s disease stages varied from II to V neurofibrillar
tangle degeneration in both groups. Five cases without
neuropathological lesions were considered as controls.
The hippocampus was affected in every case and alter-
ations were characterized by decreased nuclear TDP-43
immunoreactivity (nuclear clearance), large numbers of
fine TDP-43-immunoreactive threads and occasional neur-
onal intracytoplasmic granular or globular inclusions
(Supplementary Fig. 1). Although TDP-43 pathology
varied from one case to another, Cases 2 and 3 exhibited
more TDP-43 alterations than the other four cases.

Reverse transcriptase quantitative PCR of hippocampal
total homogenates showed that three AD +TDP-43 cases
had ATG4B cryptic exons (Cases 1, 3 and 5). The same
cases and one other (Case 6) had GPSM2 cryptic exons.
Two cases (Cases 2 and 4) had no ATG4B and GPSM2
cryptic exons in total homogenates of the hippocampus
(Table 1). Interestingly, not all the samples with
AD + TDP-43 contain detectable levels of cryptic exons in
ATG4B and GPSM2 (four of six cases). In contrast, a low
percentage of Alzheimer’s disease cases without TDP-43

Table | Summary of cohort and results
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pathology express detectable levels of cryptic exons in
ATG4B and GPSM2 (2 of 11 cases). In the present
series, the majority of cases did not present cognitive im-
pairment and the neurofibrillary tangle (NFT) staging of
Alzheimer’s disease pathology was consistent with the
neurological status. However, TDP-43 pathology was pre-
sent in cases at stages I, IIl and V of NFT pathology,
which was accompanied by increased cryptic exons; and
cryptic exons were recognized in two Alzheimer’s disease
cases without Alzheimer’s disease pathology and stages III
and IV of Braak. In summary, our observations show ab-
normal responses of cryptic exons of selected genes mainly
linked to, but not exclusive of, limbic TDP-43 proteinopa-
thy in the context of LATE- neuropathological changes
(LATE-NC) without hippocampal sclerosis and vascular
disease. As TDP-43 pathology in the limbic system in-
creases with age, it is presumably that cryptic exon path-
ology also increases with age in cases with LATE-NC (Sun
et al., 2017).

To estimate the degree of the cryptic exon mRNA decay,
we correlated total homogenate and nuclear cryptic exon
inclusion. After nuclear extraction protocol, we obtained
round-shaped, DAPI-positive organelles consistent with
cell nuclei (Fig. 1A). We quantified the levels of cryptic

Case Gender  Age Diagnosis PMD Cryptic ATG4B Cryptic GPSM2 Cryptic PFKP
% Total % Nuclear % Total % Nuclear % Total % Nuclear

AD +TDP-43

| Male 80 AD I1Il/0+TDP 4h20m 0.18 0.58 0.15 0.11 5.32 18.37

2 Male 76 AD Il/A+TDP? 21 h45 m ND ND ND ND 6.70 5.78

3 Male 77 AD V/C+TDP 16 h I.15 5.96 4.26 8.90 20.60 3836

4 Male 79 AD III/A+TDP? 4h30m ND ND ND 0.02 3.67 6.38

5 Male 76 AD II/A+TDP 20 h 25 m 0.10 031 0.14 0.17 - -

6 Female 92 AD V/0+TDP 7h ND 0.05 0.02 0.06 - -

Alzheimer’s disease

7 Female 90 AD lIl/B 4 h ND ND ND ND - -

8 Male 72 AD 11l/0 3h30m ND ND ND ND 1.44 5.98

9 Female 82 AD IIVA 3h5m ND ND ND ND 431 8.42

10 Male 79 AD IV/IA 5h ND ND ND ND 3.43 47.20

Il Male 79 AD IVIA 2h45 m 0.73 ND ND ND 102.15 7.42

12 Female 74 AD IIVA 9h30m 0.36 1.39 0.20 ND 9.57 246.27

13 Male 85 AD IV/IB 14 h ND ND ND ND - -

14 Female 8l AD lIl/B 14 h ND ND ND ND - -

15 Female 74 AD 11l/0 5h ND ND ND ND - -

16 Male 74 AD IIVA 7h35m ND ND ND ND - -

17 Female 83 AD IIl/A 5h40 m ND ND ND ND - -

Control

18 Male 49 NL 7h35m ND ND ND ND 103.91 3430

19 Male 71 NL 12 h ND ND ND ND 2.25 9.91

20 Female 66 NL 8 h ND ND ND ND 3.10 3.70

21 Male 58 NL 4 h ND 0.03 ND ND 1.30 2.94

22 Female 79 NL 7h ND ND ND ND 6.16 -

Subjects included Alzheimer’s disease cases without TDP-43 proteinopathy (Alzheimer’s disease), cases with AD+TDP-43, and healthy controls (Control). Gender, age, diagnosis
(Braak staging of NFT degeneration, |-V, and amyloid-B plaques, 0-C), post-mortem delay (PMD), and the percentage of inclusion of cryptic exons in the hippocampus total

homogenate and nuclear fractions are presented. TDP pathology corresponded to stage 2. - = not assessed; AD = Alzheimer’s disease; ND = no detectable; NL = no lesions.

*Associated Lewy body pathology (Case 2, stage 5; and Case 4, stage 3).
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Figure | Cryptic exons related to TDP-43 dysfunction are found in hippocampal samples from patients with Alzheimer’s
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disease. (A) DAPI staining indicated the presence of cell nuclei in the enriched fraction isolated from frozen samples. Cryptic exons in mRNAs
from ATG4B (B), GPSM2 (C) and PFKP (D) are higher in the nuclear enriched fraction than in total homogenate and they are positively correlated
with total levels in hippocampus homogenate. (E) Western blot analysis of hippocampal samples quantified in F for ATG4B, in G for GPSM2 and in
H for PFKP, showing that protein levels are not significantly different in Alzheimer’s disease, AD + TDP-43 and controls. (I) Panel shows that while
ATG4B is not different between samples with cryptic exons non-detectable (ND) and samples showing cryptic exons (cryptic +), GPSM2 protein
levels are lower in the cryptic + group (J). P-value in J by Student’s t-test. Boxes display the interval between 25th and 75th percentiles (q1 and gq3);
lines inside boxes indicate median values; whiskers indicate the maximum and minimum values. Scale bar = 25 pm. AD = Alzheimer’s disease;

CTL = control.
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exon inclusion in GPSM2, ATG4B and PFKP mRNAs in
both nuclear and total homogenates. Total and nuclear
GPSM2  cryptic exons were found in the same
AD +TDP43 cases, whereas ATG4B was additionally
observed in Case 6, in which ATG4B cryptic exons were
not detected in total homogenates (Table 1). Curiously, no
cryptic exon alterations were found in the two cases with
Lewy body disease-associated pathology (Cases 2 and 4)
(Table 1). Regarding Alzheimer’s disease cases without
TDP-43 proteinopathy, only one (Case 12) showed
ATG4B and GPSM2 cryptic exons in total hippocampus
homogenates and in the nuclear fraction. Another (Case
11) showed ATG4B cryptic exons in total homogenates
but not in nuclear fractions of the hippocampus (Table 1).

We determined a high correlation between total and nu-
clear fraction (R? = 0.99) with a 5-fold increase of ATG4B
cryptic exon inclusion in the nuclear fraction (Fig. 1B).
Correlation for GPSM2 was also high (R* = 0.99) with
2.1-fold increase of cryptic exon incorporation in the nu-
cleus (Fig. 1C). PFKP cryptic exon inclusion was 1.6-fold
higher in the nucleus with a R* = 0.75 of correlation with
total homogenate (Fig. 1D). ATG4B and GPSM2 cryptic
exons were not detected in total homogenates of the hippo-
campus in control cases. Only cryptic ATG4B was detected
in the nuclear fraction in one control (Case 21) (Table 1).

In contrast with these data, PFKP cryptic exon was de-
tected in all the samples analysed (four of six AD + TDP-43
proteinopathy, 5 of 11 Alzheimer’s disease without TDP-43
pathology, and four of five controls) independently of the
group (Table 1). Some of them exceed 100% of inclusion,
indicating a higher inclusion of cryptic exon than the con-
served one (Table 1).

To quantify the impact of the mRNA decay in the result-
ing protein, we quantified ATG4B, GPSM2 and PFKP ex-
pression by western blotting in total homogenates of the
hippocampus. No differences in protein expression were
identified among the three groups (Fig. 1E-]). Dividing
the samples between those showing cryptic exons and
those not, ATG4B proteins were not different (Fig. 1I),
though GPSM2 protein expression was lower in samples
showing cryptic exon inclusion (Fig. 1]).

ATG4B cryptic exon-containing mRNA is the highest
sensitive analysed gene to undergo degradation by non-
sense-mediated decay as its nuclear expression is 5-fold
higher than in total homogenate. This finding supports
that ATG4B may be a preferential target for therapy,
more specifically because of the importance of autophagy
proteins in TDP-43-related diseases (Donde et al,
2019a, b). Curiously, TDP-43 loss of splicing repression
function does not impact on the total amount of the result-
ing ATG4B protein in the present series. However, these
results must be interpreted with caution as the sensibility of
western blotting might not be sufficient to detect subtle
differences among samples; and the majority of cases are
early stages of Alzheimer’s disease.

It is worth stressing that altered expression of cryptic
exons linked to TDP-43 or not, may occur in the

Letter to the Editor

hippocampus at early stages of Alzheimer’s disease path-
ology preceding neurological symptoms of cognitive impair-
ment. As TDP-43 proteinopathy is not rare in cognitively
normal older adults (Nascimento et al., 2018), the present
findings have added value regarding brain ageing.

Due to the lack of significant differences of PFKP cryptic
exon inclusion between controls and AD + TDP-43 samples,
we wanted to validate the specific TDP-43 regulation on
PFKP cryptic exon splicing using a cellular model. TDP-43
knockdown HeLa cells showed inclusion of cryptic exon in
35% of PEKP transcripts (Supplementary Fig. 2) and decay
of 80% of the mRNA and protein, similar to ATG4B and
GPSM2 (Supplementary Fig. 2). To shed further light on the
cryptic exon splicing regulation, we performed in vitro ex-
periments to ascertain if in silico predicted sites of cryptic
exon splicing could be validated. The results suggest that
RNA sequence is not the only factor for TDP-43 interaction
(Supplementary Fig. 3). Thus, ATG4B cryptic exon contains
weak splice acceptor site (AG/CA) and weak splice donor
site (TG/GT). Weak splice variants depend on tissue-specific
elements (epigenetic context, RNA-binding proteins),
whereas strong variants are included efficiently in all tissues.
This generates alternative splicing diversity so natural selec-
tion has the opportunity to preserve those that confer a
useful function for the tissue (Jaganathan et al, 2019).
Nevertheless, this cryptic exon splicing is not influenced by
TDP-43 and its inclusion may depend on other intronic
splicing enhancers. These results suggest a reduced list of
candidate genes that must be validated, and the need for
experimental validation of bioinformatics. Globally, the pre-
sented data emphasize the complexity of TDP-43 proteino-
pathy, which almost certainly extends beyond one
mechanistic factor—multiple toxic gains and losses of func-
tion being present for this protein in CNS diseases.

Data availability

The data that support the findings of this study are openly
available in the Figshare repository at https://doi.org/10.
6084/m9.figshare. 10565960
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SUPPLEMENTAL DATA
Methods

Patients and brain samples

Brain samples were obtained from the Institute of Neuropathology brain bank (now a branch of the HUB-
ICO-IDIBELL biobank) following the guidelines of the Spanish legislation (Real Decreto 1716/2011) and
the approval of the Institutional Ethics Committee of the Bellvitge University Hospital. Samples were
available following the generous donation of persons dying of different conditions in a general hospital.
Most of cases in these series did not have suffered from neurological symptoms, particularly cognitive
impairment and dementia. The brain was obtained between 3h and 21 h after death and the corpse was
preserved at 4°C during the post-mortem delay. The brain was removed from the skull as the first step of the
autopsy, and one hemisphere and alternate sections of the brain stem and cerebellum were cut on coronal
sections, from which small pieces of selected areas were dissected, put on separate labeled plastic bags, and
immediately frozen and stored at 80°C. The other hemisphere and the rest of the brain were fixed in 4%
buffered formalin for no less than four weeks. Selected regions were embedded in paraffin, and de-waxed
paraffin sections processed for neuropathological studies as detailed elsewhere (Ferrer, 2014). Three groups
were considered: a) cases with AD-related pathology (6 females and five males; age: 80.3 £ 5.3); b) cases
with AD-related pathology and TDP-43 proteinopathy at least in the amygdala and hippocampus (stage 2 of
LATE-NC according to (Nelson et al., 2019; Prasad et al., 2019)) (one female and four males, age: 79.3 =
5.2); and ¢) middle-aged individuals with no neuropathological lesions (2 females and 3 males; age: 64.6 +
10.3).

AD cases were categorized following the nomenclature of Braak for neurofibrillary tangle degeneration
(stages 1-VI), and B-amyloid plaques (0-C). Eight cases with only AD-related pathology showed stages 111/0-
B, and three cases stages IVV/A-B. Only 2 (cases 10 and 13 had suffered from mild cognitive impairment;
none of them had dementia. Four cases with AD-related pathology and TDP-43 proteinopathy had stages 11-
111/0-B; and two AD stage V/0-C). The patients with AD stage V suffered from dementia; one patient with
associated Lewy body disease (LBD: stage 5 of Braak; case 2 had also dementia); another with LBD (case
4) has not; and the rest of cases with low-stage AD-related pathology plus TDP-43 proteinopathy were
cognitively normal. Therefore, pathological and clinical data correlate in our series as has been reported for
old people (Braak et al., 2011; Ferrer, 2012; Braak and Del Tredici, 2015). It can be interpreted that cases
without B-amyloid pathology are PART (primary aging related tauopathy (Crary et al., 2014; Prasad et al.,
2019); however, this is not the point in the present context as PART is also considered as part of AD (Crary
et al., 2014; Duyckaerts et al., 2015; Prasad et al., 2019)

Immunohistochemistry
De-waxed paraffin sections 4-micron-thick were boiled in citrate buffer (20 min) to retrieve protein

antigenicity. Endogenous peroxidases were blocked by incubation in 10% methanol-1% H,O, solution



(15min) followed by 3% normal horse serum solution. Then the sections were incubated at 4°C overnight
with the rabbit polyclonal anti-TDP-43 antibody (Abcam, Cambridge, UK) at a dilution of 1:200. Following
incubation with the primary antibody, the sections were incubated with EnVision + system peroxidase
(Dako, Agilent Technologies, Santa Clara, CA, USA) for 30 min at room temperature. The peroxidase
reaction was visualized with diaminobenzidine and H,O,. The sections were lightly counterstained with
haematoxylin. Control of the immunostaining included omission of the primary antibody; no signal was

obtained following incubation with only the secondary antibodly.

Nuclear enrichment

Nuclei were extracted from portions of the hippocampus according to a variation of the Blobber and Potter
protocol (Blobel and Potter, 1966). We started from about 0.270 g of frozen tissue, which was allowed to
thaw at 4°C. All subsequent steps, unless noted otherwise, were performed at this temperature. Once
thawed, samples were cut into very small pieces with a scalpel and transferred to a 2mL eppendorff, where
the tissue was homogenized in two volumes(w/v) of 0.25M sucrose in cold TKM (0.05M Tris, 0.025M KCl,
MgCl, 0.005M) and commercial protease Inhibitor Cocktail, 1861278, Thermo Fisher Scientific). The
homogenization was performed with a Dounce-type homogenizer with a glass tight plunger (20-40 strokes).
At the end of this step, 100uL of the homogenate was transferred to a new tub for Western Blot Analysis
and the rest (400uL) were mixed with 800uL of 2.3M sucrose in TKM by inversion. In an ultracentrifuge
tube (Beckman Coulter, 344057), 500uL of 2.3M sucrose in TKM were added at the bottom of the tube.
Carefully, the homogenate was added at the top of the tube, ensuring well defined phases of sucrose. The
homogenates were centrifuged at 124,000 xg at 4°C for 30 minutes in Optima L-100XP ultracentrifuge
(Beckman Coulter, SW 55 Ti rotor). The resulting pellet was re-suspended in 1ml of TRI Reagent (Thermo
Fisher Scientific, AM9738). The presence of nuclei was confirmed by fluorescence microscopy after

staining with DAPI at 1pg/mL.

RNA extraction, cDNA synthesis and RT-qPCR

One milliliter of TRI Reagent (AM9738, Thermo Fisher Scientific) was added to 50-100mg of frozen
hippocampus or isolated nuclei or cells. The tissue was mechanically homogenized using T 10 basic
ULTRA-TURRAX® (IKA). 200uL of chloroform was added to each sample and mixed by inversion. After
5 minutes of incubation at room temperature, the samples were centrifuged at 12,000 xg (15 minutes at 4°C)
to separate the phases. The aqueous phase was separated into a new tube and mixed by vortexing with
500uL of isopropanol. After an incubation of 10 minutes at room temperature, RNA was precipitated
through spun at 12,000 xg (10 minutes at 4°C). The resulting supernatant was removed and the pellet was
washed with a 75% ethanol. After vortexing, the samples were centrifuged again at 12,000 xg (10 minutes at
4°C). The supernatant was discarded and the RNA pellet was allowed to air dry at room temperature (5-10

minutes). The RNA was re-suspended with 50uL of RNAse-free water, quantified with Nanodrop



(Nanodrop technologies, ND-1000 UV/Vis Spectophototometer), and stored at -80°C until use. One
microgram of RNA was used for retrotranscription employing TagMan Reverse Transcription Reagent using
random hexamers (N8080234, Thermo Fisher Scientific). RT-gPCR experiments were performed using a
CFX96 instrument (Bio-Rad, Hercules, California, USA) with SYBR Select Master mix for CFX
(4472937, Thermo Fisher Scientific). Each 20uL of reaction contained 4uL cDNA, 10 pL SYBR Select
Master Mix, 0.2 nM of forward primer and 0.2nM of reverse primer solutions and 4uL PCR grade water.
RT-qPCR run protocol was as follows: 50°C for 2 minutes and 95°C for 2 minutes, with the 95°C for 15
seconds and 60°C for 1 minute steps repeated for 40 cycles; and a melting curve test from 65°C to 95°C at a
0.1 °C/s measuring rate. Primers employed in these experiments are listed in Supplemental Table 1. Cryptic
(-Conserved exon Cq ~Cryptic exon Ca) pEKP

exon inclusion was estimated using the following formula: 100 x 2

MRNA expression was normalized with GAPDH mRNA expression.

Western Blot Analyses

Protein from tissue was extracted adding 100 pL of radioimmunoprecipitation buffer with Protease Inhibitor
Cocktail (1X, Thermo Fisher Scientific) to the sample derived after the homogenization step of nuclei
isolation protocol. HeLa cells were harvested with 100 pL of radioimmunoprecipitation buffer with Protease
Inhibitor Cocktail (1X) for protein extraction. After sonication, protein quantification was performed with
Bradford assay (5000006, Bio-Rad). Fifteen pg of protein were loaded onto a 12% acrylamide SDS-PAGE
gel. Membranes were blocked with I-Block (T2015, Thermo Fisher Scientific) for 1 hour and incubated
overnight with antibodies anti-ATG4B (A2981, Sigma), anti-GPSM2 (ab84571, Abcam) and anti-PFKP
(HPA018257, Atlas Antibodies) diluted 1:500 in TBS-T 0.05%. After primary antibody incubation,
membranes were washed 3 times with TBS-T 0.05% and incubated with secondary antibody for 1h.
Immobilon™ Western Chemiluminiscent HRP Substrate (WBKLS0500, Merck Millipore) was used for
immunodetection. Membranes were stained with Coomassie Brilliant Blue G (27815, Sigma) for

normalization. Specific bands were quantified with ImageLab v5.2.1 (Bio-Rad).

Cell culture

HeLa cells were maintained in Dulbecco's Modified Eagle's Medium (11965, Thermo Fisher Scientific),
10% FBS (10270, Thermo Fisher Scientific), 100U/ml Penicillin-Streptomycin (15140-122, Thermo Fisher
Scientific) at 37°C and 5% CO,. TDP-43 knockdown cells were obtained transducing cells with a TDP-43
SshRNA (TDP-43 KD) or scrambled (SCR) lentivirus. Cell media were changed the day after the

transduction and the cells were cultured for further 96 hours to allow TDP-43 silencing (Torres et al., 2018).



Fluorescent TDP-43 cryptic splicing function reporter

pRint was a gift from Mariano Garcia-Blanco (Addgene plasmid #24218; http://n2t.net/addgene:24218;
RRID:Addgene _24218). This plasmid was modified by Agentide (Agentide Inc, NY, USA) to introduce
ATG4B cryptic exon in the multiple cloning site between the two exons of rfp (Supplemental Table 2). HeLa
cells were transfected using 1 pg of plasmid and 1 pl of Lipofectamine 2000 (11668-027, Thermo Fisher
Scientific) mixed in Opti-MEM (31985-047, Thermo Fisher Scientific) 72 hours post-transduction. After 24

hours cells were visualized and harvested.

Statistical analysis

All statistics and figures were performed with GraphPad Prism (GraphPad Software, San Diego, CA, USA),
unless indicated otherwise. Student’s T test or ANOVA test were used to analyze the differences between
groups. Associations between variables were studied with lineal regression analyses. The 0.05 level was

selected as the point of minimal statistical significance in every comparison.



Supplemental table 1. Primers employed for RT-qPCR analyses.
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Genes Forward Reverse
Total ATG4B | 5>-AACGCATTCATCGACAGGAAG- | 5’-
3’ TTTGCGCTATCTGGTGAATGG-3’
Cryptic ATG4B | 5’>-CTGAGTGTGCATGGATGAGTG- |5°-
3 TTGCTGGCACCAATCATTGAA-3’
Total GPSM2 | 5>-GGACGTGCCTTTGGAAATCTT- |5’-
3’ TTTGCAATAAGGAGACGCTGC-
3,
Cryptic 5’- 5’-
GPSM2 GTGTGTATGAGAGAGAGAGCGA- | AGAAGCTTCCATTCTGTTCATCA
3 -3
Total PFKP 5’-GACCTTCGTTCTGGAGGTGAT- | 5’-CACGGTTCTCCGAGAGTTTG-

3,

Cryptic PFKP

5’-ACGTTTGCAAAACATCAGGAG-
3 b

5’-GCCTTCAACTCTCCGTTCAC-
3 2

CCCTTCATTGACCTCAACTACATG
-3’

Total rfp 5’-TCTACAAGGTGAAGTTCCGCG- | 5’-
3’ TCTTCTTCTGCATTACGGGGC-3’
Cryptic rfp 5’-GAGAGCGTGTGTCTGGATGT-3’ | 5’-CGGAACTTCACCATGGCTCA-
3,
GAPDH 5’- 5’-

TGGGATTTCCATTGATGACAAG-
3 2
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ctgtttgggaatgacgaggaaaactttcggatttttgegtt
ttttttttcag

gtgagtgtgtccecctcacacctacatttaaacacacgggegg

GACGGCGTGCTGAAGGGCGAGATCCACCAGGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGA
GTTCAAGACCATCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCTACTACTACGTGGACACCAAGCT
GGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAGCGCTCCGAGGGCCGCCACC

BESIEIESNEIAE A CCGGTCATCATCACCATCACCATTGAGTTTAAACCCGCTGATCAGCCTCGACTGT
GCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTC
CCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGG

GGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCG

GTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCTAGGGGGTATCCCCACGCGCCCTGT
AGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTA
GCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAA

TCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGT
GATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCT

TTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAA
GGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTAAT
TCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAG
CATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCA
AAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCG
CCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTC
TGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCG
GGAGCTTGTATATCCATTTTCGGATCTGATCAGCACGTGTTGACAATTAATCATCGGCATAGTATATCGG
CATAGTATAATACGACAAGGTGAGGAACTAAACCATGGCCAAGCCTTTGTCTCAAGAAGAATCCACCCT
CATTGAAAGAGCAACGGCTACAATCAACAGCATCCCCATCTCTGAAGACTACAGCGTCGCCAGCGCAGC
TCTCTCTAGCGACGGCCGCATCTTCACTGGTGTCAATGTATATCATTTTACTGGGGGACCTTGTGCAGAA

CTCGTGGTGCTGGGCACTGCTGCTGCTGCGGCAGCTGGCAACCTGACTTGTATCGTCGCGATCGGAAAT




GAGAACAGGGGCATCTTGAGCCCCTGCGGACGGTGCCGACAGGTGCTTCTCGATCTGCATCCTGGGATC
AAAGCCATAGTGAAGGACAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGAATTGCTGCCCTCTGGT
TATGTGTGGGAGGGCTAAGCACTTCGTGGCCGAGGAGCAGGACTGACACGTGCTACGAGATTTCGATTC
CACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAG
CGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTGCAGCTTATAATGGTTACAAAT
AAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAA
ACTCATCAATGTATCTTATCATGTCTGTATACCGTCGACCTCTAGCTAGAGCTTGGCGTAATCATGGTCA
TAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGT
GTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCA
GTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTAT
TGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCA
GCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGC
AAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCC
CCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGAT
ACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCT
GTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGT
AGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGG
TAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAG
GATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACAC
TAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTC
TTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAG
AAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTC
ACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGA
AGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGG
CACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACG
ATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCA
GATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCC
TCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACG
TTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCC
CAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCG
ATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTA
CTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTG
TATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTT
AAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATC
CAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGT
GAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACT
CATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTG
AATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTC

- REPIGRE  Intron from original vector  Intron from ATG4B;ATG4B cryptic exon



Supplemental Figure 1. TDP-43 immunoreactivity in CAL hippocampus (A) and dentate gyrus (B) in two
AD cases with TDP-43 proteinopathy. Altered TDP-43 localization is characterized by decreased almost
absent nuclear TDP-43 immunoreactivity (*), and appearance of fine TDP-43 immunoreactive threads (thin
arrows) in the neuropil (A) and TDP-43-positive cytoplasmic or nuclear inclusions (thick arrows) (B). Scale
bar= 25 um.
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Supplemental Figure 2. TDP-43 regulation of ATG4B, GPSM2 and PFKP in HeLa cells. ATG4B, GPSM2
and PFKP cryptic exon splicing is induced in TDP-43 knock-down (KD) HeLa cells in comparison to
scrambled (SCR) (A). The reduction of TDP-43 leads to a mRNA (B) and protein decay (C). **p < 0.01;
**%kp <0.001. ****p <0.0001 by Sidak’s multiple comparison test after two-way ANOVA.
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Supplemental Figure 3. Red fluorescent protein (RFP) cryptic splicing reporter. ATG4B cryptic exon was
inserted between the two exons of rfp ORF (A). rfp cryptic splicing reporter plasmid emits fluorescence in
scrambled (SCR) and TDP-43 knock-down (KD) cells (B) rfp mRNA levels were similar in KD and SCR
transduced cells (C). ATG4B cryptic exon in RFP remained repressed in SCR and TDP-43 KD cells. (D).
Premature Stop Codon (PTC). Boxes display the interval between 25th and 75th percentiles (g1 and g3);
lines inside boxes indicate median values; whiskers indicate the maximum and minimum values. Scale bar

represents 100 pm.
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Supplemental Figure 4. Uncropped western blots employed for figure 1E
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Supplemental Figure 5. Uncropped western blots employed for Supplemental Figure 2
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Abstract

Docosahexaenoic acid (DHA) is an essential fatty acid modulating key nervous system functions, including neuroinflammation,
and regulation of pre- and postsynaptic membrane formation. DHA concentration decreases in the lumbar spinal cord (LSC) of
amyotrophic lateral sclerosis (ALS) patients and murine preclinical models. Using a dietary supplementation, we increased DHA
levels (2% mean increase, p < 0.01) in the LSC of the familial ALS murine model B6SJL-Tg(SOD1*G93A)1Gur/J. This DHA-
enriched diet significantly increases male mouse survival by 7% (average 10 days over 130 days of life expectancy), and delays
motor dysfunction (based on stride length) and transgene-associated weight loss (p <0.01). DHA supplementation led to an
increased anti-inflammatory fatty acid profile (ca 30%, p <0.01) and a lower concentration of circulating proinflammatory
cytokine TNF-a (p <0.001 in males). Furthermore, although DHA-treated mice did not exhibit generally decreased protein
oxidative markers (glutamic and aminoadipic semialdehydes, carboxyethyllysine, carboxymethyllysine, and
malondialdehydelysine), dietary intake of DHA reduced immunoreactivity towards DNA oxidative damage markers (8-oxo-
dG) in the LSC. In vitro we demonstrate that DHA and «-tocopherol addition to a model of motor neuron demise (neonatal rat
organotypic spinal cord model under chronic excitotoxicity) also preserves motor neuron number, in comparison with untreated
spinal cords. Also, beneficial effects on cell viability were evidenced for the motor neuron cell line NSC-34 in front of H,O,
insult (p <0.001). Globally we show a sex-specific benefit of dietary DHA supplementation in the G93A ALS mouse model,
compared with mice fed an isocaloric control or a n-3-depleted diet. These changes were associated with an increased DHA
concentration in the LSC and were compatible with in vitro results showing DHA neuroprotective properties. These results
suggest the need for further study on the interaction of gender-influenced biological parameters and DHA in ALS pathogenesis.

Key Words Polyunsaturated fatty acids - protein oxidative modification - neuroinflammation - estrogens - n-3 fatty acids
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Introduction

Characterized by a progressive loss of upper and/or lower
motor neurons, amyotrophic lateral sclerosis (ALS) is the mo-
tor neuron disease with the highest incidence amongst adult
humans. Neuronal loss leads to muscular atrophy, paralysis,
and death after a median disease duration of 3 years. Although
90% of the cases are not associated to heritable mutations
(sporadic ALS or sALS), the remaining 10% are related to
mutations and inherited directly (familial ALS or fALS) [1].
One of the earliest genes whose mutations were associated
with fALS was Cu,Zn—superoxide dismutase [2]. Genetic
findings led to the development of the G93A-hSODI trans-
genic mouse as an animal model of motor neuron disease
[3]. Moreover, sex differences are observed in ALS,
with higher incidence and prevalence in men than in
women, and distinct clinical phenotypes (men exhibit
faster progression) [4]. These findings are also present
in experimental ALS models [5].

Docosahexaenoic acid (DHA) [22:6(n-3)] is an n-3 poly-
unsaturated fatty acid (n-3 PUFA). In humans, DHA precur-
sors are essential fatty acids. DHA precursors must be
ingested from dietary sources, as essential fatty acids cannot
be synthesized de novo in human cells. DHA is usually local-
ized in cell membranes as a phospholipid component. The
central nervous system (CNS) is especially rich in DHA [6].
Here, DHA regulates inflammatory processes [7], regulates
formation of pre- and postsynaptic membrane components
and cerebral hemodynamics [8, 9], and also promotes devel-
opmental processes [10] and memory [11].

Although underlying causes of motor neuron degeneration
in ALS remain largely unknown [4], DHA is depleted in spi-
nal cord postmortem samples of ALS patients, suggesting a
contribution of changes in fatty acid metabolism in the path-
ogenesis of ALS [12]. However, the contribution of DHA
depletion to the disease remains largely uncharacterized.
Alternatively, previous work on DHA metabolism and neuro-
degeneration demonstrates a positive role of this lipid in
Parkinson’s disease [13], neuroinflammation [14], cognitive
impairment [15], Alzheimer’s disease [16], and neuropathic
pain [17]. Previously, we showed that a general change in
polyunsaturated fatty acid content in diets could influence
disease evolution in the B6SJL-Tg (SOD1-G93A)1Gur/J
transgenic mice [18]. However, whether this was due to direct
changes in DHA was unknown.

In this study, we evaluated the neuroprotective effect of
dietary DHA supplementation in a preclinical model of motor
neuron demise, the B6SJL-Tg (SOD1-G93A)1Gur/J trans-
genic mice [3]. We investigated whether DHA nutritional in-
terventions modulated n-3 amounts in the spinal cord in the
disease evolution, influencing survival, weight loss, motor
function—related variables, and fatty acid profiles at 3 different
ages (presymptomatic stage, disease onset, and endpoint).
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Methods
Animals and Diets

A colony of the strain B6SJL-Tg (SOD1-G93A)1Gur/J (JAX
catalog stock number 002726; from now on G93A) was pur-
chased at The Jackson Laboratories (Bar Harbor, MN, USA).
Mice were maintained in B6SJL backgrounds by male foun-
der crossing with B6SJLF1/J. Genotyping was performed fol-
lowing the manufacturer’s instructions. A total of 10 to 12
animals were used to assess survival analyses and 5 to 9 mice
for analytical measurements. After genotyping and weaning
(21 days), animals were placed ata 12:12-h dark/light cycle, at
22 £2 °C temperature, and at 50% = 10 relative humidity, in
individual cages. Animals were weighed weekly. All diets
were stored at 4 °C for its better preservation. All experimental
diets were isocaloric and without nutritional deficits. After
9 days under control diet, mice were randomized to follow
on the same control diet (#PMI5015, PMI International
LabDiet, St. Louis, MO), a low-n-3 diet (TD 00522, Harlan
Teklad, Madison, WI), or the same low n-3 supplemented
with 0.6% (w/w) DHA (Martek Bioscience, Columbia,
MD), as previously described [19, 20]. For food intake calcu-
lation, pellets were weighed and removed weekly. The intake
of n-3 fatty acids was calculated by accounting individual
food intake and the amount of linolenic acid plus DHA spec-
ified in the diet. Blood was obtained by tail vein puncture. For
animal sacrifice, mice were anesthetized with 2.5% isoflurane.
Spinal cords were rapidly excised, snap-frozen in liquid N,
and stored at — 80 °C. All experimental procedures were ap-
proved by the Institutional Animal Care Committee of the
University of Lleida, according to local laws and to the
Directive 2010/63/EU of the European Parliament. The min-
imal number of animals was calculated according to the devi-
ation of fatty acid profiles in previous experiments [18].

Genotyping

Both DNA extraction and PCR-based genotyping have been
previously described [18]. Briefly, tail DNA was extracted
using the XNAT Kit (# 2740, Sigma-Aldrich, St. Louis,
MO). Primers employed for hSOD1 transgene genotyping
were as follows: II2F (IMR042) 5'-CTAGGCCACAGAAT
TGAAAGATCT-3', I/IR2 (IMR043) 5'-GTAG
GTGGAAATTCTAGCATCATCC-3', hSODIF (IMR113)
5'-CATCAGCCCTAATCCATCTGA-3', ASODIR (IMR114)
5'-CGCGACTAACAATCAAAGTGA-3'. Murine /L2
genotyping was assessed as a technical positive control, as
indicated by providers (JAX catalog stock number 002726).
Thermal Cycler v2.08 (Applied Biosystems, Carlsbad, CA)
was used to perform the following PCR protocol:
predenaturation for 5 min at 95 °C, denaturation for 1 min at
94 °C, annealing for 45 s at 50 °C, elongation for 4 min at
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72 °C, and finally, after 35 cycles, elongation for another
7 min at 72 °C. The amplification products were resolved in
1% agarose stained with SYBR safe (S33102, Thermo Fisher
Scientific, Waltham, MA) following the manufacturer proto-
col and electrophoresed for 30 min under constant 100 V.
Images were taken under a 365-nm UV light lamp from
Alpha Innotech (Santa Clara, CA) with the software acquisi-
tion Digidoc RT2 (Alpha Innotech, Santa Clara, CA).

Stride Length Analysis

Phenotypic analyses for motor neuron loss have been previ-
ously described [18]. Briefly, mice were trained at a flat nar-
row corridor (5 cm wide, 70 cm long) 3 times per week for
1 month. After this training, animal hind limbs were stained
with a nontoxic colorant and put on a paper which served to
track the walking behavior along the corridor. A minimum of
5 to 7 continuous strides was recorded to calculate the mean
value of stride measurements for each animal 3 days per week.
The first footprints were discarded as the mice tend to walk
faster when they are released to the corridor. Stride and stance
lengths were measured manually and in a blinded manner.
Corridors were periodically ventilated to avoid cross-
contamination of volatile compounds present in mice.

Fatty Acid Compositional Analyses

After controlled thawing, samples were kept at 4 °C on
ice during the homogenization. A buffer containing
180 mM KCI, 5 mM MOPS, 2 mM EDTA, 1 mM
diethylenetriaminepentaacetic acid, and 1 uM of freshly
prepared butylated hydroxyl toluene (BHT) at pH 7.3 was
used, employing a 1:20 (sample weight:homogenization buff-
er volume ratio). A homogenizer device (T10 basic
UltraTurraX, IKA, Staufen, Germany) was employed for me-
chanical homogenization (15 s at 15,000 rpm). Protein con-
centrations were measured by the Bradford method [21].
After the homogenization, lipids from the sample were ex-
tracted with chloroform/methanol (2:1, v/v) 0.01% BHT for 3
times as described in [22]. The chloroform phase was evapo-
rated under N,. Then, the fatty acids were transesterified by
incubation of lipids in freshly prepared 5% methanolic HCI
for 90 min at 75 °C. The extraction of the resulting fatty acid
methyl esters was performed by adding n-pentane and saturat-
ed NaCl solution (2:1 v/v). The n-pentane phase was removed
under nitrogen. The remaining product was dissolved in 80 pl
of CS, for gas chromatography. Separation was assessed by a
DBWAX capillary column (30 m x 0.25 mm x 0.20 pm) in an
Agilent GC System 7890A with a Series Injector 7683B and a
flame ionization detector (Agilent Technologies, Santa Clara,
CA). The injection port was maintained at 220 °C and the
detector at 250 °C. The temperature program was as follows:
2 min at 100 °C, then an increase of 10 °C/min to 200 °C, then

5 °C/min to 240 °C, and finally maintained at 240 °C for
10 min. For fatty acid methyl ester integration, we compared
the peaks with the retention time of authentic standards
(Larodan Fine Chemicals, Malmo, Sweden) injected accord-
ing to the same method. Results were expressed as mol%.

The fatty acid—derived indexes [22] were calculated with
the following formulas: Saturated fatty acids (SFA) =3 % of
saturated fatty acids; unsaturated fatty acids (UFA) = 3 % un-
saturated fatty acids; monounsaturated fatty acids
(MUFA) =3 % of monoenoic fatty acids; polyunsaturated
fatty acids series n-3 (PUFAn-3)=3% % of polyunsaturated
fatty acids n-3 series; polyunsaturated fatty acids series n-6
(PUFAn-6) =% % of polyunsaturated fatty acids n-6 series;
average chain length (ACL)=[(X % total 14 x 14)+ - + (X
% total nxn)]/100 (n=carbon atom number);
peroxidizability index (PI)=[(¥ mol% monoenoic x
0.025) + (X mol% dienoic % 1)+ (2 mol% trienoic x 2) + (X
mol% tetraenoic X 4) + (3 mol% pentaenoic x 6) + (X mol%
hexaenoic x 8)]; double-bond index (DBI)=[(¥ mol%
monoenoic) + (2 x ¥ mol% dienoic)+ (3 x ¥ mol%
trienoic) + (4 x ¥ % mol tetraenoic) + (5 x X mol%
pentaenoic) + (6 X 3 mol% hexaenoic); anti-inflammatory in-
dex (AI)=(20:3n-6) + (20:5n-3) + (22:5n-3) + (22:6n-3)/
(20:4n-6). This index accounts for potential changes in cell
membrane phospholipids (altering the substrate of
cyclooxygenases from arachidonic acid to EPA/DHA), pro-
viding eicosanoids and other derivates that have lower inflam-
matory potential, as specific prostaglandins (PGE3) and other
products [23].

Protein Oxidative Modifications

The concentration of protein oxidative modifications glutamic
semialdehyde (GSA), aminoadipic semialdehyde (AASA),
glycoxidative modification carboxyethyllysine (CEL), mixed
lipooxidative glycoxidative modification
carboxymethyllysine (CML), and lipooxidative modification
malondialdehyde lysine (MDAL) was analyzed by gas
chromatography—mass spectrometry (GC/MS) in lumbar spi-
nal cord homogenates as indicated [22]. Briefly, 0.5 mg of
proteins from lysate was reduced with an overnight incubation
in 500 mM NaBHy, (final concentration) in 0.2 M borate buff-
er, containing a 1 drop of hexanol as an antifoam reagent.
Reduced proteins were then re-precipitated with 20% trichlo-
roacetic acid (final concentration). Internal standards used for
relative quantification were the following: [*Hg] lysine (dg-
Lys; CDN isotopes); [?Hs] CML (d4-CML), [*H4] CEL (d4-
CEL), [*Hg] MDAL (ds-MDAL), [*Hs]5-hydroxy-2-
aminovaleric acid (for GSA quantitation), and [2H4]6-hy-
droxy-2-aminocaproic acid (for AASA quantitation).
Proteins were hydrolyzed by incubation at 155 °C for
30 min in 1 ml of 6 N HCl. Samples were dried using a
Speed-Vac centrifugal evaporator (SPD131DDA; Thermo
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Fisher Scientific, Waltham, MA). For the preparation of the
methyl esters, the hydrolysates were dissolved in 1.5 ml of
freshly prepared 1 N methanolic HCI and heated for 30 min
at 65 °C. The solvent was evaporated at room temperature
under a stream of Nj; then, 1.5 ml trifluoroacetic anhydride
was added, and the mixture was incubated at room tempera-
ture for 1 h. The resulting N, O-trifluoroacetyl methyl ester
derivatives were analyzed in Agilent model 6890 gas chro-
matograph equipped with a 30-m HP-5MS capillary column
(30 mx0.25 mm % 0.25 um) coupled to an Agilent model
5973A mass selective detector (Agilent, Barcelona, Spain)
under the conditions previously described [18].

Analysis of Cytokines in Plasma

After blood obtention, it was centrifuged at 8000 rpm for
6 min to retrieve plasma. Plasma was stored at <—20 °C until
cytokine analysis. Cytokine levels from plasma were mea-
sured using the BD Biosciences Cytometric Bead Array
Mouse Inflammation Kit (BD, Franklin Lakes, NJ, USA).

Organotypic Spinal Cord Culture

Lumbar spinal cord slices from P8 rat pups were obtained as
described [24]. Slices were maintained in 50% minimal essen-
tial medium, 25 mM HEPES, 25% Hank’s balanced salt solu-
tion with D-glucose 25.6 mg/l, 25% heat-inactivated horse
serum, and 2 mM L-glutamine (Invitrogen, Carlsbad, CA,
USA). Five complete slices from the lumbar region were
transferred to 30-mm-diameter Millipore Millicell-CM
(0.22 pm; Millipore Corporation, Bedford, MA, USA) mem-
brane inserts. The inserts were placed in 6-well culture trays
(35-mm-diameter Falcon; BD), with 1-ml culture medium:
50% (vol/vol) minimal essential medium (MEM) with
25 mM HEPES (Invitrogen), 25% (vol/vol) heat-inactivated
horse serum, and 25% (vol/vol) Hank’s balanced salt solution
(HBSS) supplemented with D-glucose (25.6 mg/ml; Sigma,
St. Louis, MO, USA), 2 mM L-glutamine, 100 U/ml penicil-
lin, and 100 pg/ml streptomycin (Invitrogen). Organotypic
cultures were incubated at 37 °C in a 5% C0O»-95% O, hu-
midified incubator, and the culture medium was changed
4 h after harvesting and then twice a week. Cultures were
let to stabilize for 10 days; after this point, the motoneu-
ron population reaches a steady number and remains sta-
ble from 1 to 4 weeks [24]. Thus, the treatments, inducing
chronic excitotoxicity with threohydroxyaspartate (THA)
at 100 uM, with DHA and/or a-tocopherol, 500 uM each,
started 10 days after the explant procedure. After 15 days
of treatment, cultures were harvested and fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4,
overnight at 4 °C and processed for
immunohistochemistry.
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NSC-34 Cell Culture and Viability

NSC-34 (kindly given by Prof. JE Esquerda, University of
Lleida, Spain) were grown in MEM-Advanced medium
(Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum (Invitrogen), 2 mM L-glutamine
(Invitrogen), and 20 U/ml penicillin and 20 pg/ml strep-
tomycin (Invitrogen) as antibiotics. Cells were kept at
37 °C in humidified atmosphere with 5% of CO, [24].
Cell viability in cell cultures was determined by using
the MTT-based Cell Toxicity Colorimetric Assay Kit
(Sigma) according to the manufacturer’s instructions.
The results were expressed as the percentage of viability
versus untreated cells.

Immunohistochemistry

Animals were anesthetized by an intraperitoneal injection of
pentobarbital and ketamine, 20 mg/kg and 60 mg/kg respec-
tively in PBS. Mice were then perfused with saline solution
followed by ice-cold 4% paraformaldehyde (Sigma-Aldrich,
St. Louis, MO, USA) solution (freshly prepared with pH 7.4
phosphate buffer). Spinal cords were extracted and fixation
was continued by incubation in 4% paraformaldehyde made
in pH 7.4 phosphate buffer overnight at 4 °C. The next day,
samples were cryopreserved in 30% sucrose (made in pH 7.4
phosphate buffer) for 48 h. After this time, tissue was encased
in a cubic recipient (Peel-A-Way Disposable Embedding
Molds-S-22, Polysciences Inc., Warrington, PA), and embed-
ded in tissue-freezing medium (Triangle Biomedical Sciences
Inc., Newcastle, UK) and frozen (— 80 °C). The lumbar spinal
cord was then cut at a 16-um section depth and resulting
seeded on a gelatin-coated slide. In the case of organotypic
slices, these were directly seeded onto the slides. Samples
were permeabilized with 0.4% Triton X-100 PBS for 30 min
and blocked with 5% normal horse serum in 0.4% Triton X-
100 PBS (blocking solution) for 2 h at room temperature.
Primary antibody (diluted according to manufacturer’s in-
structions) incubation, anti-8-0xo-dG (ab62623, Abcam,
Cambridge, UK), anti-yH2Ax (ab2893, Abcam), anti-GFAP
(ab7260, Abcam) anti-Ibal (ab5076, Abcam), and anti-SMI-
32 (Covance, Princeton, NJ), was performed in blocking so-
lution overnight at 4 °C. Then, the slices were washed with
PBS 3x for 10 min at room temperature, followed by the
secondary antibody (diluted 1:800 in PBS), goat anti-mouse
Alexa Fluor 555 (A21422, Thermo Fisher Scientific,
Waltham, MA) and/or goat anti-rabbit Alexa Fluor 488
(A11008, Thermo Fisher Scientific, Waltham, MA), incuba-
tion for 1 h at room temperature in darkness. Sections were
finally counterstained with 4,6-diamidino-2-phenylindole
dihydrochloride (DAPI, 1 pg/ml) in PBS for 5 min at RT
and mounted on slides with Vectashield (Vector
Laboratories, Burlingame, CA). In selected sections, the
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primary antibody was omitted to assure labeling specificity.
Confocal microscopy was performed with a Fluoview 1000
microscope (Olympus Corporation, Tokyo, Japan) for immu-
nofluorescence imaging. Immunoreactivity quantification and
motor neuron count (in the case of organotypic culture) were
analyzed with the ImageJ software [25], by selecting motor
region from anterior horns in the spinal cord. Motor neurons
were putatively identified by soma size, low DAPI fluores-
cence, and anterior location. All measurements and analyses
were done in a double-blinded fashion.

Statistical Analyses

All data are plotted on graphs as mean = S.E.M. All statistics
were performed using the SPSS software (SPSS Inc.,
Chicago, IL) or the Prism software (GraphPad Software, San
Diego, CA). Differences between groups were analyzed by
the Kaplan—Meyer analyses, Student’s # tests, or ANOVA with
post hoc analyses, after normality assessment by the
Kolmogorov—Smirnoff test. Correlations between variables
were evaluated by Pearson’s statistic. The 0.05 level was se-
lected as the point of minimal statistical significance in every
comparison.

Results

Dietary DHA Supplementation Extends G93A Mouse
Survival, Prevents Weight Loss, and Improves Motor
Function in a Sex-Specific Manner

In order to determine the potential benefits of DHA supple-
mentation, we analyzed the survival of ALS mice by sex and
diet. The Kaplan—Meyer analysis revealed a longer survival of
G93A male mice survival under DHA-supplemented diet
(Fig. 1a). The low-n-3 diet did not induce a significant loss
in survival (Fig. 1a). Female G93A mice survival did not
exhibit any differences between the 3 diet groups ana-
lyzed (Fig. la). Moreover, weight loss, indicating motor
neuron impairment in this model, was significantly influ-
enced by diet in G93A male mice (Fig. 1b), but not in
females (Fig. 1b). Regarding the motor function, we also
assessed gait strides to determine the impact of diet on
motility. Results indicate a slower decrement on stride
length and stance length in G93A male mice under
DHA-supplemented diet compared with those under con-
trol and low-n-3 diets (Fig. 1c and d) and a lower effect
of diet and motor function interaction in female G93A
mice (Fig. 1 ¢ and d). Noteworthy, food intake, revealing
motor function, also showed gender-influenced differ-
ences to diets (Fig. le).

DHA Dietary Supplementation Increases DHA
Contents and Decreases AA Concentrations in the LSC
of G93A Mice

To confirm DHA bioavailability in the LSC and the feasibility
to modify fatty acid content using dietary intervention, we
measured LSC fatty acid profile. A significant correlation
was present between the n-3 intake (DHA + linolenic) and
LSC DHA content, irrespective of gender (Fig. 2a) before
disease onset (age <90 days). We then compared LSC fatty
acid composition in the presymptomatic stage (60 days), at
disease onset (90 days) and endpoint. Fatty acid profile anal-
ysis of LSC revealed that DHA content in LSC decreases
according to disease advancement. In contrast, DHA supple-
mentation induces a significant increase of DHA concentra-
tion in LSC at 60 days and 90 days and a decrease of this fatty
acid under the low-n-3 diet (Fig. 2b). Moreover, in males,
DHA supplementation increased DHA content in LSC at all
times, an effect not exhibited in females (Fig. 2b). In contrast
with the increase of DHA, arachidonic acid (AA) con-
tent showed a statistically significant decrease in the
group with the DHA-supplemented diet either at a pre-
symptomatic stage, at disease onset, and at endpoint
both in males and in females (Fig. 2c).

Diet Influences Protein Oxidative Damage

Previous data show that oxidative modifications are sensitive
to changes in dietary fatty acid profile [18]. In order to eval-
uate protein oxidative modifications of LSC, we quantified by
GC-MS the concentrations of GSA, AASA, CML, CEL, and
MDAL, representative markers of protein modifications. GSA
was higher in 60-day-old mice, but reduced at 90 days and
endpoint in LSC from G93A mice under DHA diet mice,
compared with low-n-3 diet both in males and females
(Fig. 3a). AASA is decreased at 60-day-old mice in the
DHA diet group in males and females (Fig. 3b). AASA
showed an increase at 90 days and endpoint in the DHA diet
group compared with a presymptomatic stage in transgenic
males and females, but AASA decrease at endpoint was only
observed in female DHA-treated mice. CML quantification
(Fig. 3¢) in G93 A mice fed with DHA diet resulted in reduced
levels at 60 days old, respective to the male mice fed a control
diet group in male or female mice on the low-n-3 diet. At
90 days old, G93A male mice fed with DHA diet showed
reduced levels of CML compared with those fed with low-n-
3 diet. G93A females exhibited a reduction compared with the
control diet group but were not different in the low-n-3 group.
At endpoint, diet did not influence in CML content of trans-
genic male mice. In contrast, CML levels in transgenic female
mice were lower in the DHA diet group. Interestingly, age was
not a significant factor influencing CML content. A decrease
in CEL levels was only observed in female mice at the 60-day
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Fig. 1 DHA dietary supplementation increases the survival of G93A
male mice. DHA supplementation increases percent survival in males
(a) but not in females. Growth curves also show diet-induced differences
in males (b), though age at the maximum weight is not altered. Disease
evolution, as measured by loss of stride (¢) and stance (d) lengths, and
daily food intake (e), also indicates the protective effect of dietary DHA
supplementation in males, but not in females. Percent survival in (a) was
estimated by Kaplan-Meyer analyses. Two-way ANOVA with repeated
measures was employed for (b), (¢), (d), and (e). In the case of (b), in
males, this analyses showed a p = 0.0119 for diet effect and p < 0.0001 for
age effect, and diet and age interaction is not significant; for females, p =
0.6278 for diet effect, p <0.0001 for age effect; but in this case, age and
diet interaction being significant, p = 0.0046. For (¢), in males, diet effect
showed a p=0.031, age effect p=0.0007, and age and diet interaction

time point (Fig. 3d). At 90 days, both males and females of the
DHA group exhibited lower CEL levels than low-n-3 diet
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was not significant; for females, diet effect showed a p =0.22, with age
effect p <0.0001, and age and diet interaction with p = 0.037. For (d), in
males, age effect was p = 0.01 with diet p =0.13 and interaction between
age and diet p =0.21; for females, age effect was p =0.0011, diet factor
p=0.15, and interaction between age and diet p = 0.027. For (e), in males,
this analyses showed a p = 0.0011 for diet effect, p < 0.0001 for age effect,
and p =0.048 for diet and age interaction; for females, a p=0.1395 for
diet effect, p <0.0001 for age effect, and age and diet interaction being
significant, » <0.0001. In all cases, matching between individuals was
effective (p <0.0001). Error bars represent £ S.E.M. ***¥p <(0.0001,
*##%p <0.001, and *p < 0.05 in control versus low-n-3 + DHA diet com-
parisons, whereas "7 Tp < 0.0001 in low-n-3 versus low-n-3 + DHA diet
comparisons and *p < 0.05 in control versus low-n-3 diet groups in post
hoc multiple comparisons

group, with CEL levels comparable between the control and
DHA-supplemented mice. At endpoint, males under DHA
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Fig. 2 Dietary DHA a
supplementation increases DHA
contents and lowers AA
concentrations in the lumbar
spinal cords of G93A mice. (a)
DHA content of the lumbar spinal
cords correlates significantly (see
inside the graph for Pearson
correlation coefficients) with
dietary intake of n-3 fatty acids in
90-day-old males (linear regres-
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supplementation did not show significant differences in CEL
content compared with the other diet groups. Nevertheless,
females fed with DHA diet exhibited lower levels of CEL
compared with those fed with the low-n-3 diet, but not the
control diet group. In this case, age was a relevant factor for
CEL levels in LSC of males and females. Finally, G93A male
mice fed with DHA diet exhibited reduced levels of MDAL
(Fig. 3e) at the presymptomatic stage compared with those fed
with control and low-n-3 diets; this reduction was not present
in females. At 90 days old, diet did not induce any changes in
MDAL content in males. However, females under the DHA
diet exhibited lower levels of this marker than those fed with
the control diet. At endpoint, there were no significant differ-
ences of MDAL levels for males in all experimental groups.
DHA supplementation diminished MDAL levels in female
mice at all time points. These results suggest that MDAL
modulates ALS disease progression in G93A female, but not
in male, mice.

DHA-Enriched Diet Influences Inflammatory
Constraints in LSC and Plasma

To explore other mechanisms explaining DHA beneficial ef-
fects, we evaluated the potential inflammatory modulation

L
&

3
@“bq

%

Q/‘\

properties of DHA intake. Thus, anti-inflammatory index of
LSC fatty acid profiles was increased on the DHA-enriched
diet groups (Fig. 4a). Interestingly, this index was decreased at
the endpoint stage in all groups. Of note, and reinforcing the
complexity of gender—diet interaction, anti-inflammatory in-
dex did not show gender differences; it was equally increased
in males and females.

To focus on the potential mechanisms leading to DHA
survival effects, further experiments were performed in male
mice. In order to confirm the role of DHA intake as an inflam-
mation modulator, we quantified plasma concentrations of IL-
12, TNF-e, IFN-y, MCP-1, IL-10, and IL-6 at 90 days. These
analyses showed a statistically significant influence of DHA
dietary enrichment in plasma TNF-« concentrations (Fig. 4b).

Effect of Dietary DHA Could Involve Several
Mechanisms

DHA exerts pleiotropic functions, including interaction with
synaptic components [26]. To evaluate this potential function,
we evaluated syntaxin 3 levels in male G93A mice. DHA
supplementation enhanced syntaxin 3 concentrations in LSC
at early stages of motor neuron dysfunction (Fig. 5a). The
concentration of other neuron-specific components, such as
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Fig. 3 Heterogenic effects of

DHA dietary supplementation
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neurofilaments (reacting to SMI-32 antibody), was also en-
hanced by DHA treatment, as shown by confocal microscopy
imaging (Fig. 5b). This was associated with increased ubiqui-
tin immunoreactivity, suggesting enhanced protein repair (Fig.
5b). Indeed even DNA show increased oxidative damage in
G93A mice [27]. We evaluated the presence of 8-0x0-7,8-
dihydro-2'-deoxyguanosine (8-oxo0-dG), a direct marker of
oxidative modification of DNA in LSC, focused to 90-day
male group comparing control diet and DHA-supplemented
diet. 8-Ox0-dG immunoreactivity was significantly lower in
spinal cord slices from animals fed with DHA diet compared
with those fed with the control diet (Fig. 5¢). The DNA dam-
age response is a mechanism to combat threats posed by DNA
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damage, induced in ALS [28]. To evaluate whether this mech-
anism was affected by dietary DHA intake, we utilized con-
focal microscopy to assess the amount of YH2Ax foci, a sur-
rogate for DNA damage response. YH2Ax immunoreactivity
in LSC of 90-day male ALS mice was lower in 90-day-old
G93 A male mice fed with the DHA diet when compared with
those mice fed with the control diet (Fig. 5¢).

In order to evaluate further mechanisms of DHA effects,
we evaluated GFAP immunostaining, an indication of
astrogliosis, related to disease activity [29] . The results show
that, at 90 days, DHA supplementation did not induce a sig-
nificant change in the levels of glial proliferation (Fig. 5d).
Similarly, we evaluated the percentage of anti-Ibal-positive
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Fig. 4 DHA diet influences
inflammatory constraints in
G93A mice. Anti-inflammatory
indexes of fatty acid profiles from
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cells, as a marker for microglia infiltration [30]. These analy-
ses show that low n-3 intake, with our without DHA addition,
diminishes the percentage of anti-Ibal-positive cells (Fig. Se).

Neuroprotective DHA Effects Are Extended to Other
Motor Neuron Disease Models

In order to evaluate if DHA protective effects could be extend-
ed to other models of motor neuron demise, we evaluated the
effect of DHA supplementation in 2 different cellular models
of motor neuron death: in chronic excitotoxicity in vitro and in
the motor neuron—like cell line NSC-34. The results show that,
in organotypic cultures under chronic excitotoxicity impinged
by THA treatment, DHA alone was not able to reverse motor
neuron loss, but in the presence of o-tocopherol (Fig. 6a).
However, DHA alone was able to prevent the toxicity of
H,0, in NSC-34 in a significant manner (Fig. 6b).

Discussion

We show a gender—diet interaction in the G93A-hSOD1
mouse model of ALS. Dietary DHA supplementation has ben-
eficial effects in male survival, slowing ALS progression and
improving motor function.

Previous data suggests the influence of gender in dietary
PUFA changes in ALS progression, reinforcing the impor-
tance of the diet—gender interaction in ALS [18]. Further, there

are marked differences in neuroinflammatory constraints be-
tween genders in mice [31]. Thus, estrogen-sensitive differ-
ences in microglia and lymphocyte biology may explain dif-
ferences in neurodegeneration. Studies also indicate estrogen-
dependent pathways enhancing DHA production in females
versus males [32]. In light of these previous evidence, our data
suggest that in G93A mice, dietary DHA is able to modulate
sex-associated neuroinflammation constraints. Globally,
DHA supplementation improves some neurodegenerative dis-
orders [19], providing an effective therapeutic treatment in a
model of spinal cord injury [33]. We also observed that DHA
supplementation mitigates oxidative stress markers in the
ALS spinal cord. Although the evidence of beneficial effects
of DHA in the CNS exists, diets increased in eicosapentaenoic
acid (EPA)- a precursor of DHA- decreased survival in G93A
mice [34]. Therefore, the present study highlights the rele-
vance of specific effects of the different n-3 fatty acids in diet
regarding central nervous system metabolism. In contrast to
DHA supplementation, EPA exposure is not able to decrease
arachidonic acid content in the spinal cord [34]. Nevertheless,
AA is required for proinflammatory signaling and significant-
ly decreasing LSC AA levels could potentially prevent an
exacerbation of cyclooxygenase-mediated inflammation
[35]. Moreover, earlier findings report that DHA-enriched diet
induces beneficial changes on mitochondrial metabolism that
EPA diet cannot reproduce [36]. Our experiments prove the
feasibility of increasing DHA content in LSC of G93A mice
within a dietary supplementation. In contrast to other
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neurodegenerative processes [19], low n-3 levels (without n-3
deficiency) did not lead to relevant changes in survival in
comparison with standard linolenic intake, suggesting a cru-
cial and specific role for DHA, compared with other linolenic-
derived molecules on ALS pathophysiology. Adding com-
plexity to this fact, anti-inflammatory indexes were equally
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% of Cells

affected in males and females, thereby indicating that males,
in addition to changes in fatty acid profiles, are beneficed by
yet unknown mechanisms dependent on dietary DHA content.

Protein oxidative damage modifications have been previ-
ously linked to Alzheimer’s disease [22]. Nevertheless, in the
G93A mouse model, protein oxidative damage does not
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<« Fig. 5 Dietary DHA supplementation leads to changes in synaptic
components as well as in DNA and protein repair mechanisms in G93
male mice, without changes in astrogliosis or microglial infiltration. (a)
Representative Western blot analyses evaluating levels of syntaxin 3 in
LSC. In the right panel, the quantitative analyses of Western blot signals,
adjusted to tubulin content. (b) Representative confocal images (left) and
quantitative analyses (right) of neurofilament (SMI-32) and ubiquitin
immunoreactivities in whole LSC sections of 90-day-old G93A male
mice. (¢) Representative confocal images (left) and quantitative analyses
(right) of DNA repair mechanisms (yH2Ax) and DHA-related decreases
in DNA oxidative damage (8-0x0-dG) in whole LSC sections of 90-day-
old G93A male mice, measured in immunohistochemistry. (d)
Representative confocal images showing a lack of DHA-related changes
in GFAP immunostaining in whole SC sections of 90-day-old G93A male
mice, quantified in right panels. (e) Representative confocal images
showing low-n-3 and low-n-3 + DHA-related decreases in the proportion
of Ibal immunoreactive cells in whole SC sections of 90-day-old G93A
male mice, quantified in right panels. In (a), bars indicate mean values,
whereas error bars represent = S.E.M (n =4 experiments). Points in (b),
(¢), and (d) indicate different sections, belonging to at least 3 different
animals for each dietary treatment. Differences between dietary groups
were evaluated by Student’s ¢ test analyses (or X2 test for (e)), being
*p <0.05 and **p<0.01. Scale bars in (b) and (c¢) are 1000 um long
and in (d) and (e) are 100 pm and 50 pm long, respectively
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Fig. 6 DHA is neuroprotective in experimental paradigms of motor
neuron death. (a) Motor neuron loss induced by THA treatment
involves an «-tocopherol and DHA-sensitive mechanism.
Representative confocal images showing the effect of excitotoxicity in
the number of SMI-32-positive cells, compatible with motor neurons
(inset showing a magnification) in ventral horns (identified by a yellow
ellipse) of rat spinal cord organotypic cultures. Right panel shows the
quantitative analyses of these micrographs evidencing diminished motor
neuron cell number induced by THA, and this effect being prevented by

follow a clear tendency during disease progression. Moreover,
although dietary n-3 fatty acid intake and aging influences
protein oxidative damage, we observed no clear correlation
regarding diet or age and protein oxidative stress. These
markers are not correlated with a better outcome, and the
biological processes associated with diet and age should be
further studied to elucidate their impact in ALS pathology.
Neuroinflammation is involved in the progression of neuro-
degeneration in ALS through microglia activation [37]. In this
sense, our data suggest that dietary fatty acids play an important
role in modulating inflammation. Most of the nonsteroid anti-
inflammatory drugs, like aspirin, are cyclooxygenase inhibitors
and have been largely studied. Cyclooxygenase activity, using
AA as a precursor, promotes inflammation and subsequent tis-
sue damage. Prostaglandins, lipid AA derivatives, are increased
in the serum of ALS patients [38]. Furthermore, inhibiting pros-
taglandin synthesis with anti-inflammatory reduces pathologi-
cal features, such as loss of motor neurons in the spinal cord,
and prolongs survival in G93A mice [35]. DHA has been pos-
tulated as an inflammatory-resolution promoter mainly through
the action of resolvins, metabolic products of DHA enzymatic
oxidation. These molecules are PPAR agonists, a transcription

THA

Number of
motorneurons

* DHA
< Veh

DHA and «-tocopherol. In (b), DHA (100 pM) is able to prevent loss of
viability of the motor neuron cell line NSC-34 induced by H,0,
(0.1 mM). Graphs represent the means + S.E.M. (n =4 experiments). In
(a), points indicate the number of motor neurons of different slices, be-
longing to at least 4 different experiments. Numbers in (a) indicate the p
value after post hoc analyses in 1-way ANOVA. In (b), ***p<0.0001
with reference to time effect and *p <0.0001 with reference to DHA
effects by 2-way ANOVA. Scale bars in (a) are 100 pm long (white bar)
and 10 um long (yellow bar, inset)
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factor which downregulates NF-kB, preventing inflammation
and apoptosis [39]. Another anti-inflammatory mechanism of
DHA is the competition of cellular incorporation with AA [40],
therefore preventing the production of prostaglandins. Our data
demonstrate the capacity of dietary DHA to significantly influ-
ence cytokine levels in plasma, supporting the potential modu-
latory effect of dietary DHA in neuroinflammation in this mod-
el. Of note, despite we observed a low-n-3-induced decrease in
Ibal positivity in the spinal cord, in common with previous data
with EPA supplementation [34], this effect was not specific of
DHA, as we observed in both low-n-3 diets. Contrasting also
with the EPA supplementation experiment, our samples did not
show any change of astrogliosis. All in all, these data highlight
the complexity of the effects of DHA and other n-3 fatty acids
in this ALS model.

We acknowledge, as limitations of the present work, that
we did not offer an accurate count of motor neurons in spinal
cords from the G93 A mice. However, the fact that in 2 sepa-
rate tissular and cellular models of motor neuron demise,
DHA (either alone or in combination with x-tocopherol)
was able to prevent motor neuron loss, could allow us to
hypothesize a similar effect in vivo. We also acknowledge
some caveats, such as the increased ubiquitin immunostaining
induced by DHA treatments. Usually, ubiquitin is considered
a marker of defective proteostasis, but in our case, this might
be viewed as a compensatory response.

Concerning potential translation of these results to the hu-
man disease context, nutrition for ALS management may be
relevant for several reasons. Reports indicate that diet, specif-
ically n-3 fatty acid consumption, plays an important role in
ALS progress and may delay the onset of ALS [41]. These
data support nutritional intervention as an interesting field to
improve the quality of life of ALS patients, but specific issues
(such as the interaction with gender) remain open to exploring
further venues of dietary personalization in ALS care.

In conclusion, DHA exerts neuroprotective effects in male,
but not in female, hSOD1-G93A mouse model of ALS.
Further investigations are needed to elucidate this gender—
diet interaction. Our data suggest that specific dietary fatty
acid composition might be considered in the management of
ALS patients.
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and neuroinflammation (D’Ambrosi et al. 2014). Thus, we hypothesized that cytoplasmic
pl6 could have a similar role in ALS. Like p16 cytoplasmic functions, p21 inhibits the
ROCKI/LIMK/Cofilin Pathway through MAPK signaling, inducing cytoskeleton remodeling
(Tanaka et al. 2002)

We also analyzed another senescence canonical biomarker: SA-B-gal activity. The main
cellular populations expressing SA--gal in ventral LSC are the motor neuron cells (Nissl+
cells in the ventral horn, with a motor-neuron compatible cellular size). Neurons of other
LSC locations and the vast majority of Nissl- do not show SA-B-gal activity (Fig. 1D and
S1). Interestingly, SA-B-gal activity was reduced during disease progression in motor
neurons and in a small fraction of Nissl- cells (compatible with glia). Our findings agree
with previously shown data demonstrating that SA-B-gal activity in neurons is not
associated with senescence, although it is increased in aging mouse brain (Piechota et al.
2016). Our results suggest that motor neurons contain more lysosomes in cell body than
other cells, and that their biogenesis is compromised in this ALS mouse model. In this line,
lysosomal mass deficit has already described in this model, highlighting a role of hSOD1
aggregates disturbing lysosomal biogenesis (Xie et al. 2015) and potentially explaining our

results from the SA-B-gal activity assay.

Another marker commonly employed in senescence description is the increase in
cytokines linked to SASP. In this case, we quantified the expression of typical SASP
markers Illa and 116. We analyzed as well the expression of Ifna and Ifnb (corresponding
to type-l IFN response) as they are postulated as late-senescence markers and could be
helpful in determining senescence progression in the LSC of this model. The expression of
Ifna was not detected in any of the analyzed samples (data not shown). We observed a
different pattern of expression between llla (Fig. 3A) and 116 (Fig. 3B). Il1a is increased in
the pre-symptomatic stage and is known to be the upstream regulator of IL-6 in SASP
(Orjalo et al. 2009). IL-6 is increased in cerebrospinal fluid in ALS, AD, and Parkinson’s
disease (Chen et al. 2018). In contrast, Ifnb expression (Fig. 3C) is not altered, which
could indicate that senescence in this model does not evolve a late phase. Overall, this
might reflect a complex interaction between senescence, SASP, and changes in reactive

glial cells and neurodegeneration.

Regarding TDP-43 splicing function, cryptic exon inclusion in Adipor2 mRNA was higher in
lumbar spinal cord in end-stage mice (Fig. 3D) and positively correlated with p16

expression (Fig. 3E). The present data are the first to show specific alteration regarding



splicing function in this ALS model. Notably, this process is associated with an increase in
the senescence marker pl16, and the two processes are likely to be linked in the same

pathway.

We wanted to explore the potential benefits of senolytic treatment due to the higher
expression of senescence related genes in this mouse model. We performed Navitoclax
treatment following the protocol described for Alzheimer Disease mouse model (Bussian et
al., 2018). The treatment was initiated at 90 days old and finished at end point (Figure 4A).
We estimated the disease progression by weight loss. Navitoclax treatment did not prevent
weight loss, neither prolonged survival (Figure 4B and 4C). Finally, we quantified
senescence and SASP genes in lumbar spinal cord. None of the analyzed genes showed
statistically significant differences (Figure 4D). These results suggest differences in
molecular effectors between AD and ALS. Navitoclax is an inhibitor of antiapoptotic protein
Bcl2 (Zhu et al.,, 2016). Senescent cells are highly dependent of different antiapoptotic
members. Senolysis is achieved when this antiapoptotic protein is inhibited, promoting cell
death (Zhu et al., 2015). In the case of ALS, we speculate that Navitoclax treatment is not
efficient because Bcl2 is not overactivated in our G93A mouse model (Vukosavic, Dubois-
Dauphin, Romero, & Przedborski, 1999). However, Bcl-XL, a Bcl-2 family member, is
overactive in astrocytes and provides pro-survival input and may mediate the activation of
toxic astroglia (Lee, Kannagi, Ferrante, Kowall, & Ryu, 2009). It suggests that an specific

inhibition Bcl-XL could have greater effects on disease progression.

In conclusion, the LSC from the hSOD1-G93A mouse, a model of familial ALS, exhibits a
non-canonical profile of senescence biomarkers. It is characterized by an early increase in
pl6 and a late increase in p21, with both displaying a mainly cytoplasmic pattern in glial
cells without an increase in SA-B-gal activity. In the case of SASP, it also has a dynamic
profile with increasing levels of ll1a from the pre-symptomatic stage onward and an acute
peak of expression in end-stage transgenic mice. Regarding AS, this tissue shows a
dysfunctional splicing activity of TDP-43 in end-stage ALS mice. This is the first time that
senescence markers, SASP, and TDP-43-associated splicing dysfunction have been
described in this ALS mouse model. Navtioclax treatment (Figure 5A) is not enough to
slow the disease progression (Figure 5B) and does not extend the survival. This treatment
does not prevent the increase of senescence and SASP markers (Figure 5D). It suggests
that senescence phenotype is not driven by Bcl2 expression of stressed or aged cells in

this model (Zhu et al.,, 2015). Further studies are warranted to determine whether



senescence-linked phenomena are mechanistically involved in this fatal disease, clearing

the pathway for therapeutic development.

Experimental procedures

Animal Experiments

A colony of the strain B6.Cg-Tg(SOD1*G93A)1Gur/J JAX catalogue stock number 004435;
from now on hSOD1G93A or G93A) was purchased at The Jackson Laboratories (Bar
Harbor, MN, USA). Mice were maintained in C57BL/6J background. Genotyping was
performed following manufacturer’s instructions. After genotyping and weaning, animals
were placed at 12:12 hours dark / light cycle, at 22+2°C temperature, 50%=10 relative
humidity, in individual cages (at 21 days). Navitoclax (T2101, Targemol) was diluted in
60% Phosal 50 PG (Lipoid), 30% PEG400 (Sigma, 91893) 10% EtOH. Navitoclax was
administered by oral gavage at a dose of 50 mg kg—1 body during five consecutive days
followed by 16 days of rest (N= 5 per group). Treatment cycles were repeated until clinical
endpoint (righting reflex >20 s). Spinal cords were rapidly excised, frozen in liquid N, and
stored at -80°C. This study was approved by the Animal Research and Ethics Committee

at the University of Lleida.

Cell culture

3T3 cells were maintained in Dulbecco’'s Modified Eagle's Medium (11965, Thermo Fisher
Scientific), 10% FBS (10270, Thermo Fisher Scientific), 100 U/ml Penicillin-Streptomycin
(15140-122, Thermo Fisher Scientific) at 37°C and 5% CO2. For silencing, 20 nM (final
concentration) of TARDBP siRNA mmsiTDP-43s: 5-AGGAAUCAGCGUGCAUAUA-3'
mmsiTDP-43as: 5-UAUAUGCACGCUGAUUCCU-3' (siTDP) or scrambled siRNA (siCTL)
was mixed in 100 pl Opti-MEM (31985062, Thermo Fisher Scientific) with 2 pl of
RNAIMAX (13778100, Thermo Fisher Scientific) on the bottom of the well and incubated
for 20 minutes at room temperature. 2 ml of DMEM (11965092, Thermo Fisher Scientific)
supplemented with 10% FBS containing 100000 HelLa or 3T3 cells/well were seeded onto
transfection mix. After 24 hours, transfection media was removed and changed to DMEM

10% FBS media. 48 hours post-transfection, cells were collected for posterior analyses.



Western Blot

Protein from platelets was extracted adding 100 pL of radioimmunoprecipitation (RIPA)
buffer with Protease Inhibitor Cocktail (1X) to the pellet. After sonication, protein
quantification was performed with Bradford assay (5000006, Bio-Rad). Fifteen ug of
protein were loaded onto a 12% acrylamide SDS-PAGE gel. Membranes were blocked
with I-Block (T2015, Thermo Fisher Scientific) for 1 hour and incubated overnight with
primary incubated anti-TDP-43 (10782-2-AP, Proteintech) 1:1000 in TBS-T 0.05%. After
primary antibody incubation, membranes were washed 3 times with TBS-T 0.05% and
incubated with secondary antibody for 1h. Immobilon™ Western Chemiluminiscent HRP
Substrate (WBKLS0500, Merck Millipore) was used for immunodetection. Membranes
were stained with Coomassie Brilliant Blue G (27815, Sigma) for normalization. Specific
bands were quantified with ImageLab v5.2.1 (Bio-Rad).

RNA extraction, cDNA synthesis and RT-qPCR

1 ml of TRIzol reagent (Thermo Fisher Scientific, AM9738) was added to 50-100 mg of
tissue. The tissue was then mechanically homogenized using T 10 basic ULTRA-
TURRAX® (IKA). 200 pl of chloroform was added to each sample and mixed. After 5
minutes of incubation at room temperature, the samples were centrifuged at 12,000 xg (15
mins, 4°C) to separate the phases. The aqueous phase was separated into a new tub and
mixed by vortexing with 500 pl of isopropanol. After an incubation of 10 minutes at room
temperature, RNA was precipitated through spun at 12,000 xg (10 mins, 4°C). The
resulting supernatant was removed, and the pellet was washed with a 75% ethanol. After
vortexing, the samples were centrifuged again at 12,000 xg (10 mins, 4°C). The
supernatant was discarded, and the RNA pellet was allowed to air dry at room
temperature. The RNA was resuspended with 50 pl of RNAse-free water, quantified with
Nanodrop (Nanodrop technologies, ND-1000 UV/Vis Spectofotometer) and stored at -80°C
unjtil further use. One microgram of RNA was used for retrotranscription employing
TagMan Reverse Transcription Reagent using random hexamers (Thermo Scientific,
N8080234). RT-gPCR experimets were performed using a CFX96 instrument (Bio-Rad,

Hercules, California, USA) with SYBR select Master mix (Thermo Fisher Scientific,



4472908). Each 20 pL of reaction contained 4pL cDNA, 10 pL SYBR Select Master Mix,
0.2 nM of forward primer and 0.2 nM of reverse primer solutions and 4 pL PCR grade
water. RT-gPCR run protocol was as follows: 50 °C for 2 minutes and 95 °C for 2 minutes,
with the 95 °C for 15 seconds and 60 °C for 1 minute steps repeated for 40 cycles; and a
melting curve test from 65°C to 95 °C at a 0.1 °C/s measuring rate. N=3-10 mice per group
were used for RT-PCR experiments. Primers employed in these experiments are listed in
Supplementary Table S1. Actb expression was used as housekeeping to normalize the
other genes. Specific Adipor2 cryptic mRNA (primers annealed with cryptic exon) was

normalized with Adipor2 normal transcript (the primers annealed with conserved exons).

Senescence-associated f-galactosidase activity

Briefly, paraformaldehyde-fixed frozen sections were incubated with X-gal solution
(20 mg/ml X-Gal (SIGMA), 5 mM K3Fe(CN)s, 5 mM K,;Fe(CN)6 and 2 mM MgCl,) in PBS at
pH 6.0 overnight at 37 °C. To allow comparison between specimens, all samples were
assayed simultaneously. Then, neurons were stained with Green Fluorescent Niss| Stain
(Thermo Fisher Scientific, N21480) diluted 1:150 in PBS and incubated 20 minutes at
room temperature. The slices were then washed 3x with PBS for 10 minutes at room
temperature and 1x with PBS for 2 hours at room temperature. Nuclei were stained with
DAPI (SIGMA, 32670). Images of the stained sections were taken using inverted
microscope (Olympus, IX71S8F-2). Eight randomly selected areas of each mouse (N=2-3
per group) of the ventral horn of lumbar spinal cord sections were photographed at 20x
magnification for visual analysis. The whole section of SA-B-Gal stained slices was

photographed at 4x magnification.

Immunofluorescence

One control and one transgenic lumbar spinal cord were fixed in 4% paraformaldehyde
made in PBS overnight at 4°C and cryopreserved in 30% sucrose in PBS 48 hours. The
lumbar spinal cord was then cut at a 16 um section depth and resulting seeded on a
gelatin-coated slide. Samples were permeabilized with 0.3% Triton X-100 PBS for 30 min
and blocked with 5% BSA in PBS for 1h at room temperature. The primary antibody 1:100
anti-p16 (abcam, ab54210) and 1:200 anti-GFAP (abcam, ab7260) were diluted in 0.3%



Triton X-100 PBS and incubated overnight at 4°C. The slices were washed with PBS three
times for 5 min at room temperature, followed by the secondary antibody (diluted 1:800 in
PBS), goat anti-mouse Alexa Fluor 555 (Thermo Fisher Scientific, A21422) and goat anti-
rabbit Alexa Fluor 488 (Thermo Fisher Scientific, A11008) incubation for 1h at room
temperature in darkness. Sections were finally counterstained with 1 pg/ml 4,6-diamidino-
2-phenylindole dihydrochloride (DAPI) in PBS for 10 min at RT and mounted on slides with
Fluoromount-G® (Southern Biotech, 0100). Samples were imaged using a laser scanning

confocal microscope Olympus FluoView FV10.

Immunohistochemistry

One control and one transgenic paraformaldehyd fixed paraffin embedded tissue slides
were dried for 1h at 65° before pre-treatment procedure of deparaffinization, rehydration
and epitope retrieval in the Pre-Treatment Module (Agilent Technologies-DAKO, PT-LINK)
at 95°C for 20 min in 50x Tris/EDTA buffer, pH 9. For p21 immunohistochemical staining,
p21WAF1/Cipl antibody (Agilent Technologies-DAKO, clone SX118) 1:100 dilution was
used. After incubation, the reaction was visualized with the EnVisionTM FLEX Detection
Kit (Agilent Technologies-DAKO) using diaminobenzidine chromogen as a substrate. For
pl6 immunohistochemical staining, pl16 INK4a antibody was used using CINtec®
Histology Kit (ROCHE, clone E6H4) following manufacturer’s instructions. Sections were

counterstained with hematoxylin.

Statistical Analysis

All statistical tests and graphs were performed using GraphPad Prism 6 (GraphPad
Software). Normalized mRNA expression was analyzed with ordinary Two-way ANOVA
test of the variables time and genotype. For multiple comparisons between genotypes,
Bonferroni's multiple comparisons test was used. In SA-beta-gal activity experiments, p-
value was determined by Chi-square’s test. To evaluate relationship between pl6 and

Adipor2 cryptic mRNA levels a linear regression was tested.
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Figure Legends

Figure 1. Increase in senescence markers in spinal cord during ALS progression. pl6
expression was progressively higher at 120 days and 150 days (a), whereas p21 were
only found to be increased at end stage (b). Both p1l6 and p21 exhibited cytoplasmic
staining (c). Nissl+ cells of the ventral horn of the spinal cord (compatible with motor
neurons) are the main contributor to SA-beta-gal activity in lumbar spinal cord and are
almost depleted in this activity in hSOD1-G93A mice at 150 days, similarly to Nissl- (glia)
cells (d). p16 and p21 expression are expressed as mean +SEM. Ns indicates p > 0.05;
**p < 0.01; **p < 0.001; ****p < 0.0001 for Student’s t test or ANOVA, when appropriate.
Red arrows indicate pl16 and p21 positive cells. Green scale bar represents 100 um,

yellow scale bar represents 500 um, and red scale bar represents 2500 um.

Figure 2. Cytoplasmic p16+ microglia (a) and astrocytes (b) are present in lumbar spinal

cord of transgenic mice and absent in controls. Scale bar represents 500 um.

Figure 3. SASP markers and TDP-43 dysfunction are increased in LSC from transgenic
hSOD-G93A mice. llla mRNA was higher from pre-symptomatic stage onward in
transgenic mice and increased in later stages (a). 16 expression was more greatly induced
in end-stage hSOD1-G93A mice (b). Cryptic exon in Adipor2 mRNA was more
incorporated in 150-day-old transgenic mice (d). llla, 116, Ifnb, and cryptic Adipor2

expression are expressed as mean *SEM. The inclusion ratio of Adipor2 cryptic exon



positively correlated with p16 expression (e). ns p > 0.05; *p < 0.05; ***p < 0.001; ****p <
0.0001.

Figure 4. Adipor2 cryptic exon splicing is increased in Tardbp silenced cells. RT-gPCR of
Adipor2 cryptic exon showed a high increase (a) and Western Blot analyses of TDP-43

confirmed the reduction of this protein in silenced 3T3 cells (b). *p < 0.05.

Figure 5. Senolytic treatment using Navitoclax does not slow the disease progression. A
chronic treatment was established with five consecutive doses followed by two weeks of
resting (a). Weight loss was not different between Navitoclax and vehicle experimental
groups (b). Survival time was also unaltered between groups (c), as senescence and
SASP genes (d).

Figure S1. SA-beta-gal activity was decreased in 90- and 120-day-old hSOD1-G93A mice.
Nissl+ cells are the main contributors of this activity, which is lower in ALS mice. In
contrast, Nissl- cells exhibited a slight decrease in transgenic mice. ***p < 0.001; ****p <

0.0001. Yellow scale bar represents 500 um and red scale bar represents 2500 pum.

Table 1. SYBR Green probes used in RT-gPCR analysis.
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Table 1.

Gene Sequence
Actb Fwd GTGACGTTGACATCCGTAAAGA
Actb Rev GCCGGACTCATCGTACTCC
pl16 Fwd CCCAACGCCCCGAACT
pl6 Rev GCAGAAGAGCTGCTACGTGAA
l1la Fwd AGCGCTCAAGGAGAAGACC
llla Rev CCAGAAGAAAATGAGGTCGG
116 Fwd ACCAGAGGAAATTTTCAATAGGC
116 Rev TGATGCACTTGCAGAAAACA
Ifna Fwd ATGGCTAGGCTCAGCACTTTC
Ifna Rev CTCACTCAGACTTGCCAGCA
Ifnb Fwd AGCTCCAAGAAAGGACGAACA
Ifnb Rev GCCCTGTAGGTGAGGTTGAT
Adipor2 Fwd TGTTTGTAAGGTGTGGGAAGG
Adipor2 Rev GTTGCCCGTCTCTGTGTGTAT

Adipor2 cryptic Fwd

AGAAGTGGAGTTACAATTGTG

Adipor2 cryptic Rev

AAACAAACTCTTCCATTCGTT

p21 Fwd

TTGCCAGCAGAATAAAAGGTG

p21 Rev

TTTGCTCCTGTGCGGAAC
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ABSTRACT

Amyotrophic lateral sclerosis is a progressive neurodegenerative disease with a fatal
outcome. Further, ALS prognosis is variable between individuals, suggesting distinct
pathological mechanisms in different groups of progression. In this study, we study the
potential use of platelet metabolomics for ALS prognosis, also with an examination of
TDP-43 dependent phenomena. We separated platelets from 15 ALS patients recently
diagnosed and 21 from healthy individuals. Western blot analysis was performed to
quantify TDP-43 expression in platelets. We also analyzed the occurrence of TDP-43
controlled cryptic exon levels in selected mRNAs in corresponding peripheral blood
mononuclear cells (PBMCs) by RT-gPCR. Mass-spectrometry coupled to liquid
chromatography was employed for metabolomic analyses in platelets. The results
demonstrate that cryptic exons, normally present in central nervous tissue of ALS
patients, do not appear in platelets or PBMCs of this group. TDP-43 expression was
not altered in platelet fraction from ALS patients. Regarding metabolomic analyses, the
concentration of several phospholipids differentiated platelets from ALS patients.
Greater differences were present when examining prognosis, with several metabolites
differentiating ALS patients with variate prognosis, based on ALSFR-R changes. All in
all, these results support the potential existence of metabolomic prognostic biomarkers

in platelets.



INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is the most common adult-onset motor neuron
disease. This devastating disorder has a survival time of 2-3 years after the diagnosis.
Clinical manifestation of the disease is heterogeneous, and the diagnosis can take a
year to be definite. ALS diagnostic is based on the presence of progressive upper and
lower motor neuron symptoms by clinical examination and the absence of other
diseases by electrophysiology and neuroimaging evidence that could explain the
symptoms (Brooks, Miller, Swash, & Munsat, 2000). Depending on the degree of
clinical evidence we can classify the patients into three groups: clinically possible,
clinically probable and clinically definite. An accurate diagnosis might take one year
after the first symptom. Diagnostic delay is an important predictor of survival time
(Ganesalingam et al., 2009). Moreover, only clinically definite ALS patients in the early

stages are candidates for Edaravone treatment (Abe et al., 2017).

One of the features of ALS is the heterogeneity in disease progression. The ALS
Functional Rating Scale-Revised (ALSFRS-R) is a validated instrument for monitoring
the disability of ALS patients. It takes into account the degree of disability in executing
several functions and symptoms, including speech, salivation, swallowing, handwriting,
patients with gastrostomy and >50% daily nutrition intake via G-tube (Yes/No), cutting
food and handling utensils, dressing and hygiene, turning in bed and adjusting
bedclothes, walking, climbing stairs, dyspnea, orthopnea and respiratory insufficiency.
Normal ability to do these tasks are scored by 4 points, and 0 points if the person is
unable to do it (Cedarbaum et al., 1999). Moreover, the decline in ALSFRS-R score
(measured by ALSFRS-R slope) is useful to estimate the disease progression and the
efficacy of a given treatment in Randomised Clinical Trials (RCT) (Castrillo-Viguera,

Grasso, Simpson, Shefner, & Cudkowicz, 2010).

According to a mathematical model, the main contributors to disease prognosis are the
clinical onset and the diagnostic delay (the time between the first symptoms and the
diagnostic). Using these two variables, ALS patients can be divided into five clusters
with non-overlapping survival duration. Curiously, 1200 of the 1467 patients of this
study are grouped into two groups, suggesting a more homogenous disease than
expected (Ganesalingam et al., 2009). Similar results were obtained in a recent study
with a larger cohort and a larger number of clinical and biochemical variables (Kueffner

et al.,, 2019). Differences in ALS progression between patients can reflect different



disease mechanisms. Patients stratification in homogenous progressing groups could
improve clinical trial design (Lambrechts, Robberecht, & Carmeliet, 2007). Thus,
research of reliable biomarkers for ALS is critical to increase for earlier diagnosis and

to avoid clinical trial heterogeneity which can hinder drug discovery.

Metabolomics is an interesting tool for biomarker research since it can detect a wide
range of metabolites. Metabolism is altered in nervous and peripheral tissues
(Bouteloup et al., 2009; Vandoorne, De Bock, & Van Den Bosch, 2018), suggesting a
wider impact of the disease and the possibility to determine changes in blood. Plasma
is the most frequently used biofluid to asses metabolomic analyses. This approach
reported several metabolites as candidates for ALS biomarkers. However, plasma is
highly influenced by diet and other external inputs. It interferes with the reproducibility
of the experiments. Moreover, technical variability of the studies also hinders

reproducibility (H. Blasco et al., 2016).

In this study, we used platelets and PBMCs to search for metabolomic and TDP-43
related biomarkers. Previous studies demonstrated the potential use of metabolomics
for ALS biomarkers research in plasma and in CSF. In addition, other studies have
postulated TDP-43 PBMCs expression and mislocalization as ALS diagnostic
biomarkers. However, little is known about those biomarkers in platelets, that are highly
enriched in mitochondria(Zharikov & Shiva, 2013). Our results suggest a potential use
of metabolomic and fatty acids profile for predicting ALS prognosis and a limited use

for ALS diagnosis. Future experiments are necessary for biomarker validation.

RESULTS

Metabolomic changes in platelets from ALS (Table 1) and age-matched CTL
individuals were assessed by non-targeted methods LC-MS. 295 metabolites were
included in the analyses. A total of 3 metabolites were statistically significant (p< 0.05)
between ALS and CTL (Table 2). The possible identities were assessed by hmbdb
database search, and by m/z and retention time compatibility with internal standards

representative of lipid family

We performed non-supervised analyses to obtain a better picture of global differences
between ALS and CTL platelet metabolomic changes. Hierarchical clustering was

performed to demonstrate that ALS and CTL group were not separated (Figure 1A).



Moreover, another non-supervised analysis (Principal Component Analysis, PCA) was
assessed. Similar to hierarchical clustering, PCA was not able to differentiate samples

from ALS and CTL based in metabolomic profile (Figure 1B).

Although the lack of general differences in metabolomic profile, we performed ROC
analysis. We obtained four metabolites with an AUC> 0.7 discriminating ALS and CTL
(Table 3). We found PE(p-38:3) (Figure 2A), and unknown molecules (Figure 2B),
P1(34:0)/P1(36:3) (Figure 2C) and LysoSM(d18:0) (Figure 2D) as top molecules using
this strategy. All in all, these results show that the changes associated with ALS are

rather low in magnitude in platelets, in contrast to data in plasma (Lawton et al., 2014).

We further explored other strategies for diagnostic biomarker research. We also
quantified TDP-43 platelet expression by Western Blot analysis. The results showed no
statistically significant differences between ALS and CTL group (Figure 3A and 3B).
We quantify cryptic exon splicing in PBMCs from ALS and CTL as possible reporter of
TDP-43 loss of function, based on findings on central nervous system (Torres et al.,
2018). ATG4B and GPSM2 cryptic exons were below the detection levels in PBMCs
(data not shown), probably due to the low expression of these genes in these cells
(based on Ct values from RT-qPCR assay). PFKP a gene expressed in PBMCs and
also showing cryptic exons potentially regulated cryptic exon inclusion was not different
between ALS and CTL PBMCs. To further confirm the specificity of TDP-43 regulated
cryptic exons, we also quantified PFKP cryptic exon inclusion in frontal cortex and
spinal cord from ALS patients. These results confirmed the specific effect of TDP-43
dysfunction, that induced an ALS-associated gain ATG4B and GPSM2 (Torres et al.,
2018) of cryptic exon splicing but not of PFKP. Of note, PFKP was induced in TDP-43
silenced Hela cells. Thus, PKFP cryptic exon inclusion was different between

analysed tissue (Figure 3A).

We also investigated the potential use of the abovementioned measurements for
prognostic biomarkers identification. Therefore, we classified ALS patients into two
groups, those with slow progression (<0,5 ALSFR slope, n=7) and those with fast
progression (>0,5 ALSFR slope, n=8). Interestingly, the number of the statistically
significant metabolites (15) was higher than ALS vs CTL comparison (Table 3). This
was confirmed in non-supervised analyses, with high discrimination in PCA (Figure 4A)

and hierarchical clustering (Figure 4B).



ROC analyses for metabolomic prognostic biomarkers were also better than case-
control ones. 13 metabolites resulted in AUC> 0.8. The four most significant are plotted
in (Figure 5). In order to find correlated metabolites with disease progression, we
analysed the correlation by Spearman rank between their peak intensity and ALSFR
slope. We detected 10 metabolites significantly correlated with ALSFR slope (Figure
7).

DISCUSSION

Several metabolomic studies have been performed with ALS patients. Plasma is an
excellent source for biomarker research because it is accessible and easy to extract.
However, plasma metabolites are highly variable between individuals and potential pre-
analytical factors, such as sample preparation, diet, and physical activity strongly
influence its composition (Stevens, Hoover, Wang, & Zanetti, 2019). Additionally, a lack
of external biomarker validation, together with the use of different technology and
analysis hider the progression of plasma metabolomic-based ALS biomarkers (H.
Blasco et al., 2016; Lanznaster, de Assis, Corcia, Pradat, & Blasco, 2018). In order to
avoid the variability in plasma metabolomics studies in ALS, platelets could be a
suitable source of biomarkers (Chacko et al., 2019). The advantages are lower inter-
individual variability and high mitochondrial content. They are also interesting for our
study because of the lack of the nuclear compartment. TDP-43 presence should

necessarily be derived from non-nuclear compartments.

Regarding platelet metabolomic biomarkers, our results suggest a limited use for
diagnosis. TTESTs show 3 statistically significant metabolites. Two of them are
identified as phospholipids. Platelet phospholipid are important for its activation
(Koseoglu et al., 2015). Interestingly, previous results from an independent group
observed several phospholipids differentially expressed in ALS in CSF and mito-ER
fraction from fibroblast (Héléne Blasco et al., 2010; Veyrat-Durebex et al., 2019). On
the other hand, any of the 5 statistically significant metabolites did not show an AUC>
0.8 in ROC analysis. Unsupervised analyses reveal a partially hierarchical clustering
between ALS and CTL groups, suggesting global differences in the metabolomic
profile. Nevertheless, PCA analyses does not suggest that differences. Another
candidate as diagnostic biomarkers are those related to TDP-43 expression and
function. TDP-43 higher expression and cytoplasmic mislocalization have been found
in PBMCs and platelets from ALS patients (De Marco et al., 2011; Hishizawa,



Yamashita, Akizuki, Urushitani, & Takahashi, 2019; Luotti et al., 2020). However, TDP-
43 cryptic splicing function repression has not been assessed in PBMCs. Our results
indicate a preserved TDP-43 splicing function in ALS PBMCs for the examined
mRNAs, together with normal TDP-43 levels ALS platelets. We hypothesise that
possible TDP-43 disturbances in PBMCs are not enough to alter its function (Luotti et
al., 2020). We cannot discard the cell type-specific cryptic exons and maybe cryptic
exons in other genes that we have not detected are present. Anyway, we confirm a
different PFKP cryptic regulation between tissues, being PBMCs the most permissive
for PFKP cryptic splicing, probably due to high abundance of PFKP mRNA
concentration (based on Ct values from RT-gPCR assay). Notably, cryptic exon
splicing has also a region-specific regulation in nervous tissue. Spinal cord is more
permissive for PFKP cryptic splicing than motor cortex. It suggests a higher
vulnerability of spinal cord to cryptic splicing. Similarly to previous results in Alzheimer’s
Disease (Torres et al., 2020), PFKP cryptic splicing is sensitive to TDP-43 silencing but

it Is not associated with disease status.

The use of platelet metabolomic biomarkers seems more promising. In this case,
hierarchical clustering using top 25 metabolites separates almost perfectly fast
progressors from slow progressors. Nevertheless, PCA separation is not as clear as
hierarchical clustering. In addition, 13 metabolites display a high AUC value in ROC
curves. The most significant correlated with ALSFR slope and with a higher AUC value

are phospholipids, reinforcing the role of this class of lipids in the disease.

The main limitation of this study is the sample size and the fact that all the patients are
from the same region, Catalonia. This could hinder the reproducibility of the study to
other regions and could not be representative of this heterogeneous disease. However,

within this preliminary data, we encourage its validation in larger cohorts

In conclusion, our results suggest metabolomic and fatty acid content analysis as a
suitable source for ALS prognostic biomarkers, with limited value in case-control
approaches. Several metabolites and FAs are potentially useful for predicting
functional decline. Patient stratification can boost clinical research in well-defined ALS

groups.



MATERIAL AND METHODS

Human samples

The study followed the guidelines of the relevant Spanish legislation (Real Decreto
1716/2011) and enjoyed the approval of the Institutional Ethics Committee of the
Bellvitge University Hospital. CSF and blood (plasma) were obtained from 15 ALS
cases in the Bellvitge University Hospital, Barcelona and Hospital Universitari Arnau de
Vilanova de Lleida, Lleida between 2015 and 2016, and from 21 age-matched non-ALS
individuals (controls). ALS cases were 9 women and 6 men (12 spinal, 2 bulbar and 1
respiratory) and age-matched controls (15 women and 6 men) (Table 1). Biological
samples were obtained between 10 and 24 months after the beginning of symptoms,
and ALS was diagnosed according to the El Escorial criteria for ALS. ALSFR was
calculated and validated by two independent neurologists. Progression rate was
calculated (at baseline or at last visit) as 48 minus the ALS Functional Rating Scale-
Revised score, divided by the disease duration from onset of symptoms (Lu et al.,
2015). We defined and ALSFR slope of 0.5 as the cutoff point for classifying
progression rates as fast progressors (F) or slow progressors (S). Blood was obtained

in the morning after overnight fasting.

Isolation of Peripheral Blood Mononuclear Cells and platelets

Peripheral Blood Mononuclear Cells (PBMCs) and platelets were isolated from
peripheral blood using Histopaque-1077 (10771, SIGMA). Briefly, 3 ml of Ficoll were
added to the bottom of a centrifuge tube. Carefully, 3 ml of blood were layer onto Ficoll
without mixing the phases. The tubes were centrifuge at 400g for 30 minutes at RT
with the lowest acceleration and brake program. The upper phase was removed, and
the opaque interphase was collected into a new tube. The interphase was the washed
with PBS and centrifuged at 300g. The supernatant contained platelet fraction and the
pellet PBMCs. PBMCs were washed with PBS and centrifuged at 300g. Platelets were
centrifuged at 360g and the pellet were discarded. Supernatant was collected and
centrifuge at 800g. The resulting pellet was washed with PBS and centrifuged at 800g
to obtain the platelets. Both fractions were observed with an optical microscope to

ensure that were enriched in PBMCs or platelets.

Western blot analysis



Protein from platelets was extracted adding 100 yL of radioimmunoprecipitation (RIPA)
buffer with Protease Inhibitor Cocktail (1X) to the pellet. After sonication, protein
quantification was performed with Bradford assay (5000006, Bio-Rad). Fifteen pg of
protein were loaded onto a 12% acrylamide SDS-PAGE gel. Membranes were blocked
with I-Block (T2015, Thermo Fisher Scientific) for 1 hour and incubated overnight with
anti-TDP-43 (Proteintech, 10782—-2-AP) diluted 1:1000 in TBS-T 0.05%. After primary
antibody incubation, membranes were washed 3 times with TBS-T 0.05% and
incubated with secondary antibody for 1h. Immobilon™ Western Chemiluminiscent
HRP Substrate (WBKLS0500, Merck Millipore) was used for immunodetection.
Membranes were stained with Coomassie Brilliant Blue G (27815, Sigma) for

normalization. Specific bands were quantified with ImageLab v5.2.1 (Bio-Rad).

RNA extraction, cDNA synthesis, and quantitative RT-PCR (RT-qPCR)

RNA was extracted from PBMCs using TRI Reagent (Thermo Fisher Scientific,
AM9738) following the manufacturer’'s instructions. RNA concentrations were
measured using a NanoDrop ND-1000 (Thermo Fisher Scientific). One microgram of
RNA was used for retrotranscription employing TagMan Reverse Transcription

Reagent using random hexamers (Thermo Fisher Scientific, N8080234).

Cryptic exons were quantified as previously described (Torres et al., 2020, 2018).
Briefly, RT-qPCR experiments were performed using a CFX96 instrument (Bio-Rad,
Hercules, California, USA) with SYBR Select Master mix for CFX (Thermo Fisher
Scientific, 4472937). Each 20 pL of reaction contained 4uL cDNA, 10 yL SYBR Select
Master Mix, 0.2 nM of forward primer and 0.2 nM of reverse primer solutions and 4 uL
PCR grade water. RT-gPCR run protocol was as follows: 50 °C for 2 minutes and 95
°C for 2 minutes, with the 95 °C for 15 seconds and 60 °C for 1 minute steps repeated
for 40 cycles; and a melting curve test from 65°C to 95 °C at a 0.1 °C/s measuring rate.
Primers employed in these experiments are listed in Table 2. Cryptic exon inclusion or

Percentage Spliced-In (PSI) was estimated using the following formula: 100 x 2(-Conserved
exon Cq —Cryptic exon Cq)

Metabolite extraction

100 uL of PBS and 300 uL of ice-cold acetone were added to platelet pellet. Samples
were vortex-mixed for 10 seconds and incubated 30 minutes at 4 °C. Samples were

then centrifuge at 4 °C for 10 minutes at 1000 xg. Supernatant was separated into a



clean glass tube and evaporated in Speed Vac. 250 pyL of methanol and 500 pL of
chloroform were added together with standard mix. Samples were vortex-mixed for 10
seconds, 200 ul de KCI 0,7% were added, vortex-mixed for 10 seconds and centrifuge
at 4 °C for 10 minutes at 1000 xg. Upper and bottom phases were separated. Bottom
phase contained chloroform soluble metabolites (lipids) and upper phase contained

methanol soluble metabolites (employed for the metabolomic analysis).

Metabolomic analysis

For the metabolomic study, an Agilent 1290 liquid chromatography system coupled to
an ESI-Q-TOF MS/MS 6520 instrument (Agilent Technologies, Santa Clara, CA, US)
was used. In all cases, 2 uL of extracted sample was applied onto a reversed-phase
column (Zorbax SB-Ag 1.8 um 2.1 x50 mm; Agilent Technologies) equipped with a
precolumn (Zorbax-SB-C8 Rapid Resolution Cartridge 2.1 x 30 mm 3.5 uym; Agilent
Technologies) with a column temperature of 60 °C. The flow rate was 0.6 mL/min.
Solvent A was composed of water containing 0.2% acetic acid and solvent B was
composed of methanol 0.2% acetic acid. The gradient started at 2% B and increased

to 98% B in 13 min and held at 98% B for 6 min. Post-time was established in 5 min.

Data were collected in positive electrospray mode time of flight operated in full-scan
mode at 100-3000 m/z in an extended dynamic range (2 GHz), using N2 as the
nebulizer gas (5 L/min, 350 °C). The capillary voltage was 3500 V with a scan rate of 1
scan/s. The ESI source used a separate nebulizer for the continuous, low-level
(10 L/min) introduction of reference mass compounds: 121.050873, 922.009798
(positive ion mode) and 119.036320, 966.000725 (negative ion mode), which were
used for continuous, online mass calibration. MassHunter Data Analysis Software
(Agilent Technologies) was used to collect the results, and MassHunter Qualitative
Analysis Software (Agilent Technologies) to obtain the molecular features of the
samples, representing different, co-migrating ionic species of a given molecular entity
using the Molecular Feature Extractor algorithm (Agilent Technologies), as described
(Jove et al., 2015).

Data analysis

All investigation was performed double-blinded. After decoding the data, molecular

changes were extracted with MassHunter Qualitative Analysis (Agilent Technologies,



Barcelona, Spain), and the molecular profiles were obtained with MassHunter Profiler
Professional (Agilent Technologies, Barcelona, Spain), as previously detailed (Servia
et al., 2019). Molecules within a 0.1% = 0.25 min retention time window and 30ppm %
2mDA mass window were considered the same. Only common features (found in at
least 50% of the samples of the same condition) were considered in order to minimize
individual bias. Peak intensities were relativized by internal standard peak intensity.
TTESTs (normalized by auto-scale option), Spearman correlations, multivariate
analyses (principal component analyses (PCA) and hierarchical clustering) and ROC

analyses were performed in Metaboanalyst.ca.

Molecules showing statistically significant expression (with p-value < 0.05 in differential
analyses) were annotated by comparing their exact mass and retention time, and

isotopic distribution with the specific database (hmdb.ca) to obtain potential identities.

Western blot and RT-gPCR data were analyzed with GraphPad Prism. TTEST was

employed for comparison. p < 0.05 of was used as the cutoff for significance.
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FIGURE LEGENDS

Figure 1. Multivariate analyses of platelet metabolome for ALS and CTL comparison.
PCA analysis show a limited effect of metabolomic data for disease status prediction
(A), although hierarchal clustering analyses of 25 top differential metabolites highlights

a partial discrimination (B).

Figure 2. ROC analyses of significant platelet metabolites for ALS diagnostic. Possible
Identities of PI(34:0)/PI1(36:3) for (A), lysoSM(d18:0)/Vitamin K 1,2,3-epoxide (B) and
unknown for (C) and (D).



Figure 3. TDP-43 biomarkers in PBMCs and platelets. TDP-43 expression in platelets
is not different between CTL and ALS (A and B). RT-gPCR of PFKP cryptic exon
inclusion in PBMCs, spinal cord and motor cortex reveals differences between tissue
but not between disease status. However, PFKP cryptic exon inclusion was induced in
TARDBP silenced Hela cells (C). ****p < 0.0001, **p < 0.01.

Figure 4. Multivariate analyses for ALS prognostic. PCA analysis does not discriminate
progressor groups (A), whereas hierarchal clustering analyses of 25 top differential

metabolites grouped almost all sample according disease progression (B).

Figure 5. ROC analyses of top 4 statistically significant metabolites for fast and slow
progressors discrimination. PC(38:3)/PE-NMe(40:3)/PC(0O-38:5)/PE(P-
38:4)/PA(42:0)/SM(d39:1) are the potential identities for (A), unknown (B) PE-
NMe(42:7)/PC(40:7)/PA(46:7)/PS(38:3) for (C), DG(28:2)/LysoPC(20:2) for (D).

Figure 6. Spearman’s rank correlation analyses of platelet metabolome and ALSFR
slope. Potential identities DG(28:2)/PA(26:0)/LysoPC(20:2) for the most correlated,
PC(38:3)/PE-NMe(40:3)/PE(38:4) for the second, PE-
NMe(42:7)/PC(40:7)/PA(46:7)/PS(38:3) for the third, Sulforaphane-
glutathione/Epicatechin 4'-glucuronide/Catechin 5-glucuronide/Catechin 4'-glucuronide
for the fourth, Unknown for the fifth, TG(56:8) for the sixth, PC(38:3)/PE-
NMe(40:1)/PE(38:4) for the seventh, TG(62:14) for the eighth,
PE(42:0)/SM(42:1)/PC(38:2)/PE-NMe(40:1) for the ninth and Vitamin E for the tenth.
**p <0.01, *p < 0.05.

Table 1. Clinical characteristics of ALS cases.

Table 2. Metabolites differentially expressed in platelets in control (CTL) and

amyotrophic lateral sclerosis (ALS) cases.

Table 3. Metabolites differentially expressed in platelets in Fast Progressors (F) and

Slow Progressors (S).
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Figure 6.

Top 25 peaks(mz/rt) correlated with the ALSFR slope
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Table 1.

Age at diagnosis (years)

60 +13

Gender
Male

Female

Rate of progression

(number of individuals)

Fast progressors

Slow progressors

Onset type (number of
individuals)

Bulbar

Respiratory

Spinal

12




Table 2.

ID 1 ID 2 ID 3 ALS vs p-value -log10(p) | m/z@Retention Time
CTL

PI1(34:0) PI1(36:3) up 0,026112 1,5832 | 860.5362@12.112902

PE- PG(36:1) | PS(37:4) |up 0,042272 1,3739 | 814.5329@11.119759

Nme(40:10)

Unknown up 0,043974 1,3568 | 229.2438@8.247534




Table 3.

ID1 ID2 ID3 ID3 ID4 ID5 Fast vs | p.val | - m/z@Retenti
Slow ue log1 on Time
0(p)
PC(38:3) PE-NMe(40:3) PC(O- PE(P- | PA4 | SM(d | up 0,00 | 2,46 | 810.6316@1
38:5) 38:4) | 2:0) | 39:1) 3407 | 8 2.413617
Unknown up 8,92 | 2,056 | 303.3026@9.
E-03 | O 929153
Unknown down 0,01 1,82 613.7879@1.
4973 | 5 1018047
Unknown up 0,02 1,57 571.4512@1
6437 | 8 0.596755
Unknown up 0,02 1,57 991.777@12.
6554 | 6 625597
Unknown up 0,02 1,53 | 622.5333@1
9159 | 5 3.481535
Unknown down 0,02 1,53 1245.065@1
9457 | 1 5.861232
Vitamin K1 trihydroxyvitamin D3 up 0,03 1,48 449.3689@1
2839 | 4 2.0759535
11beta-Hydroxytestosterone down 0,03 1,47 342.159@9.6
3285 | 8 52441
DG(40:10) PE-NMe2(29:0) | PE- PE(31 | PC(2 | PAB | up 0,04 | 1,39 | 659.507@10.
NMe(30 | :0) 8:0) 3:1) 0465 | 3 705596
:0)
PE-NMe(42:7) PC(40:7) PA(46:7 | PS(38 up 0,04 | 1,37 | 830.6037@1
) :3) 1968 | 7 2.408426
Unknown up 0,04 | 1,36 | 918.7538@1
314 5 5.182341
PS(DiMe(13,5)/ | PE-NMe2(44:9) up 0,04 | 1,34 | 891.5647@1
MonoMe(9,5)) 485 8 0.987424
PC(20:0/P-18:0) | PC(0-18:1(9Z)/20:0) up 0,04 | 1,31 818.6945@1
8477 | 5 4.304245
SM(d36:2) Galactosylcera Ubiquin | PC(O- | PC(16:0/P- up 0,04 1,30 727.6075@1
mide (d36:1) ol 8 34:1) 18:0) 9474 | 6 2.583862
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Discussion

The works presented here attempt to fill the gap of two relevant issues in ALS research: new
biomarkers and potential therapeutic approaches. ALS is a multifactorial disease, so we decided to
analyze two important pathophysiological relevant processes: neuroinflammation and TDP-43 loss
of function. We also tried to shed light on their association and with aging and age-related
mechanisms. Moreover, we propose novel molecules and therapeutic approaches to target these
pathological mechanisms. Finally, we have introduced a new metabolipidomic approach based on

the analysis of platelets as a potential source of diagnostic and prognostic biomarkers.

Previous work in our lab was focused on the role of the nucleocytoplasmic equilibrium of TDP-43 in
ALS and surrogate models. In the first year of this thesis, a relevant paper discovered a new set of
splicing events of non-conserved (cryptic) exons that were not annotated as exons until then (J. P.
Ling et al., 2015). These cryptic exons show UG rich sequences near &' ss and/or 3’ ss. These UG
repeats were proposed as consensus for TDP-43 binding. Aimed by this exciting discovery, we tried
to reproduce their results in other CNS locations to further explore the possible consequences of
cryptic exon splicing on specific genes (ATG4B and GPSM2). In this report, the authors included
one frontal cortex from an ALS donor, so we decided to analyze a larger ALS cohort, in a quantitative
manner. Although their results comprising RT-PCR experiments, revealed a high number of
unspecific amplified bands, we obtained a unique specific band using a different retrotranscription
approach. These results demonstrated the presence of ATG4B and GPSM2 cryptic exon in spinal
cord and motor cortex only in ALS patients. We also observed a different expression between

individuals, suggesting a different impact on the disease

In order to quantify the impact of this disease mechanism, we set up a quantitative RT-gPCR based
on SYBR Green assay for measuring ATG4B and GPSM2 cryptic exon splicing. We used specific
primers annealing cryptic exon and constitutive exon to determine the percentage of splice-in (PSI)
of cryptic exon inclusion in total ATG4B or GPSM2 mRNA, thus improving a simple PCR as
presented previously (J. P. Ling et al., 2015). Moreover, we also quantified cryptic exons in brainstem
and occipital cortex and stratify the samples by clinical onset (bulbar or spinal ALS). Our results
confirmed a correlation between the site of onset and the cryptic exon PSI. Bulbar ALS samples
contained a higher PSI in brainstem, whereas spinal ALS had a higher PSI in spinal cord and frontal
cortex. Interestingly, few samples displayed the highest cryptic exon PSI in occipital cortex, where
TDP-43 pathology has not been detected. We hypothesize that TDP-43 loss of function is partially
independent of aggregation and by using this method, we can detect early events in the disease
before neuron loss. Another interesting result is the high AUC values in ROC analyses of ATG4B
and GPSM2 cryptic exon in CNS, suggesting the potential use of PSI as biomarkers. Furthermore,
ATG4B cryptic exon PSI is correlated with disease duration and aging, suggesting a role in the
progression. ATG4B cryptic exon PSI is ranged between 0-1% and 0-4% for GPSM2 cryptic exon

PSI. We associate these relatively low values with a) a very specific event in diseased motor neurons
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and b) a high NMD elimination cryptic exons. The samples in the first paper are obtained post-
mortem at the very end-stage of the disease. Therefore, few motor neurons are still in the tissue.
TDP-43 is exported from the nucleus at the initial phase of neurodegeneration (Nana et al., 2019),
suggesting a rise of cryptic exon during the disease. In line with this, Adipor2 cryptic exon PSI just
increase at the end-stage in the G93A mice, indicating that, at least in mice, TDP-43 dysfunction can
be compensated by other mechanisms. Of note, TDP-43 loss of function in mice seems to affect
non-autophagy targets, supporting the species specificity of TDP-43 function in central nervous
system. For that reason, we also explored circulating cells from patients with ALS. Platelets are
enriched in mitochondria and lack of nucleoplasm (Zharikov & Shiva, 2013), so TDP-43 in platelet is
derived from nuclear export. This is the reason to use this fraction to analyze TDP-43 expression.
ATG4B and GPSM2 cryptic exons are not detected in PBMCs. PFKP cryptic exon PSI is higher in
PBMCs that nervous tissue. However, no significant differences are detected in any tissue between
ALS and control samples. This reflects a variability of cryptic splicing rate between tissue in humans.
We did not observe differences in TDP-43 expression in platelets of ALS and control donors. Our
results indicate a limited impact of TDP-43 pathology in blood cells in evaluated targets.

In order to understand the impact of cryptic exons in a controlled-manner, we performed TDP-43
gene silencing in HeLa cells. It results in a 30-50% of PSI and downregulation of the ATG4B protein
by 50%. Moreover, autophagy was altered in TDP-43 knock-down HelLa and cortical primary neuron
cells being rescued by ATG4B overexpression. Interestingly, ATG4B protein expression is highly
associated with TDP-43 expression in several tissues. We concluded that TDP-43 regulates ATG4B
expression, hence regulating autophagy (Kuang et al., 2012). Therefore, ATG4B expression is a

candidate to restore autophagy function in ALS.

These results were amplified by evaluating the potential of cryptic exon splicing in another TDP-43
pathology (AD-LATE) and whether the G93A-SOD1 mice also display cryptic exon pathology. In
2019 a new classification of previously diagnosed AD patients was proposed (Nelson et al., 2019).
They pinpointed to TDP-43 pathology as the pathological hallmark in the limbic system (especially
in the hippocampus) for the staging of this new disease. We performed our cryptic exon RT-gPCRs
in the hippocampus from AD disease with and without TDP-43 pathology. Moreover, we wanted to
test the hypothesis of a strong NMD in cryptic exon. For this purpose, we purified the nuclear fraction
from the tissue to compare it with the total homogenate. As NMD takes place in the cytosol we
expected a high cryptic exon PSI in nuclei. We also introduced a new cryptic exon in the analysis,
Platelet Phosphofructokinase (PFKP). This protein catalyzes an irreversible step of glycolysis.
Energetic metabolism disturbances are frequently described in ALS (Vandoorne et al., 2018). Our
results indicated that some of the AD patients without TDP-43 pathology exhibited cryptic exons.
Moreover, those patients with cryptic exons coincide with advanced AD pathology (IV and V Braak

Stage). These results support our hypothesis of TDP-43 loss of function could be dissociated from
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aggregation, similarly to our finding in the occipital cortex from ALS samples. We also confirmed a
high NMD effect, especially for ATG4B mRNA which nuclear fraction contained a 5-fold increase of
cryptic exon PSI respect to the total homogenate. Curiously, even accounting the high sensitivity of
PFKP cryptic exon PSI in TDP-43 knock-down HeLa cells, cryptic exon PSI was similar between
control and AD samples. This result highlights the importance of experimental data in the validation
of potential TDP-43 targets in the disease. In the same work, we found an association of cryptic exon
expression with GPSM2 protein decay, suggesting that different disease mechanisms may occur in
those patients. Finally, we tried to set up a fluorescence-based method to study cryptic splicing
activity. We engineered a Red Fluorescent Protein (RFP) containing mRNA divided into two exons
and a cryptic exon in the middle of them. If the cryptic exon would be spliced, it could introduce a
PTC avoiding the generation of red fluorescence. We failed in increasing cryptic exon PSl in a TDP-
43 knock-down model. In this case, cryptic exon incorporated at the same rate (1-4%) in TDP-43 KD
and control cells. We hypothesized that other sequences that we did not include in this plasmid (we
just include TDP-43 UG binding elements of ATG4B cryptic exon) are necessary to enhance the

splicing.
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Discussion

lit is well accepted that age is a relevant risk factor for ALS (Al-Chalabi & Hardiman, 2013).
Accounting the relationship between polyunsaturated fatty acids and ALS (Cacabelos et al., 2014),
we continued the experiments of the DHA supplementation in G93A-SOD1 mice. DHA is the
precursor of resolvins and was found depleted in the spinal cord from ALS donors (llieva et al., 2007).
Moreover, DHA synthesis is regulated by cell stress. Previous results in our laboratory revealed that
TDP-43 aggregation is associated with a downregulation of the DHA enzymatic pathway (Cacabelos,
Ayala, et al., 2016). Both TDP-43 loss of function, and G93A-SOD1 overexpression (as shown
below) can also trigger the transcription of inflammatory genes (L.-S. Wu et al., 2019). Dietary
intervention can be a cost-effective therapy for ALS patients and G93A-SOD1 mouse can be used
as a pre-clinical model. Other studies highlighted the importance of the diet and the maintenance of
a BMI> 185 (Barone et al., 2019; Traxinger et al., 2013; Wills et al., 2014), avoiding
hypermetabolism. DHA is an n-3 PUFA enriched in fish oil. DHA has been associated with multiple
roles in CNS homeostasis and their products are critical for the resolution of the inflammatory
process (Calder, 2015).For that reason, we fed G93A-SOD1 mice with three different isocaloric diets,
a regular chow diet, a low n-3 PUFAs diet and a low n-3 PUFAs diet supplemented with DHA,
following previously reports for modulation of AD in an experimental model (Calon et al., 2004). This
experimental design allowed us to discriminate the specific effect of DHA. We introduced the diet at
30 days old. Our results indicate that we can increase the DHA content in the spinal within a dietary
intervention. The incorporation of the DHA is negatively correlated with the ARA content, a n-6 PUFA
with proinflammatory role. As a consequence, Anti-inflammatory Index (Al) in the spinal cord is
increased in DHA supplemented mice. However, a relevant decrease in DHA spinal cord content is
observed at the end-stage. We speculate with a lower dietary intake plus the consumption for fighting
the inflammation, as observed in humans (llieva et al., 2007). We also quantified the protein oxidative
damage in the spinal cord. Protein oxidation does not follow a pattern and we cannot conclude

whether DHA prevents or enhances oxidation in this ALS mouse model.

Phenotypically, DHA supplementation enhances motor functions, delay weight loss and extend the
survival time in male G93A-SOD1 mice but not in females. Sexual dimorphism is well known both in
ALS patients and in animal models (Al-Chalabi & Hardiman, 2013). That may be one of the reasons
why some studies are performed only with male mice to avoid variability in the experiment. Whatever
the case, we are interested in sexual dimorphism since it has deep implications in FA metabolism
(Cacabelos, Ramirez-Nufiez, et al., 2016). Previous evidences demonstrated a general resilience of
female mice to dietary restriction intervention (Kane, Sinclair, Mitchell, & Mitchell, 2018). Surprisingly,
EPA (an n-3 PUFA with similar function of DHA) supplementation has the opposite effect in this
mouse model (Yip et al., 2013), suggesting a critical role of specific n-3 PUFA in disease progression.
Taken together, this work could suggest the basis to perform a clinical trial with DHA
supplementation in ALS patients. Nevertheless, this work has some limitations that should be

considered for its translation to the clinic. It is a mouse model of fALS and maybe the disease
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mechanisms can be different. Moreover, the introduction of the diet is at pre-symptomatic stage and
not at disease onset. It can be closer to diet habits (before the diagnostic) and can explain the
protective role of fish intake observed in an epidemiologic study (Filippini et al., 2020). Further, an
adequate profiling of ALS individuals could be useful, as we have shown that prognosis could be

associated with relevant changes in FA contents in platelets,

In the same line of neuroinflammation and ageing, we wonder whether it can be related to cellular
senescence and SASP, since recently published data support this theory in AD and PD mouse
models (Chinta et al., 2018; Musi et al., 2018; P. Zhang et al., 2019). Senescence is a cell state that
can be achieved through physiological aging (molecular damage accumulation in time) or after cell
stress (oxidative, replicative, starvation, to name a few). In any case, as indicated in the Introduction,
senescent cells switch to a secretory phenotype (SASP) and can alter the surrounding environment
in a paracrine manner. It is also associated with chronic inflammation in most of the aged tissues,
including CNS (Chinta et al., 2015). ALS pathology has similarities with AD. These similarities include
inflammation, oxidative stress, neurodegeneration and protein aggregation. Notably, TDP-43
pathology incidence increases in oldest individuals up to 70% in those >100 years old age (Nelson
et al., 2019). However, TDP-43 aggregation is not a prerequisite for TDP-43 loss of function as we
detected in ALS and LATE-AD samples. TDP-43 can be regulated within post-translational
modifications and allosteric effectors in cell stress situations (Dang et al., 2020; Duan et al., 2019).
We hypothesize that cell stress in G93A-SOD1 mouse triggers senescence and SASP and is

associated with TDP-43 loss of cryptic splicing repression, as shown by data of the fifth paper.

In this work, we analyzed the expression of senescence markers by RT-qgPCR, immunofluorescence
and immunohistochemistry of p16 and p21 in the spinal cord of G93A at disease onset, middle stage
of disease and end-stage. SA-b-gal activity was also measured as one of the commonly used
senescence markers. We also quantify the mRNA expression of several SASP components, ll-1a,
II-6 and Ifn-b. TDP-43 loss of function was measured by the splicing rate of a mouse cryptic exon in
Adipor2 mRNA (Jeong et al., 2017). Both p16 and lI-1a increase during the disease progression and
p21, -6 and Adipor2 cryptic exon PSI just increase at the end-stage, suggesting that in earlier stages
senescence does not operate or other mechanisms could compensate the noxious stimuli. Ifn-b
expression remains unchanged. Our results demonstrate a dynamic behavior in senescence and
SASP and a correlation with disease stage. Interestingly, Adipor2 cryptic exon PSl is correlated with
pl6 expression, suggesting common disease pathways to be further explored. SA-beta-gal activity
in the spinal cord is mainly expressed in motor neurons. Contrary to our hypothesis, SA-beta-gal
activity is progressively decreased in G93A-SOD1 mice in motor neurons. It might be explained by
lysosomal biogenesis impairment and, consequently, autophagy defects (Y. Xie, Zhou, Lin, & Sheng,
2015). Senescence marker p16 in G93A-SOD1 is expressed in glial cells but not in neurons, as

shown by confocal microscopy data. Glial senescence has been invoked previously in
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neurodegeneration (Das & Svendsen, 2015; Ferrer, 2017; Vazquez- Villasefior et al., 2019). Our
data from fifth paper suggests that the overexpression of G93A-SOD1 transgene induces a
transcriptional profile compatible with senescence and SASP. It triggers a cytotoxic phenotype of

glia, thus promoting inflammation and neurodegeneration.

Aimed by the detection of senescence and SASP markers, we started a senolytic treatment with
Navitoclax (ABT263), following the administration guideline described in (Bussian et al., 2018). We
administered 50 mg/kg of Navitoclax by oral gavage five consecutive days followed by 16 days of
rest. This treatment began at disease onset (90 days old mice) and finished at clinical endpoint.
However, Navitoclax treatment does not prevent weight loss, neither extends lifespan. Senescence
markers in treated mice remains unchanged. In contrast to pro-resolution molecules that are derived
from PUFAs, senescence is highly variable between tissues. Senolytic drugs are not useful for all
cell types (Zhu et al., 2016, 2015). Further experiments will elucidate the targetable molecular
effectors of senescence and SASP in ALS. We hypothesize that a combination of pro-resolving drugs
(DHA enriched diet or Resolvin D1), a proper senolytic and ASO targeting cryptic splicing of relevant
genes can be a therapeutic strategy to inhibit several upstream harmful processes. Nevertheless,
early diagnosis and proper patient stratification in RCTs can potentiate the effects of our proposal.

This stratification requires robust biomarkers. Thus, biomarker research can improve the diagnosis,
prognosis and ALS RCT design. In this thesis, we focused the research on TDP-43-based and
metabolipidomic biomarkers in platelets and PBMCs. The reasons for that were the previous data of
TDP-43-based biomarkers in PBMCs (De Marco et al., 2011) and the possibility to analyze its
splicing function. Regarding metabolomics, previous studies employed plasma samples. We thought
that plasma can rapidly response to external factor, such as diet. Platelet composition are more
stable in time and potentially it can be useful for longitudinal analyses and reproducibility in other

laboratories.

Platelet metabolomics resulted in a similar profile between ALS and control samples. Only 3 were
statistically significant and de AUC value of ROC analyses was lower than 0.8. However, hierarchal
clustering analysis points to a partial discrimination of ALS and CTL. PCA analysis from metabolomic
analysis does not separate the samples by its disease status. Regarding TDP-43 biomarkers, our
results suggests that are not useful for ALS diagnostic. Neither platelet TDP-43 expression, nor
cryptic splicing in PBMCs are suitable for this purpose. On the other hand, in this paper we highlight
a differential cryptic exon inclusion between spinal cord, motor cortex and PBMCs. Motor cortex is
the tissue with lower values of PFKP cryptic exon inclusion. Interestingly, we observed a better
discrimination comparing fast and slow progressors. Thirteen metabolites were statically significant

with an AUC higher than 0.8. Hierarchical cluster analysis showed a good separation into fast and
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slow progressors. It reinforces the need of a better stratification of this heterogenous disease using

prognostic biomarkers.

In this thesis we have some limitations. The most important one is the limitation of human samples
in the first, second and sixth paper. A larger number of samples would have been more
representative. This is specially a limiting factor for metabolipidomic analyses because is not a
guantitative data and a large number of samples are often required for multivariate statistics. Sample
stratification by clinical onset also lowers the statistics power in the sixth paper and the correlation
with clinical and epidemiological parameters are suboptimal. However, the relatively low incidence
of the disease, hinders the availability of the sample. Another important limitation is that we did not
demonstrate that remaining motor neurons from ALS donors contain less quantity of ATG4B protein.
Regarding fourth paper, resolvins (the effector of DHA metabolism) are not quantified. Moreover, a
treatment with pure resolvins instead of DHA could enhance the pro-resolution effects (G. Liu et al.,
2012). Since no effect was observed in Navitoclax treated mice, a specific biomarker detection would
have been appreciated to verify the correct distribution of Navitoclax in the spinal cord.

In conclusion, in this thesis we have explored different ALS pathogenic mechanisms and how to
target them. Cryptic exons are expressed in different regions of CNS in ALS, depending on disease
onset site. They are also expressed in AD with and without TDP-43 pathology in the hippocampus
and are enriched up to 5-fold in nuclear compartment. Their PSI is relatively low, but it can be
associated with a massive death of motor neurons that are no longer expressing cryptic exons.
ATG4B cryptic exon splicing can downregulate the protein levels, potentially impairing autophagy.
DHA rich diet can ameliorate disease progression in G93A in a gender-specific manner. DHA
probably exerts a pro-resolution effect in neuroinflammation of G93A-SOD1 mice. Also,
senescence and SASP markers, linked to inflammation, are increased in G93A-SOD1 mice in
spinal cord. Senescence marker p16 is correlated with Adipor2 cryptic exon derived from TDP-43
loss of function. However, senolytic treatment (Navitoclax) does not delay disease progression and
death. Platelet metabolomics can be useful to predict disease progression and diagnosis.
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First.- The function of TDP-43 cryptic exon splicing is compromised in nervous tissue specimens
from ALS patients. This fact increases ATG4B and GPSM2 mRNA cryptic exon inclusion rates
between 0.1 and 3%. The inclusion of ATG4B cryptic exon associated with TDP-43 downregulation

induces autophagy disturbances in cell models.

Second.- Inclusion rates of TDP-43 regulated ATG4B and GPSM2 (but not PFKP) cryptic exons
measurable by RT-qPCR are candidate biomarkers for ALS staging.

Third.- The loss of function of TDP-43 is also present in hippocampal samples of patients with

advanced stages of Alzheimer’s Disease with and without exhibiting TDP-43 pathology.

Fourth.- ATG4B, GPSM2, and PFKP mRNA containing cryptic exons are enriched up to 5-fold in
nuclear compartments and degraded by non-sense mediated mRNA decay in the cytosol in vivo. In
cell culture, cryptic exon splicing of ATG4B mRNA sequences requires distal elements in the pre-
MRNA to be executed.

Fifth.- Confidential

Sixth.- A DHA enriched diet slows the disease progression and extends hSOD1-G93A male mice’s
survival. This diet increases DHA content in the lumbar spinal cord of mice. Its use prevents DNA
oxidative damage and regulates plasmatic cytokine profile associated with hSOD1-G93A
overexpression.

Seventh.- hSOD1-G93A mice exhibit a senescence and SASP transcriptional profile in the lumbar
spinal cord. In the same model, Tdp-43 splicing function is altered at the end stage, and it is
correlated with the expression of p16, a marker of cell senescence. Navitoclax, an inhibitor of cell
senescence in other neurodegenerative models, does not prevent disease progression in hSOD1-
G93A mice.

Eighth.- ATG4B and GPSM2 cryptic exons are not detected in peripheral blood mononuclear cells.
Neither PFKP cryptic exon in these cells nor the platelet concentration of TDP-43 does not exhibit
potential use as ALS diagnostic biomarkers. In contrast, metabolomics analysis shows promise for

further development of ALS prognosis and diagnosis biomarker development.
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Abstract

Recent evidence demonstrates a pathological role for senescent cells in Alzheimer’'s and
Parkinson’s diseases. The present study aimed to show senescence mechanisms including
senescence-associated secretory phenotype (SASP) in the familial amyotrophic lateral
sclerosis (ALS) transgenic mouse model hSOD1-G93A. We evaluated, as senescence
biomarkers, the expression of p16 and p21 with reverse-transcriptase quantitative PCR (RT-
gPCR), immunofluorescence (IF), and immunohistochemistry (IHC), as well as the
senescence-associated p galactosidase (SA-B-gal) activity in the lumbar spinal cords (LSC)
of this model. As SASP markers, we quantified the mRNA levels of ll1a, 116, Ifna, and Ifnb.
Furthermore, we explored if an alteration of alternative splicing is associated with
senescence phenomena in this model. Thus, we quantified the Adipor2 cryptic exon
inclusion levels, a specific splicing variant repressed by TAR-DNA binding of 43 kDa (TDP-
43), using RT-gPCR. Our results show an atypical senescence-profile in LSC from
transgenic mice, increasing p16 and p21 mRNA and protein levels in glial cells with a mostly
cytoplasmic pattern, without the canonical increase in SA-beta-gal activity in these cells.
Consistent with enhanced SASP, there is an increase in Ill1a and 116 expression. Also, TDP-
43 splicing activity is compromised in this ALS model, in a direct relationship with the
increase in pl6 expression. However, senolytic drug Navitoclax -with reported benefits in
Alzheimer and Parkinson disease mouse models - does not alter the present model’s
disease progression. Navitoclax neither eliminates cells expressing senescence and nor
represses the expression of SASP related genes. Globally, our findings support the
existence of a non-canonical profile of senescence biomarkers in the LSC of the ALS model
hSOD1-G93A.
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Main text

Aging is a major risk factor for developing amyotrophic lateral sclerosis (ALS) (Niccoli et al.
2017). ALS is a neurodegenerative disease characterized by the loss of motor neurons with
an unfavorable outcome (<5% survival at 5 years after diagnosis). Cellular senescence was
first described by Hayflick in the 1960s as a limitation on division of normal cells in vitro
(Hayflick & Moorhead 1961). The cellular mechanisms behind this phenomenon were later
described, with an important role for cell cycle inhibitors, highlighting p16-INK4a as the major
contributor (Serrano et al. 1997). Another hallmark of senescent cells is the increase in -
galactosidase, commonly known as SA-B-gal which is associated with an increase in
lysosomal biogenesis (Kurz et al. 2000). Cellular senescence has been described as a
barrier against oncogenesis, with a tradeoff where these cells can develop a pro-
inflammatory status known as SASP. This process reflects an attempt to induce tissue repair
in which senescent cells, usually accumulating DNA damage, can stimulate its clearance by
the immune system. Regarding neurodegenerative diseases, several groups have
independently demonstrated the presence of senescent glial cells and SASP in the central
nervous system (CNS).

Another process related to aging is the change in alternative splicing (AS), a conserved
mechanism that increases the complexity of the proteome. TDP-43 regulates a large number
of AS events in a complex way (Tollervey et al. 2011). Several evidence support the role of
TDP-43 pathology in age-related neurodegenerative processes and physiological aging
(McAleese et al. 2017). Most AS events regulated by TDP-43 involve the repression of a set
of non-conserved (cryptic) exons which are abnormally incorporated into mRNA in ALS (Ling
et al. 2015). In this line, we previously quantified the rate of inclusion of cryptic exons in
nervous tissue from ALS donors and cellular models and found a positive correlation with

age at death (Torres et al. 2018).

To clarify whether senescence-associated phenomena and TDP-43 dysfunction could be
implicated in ALS, we measured the abovementioned variables in the familial ALS
transgenic mouse model hSOD1-G93A at different disease stages. The senescence
markers pl6 and p21, typical biomarkers of senescent cells (Coppé et al. 2010), were
analyzed in LSC. Using two different technics (IHC and IF), we characterized the cellular
expression pattern of pl6. The results show that the expression of pl6 mRNA was

progressively increased during disease evolution (Fig. 1A), whereas p21 mRNA levels were



only higher at the end-stage (Fig. 1B). p16 and p21 exhibited a predominantly cytoplasmic
pattern (Fig. 1C), in contrast to recent results from an ALS rat model where it was mainly
nuclear (Trias et al. 2019). As shown by IF, p16 positive cells were microglia (Ibal+ cells)
(Fig. 2A) and astroglia (GFAP+ cells) (Fig. 2B). These results indicate dynamic changes in
cellular senescence-associated markers and SASP related to disease evolution. pl6
expression is highly expressed before the symptomatology in our transgenic mice, similarly
to p16+ microglia in LSC from transgenic rats (Trias et al. 2019). Both facts suggest a role
for p16 in disease initiation and progression. Interestingly, senescence-associated cell cycle
arrest in an early symptomatic stage (120d) is driven exclusively by p16, whereas p21 only
increases later in this model. This may be seen as a result of the late-onset activation of p53
and the DNA damage response pathway, similar to what occurs in the senescence process
in microglia (Stojiljikovic et al. 2019). In contrast to p21 (related to reversible cell cycle arrest
or quiescence), the senescence process depends heavily on prolonged pl6 expression.
Strictly speaking, our work and most published articles on ‘senescence’ do not demonstrate
an always irreversible cell cycle arrest. There may be divergent processes sharing common
biomarkers (Sharpless & Sherr 2015). This is the case with macrophage polarization, in
which pl16 expression and SA-B3-gal activity are physiological, reversible, and not associated
with cellular senescence (Hall et al. 2017). In this line, cytoplasmic pl16 can regulate cell
migration in a manner similar to cyclin D1 (Chen et al. 2013). This evidence reflects a
convergent pathway of cell cycle- and senescence-associated proteins regulating
cytoskeleton functions. In the case of ALS, cytoskeleton regulators like Racl and Cdc42 are
implicated in the disease progression and neuroinflammation (D’Ambrosi et al. 2014). Thus,
we hypothesized that cytoplasmic p16 could have a similar role in ALS. Like p16 cytoplasmic
functions, p21 inhibits the ROCK/LIMK/Cofilin Pathway through MAPK signaling, inducing

cytoskeleton remodeling (Tanaka et al. 2002)

We also analyzed another senescence canonical biomarker: SA-B-gal activity. The main
cellular populations expressing SA-B-gal in ventral LSC are the motor neuron cells (Nissl+
cells in the ventral horn, with a motor-neuron compatible cellular size). Neurons of other LSC
locations and the vast majority of Nissl- do not show SA-B-gal activity (Fig. 1D and S1).
Interestingly, SA-B-gal activity was reduced during disease progression in motor neurons
and in a small fraction of Nissl- cells (compatible with glia). Our findings agree with previously
shown data demonstrating that SA-B-gal activity in neurons is not associated with
senescence, although it is increased in aging mouse brain (Piechota et al. 2016). Our results

suggest that motor neurons contain more lysosomes in cell body than other cells, and that



their biogenesis is compromised in this ALS mouse model. In this line, lysosomal mass
deficit has already described in this model, highlighting a role of hSOD1 aggregates
disturbing lysosomal biogenesis (Xie et al. 2015) and potentially explaining our results from

the SA-B-gal activity assay.

Another marker commonly employed in senescence description is the increase in cytokines
linked to SASP. In this case, we quantified the expression of typical SASP markers Il1a and
[16. We analyzed as well the expression of Ifna and Ifnb (corresponding to type-l IFN
response) as they are postulated as late-senescence markers and could be helpful in
determining senescence progression in the LSC of this model. The expression of Ifna was
not detected in any of the analyzed samples (data not shown). We observed a different
pattern of expression between llla (Fig. 3A) and I16 (Fig. 3B). ll1a is increased in the pre-
symptomatic stage and is known to be the upstream regulator of IL-6 in SASP (Orjalo et al.
2009). IL-6 is increased in cerebrospinal fluid in ALS, Alzheimer’s, and Parkinson’s disease
(Chen et al. 2018). In contrast, Ifnb expression (Fig. 3C) is not altered, which could indicate
that senescence in this model does not evolve a late phase. Overall, this might reflect a
complex interaction between senescence, SASP, and changes in reactive glial cells and

neurodegeneration.

Regarding TDP-43 splicing function, in mice it controls the inclusion in Adipor2 mRNA
(Figure S2). In line with loss of TDP-43 function in this model, cryptic exon inclusion in
Adipor2 mRNA was higher in lumbar spinal cord in end-stage mice (Fig. 3D) and positively
correlated with p16 expression (Fig. 3E). The present data are the first to show specific
alteration regarding splicing function in this ALS model. Notably, this process is associated
with an increase in the senescence marker p16, and the two processes are likely to be linked
in the same pathway.

We wanted to explore the potential benefits of senolytic treatment due to the higher
expression of senescence related genes in this mouse model. We performed Navitoclax
treatment following the protocol described for Alzheimer’s disease mouse model (Bussian
et al., 2018). The treatment was initiated at 90 days old and finished at end point (Figure
4A). We estimated the disease progression by weight loss. Navitoclax treatment did not
prevent weight loss, neither prolonged survival (Figure 4B and 4C). Finally, we quantified
senescence and SASP genes in lumbar spinal cord. None of the analyzed genes showed
statistically significant differences (Figure 4D). These results suggest differences in
molecular effectors between Alzheimer’s and ALS.



Navitoclax is an inhibitor of antiapoptotic protein Bcl2 (Zhu et al., 2016). Senescent cells are
highly dependent of different antiapoptotic members. Senolysis is achieved when this
antiapoptotic protein is inhibited, promoting cell death (Zhu et al., 2015). Navtioclax
treatment is not enough to slow the disease progression and does not extend the survival.
In contrast with data in Alzheimer’'s and Parkinson’s disease models, this treatment does
not prevent the increase of senescence and SASP markers. It suggests that senescence
phenotype is not driven by Bcl2 expression of stressed or aged cells in this model (Zhu et
al.,, 2015). Further studies are warranted to determine whether senescence-linked
phenomena are mechanistically involved in this fatal disease, clearing the pathway for

therapeutic development.

In the case of ALS, we speculate that Navitoclax treatment is not efficient because Bcl2 is
not overactivated in our G93A mouse model (Vukosavic, Dubois-Dauphin, Romero, &
Przedborski, 1999). However, Bcl-XL, a Bcl-2 family member, is overactive in astrocytes and
provides pro-survival input and may mediate the activation of toxic astroglia (Lee, Kannagi,
Ferrante, Kowall, & Ryu, 2009). It suggests that an specific inhibition Bcl-XL could have

greater effects on disease progression.

In conclusion, the LSC from the hSOD1-G93A mouse, a model of familial ALS, exhibits a
non-canonical profile of senescence biomarkers. It is characterized by an early increase in
pl6 and a late increase in p21, with both displaying a mainly cytoplasmic pattern in glial
cells without an increase in SA-B-gal activity. In the case of SASP, it also has a dynamic
profile with increasing levels of llla from the pre-symptomatic stage onward and an acute
peak of expression in end-stage transgenic mice. Regarding AS, this tissue shows a
dysfunctional splicing activity of TDP-43 in end-stage ALS mice. This is the first time that
senescence markers, SASP, and TDP-43-associated splicing dysfunction have been
described in this ALS mouse model.

Experimental procedures
Animal Experiments

A colony of the strain B6.Cg-Tg(SOD1*G93A)1Gur/J JAX catalogue stock number 004435;
from now on hSOD1G93A or G93A) was purchased at The Jackson Laboratories (Bar
Harbor, MN, USA). Mice were maintained in C57BL/6J background. Genotyping was

performed following manufacturer’s instructions. After genotyping and weaning, animals



were placed at 12:12 hours dark / light cycle, at 22+2°C temperature, 50%+10 relative
humidity, in individual cages (at 21 days). For age-related studies, we evaluated . Navitoclax
(T2101, Targetmol) was diluted in 60% Phosal 50 PG (Lipoid), 30% PEG400 (Sigma, 91893)
10% EtOH. Navitoclax was administered by oral gavage at a dose of 50 mg kg—1 body
during five consecutive days followed by 16 days of rest (N=5 per group). Treatment cycles
were repeated until clinical endpoint (righting reflex >20 s). Spinal cords were rapidly
excised, frozen in liquid N2 and stored at -80 C. This study was approved by the Animal

Research and Ethics Committee at the University of Lleida.
Cell culture

3T3 cells were maintained in Dulbecco’s Modified Eagle’'s Medium (11965, Thermo Fisher
Scientific), 10% FBS (10270, Thermo Fisher Scientific), 100 U/ml Penicillin-Streptomycin
(15140-122, Thermo Fisher Scientific) at 37°C and 5% CO2. For silencing, 20 nM (final
concentration) of TARDBP siRNA mmsiTDP-43s: 5-AGGAAUCAGCGUGCAUAUA-3'
mmsiTDP-43as: 5-UAUAUGCACGCUGAUUCCU-3' (siTDP) or scrambled siRNA (siCTL)
was mixed in 100 pl Opti-MEM (31985062, Thermo Fisher Scientific) with 2 ul of RNAIMAX
(13778100, Thermo Fisher Scientific) on the bottom of the well and incubated for 20 minutes
at room temperature. 2 ml of DMEM (11965092, Thermo Fisher Scientific) supplemented
with 10% FBS containing 100000 HelLa or 3T3 cells/well were seeded onto transfection mix.
After 24 hours, transfection media was removed and changed to DMEM 10% FBS media.

48 hours post-transfection, cells were collected for posterior analyses.
Western Blot

Protein from platelets was extracted adding 100 uL of radioimmunoprecipitation (RIPA)
buffer with Protease Inhibitor Cocktail (1X) to the pellet. After sonication, protein
guantification was performed with Bradford assay (5000006, Bio-Rad). Fifteen ug of protein
were loaded onto a 12% acrylamide SDS-PAGE gel. Membranes were blocked with I-Block
(T2015, Thermo Fisher Scientific) for 1 hour and incubated overnight with primary incubated
anti-TDP-43 (10782—2-AP, Proteintech) 1:1000 in TBS-T 0.05%. After primary antibody
incubation, membranes were washed 3 times with TBS-T 0.05% and incubated with
secondary antibody for 1h. Immobilon™ Western Chemiluminiscent HRP Substrate
(WBKLSO0500, Merck Millipore) was used for immunodetection. Membranes were stained
with Coomassie Brilliant Blue G (27815, Sigma) for normalization. Specific bands were
quantified with ImageLab v5.2.1 (Bio-Rad).



RNA extraction, cDNA synthesis and RT-qPCR

1 ml of TRIzol reagent (Thermo Fisher Scientific, AM9738) was added to 50-100 mg of
tissue. The tissue was then mechanically homogenized using T 10 basic ULTRA-TURRAX®
(IKA). 200 ul of chloroform was added to each sample and mixed. After 5 minutes of
incubation at room temperature, the samples were centrifuged at 12,000 xg (15 mins, 4°C)
to separate the phases. The aqueous phase was separated into a new tub and mixed by
vortexing with 500 pl of isopropanol. After an incubation of 10 minutes at room temperature,
RNA was precipitated through spun at 12,000 xg (10 mins, 4°C). The resulting supernatant
was removed, and the pellet was washed with a 75% ethanol. After vortexing, the samples
were centrifuged again at 12,000 xg (10 mins, 4°C). The supernatant was discarded, and
the RNA pellet was allowed to air dry at room temperature. The RNA was resuspended with
50 pl of RNAse-free water, quantified with Nanodrop (Nanodrop technologies, ND-1000
UV/Vis Spectofotometer) and stored at -80°C unitil further use. One microgram of RNA was
used for retrotranscription employing TagMan Reverse Transcription Reagent using random
hexamers (Thermo Scientific, N8080234). RT-qPCR experimets were performed using a
CFX96 instrument (Bio-Rad, Hercules, California, USA) with SYBR select Master mix
(Thermo Fisher Scientific, 4472908). Each 20 pL of reaction contained 4uL cDNA, 10 pL
SYBR Select Master Mix, 0.2 nM of forward primer and 0.2 nM of reverse primer solutions
and 4 uL PCR grade water. RT-gPCR run protocol was as follows: 50 °C for 2 minutes and
95 °C for 2 minutes, with the 95 °C for 15 seconds and 60 °C for 1 minute steps repeated
for 40 cycles; and a melting curve test from 65°C to 95 °C at a 0.1 °C/s measuring rate. N=3-
10 mice per group were used for RT-PCR experiments. Primers employed in these
experiments are listed in Supplementary Table S1. Actb expression was used as
housekeeping to normalize the other genes. Specific Adipor2 cryptic mRNA (primers
annealed with cryptic exon) was normalized with Adipor2 normal transcript (the primers

annealed with conserved exons).

Senescence-associated -galactosidase activity

Briefly, paraformaldehyde-fixed frozen sections were incubated with X-gal solution
(20 mg/ml X-Gal (SIGMA), 5 mM KzFe(CN)s, 5 mM K4Fe(CN)6 and 2 mM MgCl,) in PBS at



pH 6.0 overnight at 37 °C. To allow comparison between specimens, all samples were
assayed simultaneously. Then, neurons were stained with Green Fluorescent Nissl Stain
(Thermo Fisher Scientific, N21480) diluted 1:150 in PBS and incubated 20 minutes at room
temperature. The slices were then washed 3x with PBS for 10 minutes at room temperature
and 1x with PBS for 2 hours at room temperature. Nuclei were stained with DAPI (SIGMA,
32670). Images of the stained sections were taken using inverted microscope (Olympus,
IX71S8F-2). Eight randomly selected areas of each mouse (N=2-3 per group) of the ventral
horn of lumbar spinal cord sections were photographed at 20x magnification for visual
analysis. The whole section of SA-B-Gal stained slices was photographed at 4x

magnification.

Immunofluorescence

One control and one transgenic lumbar spinal cord were fixed in 4% paraformaldehyde
made in PBS overnight at 4°C and cryopreserved in 30% sucrose in PBS 48 hours. The
lumbar spinal cord was then cut at a 16 um section depth and resulting seeded on a gelatin-
coated slide. Samples were permeabilized with 0.3% Triton X-100 PBS for 30 min and
blocked with 5% BSA in PBS for 1h at room temperature. The primary antibody 1:100 anti-
pl6 (abcam, ab54210) and 1:200 anti-GFAP (abcam, ab7260) were diluted in 0.3% Triton
X-100 PBS and incubated overnight at 4°C. The slices were washed with PBS three times
for 5 min at room temperature, followed by the secondary antibody (diluted 1:800 in PBS),
goat anti-mouse Alexa Fluor 555 (Thermo Fisher Scientific, A21422) and goat anti-rabbit
Alexa Fluor 488 (Thermo Fisher Scientific, A11008) incubation for 1h at room temperature
in darkness. Sections were finally counterstained with 1 ug/ml 4,6-diamidino-2-phenylindole
dihydrochloride (DAPI) in PBS for 10 min at RT and mounted on slides with Fluoromount-
G® (Southern Biotech, 0100). Samples were imaged using a laser scanning confocal

microscope Olympus FluoView FV10.

Immunohistochemistry

One control and one transgenic paraformaldehyd fixed paraffin embedded tissue slides were
dried for 1h at 65° before pre-treatment procedure of deparaffinization, rehydration and
epitope retrieval in the Pre-Treatment Module (Agilent Technologies-DAKO, PT-LINK) at



95°C for 20 min in 50x Tris/EDTA buffer, pH 9. For p21 immunohistochemical staining,
p21WAF1/Cipl antibody (Agilent Technologies-DAKO, clone SX118) 1:100 dilution was
used. After incubation, the reaction was visualized with the EnVisionTM FLEX Detection Kit
(Agilent Technologies-DAKO) using diaminobenzidine chromogen as a substrate. For p16
immunohistochemical staining, p16 INK4a antibody was used using CINtec® Histology Kit
(ROCHE, clone E6H4) following manufacturer’s instructions. Sections were counterstained

with hematoxylin.

Statistical Analysis

All statistical tests and graphs were performed using GraphPad Prism 6 (GraphPad
Software). Normalized mRNA expression was analyzed with ordinary Two-way ANOVA test
of the variables time and genotype. For multiple comparisons between genotypes,
Bonferroni's multiple comparisons test was used. In SA-beta-gal activity experiments, p-
value was determined by Chi-square’s test. To evaluate relationship between pl16 and

Adipor2 cryptic mRNA levels a linear regression was tested.
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Figure Legends

Figure 1. Increase in senescence markers in spinal cord during ALS progression. pl6
expression was progressively higher at 120 days and 150 days (a), whereas p21 were only
found to be increased at end stage (b). Both p16 and p21 exhibited cytoplasmic staining (c).
Nissl+ cells of the ventral horn of the spinal cord (compatible with motor neurons) are the
main contributor to SA-beta-gal activity in lumbar spinal cord and are almost depleted in this
activity in hSOD1-G93A mice at 150 days, similarly to Nissl- (glia) cells (d). p16 and p21
expression are expressed as mean £+SEM. Ns indicates p > 0.05; **p < 0.01; ***p < 0.001;
****n < 0.0001 for Student’s t test or ANOVA, when appropriate. Red arrows indicate p16
and p21 positive cells. Green scale bar represents 100 um, yellow scale bar represents 500

um, and red scale bar represents 2500 um. n=4 from each genotype and age.

Figure 2. Cytoplasmic p16+ microglia (Ibal+) (a) and astrocytes (GFAP+) (b) are present
in lumbar spinal cord of transgenic mice and absent in controls. Scale bar represents 500
MmM. Representative images from independent experiments (n= 10 slices from at least 3

different animals from each genotype and age) are shown.

Figure 3. SASP markers and TDP-43 dysfunction are increased in LSC from transgenic
hSOD-G93A mice. llla mRNA was higher from pre-symptomatic stage onward in transgenic
mice and increased in later stages (a). 16 expression (b) was induced in end-stage hSOD1-
G93A mice, in contrast with Ifnb (c). Cryptic exon in Adipor2 mRNA was more incorporated
in 150-day-old transgenic mice (d). The inclusion ratio of Adipor2 cryptic exon positively
correlated with p1l6 expression (e) ll1a, 116, Ifnb, and cryptic Adipor2 expression are
expressed as mean +SEM.. ns p > 0.05; *p < 0.05; ***p < 0.001; ***p < 0.0001. n=4 from
each genotype and age.

Figure 4. Senolytic treatment using Navitoclax does not slow the disease progression. A
chronic treatment was established with five consecutive doses followed by two weeks of
resting (a). Weight loss was not different between Navitoclax and vehicle experimental
groups (b). Survival time was also unaltered between groups (c), as senescence and SASP
genes (d). n=5 from each genotype.



Figure S1. SA-beta-gal activity was decreased in 90- and 120-day-old hSOD1-G93A mice.
Nissl+ cells are the main contributors of this activity, which is lower in ALS mice. In contrast,
Nissl- cells exhibited a slight decrease in transgenic mice. ***p < 0.001; ****p < 0.0001.

Yellow scale bar represents 500 um and red scale bar represents 2500 pm.

Figure S2. Adipor2 cryptic exon splicing is increased in Tardbp silenced murine cells. RT-
gPCR of Adipor2 cryptic exon showed a high increase (a) and Western Blot analyses of
TDP-43 confirmed the reduction of this protein in silenced 3T3 cells (b). *p < 0.05. Shown

are data representative from 3 independent experiments.

Table 1. SYBR Green probes used in RT-qgPCR analysis.
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Table 1.

Gene Sequence
Actb Fwd GTGACGTTGACATCCGTAAAGA
Actb Rev GCCGGACTCATCGTACTCC
p16 Fwd CCCAACGCCCCGAACT
pl6 Rev GCAGAAGAGCTGCTACGTGAA
l11a Fwd AGCGCTCAAGGAGAAGACC
ll1a Rev CCAGAAGAAAATGAGGTCGG
116 Fwd ACCAGAGGAAATTTTCAATAGGC
116 Rev TGATGCACTTGCAGAAAACA
Ifna Fwd ATGGCTAGGCTCAGCACTTTC
Ifna Rev CTCACTCAGACTTGCCAGCA




Ifnb Fwd AGCTCCAAGAAAGGACGAACA
Ifnb Rev GCCCTGTAGGTGAGGTTGAT

Adipor2 Fwd TGTTTGTAAGGTGTGGGAAGG
Adipor2 Rev GTTGCCCGTCTCTGTGTGTAT

Adipor2 cryptic Fwd

AGAAGTGGAGTTACAATTGTG

Adipor2 cryptic Rev

AAACAAACTCTTCCATTCGTT

p21 Fwd

TTGCCAGCAGAATAAAAGGTG

p21 Rev

TTTGCTCCTGTGCGGAAC




	Tesi_Pascual_Torres def esm2
	Article_1_autophagy.pdf
	Abstract
	Introduction
	Results and discussion
	Materials and methods
	Neuronal tissues
	Cell culture and treatments
	ShRNA design
	RNA extraction, cDNA synthesis, conventional PCR and quantitative RT-PCR (RT-qPCR)
	Western blot analysis
	ATG4B overexpression
	Immunofluorescence
	Statistical analysis

	Disclosure statement
	Funding
	References


	Article_5_senescence tesi 
	portadaPascual.pdf
	Cell Stress and RNA Splicing in Amyotrophic Lateral
	Sclerosis: Novel Opportunities for Therapeutic
	Development
	Pascual Torres Cabestany




