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Abstract

Background: Amyotrophic lateral sclerosis (ALS) is a rapidly progressive neurodegenerative
disorder and effective therapeutic options are lacking. Profiling ALS pathomechanisms could
assist with the development of new treatment avenues. Therefore, this study aimed to validate
molecular candidates with potential implications in ALS pathology which were derived from
multiomic profiling studies conducted in the context of the MAXOMOD consortium
(Multiomic analysis of axono-synaptic degeneration in motoneuron disease). Based on
differential expression results and functional enrichment analyses, Exportin 1 (XPO1) and
mitogen-activated protein kinase kinase 2 (MAP2K2, MEK?2) were selected to be validated in
vitro. XPO1 is a major regulator of nuclear RNA export and MAP2K?2 has an important role in

various cell functions, including neuronal differentiation and survival.

Methods: Multiomic analysis of human postmortem prefrontal cortex (PFC) and PFC from
transgenic ALS mouse models revealed multiple deregulated molecular targets and pathways
underlying the degeneration of ALS-affected brains. To validate selected molecular targets, we
established primary cortical neuron cultures from PO C57/Bl16 mice. To assess the role of the
targets on neuronal survival we used in vitro toxin models mimicking known disease
mechanisms in ALS, such as glutamate excitotoxicity and arsenite-induced stress granule
formation. Basal expression of the targets (XPO1 and MAPK2K?2), toxicity and functional
effects of the inhibitors (selinexor and trametinib) were investigated by Western blot.
Neuroprotective effects of target inhibition were investigated in toxin models by

immunocytochemistry (cleaved caspase-3) and analysis of neurite outgrowth using image J.

Results: We modulated the expression of XPOl and MAP2K2 with FDA-approved
pharmacological small molecule inhibitors (selinexor and trametinib). Our results demonstrated
that 72 h treatment with 20 nM and 200 nM trametinib, completely restored highly
phosphorylated ERK1/2 protein which is a direct target of MAP2K2 (n=3; P < 0.05) and
significantly reduced cell death and increased average neurite length in glutamate-intoxicated
cells (n=4; P <0.0001). 1 nM and 10 nM selinexor on the other hand, significantly reduced cell
death in both stress-induced cultures (n=4; P < 0.05) but didn’t affect neurite outgrowth.
Conclusion: Our findings suggest that XPO1 as well as MAP2K2 could be auspicious drug
targets to be further validated for the treatment of ALS.
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1 Introduction

1.1 Amyotrophic lateral sclerosis (ALS)

Amyotrophic lateral sclerosis, initially described by Charcot in the 19th century (Rowland
2001), is a rapidly progressive neurodegenerative disorder that results in muscle weakness,
disability, and ultimately, death. The median survival for ALS patients ranges from 3-5 years
after the first symptoms due to motor dysfunctions, in particular by respiratory failure.
Historically, ALS was identified as a distinct clinical syndrome separate from other motor
neuron diseases (MNDs) like primary lateral sclerosis, primary muscular atrophy, and
progressive bulbar palsy. The distinction was based on the location of the initial symptoms and
the extent of involvement of anterior horn cells or corticomotor neurons. However, it has
become increasingly clear that ALS exhibits clinical and pathophysiological diversity (M. R.
Turner and Swash 2015) with evident overlaps with frontotemporal dementia (FTD) (M. R.
Turner et al. 2013). Multiple genetic variations can produce similar clinical phenotypes, and
conversely, a single variant may be associated with pure ALS, ALS with FTD (ALS-FTD), or
pure FTD. These conditions exist on a spectrum with distinct clinicopathological features,
possibly stemming from different causes, but ultimately converge on a common pathway
leading to degeneration of both upper and lower motor neurons. The poor prognosis and
insufficient therapeutic options for ALS demand a better characterization of neuropathological

changes happening in the course of the disease.

1.1.1 Epidemiology and pathophysiology of ALS

The epidemiology of ALS reveals several important aspects of this neurodegenerative disorder
and is essential for identifying potential risk factors and improving early diagnosis. ALS is a
relatively rare disease, with an estimated annual incidence ranging from 2 to 3 cases per 100,000
individuals worldwide (Worms 2001). It affects both genders, with a slightly higher incidence
observed in men. The onset of ALS typically occurs between the ages of 40 and 70, although
cases can occur at younger ages, even in adolescence (Camacho-Soto et al. 2022).
Geographically, there are variations in ALS prevalence, with higher rates reported in certain
regions like North Europe (1.89 cases per 100,000 person-years) compared to East Asia (0.83
cases per 100,000 person-years) and South Asia (0.73 cases per 100,000 person-years). In
contrast, more consistent rates were found in Europe, North America, and New Zealand, with
a pooled ALS standardized incidence of 1.81 cases per 100,000 person-years for those areas

(Marin et al. 2017). The exact etiology of ALS remains largely unknown, although a small



proportion of cases are associated with genetic mutations. Familial forms make up 5 to 10
percent of cases. The majority (90-95%) of ALS cases are considered sporadic, lacking a clear
family history. Genetic susceptibility in sporadic ALS appears to be influenced by variations in
multiple genes and loci (Leblond et al. 2014). Among these, some are associated with known
or suspected familial ALS, such as pathogenic variants in superoxide dismutase 1(SODI), TAR
DNA-binding protein 43 (TDP-43), chromosome 9 open reading frame 72 (C9ORF72), fused
in sarcoma (FUS), angiogenin (ANG), optineurin (OPTN), senataxin (SETX), and sequestosome
1 (SOSTM1) genes, while others are not typically linked to familial ALS, including variants in
TANK-binding kinase 1(7BK1) (Cirulli et al. 2015), ataxin-2 (47XN2) (Lattante et al. 2012),
chromosome 21 open reading frame 2 (C2/ORF2) (van Rheenen et al. 2016), NIMA related
kinase 1 (NEKI) (Kenna et al. 2016). A comprehensive 2017 meta-analysis of 111 studies
revealed distinct variations in the frequencies of genetic variants in the most common ALS-
related genes (C9ORF72, SOD1, TDP-43, and FUS) between European and Asian populations
with sporadic ALS (Zou et al. 2017). In European populations, C9ORF72 repeat expansions
were the most prevalent (5.1 percent), followed by SODI variants (1.2 %), TDP-43 variants
(0.8 %), and FUS variants (0.3 %). In Asian populations, SOD variants were the most common
(1.5 %), followed by FUS variants (0.9 %), C9ORF72 repeat expansions (0.3 %), and TDP-43
variants (0.2 %). An earlier study also found around 28 percent of sporadic ALS cases harboring
rare or novel coding variants in known ALS genes, possibly pathogenic but not definitively
proven, with approximately 4 percent showing variants in more than one ALS gene. These
genes may play a role as Mendelian genes in familial ALS or act as low-penetrance
susceptibility factors in sporadic ALS, indicating the complex genetic factors contributing to

both forms of the disease warranting further investigation (Cady et al. 2015).

ALS is distinguished by the degeneration and death of motor neurons, accompanied by gliosis
(T Philips and Rothstein 2014). Additionally, the spinal cord undergoes atrophy, with thinning
of the ventral roots and loss of large myelinated fibers in motor nerves. The affected muscles
display denervation atrophy (Saberi et al. 2015). In ALS, neuropathological observations reveal
frequent intracellular inclusions in degenerating neurons and glia. These inclusions include
phosphorylated and nonphosphorylated neurofilaments found predominantly in spinal motor
neurons, potentially associated with immunoreactive SOD1 or nitric oxide (Ince et al. 1998).
Ubiquitinated inclusions, distinct from those in other neurodegenerative disorders, are observed
in ALS, particularly in the frontal and temporal lobes of cortical neurons in ALS-FTD cases.

TDP-43 accumulation and inclusion formation are common in sporadic ALS, FTD with



ubiquitin-positive/tau-negative inclusions, and overlapping ALS with FTD (Geser et al. 2009).
Additionally, FUS-positive immunoreactive inclusions are detected in both sporadic and

familial ALS (Deng et al. 2010).

1.1.2 Pathogenic pathways linked to ALS

The exact cause of ALS remains unidentified. Numerous potential mechanisms have been
suggested, encompassing abnormal RNA processing, protein quality control disorders,
excitotoxicity, cytoskeletal abnormalities, mitochondrial dysfunction, viral infections,
apoptosis, abnormalities in growth factors, inflammatory responses, and other factors (Peters,
Ghasemi, and Brown 2015). The development of ALS is believed to be influenced by a
combination of genetic and environmental factors, which set off various biochemical cascades
(Bozzoni et al. 2016). The intricate interplay of these factors contributes to the complex
pathogenesis of ALS. Increasing evidence highlights the idea that altered RNA processing and
the aggregation of abnormal proteins play a crucial role in the development of ALS. Several
genes encoding RNA binding proteins, including TDP-43 and FUS, have been linked to both
ALS and related neurodegenerative disorders (Ito and Suzuki 2011), (Verma and Tandan 2013).
These proteins possess prion-like domains that exhibit an inherent tendency to self-aggregate
(Polymenidou and Cleveland 2011). Under normal circumstances, they assist in assembling
RNA into stress granules, which are temporary structures involved in regulating protein
synthesis as part of the cellular stress response (Wolozin 2012). However, variants in the prion-
like domains of these proteins may lead to excessive incorporation into stress granules (SGs)
that resist degradation, or promote self-aggregation of abnormal RNA binding proteins (like
TDP-43), ultimately resulting in the formation of cytoplasmic inclusions and neurodegenerative

diseases.

C90ORF72 expansions are the most common genetic cause of familial ALS and are also detected
in some sporadic ALS cases. The hexanucleotide repeat sequence (GGGGCC) in the C9ORF72
gene can form G-quadruplex structures, and its expansion may trigger pathologic molecular
alterations (Haeusler et al. 2014). These alterations involve the formation of RNA/DNA hybrids
(R-loops), production of defective RNA transcripts, and decreased production of full-length
RNA transcripts. These defective RNA transcripts can mislocalize essential proteins in the
nucleolus, leading to reduced cell viability. The expansion also interacts with Ran GTPase
activating protein 1, potentially disrupting nucleocytoplasmic transport by clogging nuclear
membrane pores (Ke Zhang et al. 2015). Additionally, repeat-associated non-ATG translation

(RAN translation) within the expanded repeat sequence can generate toxic dipeptide repeat



proteins that interfere with RNA processing (Mori et al. 2013). Another possible mechanism is
the reduced expression of C9ORF72 protein levels, leading to disease by a loss-of-function

mechanism (Ciura et al. 2013).

SOD1-mediated toxicity in ALS involves variants in the SOD1 gene, leading to a toxic gain or
loss-of-function mechanism (Reaume et al. 1996). While SODI primarily acts as an
antioxidant, pathogenic variants can increase pro-oxidant pathways, leading to oxidative injury
and the generation of reactive oxygen species (Gurney 1997), (Harraz et al. 2008). Additionally,
abnormal SOD1 may induce protein aggregates potentially toxic to motor neurons, although
this aggregation might be a secondary manifestation rather than a primary cause of ALS
(Durham et al. 1997). Abnormal SOD1 protein levels increase in the later stages of the disease,

but even low levels of SODI1 aggregates may be sufficient to mediate toxicity (Karch et al.

2009).

In ALS, inflammatory responses play a significant role in disease progression and neuronal
death. Studies have demonstrated the involvement of inflammatory processes, including
activation of microglia and astrocytes and infiltration of natural killer cells, peripheral T cells,
and monocytes into the central nervous system (CNS) (Thomas Philips and Robberecht 2011),
(Beers et al. 2008), (Butovsky et al. 2012). Particularly, microglia, as immune-modulating cells
in the CNS, have been extensively studied in the context of ALS. Once activated, microglia
release various factors, such as nitric oxide, oxygen radicals, cytokines, and glutamate, which

may contribute to the cascade leading to motor neuron cell death (O’Rourke et al. 2016).

While the exact cause of motor neuron degeneration remains elusive, recent years have seen
increased attention on potential factors like excitotoxicity and impaired stress granules in the
context of ALS pathophysiology. As my study aims to replicate these two established disease

pathways in ALS, these mechanisms will be further elaborated upon in the next chapters.

1.1.3 Glutamate excitotoxicity in ALS

Substantial evidence for the excitotoxicity hypothesis in ALS pathology has been documented
recently, although further mechanistic studies would be needed to comprehensively determine
the role of excitotoxic insults in ALS. The hypothesis suggests that abnormally high levels of
the excitatory neurotransmitter glutamate may trigger a series of events leading to the death of
motor neurons in ALS (Figure 1). This excessive activation of glutamate receptors can result

in an influx of calcium into cells, setting off a cascade of processes that cause cellular damage,



including lipid peroxidation, nucleic acid damage, and disruption of mitochondrial function

(Dong, Wang, and Qin 2009),(Satarker et al. 2022).

Elevated glutamate levels have been found in the cerebrospinal fluid of patients with sporadic
ALS (Rothstein et al. 1990), and defects in glutamate transport have been observed in both
patients with sporadic ALS and in the transgenic SOD1 mouse model of ALS (Lin et al. 1998).
These defects involve transmembrane glutamate transporters found on neurons and glial cells,

which are responsible for rapidly inactivating glutamate after its release.

A hypothesis proposes that specific nonfunctional, truncated forms of the primary excitatory
amino acid transporter 2 (EAAT?2) on astrocytes may be particularly prevalent in ALS tissues.
However, some of these truncated forms have also been found in normal tissue, and there is
evidence that a splice-variant of this protein (EAAT2b) may actually be upregulated in ALS,
particularly in neurons, potentially indicating a compensatory response to elevated extracellular

glutamate (Maragakis, Dykes-Hoberg, and Rothstein 2004).

Glutamate receptor dysfunction is another potential mechanism contributing to excitotoxicity.
Various postsynaptic glutamate receptors, including N-methyl-D-aspartate (NMDA), a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate, and G-protein-coupled
receptors, could be involved in this process. For example, defective mRNA editing of glutamate
AMPA receptors has been discovered in spinal motor neurons of ALS patients, which has been
linked to increased calcium permeability through this receptor subtype, potentially leading to

neuronal death (Kawahara et al. 2004).

One significant piece of evidence supporting the role of glutamate excitotoxicity in ALS is the
beneficial effect of the anti-glutaminergic drug Riluzole, which has been shown to improve

survival in ALS patients (Miller, Mitchell, and Moore 2012).



Neuron
I l Astrocyte

AM&QR@NMDAR
) S

IHNY

rRos f

Cell death

Figure 1: Schematic representation of glutamate excitotoxicity pathology in ALS. Upon
neurotransmission, glutamate (red dots) is released into the synaptic cleft, initiating the
activation of post-synaptic glutamate receptors such as AMPAR and NMDAR. In situations of
excitotoxicity, an elevated release of glutamate occurs, coupled with a diminished ability for
glutamate clearance by EAAT?2. This imbalance triggers an excessive stimulation of glutamate
receptors, resulting in the influx of calcium ions. Consequently, a complex sequence of events
is set into motion, involving the increasing reactive oxygen species, mitochondrial dysfunction
and altered metabolism and results in in cell death pathways, including apoptosis or necrosis

(Figure generated with Biorender.com).

1.1.4 Stress granules and ALS

The involvement of the RNA metabolism machinery's response to stress has been strongly
implicated in the pathology of neurodegeneration, with particular emphasis on its role in ALS.
Stress granules are dynamic, non-membrane-bound structures whose primary function is to
promote cell survival by condensing translationally stalled mRNAs, ribosomal components,

translation initiation factors, and RNA-binding proteins (RBPs) that form in response to cellular



stress and play a role in mRNA metabolism (Campos-Melo et al. 2021). Dysregulation of stress
granule dynamics, such as aberrant aggregation or impaired clearance, may contribute to the
accumulation of toxic proteins and RNA, leading to motor neuron degeneration in ALS. A few
of the well-known genetic causes of ALS including TDP-43, FUS, and C9ORF'72 are associated
with SGs dysregulation which is linked to several cellular phenotypes in ALS. These dynamic
structures are believed to seed the pathological aggregations of TDP43 and FUS. Moreover,
SGs play a role in contributing to mitochondrial dysfunction, inflammasome activation, and
nucleo-cytoplasmic transport in the context of ALS. Figure 2 lists the genes associated with

each of these pathological processes (Figure 2) (Dudman and Qi 2020).

Aberrant SG assembly and disassembly have been associated with various neurodegenerative
disorders, including ALS. In ALS patient samples, cytoplasmic inclusions often contain RBPs
such as TDP-43 and FUS that colocalize with SG markers (Dudman and Qi 2020). Most of our
insights into the potential involvement of nucleocytoplasmic transport defects in ALS have been
derived from studies focusing on the four most frequent genetic causes of fALS (mutations in
the genes C9ORF72, SODI1, TDP-43, and FUS) (Vanneste and Van Den Bosch 2021). The
morphology and composition of SGs differ depending on the cell type and the specific stressor
that induces them. It has been shown that cortical neurons took approximately twice as long as

astrocytes to develop and disassemble the SGs (Khalfallah et al. 2018).

The presence of SGs directly hinders the formation of the NLR family pyrin domain containing
3 (NLRP3) inflammasome by competitively sequestering DEAD-Box Helicase 3 X-Linked
(DDX3X). Consequently, free DDX3X promotes cell survival when sequestered within SGs,
whereas its binding to the NLRP3 inflammasome complex triggers pyroptosis (Samir et al.

2019).

Mitochondrial stress can induce the formation of SGs (Carri et al. 2015). It is known that
mitochondrial dysfunction and fragmentation are common features observed in various
neurodegenerative  disease models. Mutations in genes associated with the
autophagy/mitophagy pathway, such as OPTN, are known to contribute to neurodegenerative
diseases, including ALS. OPTN, which is implicated in ALS and Parkinson's disease, plays a
role in facilitating mitophagy by binding the autophagosome receptor, microtubule-associated
protein 1A/1B-light chain 3 (LC3). The ALS-linked mutation OPTNE478G in the ubiquitin-
binding domain of OPTN reduces its autophagic ability (Monahan, Shewmaker, and Pandey
2016). The dysregulation of TDP-43 has been linked to mitochondrial stress and the formation



of SGs. Notably, when TDP-43 is overexpressed in motor neuron-like NSC-34 cells, it increases

the production of reactive oxygen species (ROS) and oxidative damage (T. Chen et al. 2018).

The functional connections between integrated stress response (ISR) activation and nucleo-
cytosol trafficking, particularly focusing on the nuclear localization of spliceosomal U-rich
small nuclear ribonucleoproteins (UsnRNPs) — the core components of the spliceosome have
been investigated. It was discovered that ISR activation leads to significant changes in nuclear
gems and Cajal bodies, which are involved in UsnRNP maturation and storage (Fischer,
Englbrecht, and Chari 2011). This effect is dependent on the cytoplasmic assembly of SGs and
interferes with the nuclear import of UsnRNPs mediated by the snurportin-1/importin-f1
system. Importantly, manipulating the nucleo-cytosol trafficking of UsnRNPs through SGs or

importin-B1 influences alternative splicing in response to stress. (Rossi et al. 2020).

Several studies have linked SG components to ALS pathology. These findings suggest that
investigating SG pathology could be a promising avenue for future research in the field of ALS

and highlight promising therapeutic strategies targeting SG components in ALS.
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Figure 2: Schematic representation of stress granules dysregulation involved in ALS
pathology. SGs dysregulation associated with multiple cellular phenotypes in ALS. Genes

involved in each pathological process are listed. SGs are hypothesized to act as a seeding



mechanism for the pathological aggregation of proteins such as TDP-43, FUS and COORF72.
SGs are implicated in influencing mitochondrial dysfunction, triggering inflammasome
activation, and impacting nucleo-cytoplasmic transport within ALS pathomechanisms (Figure

generated with Biorender.com).

1.1.5 ALS diagnosis and therapeutic options

Currently, the diagnosis of ALS relies solely on clinical criteria, which involve identifying first
and second motoneuron abnormalities in various parts of the body, which can be supported by
electrophysiological findings. However, in most industrialized countries, this process takes
approximately 12 months from the onset of initial symptoms to reach a definitive ALS diagnosis
(Hardiman, van den Berg, and Kiernan 2011).

Various molecular biomarkers, including neurofilaments (Nf) in cerebrospinal fluid (CSF) and
serum (Lu et al. 2015), soluble p75ECR in urine (Shepheard et al. 2017) and chromogranin A
in saliva (Obayashi et al. 2008) have been suggested as potential aids in the diagnosis of ALS.
However, none of these biomarkers have yet demonstrated sufficient clinical effectiveness.
Therefore, there is a need to improve the timing and accuracy of diagnosis and identify a reliable
disease progression marker for use in disease-modification trials.

Currently, the available therapeutic options for ALS are limited. Glutamate antagonist Riluzole
is one of the approved drugs. Studies have demonstrated that Riluzole can extend survival and
decelerate functional decline in ALS patients (Miller, Mitchell, and Moore 2012). The United
States Food and Drug Administration (FDA) approved the use of Riluzole in 1995. Riluzole is
believed to employ at least three distinct mechanisms to mitigate glutamate-induced
excitotoxicity: it inhibits the release of glutamic acid, blocks NMDA receptor-mediated
responses in a noncompetitive manner, and directly affects the voltage-dependent sodium
channel (Kennel et al. 2000). Nevertheless, the precise mechanism through which it operates in
ALS remains unclear (Riviere et al. 1998).

Edaravone, which is an antioxidant, is licensed as a disease-modifying drug in certain countries,
although its impact on disease progression and survival is limited, but it has shown to slow
functional deterioration in ALS patients. Edaravone functions as a free-radical scavenger,
targeting oxidative stress, which is believed to be involved in the development of ALS (Writing
Group and Edaravone (MCI-186) ALS 19 Study Group 2017),(Hardiman and Van Den Berg
2017). Recently, U.S. FDA approved AMXO0035 as the third medication for slowing ALS
progression. It is a combination of sodium phenylbutyrate (PB) and taurursodiol (TUDCA,
TURSO). Clinical trials from 2020 showed that it could significantly slow functional decline



and extend the lives of ALS patients and improve their ability to perform daily activities (Fels
et al. 2022). Tofersen is an antisense oligonucleotide and received FDA approval in the United
States on April 25, 2023 for treating ALS in adults with a mutation in the SODI gene. Tofersen
functions by binding to the SODI mRNA, leading to its degradation and a decrease in the
synthesis of SOD1 protein, which shows a gain of function in SODI-fALS. In preclinical
investigations, the sustained intraventricular delivery of tofersen demonstrated a reduction in
both SODI protein and mRNA levels in the brain and spinal cord (Smith et al. 2006) (Blair
2023). Long-term effects of tofersen are not known yet.

Nevertheless, the therapeutic effects of these drugs remain highly limited. As a result, there is
an urgent need for identifying and validating new therapeutic targets that can lead to more

effective treatments for ALS.

1.1.6 Lack of comprehensive profiling in ALS and the power of
omics studies

A better understanding of early disease mechanisms holds the potential to aid in the discovery
of diagnostic and prognostic biomarkers, as well as novel and potentially more effective
therapeutic drug targets. While analyzing affected nervous system tissue directly remains the
main standard for understanding neuropathology, obtaining patient material is only possible
post-mortem and in restricted quantities. This limitation poses a risk of primarily describing
disease end-stages, thereby concealing crucial mechanisms that occur during earlier phases and
may present more promising avenues for drug targeting. In recent years, there has been a notable
surge in publications focusing on -omics techniques such as genomics, epigenomics,
transcriptomics, miRNA, proteomics and metabolomics concerning ALS which is nicely
summarized in a review by Caballero-Hernandez et al (Caballero-Hernandez et al. 2016). As a
result, several studies have provided significant new insights into the pathogenesis of the
disease. With advancements in structural genomics, we now know of over 20 genes that
undergo mutations, leading to familial forms of ALS (Bettencourt and Houlden 2015).

Through the use of microarray technology to analyze RNA expression patterns in postmortem
human ALS tissue, researchers have discovered notable changes in various functional clusters.
Among these clusters are apoptosis and survival, as well as cytoskeleton remodeling and axonal
transport (Aronica et al. 2015). Notably, in line with the crucial involvement of TDP-43, other
studies have corroborated the presence of abnormal exon splicing in ALS patients. These
findings have shown a remarkable enrichment of genes related to the regulation of cell-matrix

adhesion and extracellular matrix biology in motoneurons (Rabin et al. 2010). Using deep



sequencing analysis, significant alterations in gene expression were discovered in
inflammation-related genes within the monocytes of ALS patients (Zhao et al. 2017).
Furthermore, the miRNAome of ALS patients has been extensively examined in various tissues,
such as blood, CSF and spinal cord tissue (De Felice et al. 2014). Intriguingly, evidence
indicates that miRNA changes can be detected many years prior to the onset of the disease,
even in individuals who are asymptomatic mutation carriers (Freischmidt et al. 2014).

Recent studies aimed to explore synaptic dysfunction as a central factor in ALS by analyzing
the synaptic proteome in the ALS and control brains. Using advanced proteomics techniques,
the researchers identified over 6000 proteins in the isolated synaptoneurosomes. They
discovered more than 30 ALS-associated proteins, including TDP-43, FUS, SODI1, and
CI90RF72, as well as nearly 500 proteins with altered expression levels specific to ALS (Laszlo
et al. 2022). Numerous proteomic studies have explored human cerebrospinal fluid (CSF) in
search of reliable biomarkers for ALS (Barschke et al. 2017) (Ranganathan et al. 2005)
(Collins et al. 2015). Neurofilaments have already shown to be promising as disease markers
and recently, chitinases have emerged as novel targets for detection. Chitotriosidase (CHIT1),
chitinase-3-like protein 1 (CHI3L1), and chitinase-3-like protein 2 (CHI3L2) levels in the CSF
of ALS patients have been investigated, and all three chitinases, were found to correlate with
disease progression rate (Costa et al. 2021). Another study highlighted proteins such as
Nucleotide-binding oligomerization domain-containing protein 2 (NOD2) and osteopontin
(SPP1), demonstrating differential expression in the CSF and motor cortex transcriptome of
ALS patients (de Luna et al. 2022). However, it's important to note that not all of these candidate
markers have shown reproducibility to date. Phospho-proteomic analyses are relatively scarce
in animal studies and are not feasible using human post-mortem tissue due to the loss of signal.
However, an examination of the axoplasmic compartment in SOD1.G93A mice indicated a
decrease in phosphorylated tropomyosin receptor kinase (p-TRK) and an increase in
phosphorylation of Jun N-terminal kinase (p-JNK), suggesting potential dysregulation of
retrograde axonal transport (Perlson et al. 2009). On the other hand, there has been a growing
number of metabolomic analyses in ALS. Similar to proteomic studies, no single metabolomic
marker characterizing the disease has been identified so far, which is likely attributed to the
disorder's heterogeneity (Blasco et al. 2016). However Recent studies have delved into the
progression of ALS and the associated metabolic changes in patients at different disease stages.
Using magnetoencephalography (MEG), these studies showcased global brain
hyperconnectivity in both early and advanced ALS stages and identified metabolites linked to

energy deficits, neurotoxic compounds, and neurotransmitter production as characteristic of



advanced ALS (Marino et al. 2022). Furthermore, another study conducted untargeted
metabolomics analysis on plasma from two independent ALS cohorts and healthy controls,
revealing recurrently dysregulated metabolic pathways, with a notable emphasis on lipid sub-
pathways, thus indicating their significance in ALS pathomechanisms and potential as
therapeutic targets (Goutman et al. 2022).

In most of these previous studies, investigations of ALS brain tissue and biofluids have mainly
focused on individual molecular subsets, indicating the complexity and heterogeneity of ALS
as a disease. However, recent transcriptomic analysis has made progress in identifying potential
distinct ALS populations. These populations have been stratified into different subclusters
based on gene set enrichment analyses, highlighting oxidative stress, retrotransposon activation
and glial dysfunction (Eshima et al. 2023). More recently, the field has seen advancements
through studies utilizing multi-omics analysis on induced pluripotent stem cells (iPSC) derived
from ALS patients. Catanese et al analyzed transcriptional, epigenetic and mutational aspects
on hiPSC-derived motor neurons with mutations in C9ORF72, TDP-43, SOD1, and FUS, along
with datasets from patients' biopsies. A common signature was identified, indicating increased
stress and synaptic abnormalities. Epigenetic alterations were linked to abnormal transcriptional
signatures, and machine learning revealed correlations between gene sets in blood and spinal
cord transcriptomes, providing tissue-independent insights into ALS marker genes (Catanese et
al. 2023).

Approaches in identifying new ALS biomarkers, focusing on various multi-omics
biotechnology platforms like miRNomics, proteomics and metabolomics, in circulating
biofluids, which have contributed to a deeper and more comprehensive understanding of the
molecular mechanisms underlying ALS are summarized in a recent review (Mitropoulos et al.
2018). Despite numerous studies that explore ALS pathogenesis, there is a notable absence of
publications that simultaneously employ multiple -omics methods on both human samples and
animal models of the disease in a standardized manner.

While numerous studies have focused on analyzing the motor cortex in ALS, it is believed that
this region mainly represents the advanced stages of the disease due to its severe involvement
(Aronica et al. 2015). On the other hand, the PFC typically shows intermediate TDP-43
pathology at the time of death (Brettschneider et al. 2013), suggesting that studying this area
could provide valuable insights into earlier disease-related changes in post-mortem tissue. Our
recent study in the context of the MAXOMOD project, investigated early ALS pathogenesis
using an integrative multi-omics approach in the PFC of ALS patients and four mouse models

of the disease. The comprehensive analysis of transcriptomes, (phospho-)proteomes, and



miRNAomes showed sex-specific changes and identified specific human ALS-subclusters,
driven by immune response, extracellular matrix, mitochondrial respiration, and RNA
metabolism, based on transcriptome data. These molecular signatures were also observed in
corresponding mouse models. Additionally, the mitogen-activated protein kinase (MAPK)
pathway as well as exportin 1 (XPO1) emerged as early disease-relevant targets through
individual and integrative multi-omics analysis. These findings highlighted both candidates as

promising therapeutic targets for ALS patients (Caldi Gomes et al. 2023).

1.2 Exportin 1 as an important nuclear export factor

The nuclear envelope plays a vital role in creating a compartmentalized intracellular
environment essential for DNA replication, RNA synthesis, and ribosome production. This
regulation extends to cellular processes like apoptosis and proliferation. Nucleocytoplasmic
trafficking of various molecules, including RNAs, ribosomes, transcription regulators, and cell
cycle modulators, is meticulously controlled by the nuclear pore complex and transport receptor
molecules, such as the karyopherin-f family proteins (J. G. Turner, Dawson, and Sullivan
2012). Each karyopherin-f protein recognizes a distinct set of cargo proteins or RNAs and
facilitates their nucleocytoplasmic import or export by recognizing nuclear localization signals.
Chromosome maintenance protein 1 (CRM1) or XPOI1, one of the seven exportins, stands out
as the only transporter responsible for transporting over 230 proteins (Ishizawa et al. 2015).
XPOL serves as a nuclear exporter protein, possessing a pocket that allows nuclear proteins to
bind. Inside the nucleus, XPO1 binds to the nuclear export signal (NES) on its target proteins
and also to RAN in its active GTP-bound form (RAN-GTP). This complex is then docked to
the nuclear pore complex (NPC) and transported through the nuclear membrane into the
cytoplasm. When RAN-GTP is hydrolyzed to RAN-GDP, the complex disassembles, and the
cargoes are released in the cytoplasm (Figure 3A). The direction of XPO1-mediated export is
determined by the concentration gradient of RAN-GTP, which is primarily localized within the
nucleus (Azizian and Li 2020), (Darui Xu, Grishin, and Chook 2012).

Maintaining cellular homeostasis relies on proper nuclear-cytoplasmic partitioning of large
molecules, a process often dysregulated in cancer. In various human cancers, XPOIl is
frequently overexpressed and/or mutated, contributing to its oncogenic driver function, making
it an attractive therapeutic target for cancer treatment. This has led to development of various
XPOI inhibitors and them being tested in many clinical trials involving selective inhibitors of

nuclear export (SINE) compounds (Azizian and Li 2020).



Emerging evidence suggests that nucleocytoplasmic transport dysfunction is a shared pathway
contributing to neurodegeneration and the age-related vulnerability to neurodegenerative
diseases. Defective nuclear import of TDP-43 may be one such mechanism, and a study found
that karyopherin-betal and cellular apoptosis susceptibility protein play roles in regulating
TDP-43's nuclear transport (Khalil et al. 2022). Reduced expression of cellular apoptosis
susceptibility protein was observed in post-mortem brain and spinal cord samples from patients
with TDP-43 positive frontotemporal lobar degeneration and ALS (Nishimura et al. 2010).
Impaired nuclear import due to hexanucleotide repeat expansion (HRE) expression is observed

also in the fly model and C9ORF72 ALS patient-derived neurons (Ke Zhang et al. 2015).

ALS is also characterized by the exclusion of the RNA-binding protein TDP-43 from the cell
nucleus and its accumulation in the cytoplasm. The potential of SINE compounds, targeting
XPOI, to prevent neurodegeneration in ALS/FTD models has been investigated. SINE
compounds showed modest improvement in cellular survival and motor symptoms in an in vivo
rat ALS model. Interestingly, the study found that multiple pathways are involved in regulating
TDP-43 nuclear export, suggesting that targeting several overlapping mechanisms could be
more effective in preventing cytoplasmic TDP-43 accumulation in ALS/FTD (Archbold et al.
2018).

In 2019, the FDA approved KPT-330 (Selinexor), the first-in-class XPO1 inhibitor, as a fifth-
line treatment for multiple myeloma (Commissioner 2020)(https://www.fda.gov/news-
events/press-announcements/fda-approves-new-treatment-refractory-multiple-myeloma).
Selinexor binds to and inhibits XPO1, leading to the accumulation of XPO1 targets, including
tumor suppressors, in the nucleus of cancer cells (Figure 3B). This results in increased
transcription of tumor suppressor genes and affects various tumor suppressor proteins (Gandhi
et al. 2018). While XPO1 inhibition has shown promising results in rescuing TDP-43-induced
cell death and improving locomotor deficits in ALS models, recent studies suggest that the
protective effects of XPO1 SINEs may be independent of TDP-43 localization (Ederle et al.
2018). Additionally, XPOI1 inhibition has demonstrated beneficial effects in other ALS-related
models, suggesting potential therapeutic benefits beyond TDP-43 pathology, possibly through
the stimulation of autophagy (Silvestrini et al. 2018),(Wobst et al. 2020).

Despite all these studies on the involvement of nucleo-cytoplasmic transport in ALS pathology,
there is still no clear evidence of its functional neuroprotective effect. However, this does not
diminish the potential significance of targeting this process for ALS therapy, especially in

exploring other etiological aspects of ALS.
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Figure 3: Schematic representation of XPO1 and selinexor mechanism of action. (A)
XPOL facilitates the transport of various cargo molecules from the nucleus to the cytoplasm. It
recognizes and binds to the cargo molecules, forming a XPO1-Cargo-RanGTP complex and
then translocated through the nuclear pore to reach the cytoplasm, where the cargo is released.
This mechanism ensures the proper distribution of molecules between the nucleus and
cytoplasm. (B) selinexor binds to XPO1 and prevents the formation of the complex and disrupts
the normal nuclear export process, resulting in accumulation of XPO1 targets in the nucleus

(Figure generated by BioRender.com).

1.3 Mitogen-activated protein kinase kinase 2 (MEK?2)

MAPK families play crucial roles in various cellular processes, such as proliferation,
differentiation, development, transformation, and apoptosis. There are three well-characterized
MAPK families in mammalian cells: extracellular signal-regulated kinase (ERK), Jun kinase
(JNK/SAPK), and p38 MAPK. These MAPKSs regulate cell cycle machinery and other proteins
related to cell proliferation. In mammalian cells, there are at least 14 MAPKKKs, 7 MAPKKs,
and 12 MAPKSs that participate in protein kinase cascades to transmit extracellular signals and

trigger cellular responses (Widmann et al. 1999), (W. Zhang and Liu 2002).

Stimulation of tyrosine kinase receptors (RTKs) initiates a multistep process leading to the
activation of MAPKSs. This process involves various components, including protein kinases
known as MAPKK (such as MEK1 and MEK2). Ultimately, MEKs phosphorylate p44 MAPK
and p42 MAPK, also known as ERK1 and ERK2, respectively, increasing their enzymatic
activity. The activated ERKs then translocate to the nucleus, where they transactivate
transcription factors, influencing gene expression to promote growth, differentiation, or mitosis
(W. Zhang and Liu 2002). The p42/p44 mitogen-activated protein kinase cascade plays a crucial

role in cellular signaling. Combined deletion of MEK /2 in development or adulthood resulted



in a loss of ERK1/2 phosphorylation, leading to reduced cell proliferation, increased apoptosis,
skin barrier defects, and eventually, death. Furthermore, combined MEK /2 loss also halted the
hyperproliferation induced by RAF (Scholl et al. 2007).

MEK?2 is a crucial component of the RAS-RAF-MEK-ERK pathway, a chain of proteins
responsible for transmitting signals from cell surface receptors to the cell's nucleus and DNA.
This signaling cascade involves a series of activation and phosphorylation steps. When a ligand
activates a cell surface receptor, and calcium influx occurs, kinases like phosphoinositide 3-
kinases (PI3K) trigger the activation of RAS. RAS, in turn, phosphorylates RAF, p-RAF then
activates MEK by phosphorylating its activation loop, requiring phosphorylation at two specific
sites. This, in turn, leads to the phosphorylation of ERK. The entire pathway is essential for cell
proliferation and survival (Yoon and Seger 2006). Physiologically, the activation of ERK is
subject to negative feedback regulation at multiple levels, both upstream and downstream of
MEK. This feedback regulation is achieved through the induction of protein expression, such
as dual specificity phosphatases (DUSPs), and direct phosphorylation and inhibition of proteins
like RAF (Pratilas et al. 2009). When RTK is activated, resulting in higher levels of p-ERK, it
inhibits MEK phosphorylation (Figure 4A).

The RAS-dependent RAF/MEK/ERK1/2 signaling pathway plays a crucial role in regulating
cell proliferation and survival. However, abnormal activation of this pathway, either due to
receptor tyrosine kinase abnormalities or genetic mutations in RAS or RAF genes, is frequently
observed in human cancers (Song et al. 2023), (Bang et al. 1998), (Fang and Richardson 2005).
As a result, components of this pathway have become promising targets for the development of
targeted cancer therapies and foundational research has led to the clinical development of small
molecule inhibitors targeting the ERK1/2 pathway (Frémin and Meloche 2010). Recent
research findings indicate the crucial role of ERK1/2 signaling in neuronal development.
Involvement of the ERK1/2 signaling activation in the development of several ALS-related
neuropathological dysfunctions such as glial overactivation (M. Chen et al. 2019),
neuroinflammation (Kang Zhang et al. 2019) and mitochondrial dysfunction (Nowak et al.
2006) has been summarized in a recent review article (Sahu, Upadhayay, and Mehan 2021).
These findings are suggesting that ERK1/2 might significantly contribute to the development
of neurodegenerative diseases such as ALS and the use of ERK1/2 inhibitors could show
promising benefits in reducing the likelihood of various neurological disorders. Furthermore,
another study revealed that under stress conditions, cytosolic aggregates containing ERK1/2

were observed in neurons and other spinal cord cells, and abnormal phosphorylated ERK1/2



aggregates were also found in motor neurons with abnormal TDP-43 aggregates, indicating the

involvement of ERK1/2 in ALS pathogenesis (Ayala et al. 2011).

Trametinib is a highly selective and reversible allosteric inhibitor that specifically targets the
activity of MEK1 and MEK2 enzymes (Yamaguchi et al. 2011). Acting as an ATP non-
competitive inhibitor, it binds to the activation loop, which requires phosphorylation at two
specific sites for maximum activation of MEK. By inhibiting the RAF-dependent
phosphorylation of MEK1 at S217, trametinib disrupts the dual phosphorylation process of
MEK (S217 and S221), essential for its activation (Figure 4B) (Gilmartin et al. 2011a).

Very recently an unpublished study focused on MEKI1/2 inhibition by trametinib and
demonstrated some promising effects in the context of ALS treatment. The use of trametinib
led to improvements in survival rates, grip strength, motor function and protecting spinal cord
from degeneration of SOD1 G93A mice with overactivated ERK1/2 signaling. These positive
outcomes were attributed to the enhancement of lysosomal maturation and autophagic flux
facilitated by trametinib, which in turn resulted in a reduction of mutant SOD1 aggregation
(Motor Neuron Disease: Therapeutics (P293.01). Currently, trametinib is undergoing clinical
trials (Phase I/Ila) for the specific indication of ALS in Korea, showcasing its potential as a
repurposed drug candidate in this context (NCT04326283). These findings highlight the
encouraging prospects of MEK inhibition using trametinib as a promising candidate for tackling

ALS and improving the quality of life for affected individuals.
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Figure 4: Schematic representation of the RAS-RAF-MEK-ERK signaling pathway and
trametinib mechanism of action. (A) A chain of proteins in the cell communicates a signal
from a receptor on the surface of the cell to the DNA in the nucleus through the cascade of
activation and phosphorylation steps. Ligand receptor activation leads to an influx of calcium
and activation of RAS through the phosphorylation by PI3K. Phosphorylation of RAF follows.
P-RAF then activates MEK by phosphorylating its activation loop in two sites. This process
results in phosphorylation of ERK which is necessary for cell proliferation and survival.
Physiological activation of ERK is negatively feedback-regulated both downstream and
upstream of MEK and is mediated by expression of DUSPs and by direct phosphorylation and
inhibition of proteins like RAF. (B) Trametinib binds to the activation loop of MEK and disrupts
the RAF- dependent phosphorylation of MEK which results in lower P-MEK expression and
P-ERK. Pharmacologic inhibition of MEK by trametinib rapidly abrogates this feedback and
induces phosphorylation of MEK (Figure created with BioRender.com).

1.4 Objectives of the doctoral thesis

Axono-synaptic degeneration and alterations in cytoskeleton dynamics occur early in ALS
development. Due to the prominent role of RNA metabolism in ALS pathogenesis, a study of
disease mechanisms restricted to the proteome is insufficient and calls for an integrative multi-

omic analysis spanning all the way from the genotype to epigenetic (miRNA) and



transcriptomic analyses, the metabolome and (phospho-)proteome investigations. Improving
the understanding of disease mechanisms will result in the identification of better molecular
biomarkers for diagnosis, assessment of disease progression and treatment effects as well as
more targeted disease-modifying therapeutic approaches. The focus of this doctoral thesis is to
validate molecular candidates with potential implication in ALS pathology which were derived
from multiomic profiling of human PFC and PFC from transgenic mouse models of ALS
conducted in the context of the MAXOMOD consortium. Using pharmacological inhibitors,
two molecular targets were validated in stress induced mouse primary cortical cultures. The
approach taken in this work aimed to simulate cellular stresses and toxicities that are known to
play an important role in ALS pathogenesis by exposing the cells to high concentrations of
chemicals. Targets were validated, using FDA-approved inhibitors. Drug target engagement
and the toxicity were tested for different concentrations prior to the experiments. To assess
whether the compounds can mitigate the effects of cellular stress, the drugs were added at
varying concentrations prior to stress induction. In order to quantify the neuroprotective effects
of the target's inhibition, cell death and neurite outgrowth were investigated with
immunocytochemistry. A schematic overview of the project steps is demonstrated below (Fig
5). It was hypothesized that the inhibition of the dysregulated proteins could rescue cell

apoptosis and induce neurite regeneration.
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Figure 5: Schematic representation of the project: Protein and RNA were extracted from

brain tissues of 51 ALS patients and 50 control subjects, along with four transgenic ALS mouse
models and their respective wild-type controls (total n=10 brains per condition). Subsequently,
multiple-omics analyses were performed, followed by comprehensive data integration and
analysis. Potential molecular targets were selected. To validate the targets, stress-induced

primary cortical cell cultures were employed. Pharmacological inhibitors were used to modulate



the expression of the targets. The neuroprotective effects by target inhibition were assessed by
quantifying neurite outgrowth and cell death after immunocytochemistry and subsequent

imaging (Figure generated with BioRender.com).



2 Material and methods

2.1 Material

2.1.1 Postmortem human prefrontal cortex tissue samples

Human prefrontal cortex samples (Brodmann area 6) used in the MAXOMOD project were
provided by four different brain banks: the Netherlands Brain Bank, King's College London
Brain Bank (London Neurodegenerative Diseases Brain Bank), Parkinson ‘s UK Brain Bank,
Oxford Brain Bank. In total, 51 ALS and 50 control (CTR) samples (without signs of
neurodegeneration) were included. Frozen tissues were shipped on dry ice to the Department
of Neurology at the Klinikum rechts der Isar of the Technical University of Munich and stored
at -80 °C. Ethical approval for the use of human tissue was obtained from the Ethics
Commission (EC) of the University Medical Center Gottingen (2/8/18 AN) and the EC of the
Technical University Munich (145/19 S-SR). A further characterization of the patients

demographics and clinical parameters is provided elsewhere (Caldi Gomes et al. 2023).

2.1.2 Mouse prefrontal cortex samples

Multi-omic studies were conducted using four transgenic mouse models that encompassed the
most common genes associated with ALS. All procedures related to animal care and
experimentation in this research adhered to the relevant animal welfare regulations and received
approval from the respective regulatory bodies at the participating research institutions. The
mice were kept in standard cages within a pathogen-free facility, following a 12-hour light-dark
cycle, and provided with unrestricted access to food and water. B6;129S6-Gt
(ROSA)26Sortm1(TARDBP*M337V/Ypet) Tlbt/J mice (Gordon et al. 2019)(TDP-43-mice)
were provided by the laboratory of Prof. Pasterkamp, Department of Translational
Neuroscience of the University Medical Center Utrecht. This model was generated by inserting
an 80 kb genomic fragment carrying the human T7ARDBP locus (including a patient-derived
M337V mutation). TDP-43 transgenic and control wild-type animals were sacrificed at the age
of 26 weeks (presymptomatic stage) for biomaterial collection. B6SJL-Tg
(SOD1*G93A)1Gur/J mice (Gurney et al. 1994) (SOD1-mice) were provided by the laboratory
of Dr. Bonetto in Translational Biomarkers, IRCCS-Istituto di Ricerche Farmacologiche
“Mario Negri” (IRFMN) Milano. Male mice carrying a high-copy number of the B6 congenic
Tg (SOD1G93A)1Gur/J] SOD1IG93A mutation, obtained from Jackson Laboratory, were

crossbred with C57BL/6 female mice to produce two groups of mice: non-transgenic mice and



mutant transgenic mice expressing G93A*SOD1. Both SOD1 transgenic and control mice were
euthanized at 14 weeks of age (presymptomatic stage) (LaClair et al. 2020). C9orf72-mice were
provided by the laboratory of Prof. Edbauer at the German Center for Neurodegenerative
Diseases in Munich. Animals were generated by electroporating plasmids for conditional
expression of dipeptide repeat proteins (DPRs) which were produced by inserting GFP-
(GA)175 genes (encoded using non-repeating alternate codons) downstream of a floxed stop-
cassette in the pEX CAG stop-bpA vector, into murine RMCE embryonic stem cells at the
Rosa26 Safe Harbour. Mouse lines GAstop with germ-line transmission were backcrossed to
the C57BI6N background until >98% purity was confirmed using SNP genotyping. C9orf72
transgenic and control animals were euthanized at 4.5 weeks of age, during the early
symptomatic stage. Tg (Prnp-FUS) WT3Cshw/J mice, referred to as FUS mice, (Mitchell et al.
2013) were also provided by the Bonetto Lab of Translational Biomarkers, Istituto di Ricerche
Farmacologiche Mario Negri IRCCS Milano, and were sacrificed at 4 weeks after birth. In each
model, ten transgenic and ten non-transgenic mice were carefully selected and balanced for sex

and PFC were dissected as described in methods (Tissue sampling section).

2.1.3 Reagents, buffers and chemicals

Table 1: List of reagents, buffers and chemicals used in experiments.

Reagent

Producer

1-Bromo-3-Chloropropane

Sigma Aldrich (USA)

2.5 % Trypsin 10X

Thermo Fisher Scientific (USA)

2-Propanol

AppliChem, (Germany)

Ammonium chloride Merck (Germany)

B-27 Plus Supplement (50X) Thermo Fisher Scientific (USA)
Bovine serum albumin Sigma Aldrich (USA)

DNAse | Merck (Germany)

Ethanol absolute AppliChem, (Germany)

Fetal bovine serum Sigma Aldrich (USA)
Formaldehyde solution Sigma Aldrich (USA)

Glyco blue coprecipitant Invitrogen, (Germany)

Goat Serum (10X) Sigma Aldrich (USA)

HBSS (10X) Thermo Fisher Scientific (USA)
Holo-Transferrin Sigma Aldrich (USA)
L-glutamic acid Tocris (UK)

MES-SDS Buffer (20X) Thermo Fisher Scientific (USA)
Mounting medium with DAPI Abcam (UK)

Mouse purified Laminin

Thermo Fisher Scientific (USA)

Neurobasal Plus Medium

Thermo Fisher Scientific (USA)

Nitric Acid

Sigma Aldrich (USA)

Nuclease-Free Water

Sigma Aldrich (USA)

NuPAGE LDS sample buffer(4X)

Thermo Fisher Scientific (USA)




NuPAGE sample reducing agent (10X)

Thermo Fisher Scientific (USA)

PBS (10X), pH 7,4

Thermo Fisher Scientific (USA)

PBS-T (1%)

Thermo Fisher Scientific (USA)

Penicillin-Streptomycin-Neomycin (PSN) 100X

Thermo Fisher Scientific (USA)

PhosSTOP (Phosphatase Inhibitor Sigma Aldrich (USA)
Poly-D-Lysine Merck (Germany)
Poly-L-Ornithine Merck (Germany)
Ponceau Sigma Aldrich (USA)
Protease Inhibitor mix Sigma Aldrich (USA)
RIPA Lysis Buffer Thermo Fisher Scientific (USA)
Selinexor (KPT-330) Catalog No. A12582 Adooq Bioscience (USA)
Skim milk powder Sigma Aldrich (USA)
Sodium arsenate dibasic heptahydrate Sigma Aldrich (USA)
Sodium bicarbonate Merck (Germany)
Sodium-L-glutamate monohydrate Merck (Germany)

Tween 20 Sigma Aldrich (USA)
Trametinib (HY-10999) Medchemexpress (USA)
Triton X-100 AppliChem (Germany)

Trizol

Ambion life technology (USA)

2.1.4 Antibodies

Table 2. List of antibodies.

Antibody Producer

Alexa Fluor™ 488 Goat anti-mouse (# A-11034) Life technologies GmbH
(Germany)

Anti-G3BP antibody [2F3] (ab56574) Abcam (UK)

Anti-MAP2 polyclonal rabbit (188002) Synaptic systems (Germany)

Cleaved Caspase-3 (Aspl75) Antibody (#9661) Cell Signaling (USA)

Cy™3 AffiniPure Goat Anti-Rabbit IgG (H+L) (111-

165-144)

Exportin-1/CRMI1(D6V7N) #46249 Cell Signaling (USA)
GAPDH Rabbit mAB (14C10) Cell Signaling (USA)
GFAP monoclonal antibody #13-0300 Invitrogen (USA)
Lamin B1 Rabbit polyclonal antibody (12987-1-AP) | Proteintech (USA)
MAP2 Antibody mouse (#4542) Cell Signaling (USA)
MEK2 Antibody #9125 Cell Signaling (USA)
P44/42 MAPK (ERK1/2) antibody #9102 Cell Signaling (USA)
p62/SQSTMI1 Antibody (P0067) Sigma Aldrich (USA)
Phospho-MEK1/2(Ser217/221) #9121 Cell Signaling (USA)

Phospho-p44/42 MAPK(ERK1/2) #9101

Cell Signaling (USA)

Jackson ImmunoResearch (USA)




2.1.5 Kits and primers

Table 3: List of kits and primer assays

Kit/Primer Producer

Agilent RNA 6000 Nano kit Agilent technologies

BCA Pierce Assay Kit Thermo Fisher Scientific (USA)
miScript SYBR Green PCR Kit Qiagen (Germany)
Mm_GAPDH 3 SG Quantitect Primer Assay Qiagen (Germany)

Mm Map2k2 1 SG Quantitect Primer Assay Qiagen (Germany)

Mm XPO1 SG Quantitect Primer Assay Qiagen (Germany)

Quantitect Reverse transcription kit Qiagen (Germany)

RNA Clean & Concentrator-5 KIT Zymo research (USA)
SuperSignal West Pico PLUS Chemiluminescent Thermo Fisher Scientific (USA)
Substrate

ToxiLight Cytotoxicity Kit Lonza (Switzerland)

2.1.6 Equipment

Table 4. List of equipment.

Equipment Producer
20-G Quincke spinal needle Becton Dickinson, USA
Agilent 2100 Bioanalyzer Agilent (USA)

Cell culture plates

Greiner Bio-one, Germany

Cell scraper

TPP Techno plastic (Switzerland)

Centrifuge 5424 R Eppendorf (Germany)
CO2 incubator Binder (Germany)
Eppendorf tubes Eppendorf (Germany)
FusionSL Chemiluminescence & | Vilber Lourmat (France)

Fluorescence Imaging Systems

Herasafe 20301 cell culture hood

Thermo Fisher Scientific (USA)

iBlot2 gel transfer device and transfer stack

Thermo Fisher Scientific (USA)

Master cycler

Eppendorf (Germany)

Multifuge 3SR+ Centrifuge

Thermo Fisher Scientific (USA)

Multirun Incubation shaker

Infors HT (Switzerland)

Nanodrop One Thermo Fisher Scientific (USA)
NuPAGE™ 4 to 12%, Bis-Tris Invitrogen (USA)

Pasteur pipette Corning (USA)

PowerPac Universal power supply Biorad (Germany)

Quant Studio 3 g-RT-PCR

systemThermo Fisher Scientific (USA)

QuantStudio 5 gPCR

Thermo Fisher Scientific (USA)

Tecan Infinite 200 Microplate Reader Group AG (Switzerland)
Thermomixer Comfort Eppendorf (Germany)
U-100 insulin syringes B Braun omnifix (Germany)
VXR basic Vibrax IKA (Germany)

Water bath Memmert (Germany)

Zeiss Observer Z1 Fluorescence Carl Zeiss AG (Germany)

Microscope




2.1.7 Software

Table 5. List of software used for experiments, data analysis and figure design.

Software Producer

Image J Fiji Version 2.9.0/ National Institutes of Health (USA)
SNT ImageJ Plugin Version 4.1.15

GraphPad Prism 9 GraphPad software (USA)
Inkscape Sodipodi

Biorender Biorender (Canada)

QuantStudio Design and Analysis Thermo Fisher Scientific (USA)
Software v1.5.1

2.2 Methods

2.2.1 Tissue sampling

Frozen tissue blocks from human brains were punched with 20-G Quincke spinal needle
(Becton Dickinson, Franklin Lakes, NJ, USA) and around 20 mg of tissue were collected into
RNAse/DNAse free tubes for each sample. Tissue punches were kept at -80 °C until further
use. To prepare the prefrontal cortex regions from fresh mouse brains, animals underwent
perfusion with 50 ml of ice-cold PBS prior to microdissection. The head was separated by
cutting at the skull's base and removing the skin. The skull was extracted through small
incisions, and the prefrontal cortex region from both hemispheres was microdissected. The
olfactory bulb and cerebellum were removed by cutting at the cerebellar peduncle, starting from
the olfactory bulb and proceeding along the interhemispheric fissure using fine-tipped tweezers.
The cortex was then separated from the rest of the brain. Incisions were made in the middle of
the cortex to extract the prefrontal cortex (PFC). The freshly prepared PFC samples were
collected in nuclease-free tubes and stored at -80 °C until they were used for RNA isolation

experiments.

2.2.2 RNA isolation

Total RNA was isolated from human and animal prefrontal cortex samples using Trizol Reagent
(Ambion Life Technology, USA). All RNA-related experiments were performed under an
RNA-workstation fume hood. Briefly, 500 pl of Trizol Reagent was added to each sample and

tissues were homogenized using a plastic homogenizer, followed by the addition of 50 ul of 1-
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Bromo-3-Chlor-Propane (Sigma Aldrich, USA). The reaction tubes were mixed by inversion
for 10 -15 seconds and incubated at room temperature (RT) for 3 minutes. The lysates were
centrifuged at 12.000 x g for 20 minutes / 4 °C, leading to phase separation. The RNA-
containing aqueous phase was collected and transferred to a fresh nuclease-free tube. RNA
precipitation was performed by adding 250 pl of 2-propanol (AppliChem, Germany) and 2 ul
GlycoBlue Co-precipitant (15 mg/ml) (Invitrogen, Germany), followed by mixing and
overnight incubation at -20°C. Next, the samples were centrifuged at 12.000 x g for 30 minutes
/ 4°C, the supernatant was discarded and the RNA pellets were washed three times with 75%
ice-cold ethanol (AppliChem, Germany). The pellets were dried for 5 minutes under the fume
hood, reconstituted with 15-20 pl of nuclease-free water (Sigma Aldrich, USA) and RNA
samples incubated at 55°C for 2 minutes in a thermoshaker in order to completely dissolve the
RNA.

After the RNA isolation, a DNAse treatment was performed in order to remove any DNA
contamination from the samples using RNA Clean & Concentrator-5 KIT (Zymo Research,
USA). For that, 5 pl of 10X DNAse I Incubation buffer (Life Technologies, Carlsbad, CA,
United States), 5 pl DNase I (2U/ul) and 0.5 pl -RNase OUT (40U/ul) were added to each
sample. Samples volume was filled up to 50 pl by the addition of nuclease-free water, followed
by incubation at 37 °C For 20 minutes. Finally, the RNA samples were cleaned and
concentrated with the RNA Clean & Concentrator-5 KIT (Zymo Research, Irvine, CA, USA),

following the manufacturer’s instructions.

2.2.3 Determination of nucleic acid concentration and purity

Directly after RNA isolation, nucleic acid concentration and purity were measured in the
NanoDrop One spectrophotometer (ThermoFisher, Waltham, MA, USA). Spectrophotometric
quantification in the NanoDrop system required 1 pl of each sample. For RNA samples used in
RNA sequencing experiments, RNA integrity was assessed with the Agilent 6000 Nano Chip
in the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).

2.2.4 RNA sequencing experiments

mRNA and small RNA sequencing experiments were performed by Prof. Schlapbach's
laboratory in the Functional Genomics Center Zurich. All samples were quantified and quality
controlled with the Fragment Analyzer, Advanced Analytical Technologies, Inc. 100 ng of each
sample was used to generate mRNA libraries according Truseq mRNA Stranded protocol

instructions. Ready libraries were again quality-controlled with the Fragment Analyzer.



Libraries were pooled and sequenced on the Illumina Nova Seq-sequencer. For the mRNA
sequencing, total RNA libraries were prepared using either the TruSeq Stranded mRNA
(Illumina, Inc, California, USA) (Short Read Sequencing), or the SMARTer® Stranded Total
RNA-Seq Kit v2 -Pico Input Mammalian (A Takara Bio Company, California, USA) (Short
Read Sequencing). Briefly, In the TruSeq protocol, RNA samples (100-1000 ng) underwent
poly-A enrichment and reverse transcription into double-stranded cDNA. After fragmentation,
end-repair, and adenylation, TruSeq adapters with unique dual indices (UDI) were ligated for
multiplexing. PCR was used to enrich fragments with adapters on both ends, resulting in an
average size of 260 bp. Libraries were normalized to 10 nM. For the SMARTer® Stranded
Total RNA-Seq Kit v2 -Pico Input Mammalian protocol, RNA samples (0.25-10 ng) were
reverse-transcribed with random priming and a template switch oligo (TSO). PCR added full-
length Illumina adapters, including multiplexing indices. ZapR cleaved ribosomal cDNA, and
a second PCR enriched remaining fragments (average size 360 bp). Libraries were normalized
to 5 nM. Quality and quantity were validated with a Fragment Analyzer or Tape station.
Sequencing was performed on a Novaseq 6000 with single-end 100 bp configuration. For small
RNA sequencing with RealSeq-AC miRNA, RNA samples (1 ng - 1 ug) were ligated,
circularized, reverse-transcribed, and amplified with sample barcodes. The library had an
approximate fragment size of 149 bp, normalized to 10 nM. Quality and quantity were verified,
and sequencing was done on a Novaseq 6000 with single-end 100 bp configuration.

Transcriptomics data was processed using the Next Flow Core RNASeq pipeline (version 3.0)
and demultiplexed with bcl2fastq. Quality checks were conducted using FastQC. Salmon (tool
for quantifying the expression of transcripts using RNA-seq data) was employed for pseudo
alignment and quantitation, with indices built from GENCODE annotations (vM26 for mice
and v37 for humans). Count matrices from Salmon were used for subsequent analysis. Principal
Component Analysis and heatmaps used these count matrices after filtering and normalization
via a variance stabilizing transformation, without knowledge of the experimental design. Genes
with at least ten counts in 50% of samples within any condition and sex were retained after
filtering. Differential expression analysis with DESeq2 was followed by gene set enrichment
analysis on Gene Ontology terms using the cluster Profiler R package. Terms with gene counts
between 10 and 500 were selected, and p-values were adjusted using the Benjamini-Hochberg

correction.



2.2.5 Reverse transcription

For quantitative real-time PCR experiments (q-RT-PCR), complementary DNA (cDNA)
synthesis was performed. For miRNA g-RT-PCR validation experiments, 1 pg of RNA from
each sample were reverse transcribed using the QuantiTect reverse transcription Kit (Qiagen,
Hilden, Germany). All steps were performed on ice. A master-mix was prepared for each RT
reaction, as follows: 2 ul gDNA wipeout buffer, 7x, 1pg of the RNA and RNase-free water up
to 14 ul followed by incubation for 2 min at 42 °C and putting immediately on ice this step was
performed in order to eliminate the genomic DNA in the samples. The master mix for the
reverse transcription step was prepared (Table 7). Following the addition of the master mix to
the samples, the reaction tubes were incubated for 15 minutes at 42 °C in the Master cycler
nexus gradient PCR thermocycler (Eppendorf, Hamburg, Germany), followed by incubation at
95 °C for 3 minutes to inactivate the reverse transcriptase. cDNA samples were diluted 1:2 in
nuclease-free water and stored at -20 °C until g-RT-PCR experiments. To determine the total
gene expression levels of selected targets, q-RT-PCR reactions were conducted in the
QuantStudio 3 system (ThermoFisher, Waltham, MA, USA) using GAPDH as a housekeeping
control. MicroAmp Optical 96-Well Reaction Plates (Applied Biosystems, Foster City, CA,
USA) were prepared at room temperature and the reaction plates were tightly sealed with a
heat-sealing adhesive film before placement inside the cycler. Reaction volumes were

calculated as described in the tables below.

Table 7. Reverse-transcription reaction components.

Component Volume/reaction
Quantiscript reverse transcriptase 1 pl

Quantiscript RT buffer, 5X 4 ul

RT primer mix 1 pl

Template RNA 14 ul

Total reaction volume 20 ul

2.2.6 Quantitative Real-Time Polymerase Chain Reaction (¢q-RT-
PCR)

To determine gene expression levels of targets in toxicity models, q-RT-PCR reactions were
conducted in the QuantStudio 3 system (ThermoFisher, Waltham, MA, USA). For g-RT-PCR
experiments, the QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany) was used, and
gene expression was normalized to the housekeeping control GAPDH. MicroAmp Optical 96-

Well Reaction Plates (Applied Biosystems, Foster City, CA, USA) were prepared at room



temperature and the reaction plates were tightly sealed with a heat-sealing adhesive film before
placement inside the cycler. Reaction volumes were calculated as described in table 8. PCR
initial activation step starts with 15 min at 95 °C followed by 3-step cycling denaturation 15 s,
94 °C, annealing, 33 s, 55 °C, extension 30 s, 70 °C and 40 cycles. The relative expression
levels of miRNA and mRNA species were calculated by the AACt method (delta-delta-Ct). Ct

values for each sample were compared to the average of ACt of the respective control group.

Table 8. QuantiTect g-RT-PCR reactions master mix.

Component Volume/reaction
SYBR green 7.5 pl

Primer 1.5l

RNAse free water 4 ul

cDNA 2 ul

Total reaction volume 15 ul

2.2.7 Proteomics analysis of mouse and human PFC tissue
samples

Proteomics analysis was performed by the Dr. Carapito's Lab in BioOrganic Mass Spectrometry
Laboratory, Institut Pluridisciplinaire Hubert Curien, University of Strasbourg. Briefly,
prepared tissues were homogenized with a biomasher using 350 ul MeOH: H20 (4:1). Protein
pellets were reconstituted in 200 pl Laemmli buffer (10% SDS, 1 M Tris pH 6.8, and glycerol)
and then centrifuged at 16.600 x g at 4 °C for five minutes. The protein concentration was
determined following the manufacturer's instructions using a DC assay (Bio-Rad, Hercules,
CA, USA). Subsequently, each sample containing 100 pg of protein lysate was heated at 95 °C
for five minutes, loaded onto a 5% acrylamide SDS-PAGE stacking gel, and subjected to
overnight digestion at 37 °C using modified porcine trypsin (Mass Spectrometry Grade,
Promega, Madison, WI, USA) at an enzyme—protein ratio of 1:80 after prior reduction and
alkylation of the gel bands. The resulting peptides were extracted using 60% acetonitrile (ACN)
followed by 100% ACN, and they were resuspended in a solution containing 30 ul of H20, 2%
ACN, and 0.1% fluoroacetic acid. To serve as internal quality controls (QCs), iRT peptides
(Biognosys, Schlieren, Switzerland) were added to each sample. NanoLC-MS/MS experiments
were carried out utilizing a nanoAcquity UltraPerformance LC (UPLC) system (Waters in
Milford, MA, USA), which was coupled to a Q-Exactive Plus Mass Spectrometer (Thermo

Fisher Scientific, USA). For the analysis, samples containing 800 ng of protein were loaded



onto a precolumn, and peptides were separated through the use of an ACQUITY UPLC
BEH130 C18 column employing a gradient. The mass spectrometry system operated in a data-
dependent acquisition (DDA) mode, which alternated between MS and MS/MS modes,
selecting the ten most abundant precursor ions for further isolation. Periodic injections of
quality control samples were conducted. Raw data processing was carried out using MaxQuant
version 1.6.14, and the Andromeda search engine was used to identify peaks based on a protein
sequence database. To ensure data accuracy, false discovery control measures were
implemented, and protein intensities were extracted for subsequent statistical analysis. The
MaxQuant protein vs. sample table was utilized for downstream analyses. After filtering out
proteins with low abundance (detected in less than 50% of samples across different conditions
and sexes) and imputing missing values, log2-transformed intensities were utilized for principal
component analysis, heat map generation, and differential abundance analysis. Linear modeling
was performed using the limma package, and p-values were adjusted using the Benjamini—

Hochberg correction.

2.2.8 Primary cortical culture from mice

Cortical neuronal cell cultures were prepared from C57B1/6J mouse pup postnatal day O or
1(PO-P1). The protocol for generating the primary neuronal cell cultures was in accordance with
local and international guidelines on the ethical use of animals. Animal care followed official
governmental guidelines and all efforts were made to minimize the number of animals used and
their suffering. Pups were decapitated and the brains were collected in dissection media
containing 10X Hanks balanced salt solution (HBSS) (Thermo Fisher Scientific, USA) and
sodium bicarbonate (Merck, Germany). The cortex was dissected, the meninges were removed
and small pieces of the cortex were collected in a reaction tube. Tissues were trypsinized at 37
°C in a water bath for 13 min and was treated with 200 pl of DNAse I (10 mg/ml) (Merck,
Germany). Tissues were triturated in fetal bovine serum with a fire polished pasteur pipette
until tissue pieces were disintegrated and then it was centrifuged for 4 min at 800 g. Cell pellet
was suspended and maintained in neurobasal medium (Thermo Fisher Scientific, USA)
supplemented with B27 (Thermo Fisher Scientific, USA) and antibiotics (0.06pg/mL penicillin
and 0.1pg/mL streptomycin). The cells were seeded at a density of 300.000 cells per well in 24-
well plates, respectively. Before cell seeding, coverslips were acid-washed overnight and rinsed
many times with water. Coverslips were then sterilized with ethanol overnight and UV lighted
for at least 30 min after being placed in the 24-well plate. The plates were then coated with
poly-L-ornithine (0.05 mg/mL) (Merck, Germany) overnight and Laminin (1:1000) (Thermo



Fisher Scientific, USA) for 2 h in the incubator before use. The cells were cultured at 37 °C in
a humidified atmosphere containing 5% CO2 for 7 days prior to experimentation. Medium was

exchanged every 3 days.

2.2.9 Toxicity induction in primary cortical culture from mice

Glutamate-induced excitotoxicity in mouse primary cortical culture was induced by treating the
cells at day in vitro 7 (DIV7) with glutamate. L-glutamic acid (Tocris, UK) was dissolved in 50
mM sodium hydroxide (NaOH), and a stock solution of 50 mM was prepared prior to use. An
appropriate concentration of glutamate was prepared in maintenance media (neurobasal
medium supplemented with B27 and antibiotics). Cells were exposed to 5 mM glutamate by
exchanging 1:3 of the media. After 6 h of incubation, glutamate was washed out thoroughly
and the cells were fixed for immunocytochemistry or lysed for protein extraction.

Sodium arsenite (Sigma Aldrich, USA) was prepared first at the 0.05 M concentration stock by
dissolving the powder in distilled water. An appropriate concentration of sodium arsenite was
prepared in maintenance media (neurobasal medium supplemented with B27 and antibiotics).
Cells were exposed to 10 mM sodium arsenite by exchanging 1:3 of the media. After 3 h of

incubation, cells were fixed for immunocytochemistry or lysed for protein extraction.

2.2.10 Protein extraction from cell culture, determining protein
concentrations and Western blotting

For protein extraction, cells were washed once with 1X PBS. RIPA lysis buffer (Thermo Fisher
Scientific, USA) containing protease inhibitor cocktail (Sigma Aldrich, USA) 1:25 and
phosphatase inhibitor (Sigma Aldrich, USA) 1:20 was added and the plate was incubated on
ice for 5 min. Cells were scratched with a cell scraper on ice and transferred in Eppendorf tubes
and homogenized by passing through the U-100 insulin syringes a few times. protein
concentration was determined using Thermo Scientific™Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, USA) following the manufacturer’s instructions. 1 pl of a protein
sample was used in the assay. The prepared colorimetric reactions were read in the ELISA plate
reader (Group AG, Switzerland). 20 mg of the samples were loaded in the gel. NuPAGE LDS-
sample buffer 1:4 (Thermo Fisher Scientific, USA) and sample reducing buffer (Thermo Fisher
Scientific, USA) 1:10 was added to lysed protein before loading in the gels and incubated
shaking at 75 °C for 13 min followed by centrifugation at 12000 g at 4 °C for 2 min. Proteins
were separated by gel electrophoresis using 200 volts. Proteins were transferred to a

nitrocellulose membrane using the iBlot2 gel transfer device and transfer stack (Thermo Fisher



Scientific, USA). Membranes were blocked for 30 minutes at room temperature with 5% nonfat
milk (Sigma Aldrich, USA) or 4% bovine serum albumin (Sigma Aldrich, USA) in 0.05%
tween-PBS followed by incubation with primary antibodies (diluted in blocking buffer)
overnight at 4 °C under rotation. After washing 4 times with PBST (5 min each time) the
membranes were incubated with highly-sensitive HRP-labeled secondary antibodies (1:10,000
diluted in blocking buffer) at room temperature for 1 h followed by intensive washing with
PBST. Blots were incubated with ECL reagent using SuperSignal West Pico PLUS
chemiluminescent substrate kit (Thermo Scientific, USA) for 5 min following the
manufacturer’s instructions. Protein bands were visualized on a BioRad Molecular Imager

ChemiDoc™ (Vilber lourmat, France) and quantified with Image J Software.

2.2.11 Subcellular fractionation of primary cortical neuron lysates

Cultured mice cortical neurons were lysed using the subcellular fractionation buffer (Table 9).
Cells were scraped immediately and transferred to Eppendorf tubes. Lysate was homogenized
by passing it through a needle 10 times and incubated on ice for 20 min. Lysate was centrifuged
at 1000 G for 5 min. The supernatant (first fraction S1) was collected. The pellet was washed
by adding a fractionation buffer and dispersing the pellet by pipette and passing through the
needle 10 times. After centrifugation at 1000 g for 10 min, supernatant (second fraction S1)
was collected and added to the first S1 and pellet (nuclear pellet P1) was resuspended in 74 pl
of the fractionation buffer with 10% glycerol and 0.1% SDS and passed through needle again

for homogenization.

Table 9. Fractionation Buffer (50 ml 1x solution).

Ilih];ZIPES (pH 7.4) 1ml

KCI 0.0373 g
MgCl, 75 ul from 1 M
EDTA 100 pl from 0.5 M
EGTA 100 pl from 0.5 M
150 mM Sucrose 428 g

1 mM DTT (IM)* | 10 pl (Per 10 ml)
PI Cocktail (IIN)* | 50 ul (Per 10 ml)

*Added just before use



2.2.12 Toxilight toxicity assay

For detecting the toxicity range of different concentrations of the inhibitors (selinexor and
trametinib), the ToxiLight cytotoxicity assay kit (Lonza, Switzerland) was used. On DIV4 of
the primary neuronal cell culture, one third of the media was exchanged with the fresh media
mixed with the required concentrations of the inhibitors. Toxilight assay was performed on
timepoints 24 h, 48 h and 72 h after adding the inhibitors. The typical sensitivity of the assay is
<10 cells/well. The assay can also be used on samples of culture media taken from experimental
wells so, media was directly taken from the 24 wells culture plate and diluted to be scaled down
to the detection range of the kit. ToxiLight 100% lysis reagent, adenylate kinase (AK) assay
buffer was brought to room temperature and the kit instructions were followed. 10 ml of assay
buffer were added into the bottle containing the AK detection reagent (AKDR). After 10
minutes, 100 pl of AKDR and 20 pl of the diluted cells was transferred into a new 96-well plate
(2x wells for each condition). RIPA was added to one of the wells and the lysed cells were used
as positive control. After 15 min of incubation, the plate was centrifuged for 1 min at 800 rpm.
The plate was placed into the TECAN luminometer and a 1-second read was taken of each well

using a preconfigured protocol TECAN i-control software.

2.2.13 Immunocytochemistry and microscopy

Cells were cultured on coverslips following the described methods and were immunostained at
DIV7 neuronal culture according to standard techniques. Cells were fixed with 4%
paraformaldehyde (Sigma Aldrich, USA) in PBS at room temperature for 10 minutes. For
quenching the free aldehyde groups, cells were treated with 50 mM ammonium chloride
(Merck, Germany) for 15 min and then washed with PBS 2X (5 min each). Permeabilization of
the cell membrane was done by applying PBS with 0.25% Triton X-100 (AppliChem,
Germany) for 10 min at RT. Nonspecific binding sites were blocked by applying 10% goat
serum in PBS for at least 20 min. Required concentrations of primary antibodies were prepared
in blocking solution to a final volume of 180 pl per 18-mm coverslip and cells were incubated
for 90 min at 37 °C shaking. The following primary antibodies were used: mouse anti-MAP2
(1:500) (Cell Signaling, USA), rabbit anti-cleaved caspase 3 (1:250) (Cell Signaling, USA),
mouse anti-G3BP1 (1:500) (Cell Signaling, USA), rat anti-GFAP (1:500) (Invitrogen, USA),
rabbit anti-MAP2 (1:500) (Synaptic systems, Germany), rabbit anti-XPO1 (1:500) (Cell
Signaling, USA), rabbit anti-p62 (1:500) (Sigma Aldrich, USA). Cells were washed 3 times for
5 min with PBS before applying the secondary antibodies. Secondary antibodies Alexa Fluor™
488 Goat anti-mouse (Life technologies GmbH, Germany) or Cy™3 AffiniPure Goat Anti-



Rabbit IgG (Jackson ImmunoResearch, USA) were applied to cells (1:250), and incubated for
30 min followed by repeating the washing steps. For double staining, a second primary antibody
was added and the same steps were repeated. Coverslips were mounted on slides using a
mounting medium with DAPI (Abcam, UK). Images were acquired with a 63x oil objective on
a Zeiss inverted fluorescence microscope (Zeiss, Oberkochen, Germany) and analyzed by
Image J software. Fifteen random images from each coverslip were analyzed for cell death by
counting the number of cleaved caspase-3 positive cells. Average Neurite length were measured

using the simple neurite tracing (SNT) plugin in Image j software.

2.2.14 Bioinformatics analyses

Small RNA and RNA sequencing data processing and mapping, mass spectrometry analysis
data processing and mapping, differential expression and sample correlation analyses, gene
ontology and pathway enrichment analyses and weighted gene co-expression network analysis
(WGCNA) were performed by the University Medical Center Hamburg-Eppendorf, Institute of
Medical Systems Biology, Hamburg, Germany, in collaboration. Detailed methods and tools
that were used are provided elsewhere (Caldi Gomes et al. 2023) Statistical analysis of
validation experiments was done using GraphPad Prism 9. Ordinary one-way Analysis of
variance (ANOVA) was used to determine the significant differences between more than two
conditions for WB data, q-RT-PCR relative expression data and for ICC quantification data.
Unpaired t-tests were conducted to assess significant differences in mean values between two
conditions (stressed and non-stressed cells) in toxicity models establishment experiments.
Identifying outliers were performed using Grubbs test (Alpha = 0.1). Data are given as mean =+

standard error of the mean (SEM). Differences were considered significant when p < 0.05.



3 Results

3.1 Identification of novel pharmacological targets based
on multi-omic data integration

Because of the incomplete understanding of ALS disease mechanisms, particularly in early
stages of the disease, the MAXOMOD project aimed at characterizing the molecular changes
in ALS-affected brains to identify molecular determinants and novel mechanisms of
motoneuron degeneration. In the scope of the E-Rare-2018-funded multinational research
consortium this project conducted a multi-omic profiling of ALS-affected brains. In
collaboration with different research groups in Europe we analyzed well-characterized human
postmortem tissue from the prefrontal cortex (region BA6) of sporadic ALS patients (n=51)
and age-adjusted control subjects (n=50) from four European brain banks. RNA and protein
were isolated from brain tissue and samples were subjected to genotyping, transcriptomic,
proteomic and micro-RNAomic analysis, followed by data integration. In addition, we
compared these findings with four transgenic mouse models of ALS bearing mutations in the
four most common ALS-causative genes: SODI, C9ORF72, TARDBP and FUS. The results of
this study revealed multiple differentially expressed genes and proteins as well as deregulated
molecular pathways in ALS-affected brains. It also identified transcriptome-based human ALS-
subclusters that are driven by specific cellular processes such as immune response, extracellular
matrix, mitochondrial respiration, and RNA metabolism. Interestingly the molecular signatures
of human subclusters are reflected in specific mouse models. Hierarchical clustering for
enriched pathways revealed four distinct molecular subgroups: C1-C4. In summary, this study
shows that molecular subclusters and sex-specific differences drive the heterogeneity in the
PFC of ALS patients (Caldi Gomes et al. 2023). In general, this study provides valuable insights
into the molecular changes occurring in ALS-affected brains and contributes to the
identification of potential targets for further research and the development of therapeutic
strategies.

A major goal of the MAXOMOD project was the identification of novel molecular targets as
early denominators of ALS pathogenesis that could be addressed by drug candidates. The
selection of potential pharmacological targets was achieved by performing weighted gene co-
expression network analysis (WGCNA) based upon deregulated transcripts- and proteins from
PFC samples of ALS- and CTRL samples and the four mouse models. While we observed
transcriptional and cell composition differences between mouse models and human ALS

clusters, we found consistent changes in MAPK signaling in TDP43-, SOD1-, and C9orf72-



models as well as in human ALS samples. Moreover, analysis of subclusters shows that the
classical MAPK pathway was deregulated in 3 of these subclusters. Deregulation of MAPK
pathways is a common theme in both human ALS and mouse transcriptomes.

MEK?2 is an important component of this pathway and intimately related to neuronal
differentiation, microtubule assembly also neuronal survival, and it was deregulated for
proteomics in the C9orf72 (males and females) and SOD1 (females) model. It was also
identified as one of the most deregulated pathways in WGCNA analyses for these models.
WGCNA transcriptomic enrichment results for CO9orf72: Pathway Description=MAPK
signaling pathway; pvalue= 7.30E-05; padj= 0.019865724; Gene Count= 18; Gene
Ratio=18/196. For SOD1: Pathway Description=MAPK signaling pathway; pvalue= 3.83E-06;
padj= 0.000409475; Gene Count= 48; Gene Ratio= 48/747. Functional enrichment showed a
strong representation of the MAPK signaling pathway particularly in the human samples, but
also in almost all other transgenic mouse models of ALS (Fig. 6) (Caldi Gomes et al. 2023).
Differential expression analysis in SOD1 animals showed XPO1 as the most differentially
expressed protein in both sexes (padj=0.052) as well as showing corresponding increased gene
expression levels in the same model. This protein is a major regulator of nuclear RNA export.
XPOI deregulation was also observed in TDP-43 females, FUS-males and the C9orf72 animals.
Functional enrichment analysis also highlighted nucleocytoplasmic transport in human samples
and different mouse models (Fig. 7) (Caldi Gomes et al. 2023). This deregulation observed on
multiple molecular levels in different analyzed models suggested an important role of XPOI
for the disease-mechanism of ALS. Although multiple molecular pathways identified in our
analysis would merit therapeutic validation, we decided to choose MEK?2 and XPO1 as our
molecular drug targets.

The identification of XPO1 and MEK2 as molecular targets resulted in the selection of two
pharmacological substances, selinexor (inhibitor of XPO1) and trametinib (inhibitor of MEK?2)
subsequently, that are known to modulate these targets. Selinexor is an FDA-approved selective
inhibitor of nuclear transport (SINE) compounds. It binds to XPO1 and inhibits the nuclear
export of proteins. Trametinib, is also an FDA-approved compound currently used in cancer
treatment due to its antitumor properties, inhibiting cell proliferation and tumor growth. It is a
reversible, allosteric inhibitor of MEK 1 and MEK2.

I have been involved in the preparation of all human and animal samples for omics analysis
(e.g. RNA and protein isolation) for this project, and have also contributed to the process of
selecting the validation targets. However, the main tasks I conducted in for this doctoral

dissertation was related to the experimental validation of the selected targets in vitro. In the next



chapters, the validation of these pharmacological drug candidates in stress-induced cell culture
models mimicking different aspects of ALS pathology will be discussed. Positive results in the
validation will advocate the translation of these pharmacological drug targets to clinical phase

IT trials in ALS patients.
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Figure 6: Radar plots showing the functional enrichment for the MAPK signaling
pathway, the pathway involving MEK2 function, in proteomics (left) and RNAseq (right) in

the human samples and four other transgenic mouse models of ALS (Caldi Gomes et al. 2023).
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Figure 7: Radar plots showing the functional enrichment for nucleocytoplasmic transport,
the pathway involving XPOI1 function, in proteomics (left) and RNAseq (right) in the human

samples and four other transgenic mouse models of ALS (Caldi Gomes et al. 2023).



3.2 Establishment and characterization of cortical primary
cell cultures

To validate the selected molecular targets, we established primary cortical cell cultures from
P0-1 B57/Bl6 mice brains. Cells were cultured for 7 days in vitro to reach the desired level of
maturity and develop a sufficiently connected neurite network. Given that ALS pathology
affects not only neurons but also glial cells, such as astrocytes, we decided to establish a mixed
culture. In doing so, we avoided inhibiting glial proliferation by treating the culture with Ara-
C or other compounds, aiming to create a more relevant and relatable model for the study of
ALS (Pehar et al. 2017). Cultures were fixed at DIV7 and immunocytochemistry (ICC) was
performed. Cells were stained for neuronal markers (MAP2) and astrocytes markers (GFAP)
and DAPI. Fluorescence microscopy was done using 20x objective and random images were
captured (Figure 8A). The number of neurons and astrocytes were counted for three
independent cultures. Surviving cells contained 48.17% cortical neurons, 15.77% astrocytes
and 36.06% other glial cells (e.g. microglia, oligodendrocytes, oligodendrocyte progenitor
cells). Cultures have not been stained for other glial markers (Figure 8B, C).

In order to assess the influence of the targets on neuronal survival, we induced toxicity in
neurons, by treating the cells on DIV7 with chemical compounds that simulate some of the
known disease mechanisms in ALS, such as glutamate excitotoxicity (3.3.1) and stress granule

formation (3.3.4).
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Figure 8: Experimental design and characterization of the primary cortical culture. (A)

Schematic representation of the experimental steps. (B) Characterization of the culture through
immunocytochemistry. Cell nuclei stained with DAPI represents an estimation of the total
number of cells (blue). MAP2 was used as a neuronal marker (red) and GFAP shows astrocytes
(green). (C) Stacked bar plot demonstrates the proportion of the cell types present in three

independent cultures.

3.2.1 Glutamate excitotoxicity induces cell death and reduces
neurite outgrowth in primary cortical cultures

An excess amount of glutamate and glutamatergic activity causing excitotoxicity has been
recognized to contribute to motor neuron cell death occurring in ALS. In order to simulate this
effect, primary cortical cells were cultured for 7 days as described and treated with different
concentrations of glutamate (1 mM, 5 mM, and 10 mM) for 3 h (data not shown) and 6 h as
suggested in previous studies (Y. Zhang and Bhavnani 2005). Cells were fixed and stained for
MAP?2 and the apoptosis marker cleaved caspase 3. Random fluorescence microscopy was
performed using a 63x oil objective. Image analysis was performed by counting cleaved caspase
3 positive cells and measuring average neurite length using the neurite tracing plugin in Image
J. Significant cell death up to 50 % was observed after treatment with 5 mM glutamate for 6 h
(Figure 9A, B). 5 mM glutamate significantly increased apoptosis compared to vehicle-treated

cultures (cleaved caspase 3 relative signal intensity: 2.1 £ 0.1 vs. 0.98 + 0.06; P <0.0001;



unpaired t-test; n = 7; Figure 9A, C). Glutamate-treated cells also showed significant reduction
in neurite length in comparison to vehicle-treated cells (0.6 um = 0.05 vs. 0.97 pm + 0.06; P

<0.0001; unpaired t-test; n = 7; Figure 9A, D).
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Figure 9: Effects of glutamate excitotoxicity on primary cortical cultures. (A)
Representative images for the effects of glutamate treatment on primary cortical cultures
assessed by ICC. The neuronal marker MAP?2 is represented in green and the apoptosis marker
cleaved caspase 3 is represented in red (merge images). (B) Percentage of cleaved caspase-
positive cells after treatment with different concentrations of glutamate. (C-D) Effect of 5 mM
glutamate on cell death (C) and on average neurite length (D). Individual values for treated and
control conditions were normalized to the average of the controls within each individual
experiment. Scale bar: 20 um for all the images. Data are represented as mean + SEM for five

independent cultures and were tested by one-way ANOVA and unpaired t-test.



3.2.1.1 Glutamate excitotoxicity effects on XPO1

In order to investigate the effects of glutamate toxicity on XPO1 gene and protein expression,
Western blot and q-RT-PCR were performed. Cells were cultured for 7 days to reach maturity
and were treated either with 5 mM glutamate or vehicle for 6 h and RNA and protein were
isolated. Total XPO1 gene expression was not significantly altered in glutamate-treated cells
compared to vehicle-treated cells (AACt = 0.99 = 0.09 vs. 1.04 + 0.09; P = 0.6894; unpaired t-
test; n = 4; Figure 10A). However, our results from 5 different cultures showed a significant
increase in XPO1 total protein expression after treatment with glutamate in comparison to
vehicle-treated cells (XPO1/Lamin Bl band ratio = 1.060 £+ 0.04 vs. 2.52 + 0.12; P <0.0001;
unpaired t-test; n = 5; Figure 10B, C). In order to quantify the effects of glutamate
excitotoxicity on XPO1 nuclear localization, cells were treated with 5 mM glutamate for 6 h
and MAP2- and XPOl-positive cells were quantified by ICC. Image analysis revealed a
significant increase in XPO1 signal intensity in the nucleus of cells in the toxicity-induced
condition compared to vehicle-treated cultures (XPO1 relative signal intensity =1.41 £0.09 vs.
0.99 + 0.05; P = 0.0008; unpaired t-test; n = 4; Figure 10D, E). This suggests that glutamate

excitotoxicity results in XPO1 nuclear accumulation.
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Figure 10: Effects of glutamate excitotoxicity on XPO1 gene and protein expression. (A-
E) Glutamate excitotoxicity effects on XPOI1 total gene expression (A), on XPOI total protein
expression (B, C) and on XPOI nuclear localization (D, E). Scale bar: 20 um for all images.
Data are represented as single data points (in bar plots) and mean + SEM of four independent

cultures and were tested by unpaired t-test.

3.2.1.2 Glutamate excitotoxicity effects on MAP2K2 (MEK2)

To determine whether glutamate excitotoxicity impacts the expression of MEK2, we conducted
an analysis of both total gene and protein expression levels of MEK?2. The effects of glutamate
toxicity on MEK2 gene and protein expression were investigated also by q-RT-PCR and
Western blot. After treating the cells with glutamate for 6 h, total gene and protein level was
measured. Results from 5 different cultures showed a significant reduction in the overall gene
expression of MEK?2 in glutamate-treated cultures compared to vehicle-treated cultures (AACt

= 0.76 = 0.06 vs. 1.02 £ 0.07; P = 0.0144; unpaired t-test; n = 5; Figure 11A). WB results



revealed a minor, albeit statistically insignificant, decrease in MEK2 protein expression in
stress-induced cells in comparison to non-stressed cells (MEK2/Lamin B1 band ratio = 0.67 +
0.18 vs.1.0 £ 0.11; P = 0.1350; unpaired t-test; n = 5; Figure 11B, C). Next, since MEK2 is a
direct regulator of ERK1/2 phosphorylation in the MAPK pathway, we investigated the effect
of excitotoxicity on phosphorylation of ERK1/2 by Western blot for p-ERK1/2. Our results
showed a significant increase in p-ERK1/2 in glutamate-treated cells compared to vehicle-
treated cells (p-ERK1/2/ERK1/2 band ratio: 2.67 = 0.23 vs. 1.13 £ 0.07; P = 0.0032; unpaired
t-test; n = 4; Figure 11B, D). These findings suggest that excitotoxicity induces ERK1/2

phosphorylation and results in activation of the cascade.
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Figure 11: Effects of glutamate excitotoxicity on MEK?2 and p-ERK1/2 expression. (A) Bar
graph is showing the effect of 5 mM glutamate on MEK2 total gene expression quantified by
q-RT-PCR. (B-D) Effect of glutamate excitotoxicity on MEK?2 total protein level (B, C) and on
ERK1/2 phosphorylation (B, D). Data are represented as single data points and mean + SEM

of at least four independent cultures and were tested by unpaired t-test.



3.2.2 Sodium arsenite treatment induces stress granule
formation, cell death and reduces neurite average length

In order to induce stress granules, cells were treated with different concentrations of sodium
arsenite (SA) for different time periods: 0.5 mM, 1 mM, 10 mM for 30 min, 1 h, and 3 h. Cells
were fixed and stained for MAP2 and stress granule marker GTPase-activating protein-binding
protein 1 (G3BP1). This enzyme is a member of the heterogeneous nuclear RNA-binding
proteins and is also an element of the RAS signal transduction pathway. After microscopical
image acquisition, SGs were quantified by calculating the total G3BP1 fluorescence signal and
then dividing it by the total cell count. Notably, cortical neurons exhibited a higher level of
resistance to SG formation compared to astrocytes. Mature stress granule formation was
observed after 3 h treatment with 10 mM SA. The SA treatment led to a substantial increase in
the G3BP1 signal intensity when compared to vehicle- treated cultures (G3BP1 relative signal
intensity = 3.01 = 0.2 vs. 1.01 £+ 0.12; P <0.0001; unpaired t-test; n = 5; Figure 12A-C).
Additionally, the SA treatment significantly increased cell death when compared to vehicle-
treated cells (cleaved caspase 3 relative signal intensity = 1.46 £0.12 vs. 0.99+0.07; P=0.0017;
unpaired t-test; n = 5; Figure 12E, D). Furthermore, SA-treated cells showed significant
reduction in average neurite length compared to vehicle-treated cultures (0.75 um =+ 0.08 vs.

1.0 um + 0.05; P = 0.0126; unpaired t-test; n = 5; Figure 12F, D).
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tress ranul ndution on cell death and neurite length in primary
cortical cultures. (A) Exemplary images of cortical cultures treated with SA in different
concentrations and different incubation times. SGs are visualized by ICC using G3BP1
antibody (green signal, yellow arrow in magnified inset). (B, C) SGs quantification by ICC and
measuring G3BP1 fluorescence intensity. (D-F) Effect of SGs induction by 10 mM SA on cell
death (D, E) and on average neurite length (D, F). Scale bar: 20 pm for all the images. Data are

represented as mean = SEM of five independent cultures and were tested by unpaired t-test.

3.2.2.1 Expression and nuclear localization of XPO1 in the stress granule
model

In order to evaluate the XPO1 gene and protein expression, cells were subjected to a 3-hour
treatment with 10 mM SA, followed by q-RT-PCR and Western blot. A significant increase in
total XPO1 gene expression was observed under SA-treated cultures in comparison to vehicle-
treated cultures (AACt = 6.59 +2.02 vs. 1.04 £ 0.11; P = 0.0160; unpaired t-test; n = 5; Figure
13A). However, Western blot results indicated no significant difference in protein expression
between the SA-treated and vehicle-treated cells (XPO1/Lamin B1 band ratio = 1.1 + 0.17 vs.
1.01 £0.15; P =0.6989; unpaired t-test; n = 5; Figure 13B, C). To assess whether the induction



of stress granules influenced the nuclear localization of XPO1, cells were treated with SA,
double-stained for MAP2 and XPOI1. The fluorescence intensity of XPO1 in the nucleus
indicated no substantial alterations in XPO1 signal intensity within the nucleus of cells treated
with SA compared to vehicle-treated cells (XPO1 relative signal intensity = 1.01 = 0.05 vs. 1.0
+0.07; P =0.9801; n = 5; Figure 13D, E). Our findings suggest that SGs induction leads to an
elevation in XPO1 total gene expression, while it does not appear to influence XPO1 protein

expression or its retention within the nucleus.
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3.2.2.2 Stress granule formation effects on MEK2

The effects of stress granule induction on MEK2 gene and protein expression were investigated
by q-RT-PCR and WB after 3 h treatment with 10 mM SA. Our results from 5 different cultures
showed no significant alteration in MEK2 total gene expression in SA-treated cultures
compared to vehicle-treated cultures (AACt = 1.46 = 0.5 vs. 1.19 £ 0.24; P = 0.6302; unpaired
t-test; n = 5; Figure 14A). WB analysis also showed no significant changes in MEK2 protein
expression after SA treatment in comparison to vehicle-treated cells (MEK2/Lamin B1 band
ratio = 0.9 + 0.15 vs. 1.0 = 0.1; P = 0.5803; unpaired t-test; n = 5; Figure 14B, D). We
investigated the phosphorylation of ERK1/2 as the main target of MEK2 in the MAPK pathway,
by WB. Our results showed a significant increase in phospho-ERK1/2 protein expression in
SA-treated cells compared to vehicle-treated cells (p-ERK1/2/ ERK1/2 band ratio = 2.53 £ 0.52
vs. 1.07 £ 0.07; P = 0.0188; unpaired t-test; n = 3; Figure 14C, D). Overall, our results indicate
that SGs formation does not have a discernible impact on MEK2 gene or protein expression.
However, it does seem to activate the MAPK pathway through the induction of ERK1/2
phosphorylation.
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Figure 14: Stress granule induction effects on MEK2 gene and protein expression. (A-D)
SA treatment effect on MEK2 relative gene expression quantified by q-PCR (A), MEK2 total
protein expression quantified by WB (B, D), and on ERK1/2 phosphorylation (C, D). Data are
represented as single data points and mean + SEM of three of five different cultures and were

tested by unpaired t-test.

3.3 Toxicity of selinexor and trametinib in vitro

Assessment of toxic drug concentrations was conducted with the toxilight assay (Lonza,
Switzerland), which employs bioluminescence to measure the release of adenylate kinase (AK)
from cells undergoing toxicity-induced apoptosis. Higher values of luminometer light output,
relative light units (RLUs) are indicative of higher toxicity in cells. The selected test
concentrations were determined based on previously reported IC50 values for these drugs.

Selinexor (KPT-330) has an IC50 range of 34-203 nM (Etchin et al. 2013) and we tested



concentrations of 1 nM, 10 nM, 100 nM, 1 uM. For trametinib, an IC50 of approximately 2 nM
has been reported (Gilmartin et al. 2011b), and we evaluated concentrations of 2 nM, 20 nM,
and 200 nM, as well as 2 uM. As a positive control for the toxilight assay, cells were used
which were lysed by applying RIPA buffer. Cells were exposed to various drug concentrations
at DIV4. Toxicity was monitored at 24 h, 48 h, and 72 h (Figure 15A-C). As anticipated, the
highest concentration of selinexor (1 pM) exhibited noticeable toxicity at 48 h compared to
vehicle-treated cells (RLUs = 1327 + 95.54 vs. 831.5 +£26.94; P = <0.0001; ANOVA; n = 3;
Figure 15B) as well as at 72 h (RLUs = 1381 £61.21 vs. 979.2 £ 36.13; P =<0.0001; ANOVA;
n=3; Figure 15C). Additionally, 100 nM selinexor treatment induced higher toxicity compared
to vehicle-treated cultures at 72 h (RLUs = 1149 £ 15.35 vs. 979.2 + 36.13; P = 0.0196;
ANOVA; n = 3; Figure 15C). For validation experiments, 1 nM, 10 nM, and 100 nM
concentrations were selected. In the case of trametinib, a significant increase in toxicity was
only observed in the culture media of cells treated with 2 uM for 72 h in comparison to vehicle-
treated cells (RLUs = 1206 + 91.13 vs. 931.3 + 48.44; P = 0.0445; ANOVA; n = 3; Figure
15F). Thus, for the subsequent experiments, concentrations of 2 nM, 20 nM, and 200 nM for

trametinib were chosen.
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Figure 15: Evaluation of the toxicity of selinexor and trametinib in vitro by toxilight assay.
(A-F) Assessment of cytotoxicity of increasing concentrations of selinexor (A-C) and
trametinib (D-F) after 24 h, 48 h and 72 h in primary cortical cultured cells using the AK
detection reagent. The results represent the mean of triplicate wells. Data are represented as
single data points and mean = SEM of three different cultures and were tested by one-way

ANOVA.

3.4 Target (XPO1) engagement of selinexor

To demonstrate the functionality of selinexor and its engagement with the drug target, we
considered its mechanism of action. selinexor operates by binding to and inhibiting XPO1. This
inhibition by selinexor disrupts the export process of several nuclear proteins, promoting their
accumulation within the nucleus. Given this mode of action, we hypothesized that selinexor
treatment would impede the regular exit of the XPO1 complex from the nucleus (Gandhi et al.
2018). Consequently, this interruption would lead to the accumulation of its targeted proteins

within the nucleus, potentially triggering an overall increase in XPO1 expression at both the



gene and protein levels. This response might function as a compensatory mechanism to
counterbalance the disrupted nuclear export caused by selinexor. In order to test this hypothesis,
we treated the cells with concentrations of 0 nM, 1 nM, 10 nM and 100 nM selinexor for 72 h.
Protein and RNA were isolated as described and g-RT-PCR and Western blot was performed.
First the total XPO1 gene expression was quantified. Results from 4 different cultures showed
a significant increase in XPO1 relative gene expression with 100 nM selinexor compared to 0
nM condition (AACt = 2.6 + 0.4 vs. 1.02 £ 0.06; P = 0.0132; ANOVA; n = 4; Figure 16A).
Similar trends as observed in gene expression were also observed for protein expression results.
Notably, a substantial increase at the 100 nM selinexor concentration in comparison to 0 nM
concentration (XPO1/Lamin B1 band ratio =4.82 £ 1.34 vs. 1.0 £ 0.0; P =0.0258; ANOVA; n
= 4; Figure 16B, C) supported the compensatory production hypothesis of XPOIl. To
investigate the impact of XPO1 inhibition on the nuclear accumulation of its target proteins, we
focused on p62, an autophagy adaptor known to be among the targets of XPO1. Previous
research has demonstrated that XPO1 inhibition results in p62 nuclear accumulation. To verify
this hypothesis, we initially employed immunocytochemistry. Cells were subjected to various
concentrations of selinexor treatment for 72 hours, fixed, and subsequently stained for MAP2
and p62 (SQSTMI). Remarkably, p62 signal accumulation was observed with higher
concentrations of selinexor (Figure 16D). Further insight into these effects was gained by
conducting subcellular fractionations to separately assess the protein levels of both XPO1 and
p62 in the nucleus and cytoplasm. Western blotting was performed for XPO1 and p62 in distinct
nuclear and cytoplasmic fractions across three different cultures. The purity of the fractions was
assessed by employing nuclear marker Lamin Bl and cytoplasmic marker pyruvate
dehydrogenase (PDH). These designated markers also served as housekeeping proteins for the
purpose of normalization. An increase in XPO1 protein expression after treatment with 10 nM
and 100 nM selinexor was observed in cytoplasmic fractions in comparison to vehicle-treated
cells (XPO1/Lamin B1 band ratio for 10 nM selinexor = 2.2 + 0.06 vs. 1.0 = 0.0; P =0.0001;
ANOVA; n = 4; Figure 16E, F) and (XPO1/Lamin B1 band ratio for 100 nM selinexor = 2.3
+0.21 vs. 1.0 £ 0.0; P <0.0001; ANOVA; n =4; Figure 16E, F). An increase in XPO1 protein
expression corresponding to higher selinexor concentrations (10 nM and 100 nM) was also
observed in nuclear fractions compared to vehicle-treated condition (XPO1/Lamin B1 band
ratio for 10 nM selinexor =2.6 £0.11 vs = 1.0 £ 0.29; P =0.0187; ANOVA; n=4; Figure 16H,
I) and (XPO1/Lamin B1 band ratio for 100 nM: 2.9+ 0.24 vs. 1.0 £ 0.29; P =0.0060; ANOVA;
n = 4; Figure 16H, I). These results are potentially elucidating the rise in total protein levels.

As anticipated, augmented p62 protein levels were evident in nuclear fractions with increasing



selinexor concentration (Figure 16H, J). Interestingly, this effect was restricted in cytoplasmic

fractions and was particularly prominent with 100 nM selinexor, indicating a possible

compensatory cellular response (Figure 16E, G). It is worth noting that although these

outcomes lacked statistical significance - possibly due to the limited sample size - they might

be substantiated through replication in a larger number of cultures. Such experiments fell out

of the scope of this work due to time limitations but will be pursued in the future. Overall, these

findings collectively underscore the disruption of the normal XPOI1 nuclear transport in

response to selinexor.
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Figure 16: Selinexor effects on XPO1 RNA and protein expression and p62 nuclear
accumulation. (A) Bar graphs representing XPO1 relative gene expression after treatment with
different concentrations of selinexor for 72 h. (B, C) Bar graphs representing effects of
selinexor treatment on XPO1 total protein level after 72 h. (D) Fluorescence image shows p62
signal intensity after treatment with different concentrations of selinexor after 72 h. (E-J) WB
analysis of XPOIl and p62 protein levels after treatment with different concentrations of
selinexor in cytoplasmic fractions (E-G) and in nuclear fractions (H-J). Scale bar: 20 um for
all the images. Data are represented as single data points and mean + SEM of four different

cultures and were tested by one-way ANOVA.

3.4.1 Selinexor reduces cell death in glutamate-intoxicated cells

To explore the neuroprotective potential of selinexor, cells were treated at DIV4 with different
concentrations of selinexor (0 nM, 1 nM, 10 nM, 100 nM) for a 72-hour period. To induce
excitotoxicity, 5 mM glutamate was introduced for 6 hours at DIV7 in half of the wells in
culture plates. Subsequently, the cells were fixed and stained with MAP2 and cleaved caspase-

3 and random imaging was conducted. The neuroprotective effects of selinexor were assessed



by quantifying cell death (counting cleaved caspase 3 positive cells) and measuring neurite
length. Selinexor alone did not display any discernible impact on cell death or the average
length of neurites across any of the tested concentrations in non-stressed cells. Interestingly, in
glutamate-treated cells, selinexor at 1 nM and 10 nM demonstrated a notable reduction in
cleaved caspase 3 positive cells when compared to vehicle-treated cells (cleaved caspase 3
relative signal intensity for 1 nM selinexor = 1.54 £ 0.15 vs. 2.5+ 0.1; P <0.0001; ANOVA; n
= 5; Figure 17 A, B) and (cleaved caspase 3 relative signal intensity for 10 nM selinexor = 1.5
+0.12 vs. 2.5 £ 0.1; P <0.0001; ANOVA; n = 5; Figure 17A, B). Neurite outgrowth, on the
other hand, did not exhibit significant alterations upon exposure to selinexor (Figure 17A, C).
These results indicate beneficial effect of selinexor on reducing cell death in excitotoxicity-

induced cells.
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Figure 17: Evaluation of the neuroprotective effects of XPO1 inhibition by selinexor in
the glutamate excitotoxicity model. (A, B) Effects of different concentrations of selinexor on
apoptosis in glutamate and vehicle-treated cells analyzed by immunostaining. Scale bar: 20 um
for all the images. (C) Violin plots showing the effects of different concentrations of selinexor
on neurite outgrowth for glutamate- or vehicle-treated cultures. Data are represented as the

mean = SEM of five different cultures and were tested by one-way ANOVA.



3.4.2 Quantification of selinexor effects on XPO1 protein
expression and nuclear localization in the glutamate
excitotoxicity model

We have demonstrated that glutamate excitotoxicity induces an elevation in the total protein
levels of XPO1 and prompts the nuclear accumulation of XPO1. To explore the potential
counteractive effects of selinexor on this phenomenon, primary cortical cultures were cultured
for four days and subsequently treated with varying concentrations of selinexor. At DIV7, half
of the wells were subjected to glutamate excitotoxicity (5 mM for 6 hours). To assess the impact
of drug treatment and toxicity on XPOI1 localization, cells were fixed and subjected to staining
for MAP2 and XPO1. Random microscopy was conducted across three different cultures. The
nuclear fluorescence intensity of XPO1 was quantified in 10 images of each condition. Our
findings revealed no notable variations in XPO1 nuclear intensity across different selinexor
concentrations, both in cells with and without glutamate treatment (Figure 18A, B). To
investigate the overall XPO1 protein expression in response to selinexor treatment in stress-
induced cells, protein isolation was performed post-drug treatment and intoxication, followed
by Western blot analysis. In vehicle-treated cells, selinexor displayed an increased total XPO1
protein expression, consistent with previous observations. This phenomenon was posited as a
potential compensatory mechanism to address the trapped XPO1 in the nucleus. In cells
subjected to glutamate excitotoxicity induction, selinexor treatment did not exert a significant
change in XPO1 protein expression compared to cells without drug treatment. Although a slight
increase was observed with higher selinexor concentrations, this effect was notably lower than

what was observed in vehicle-treated cells (Figure 18C-E).



A Control 1 nM Selinexor 10 nM Selinexor 100 nM Selinexor
Merged Merged

0 mM glutamate

5 mM glutamate

E

0 mM glutamate : 5 mM glutamate
[ | |

0 mM glutamate : 5 mM glutamate

! 1: 1 1
6- : XPO1 |- ‘.
P=0.0001

P=0.0039

;haw;,ﬁﬂﬂ

o 1 10 100

. g |

Selinexor Con. (nM) Selinexor Con. (nM)

GAPDH | ! N

[} 1 10 100

Selinexor Con. (nM)

5 mM glutamate

XPO1 —| —| ——
S T T R R S TR T
GAPDH - b =

Selinexor Con. (nM) Selinexor Con. (nM) Selinexor Con. (nM)

XPO1 fluorescence intensity/cell
L)
1
w)
XPO1/GAPDH band intensity ratio
T

Figure 18: Evaluation of the selinexor effects of XPO1 protein expression and nuclear
localization in glutamate excitotoxicity model. (A, B) Effects of different concentrations of
selinexor on XPO1 nuclear intensity in glutamate and non-glutamate-treated cells analyzed by
immunostaining. Scale bar: 20 um for all the images. Data are presented as mean + SEM of
three different cultures and were tested using one-way ANOVA. (C-E) Western blot analysis
and quantification of selinexor effects on XPO1 with and without glutamate treatment. Data are
represented as single data points (in bar plots) and mean + SEM of five different cultures and

were tested by one-way ANOVA.

3.4.3 Selinexor did not affect stress granule formation but
reduced apoptosis in the stress granule model

As previously demonstrated, 10 mM sodium arsenite treatment induced stress granule

formation, increased cell death and reduced average neurite length without affecting XPO1



nuclear localization. Given that selinexor treatment increased XPO1 expression, we aimed to
investigate whether this alteration would influence stress granule formation, cell survival, and
average neurite length. To investigate the potential neuroprotective effects of selinexor on stress
granules model, cortical cultures were subjected to various concentrations (0 nM, 1 nM, 10 nM,
100 nM) of the drug at DIV4 for 72 hours. 10 mM SA was applied on DIV7 for 3 hours.
Following treatment, the cultures were fixed and subsequently stained for MAP2, cleaved
caspase 3, and the stress granule marker G3BP1. Random images were captured and
quantitative analysis of cell death, neurite length and G3BP1 fluorescence intensity were
performed. Treatment with selinexor showed no change in G3BP1 intensity in both SA and
vehicle-treated cells (Figure 19A, C) and had no effect on average neurite length (Figure 19
B, E). However, at concentrations of 1 nM and 10 nM, selinexor significantly reduced the
number of cleaved caspase 3-positive cells under SA-treated conditions compared to cultures
treated with 0 nM selinexor (cleaved caspase 3 relative signal intensity for 1 nM selinexor vs.
0 nM selinexor = 1.12 £ 0.09; vs. 1.57 £ 0.1; P = 0.0231; ANOVA; n = 4; Figure B, D) and
(cleaved caspase 3 relative signal intensity for 10 nM vs. 0 nM selinexor = 0.95 £ 0.07 vs. 1.57
+0.1; P=0.0001; ANOVA; n =4; Figure 19 B, D). Therefore, selinexor may have a positive

effect on neuronal survival without directly affecting the stress granule pathway.
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Figure 19: Evaluation of the neuroprotective effects of XPO1 inhibition by selinexor in

the stress granule model. (A) Effects of different concentrations of selinexor on G3BP1 signal



intensity in SA and non-SA-treated cells analyzed by immunostaining. Scale bar: 20 um for all
the images. (B) Effects of different concentrations of selinexor on cell survival in SA and non-
SA-treated cells analyzed by immunostaining. (C-E) Quantification plots showing the effects
of different concentrations of selinexor on G3BP1 signal intensity (C), on cell death (D) and on
average neurite length (E) in SA or vehicle-treated cells. Data are represented as the mean +

SEM of five independent cultures and were tested by one-way ANOVA.

3.5 Trametinib reduces ERK1/2 phosphorylation and
induces MEK?2 phosphorylation

To establish the engagement of trametinib with its drug target MEK?2, we reviewed the drug's
mechanism of action and focused on the broader context of the MEK2-associated pathway.
Notably, MEK2 plays a pivotal role in the RAS-RAF-MEK-ERK Pathway, where its
phosphorylation is essential for direct modulation of ERK1/2. Given this, we decided to
examine the expression levels of MEK2 and its downstream targets subsequent to treatment
with varying concentrations of trametinib. Our understanding is that trametinib binds to the
activation loop of MEK, disrupting the RAF-dependent phosphorylation of MEK. As a
consequence, we anticipated a reduction in p-MEK and p-ERK levels. To validate these effects
and the functionality of trametinib, we treated cells at DIV4 with the 2 nM, 20 nM and 200 nM
trametinib or DMSO. Post 72 hours, protein isolation was performed, followed by Western blot
analysis. We quantified the total protein expression of p-ERK1/2, ERK1/2, p-MEK, and MEK2
in four different cultures. As expected, our findings confirmed a significant reduction in
phospho-ERK1/2 protein expression with increasing trametinib concentration, , i.e., 20 nM
trametinib compared to 0 nM trametinib (p-ERK1/2/ ERK1/2 band ratio for 20 nM trametinib
vs. 0 nM trametinib = 0.25 + 0.06 vs. 0.6 = 0.04: P =0.0051; ANOVA; n =4; Figure A, B) and
(p-ERK1/2/ ERK1/2 band ratio for 200 nM trametinib vs. 0 nM trametinib = 0.17 £ 0.05 vs.
0.6 = 0.04; P = 0.0012; ANOVA; n = 4; Figure 20A, B). Notably, the total expression of
ERK1/2 and MEK2 exhibited no significant difference compared with vehicle-treated cells
(Figure 20A, C, E). Furthermore, 200 nM concentrations of trametinib significantly increased
p-MEK2 levels in comparison to vehicle-treated cells (p-MEK2/MEK?2 band ratio = 1.0 + 0.2
vs. 0.27 +£ 0.05; P = 0.0119; ANOVA; n = 4; Figure 20A, D). Considering the physiological
context, ERK activation is subject to negative feedback regulation by DUSPs at various levels
both downstream and upstream of MEK. Trametinib essentially disrupts this feedback
mechanism, thereby inducing MEK phosphorylation which could explain increased

phosphorylation of MEK2. In summary, our results underscore that the inhibition of MEK?2 by



trametinib directly hinders ERK1/2 phosphorylation, yet triggering phosphorylation of MEK

itself.
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Figure 20: Evaluation of the trametinib and MEK2 interaction. (A-E) WB analysis of p-
ERK1/2, ERK1/2, p-MEK2 and MEK2 after treatment with different concentrations of
trametinib for 72 h. Bar graphs representing effects of trametinib treatment on p-ERK1/2 (B),
ERK1/2 (C), p-MEK2 (D) and MEK2 (E) total protein level after 72 h. Data are represented as
single data points and mean + SEM of four independent cultures and were tested by one-way

ANOVA.



3.5.1 Glutamate-induced excitotoxicity increases p-ERK1/2 and
trametinib restores ERK phosphorylation

It is well documented that increased levels of extracellular glutamate trigger the
phosphorylation and activation of MAPK signaling pathways. This heightened influx of
calcium ions leads to an elevation in ERK phosphorylation (Figure 21A). In our study, we were
able to replicate these effects and confirm that glutamate excitotoxicity alone does not alter
MEK?2 protein expression but can enhance the phosphorylation of ERK1/2. Trametinib, on the
other hand, works by binding to the MEK2 activation loop, thereby inhibiting ERK1/2
phosphorylation (Figure 21B). To corroborate these effects in cells subjected to glutamate
excitotoxicity, we treated cells at DIV4 with varying trametinib concentrations (0 nM, 2 nM,
20 nM, and 200 nM) for 72 h. Subsequently, glutamate was applied at DIV7 for 6 h, followed
by cell lysis and protein isolation. Western blot analysis was performed to investigate total
protein expression of p-ERK1/2, p-MEK, ERK1/2 and MEK2 in at least three distinct cultures,
both with and without glutamate intoxication. The total protein expression of MEK2 and
ERK1/2 remained largely unchanged with trametinib treatment in both stressed and non-
stressed cells (Figure 21 C, E, F, H). As previously observed, glutamate excitotoxicity
significantly heightened phospho-ERK1/2 levels, which was completely restored by higher
concentrations of trametinib application (p-ERK1/2/ ERK1/2 band ratio for 20 nM trametinib
=0.5+0.06 vs. 1.43 +£0.39; P =0.0103; for 200 nM = 0.40 + 0.15 vs. 1.43 + 0.39; P = 0.0042;
ANOVA; n = 3; Figure 21G, H). Interestingly, while the application of excitotoxicity induction
did not alter p-MEK protein levels, an increase was observed with a concentration of 200 nM
trametinib compared to vehicle-treated cells in stress-induced cultures (p-MEK2/ MEK2 band
ratio = 3.2 £ 0.8 vs. 1.13 = 0.14; P = 0.0005; ANOVA; n = 3; Figure 21G, H). Additionally,
there was a slight, albeit non-significant, increase in MEK2 phosphorylation in vehicle-treated
cultures following treatment with higher concentrations of trametinib. Observed response is in

line with the negative feedback mechanism in reaction to increased ERK1/2 phosphorylation.
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Figure 21: Trametinib effects on MEK2, ERK1/2 protein expression and their
phosphorylation in the glutamate excitotoxicity model. (A) Schematic representation of the
excitotoxicity effects on RAS-RAF-MEK-ERK pathway. (B) Schematic representation of
trametinib mechanism of action in RAS-RAF-MEK-ERK pathway in an excitotoxicity
situation. (C-H) Western blot analysis and quantification of MEK2 (C, E), p-MEK (D, E),
ERK1/2 (F, H) and p-ERK1/2 (G, H), after treatment with different concentration of trametinib



for 72 h in glutamate and vehicle-treated cells. Data are represented as single data points and

mean = SEM of three independent cultures and were tested by one-way ANOVA.

3.5.2 Trametinib reduces apoptosis and attenuates neurite
degeneration in glutamate-intoxicated cells

To explore the potential neuroprotective effects of trametinib within a glutamate excitotoxicity
model, we treated cortical cultures with varying concentrations of the drug (0 nM, 2 nM, 20
nM, 200 nM) for a 72-hour period. Subsequently, the cells were subjected to a 6-hour treatment
with 5 mM glutamate, after which they were fixed and stained for MAP2 and cleaved caspase-
3. Random imaging across five different cultures was conducted and cell death and neurite
outgrowth were quantified. As previously demonstrated, excitotoxicity induced by glutamate
results in neuronal apoptosis, along with the degeneration of axons and dendrites. Notably,
concentrations of 20 nM and 200 nM trametinib showed a significant reduction in apoptosis
compared to vehicle condition (cleaved caspase 3 relative signal intensity for 20 nM trametinib:
1.77 £ 0.12 vs. 2.4 £ 0.13; P = 0.0027; for 200 nM; 1.89 + 0.12 vs. 2.4 £ 0.13; P = 0.0237;
ANOVA; n = 5; Figure 22A, B). Furthermore, a significant increase in average neurite length
was also observed with same concentrations of trametinib in comparison to vehicle-treated
cultures (for 20 nM = 1.35 pm £ 0.18 vs. 0.65 pm + 0.06; P <0.0001; for 200 nM = 1.18 pm +
0.18 vs. 0.65 um + 0.06173; P = 0.0003; ANOVA; n = 5; Figure 22A, C). Our data suggests
that trametinib functions by attenuating MEK2 activity and reducing ERK1/2 phosphorylation.
This orchestrated mechanism leads to decreased cell death and enhancing neurite regeneration,

under excitotoxic stress.



Control 2 nM Trametinib 20 nM Trametinib 200 nM Trametinib
' Merge +DAP

0 mM glutamate

Merge +DAPI

5 mM glutamate

{ “
|
* v
“i o . Y . ® ‘
R S \

C 0 mM glutamate 5 mM glutamate
0 mM glutamate 5 mM glutamate I 1T 1

I 1 T 1
P =0.0237

P = 0.0003

P < 0.0001
6 P = 0.0051 P —
—Pc00051 -

o
1

P<0.0001 : _P=0.0027

éé ...............................

20 200 o 20 200

IS
1

N
1

o
1

20 200 [}] 2 200

‘

Trametinib Con. (nM) Trametinib Con. (nM) Trametinib Con. (nM) Trametinib Con. (nM)

Figure 22: Evaluation of the neuroprotective effects of MEK2 inhibition by trametinib in

Neurite lenght/cell in relation to control
¥

l

Cleaved caspase 3 positive cells in relation to control

the glutamate excitotoxicity model. (A) Effects of different concentrations of trametinib on
apoptosis and neurite outgrowth in glutamate (5 mM)- and vehicle-treated cells analyzed by
immunostaining. Scale bar: 20 um for all the images. (B, C) Quantification plots showing the
effects of treatment with trametinib on cell survival (B) and neurite outgrowth (C) for
glutamate- or vehicle-treated cells. Data are represented as the mean + SEM of five independent

cultures and were tested by one-way ANOVA.

3.5.3 Trametinib restores sodium arsenite-induced ERK1/2
phosphorylation and induces MEK2 phosphorylation

Our findings indicate that - similar to glutamate excitotoxicity - sodium arsenite treatment does
not induce changes in MEK2 protein expression, yet it elevates ERK1/2 phosphorylation.

Arsenite is recognized for its ability to induce chromosomal damage and activate the ERK1/2



signaling pathway. To determine whether trametinib could counteract observed effects, we
treated the cortical cultures at DIV4 with 0 nM, 2 nM, 20 nM, and 200 nM trametinib for a 72-
hour period. At DIV7, cells were exposed to 10 mM SA for 3 hours, subsequently lysed, and
protein was isolated. We investigated total protein expression of p-ERK1/2, ERK1/2, p-MEK,
and MEK2 across at least three distinct cultures by WB, both with and without SA exposure.
The total protein expression of MEK2 and ERK1/2 remained unchanged with trametinib
treatment in both stressed and non-stressed cells, a result consistent with the previous data
(Figure 23A, C, D, F). Application of 20 nM trametinib and 200 nM trametinib effectively
reduced the phosphorylation of ERK1/2 in comparison to vehicle condition (p-ERK1/2/
ERK1/2 band ratio for 20 nM trametinib = 0.63 = 0.19 vs. 1.53 + 0.23; P = 0.0058; for 200 nM
trametinib = 0.5 + 0.15 vs. 1.53 + 0.23; P = 0.0016; ANOVA; n = 3; Figure 23E, F).
Interestingly, p-MEK protein levels remained unaffected upon sodium arsenite application;
however, its levels increased with 200 nM trametinib concentration compared to vehicle-treated
cells (p-MEK2/MEK2 band ratio = 2.27 = 0.5 vs. 0.77 £ 0.18; P = 0.0086; ANOVA; n = 3;
Figure 23B, C) in stress-induced cultures. A slight but not significant increase in MEK2
phosphorylation was also observed in vehicle-treated cultures after treatment with higher
concentrations of trametinib (Figure 23B, C). This response might be attributed to a previously

described feedback loop also observed in glutamate-intoxicated cells.
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Figure 23: Trametinib effects on MEK2, ERK1/2 protein expression and their
phosphorylation in the SA-intoxication model. (A-F) Western blot analysis and
quantification of MEK2 (A, C), p-MEK2 (B, C), ERK1/2 (D, F) and p-ERK 1/2 (E, F) after
treatment with different concentrations of trametinib for 72 h in SA and vehicle-treated cells.
Data are represented as single data points and mean + SEM of three independent cultures and

were tested by one-way ANOVA.

3.5.4 Trametinib significantly increases the average neurite
length in SA-treated cells

In order to validate the potential neuroprotective effects of trametinib in SA-treated cells,
cortical cultures were subjected to various concentrations (0 nM, 2 nM, 20 nM, 200 nM) of the
drug at DIV4 for a duration of 72 hours. SG-induction was accomplished by treating the cultures
with 10 mM sodium arsenite on DIV7 for 3 hours. Following treatment, the cultures were fixed
and stained for MAP2, cleaved caspase 3, and G3BP1. Random images were captured and cell
death, neurite outgrowth, and G3BP1 fluorescence intensity were analyzed. No notable changes

were detected in G3BP1 intensity with different concentrations of trametinib both in arsenite-



and vehicle-treated cells (Figure 24A, C). Nonetheless, small but significant reduction in the
number of cleaved caspase 3 positive cells was noted following 2 nM trametinib treatment
compared to vehicle-treated cultures (cleaved caspase 3 relative signal intensity = 1.12 + 0.06
vs. 1.43 £ 0.09; P = 0.0348; ANOVA; n=4; Figure 24B, D). Interestingly, all three trametinib
concentrations resulted in significant increase in the average neurite length in arsenite-treated
cells compared to vehicle-treated cells (for 2 nM = 0.86 um = 0.05 vs. 0.55 pm + 0.04; P =
0.0145 ; for 20 nM = 1.07 pum £ 0.07 vs. 0.55 um + 0.04; P <0.0001; for 200 nM =0.88 um +
0.05 vs. 0.55 um £ 0.04; P = 0.0047; ANOVA; n = 4; Figure 24B, E) although they did not
manifest the same effect in non-stressed cells. Our findings highlight the potential impact of

trametinib on neurite outgrowth under conditions of arsenite-induced stress.
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Figure 24: Evaluation of the neuroprotective effects of MEK2 inhibition by trametinib in
the SA-intoxication model. (A, C) Effects of different concentrations of trametinib on G3BP1
signal intensity in SA and non-SA-treated cells analyzed by immunostaining. Scale bar: 20 um
for all the images. (B) Effects of different concentrations of trametinib on cell survival in SA

and non-SA-treated cells analyzed by immunostaining. (D, E) Quantification plots showing the



effects of different concentrations of trametinib on cell death (D) and on neurite length (E) for

SA-treated cells and vehicle-treated cells. independent cultures. Data are represented as the

mean = SEM of five independent cultures and were tested by one-way ANOVA.

3.6 Schematic summary of the results
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Figure 25: Summary of the main findings. Graphical abstract demonstrates which

neuroprotective effects were observed by applying the inhibitors and modulating the targets in

SA-intoxication and glutamate-induced excitotoxicity models.



4 Discussion

4.1 Multi-omic profiling approaches revealed the MAPK
signaling and the nucleocytoplasmic transport

pathways as important pharmacological targets in
ALS

In this research, we undertook a comprehensive examination of ALS in the PFC using both
individual and combined analyses of various omics datasets. Our aim was to gain a thorough
understanding of the molecular framework in this brain region, which is impacted only in later
stages by TDP-43 pathology. Furthermore, by focusing on the PFC, we aimed to uncover
potential early disease mechanisms that may not anymore be detected in tissue that is affected
for a longer time. Interestingly, our integrative analyses drove our focus toward the MAPK. It
appeared as one of the most deregulated pathways in WGCNA analyses for animal models.
Functional enrichment showed a strong representation of the MAPK signaling pathway
particularly in the human samples. As a result, the MAPK pathway was proposed as an
auspicious therapeutic target across all human ALS subgroups. MEK2 plays a crucial role in
various aspects of neuronal biology, including neuronal differentiation, microtubule assembly,
and overall neuronal survival. As a key constituent of the MAPK signaling pathway, it emerges
as a compelling candidate for targeted intervention and pathway modulation. Furthermore, our
proteomic analyses revealed dysregulation of MEK2 in both the C9orf72 model (males and
females) and the SOD1 model (females). Involvement of members from the MAPK superfamily
in ALS pathology has been previously discussed. For instance, the Ser/Thr kinase, also known
as MAPK/MAK/MRK (MOK) kinase, has been shown to be linked to compromised microglial
function and the inflammation-related challenges associated with ALS pathophysiology (Pérez-
Cabello et al. 2023). MAPK signaling overactivity, including abnormal ERK1/2
phosphorylation, have been documented in ALS patients and ALS mouse models (Ayala et al.
2011). In our glutamate toxicity model, we also observed an increase in the phosphorylation of
ERK1/2. This mirrored the abnormal activation of the pathway, which was effectively
attenuated by the MEK2-inhibitor trametinib.

Apart from MEK2, our comprehensive multi-omic analysis underscored the significance of
XPOI as a promising molecular target for drug intervention. In both male and female SOD1
animal models, XPO1 emerged as one of the most differentially expressed proteins, displaying
significant upregulation. This trend was consistent with the corresponding increase in gene

expression levels within the same model. The perturbation of XPO1 was similarly evident in



other models, including TDP-43 females, FUS males, and the C9orf72 animals, thus
highlighting its widespread involvement across various molecular contexts. The functional
enrichment analysis also indicated that nucleocytoplasmic transport plays a significant role in
human samples. The consistent deregulation of XPO1 across multiple molecular layers in
distinct models underscores its pivotal role in the underlying mechanisms of ALS. All together
this cumulative evidence renders XPO1 and MEK2 compelling and intriguing candidates for

potential pharmacological intervention.

4.2 Exportin 1-inhibition has neuroprotective effects in the
glutamate excitotoxicity model

Excitotoxic mechanisms and their role in driving the development of neurodegenerative
diseases are gaining widespread recognition, but there is still a need to better understand their
contribution to neurodegeneration in ALS (Dong, Wang, and Qin 2009). We chose the
glutamate excitotoxicity model in order to validate our targets. Despite the fact that previous
studies typically revealed toxicity effects at micromolar glutamate levels, we observed cell
death only at millimolar concentrations. The heightened tolerance of cortical neurons to lower
glutamate levels and shorter exposure periods could potentially be attributed to the supportive
role of astrocytes. Astrocytes can protect cortical neurons against acute damage induced by
glutamate (L.-N. Zhang et al. 2019). Our results showed that a 72-h treatment with selinexor
significantly reduced apoptosis in glutamate-intoxicated cells. This demonstrates
neuroprotective effects of XPO1-inhibition that could potentially also be translated for ALS. It
has been shown that neurodegeneration and axonal damage in ALS are associated with mis-
localization of nuclear molecules such as TDP-43 to the cytoplasm as a result of nucleoporin
dysfunction (Aizawa et al. 2019). It is also known that excitotoxicity induces the movement of
specific RBPs associated with ALS, such as TDP-43 and FUS, from the nucleus to the
cytoplasm in neurons. FUS's translocation depends on calcium and is accompanied by
significant alterations in nucleocytoplasmic transport. Furthermore, FUS plays a critical role in
increasing the levels of GRIA2, an AMPA-type glutamate receptor subunit, when neurons are
exposed to glutamate-induced stress. As a result, retention of these molecules within the nuclear
compartment appears to be protective against such damage (Tischbein et al. 2019). These
findings establish important connections between important factors involved in
neurodegenerative  diseases, including excitotoxicity, disease-related RBPs, and
nucleocytoplasmic transport. In 2015 Haines et al., demonstrated that excitotoxic levels of

glutamate could induce the nuclear egress of FUS and TDP-43, into the cytoplasm of neurons



and targeting nuclear exportin was an effective approach to reduce axonal damage (Haines et
al. 2015) This hypothesis suggests that inhibiting or modulating the activity of specific
exportins could potentially be a therapeutic strategy for neurodegenerative conditions. By
preventing the abnormal export of nuclear molecules, it may be possible to preserve their
normal function within the nucleus and promote neuronal health. In the next steps this could be
validated in our models by showing the accumulation of RBPs such as TDP-43 in nuclear

fractions after treatment with selinexor.

On the other hand, the neuroprotective effects of XPO1-inhibition which we observed in our
results could be explained by other important processes in which XPO1 is involved. XPO1 is
also known to play a pivotal role in regulating cellular proteostasis. As a key nuclear export
receptor, XPO1 is primarily responsible for transporting a wide array of critical cargo
molecules, such as protein kinases, pre-ribosomal subunits, translation factors, cytoskeletal
proteins, and transcription factors from the nucleus to the cytoplasm (Kumar et al. 2022)
(Thakar et al. 2013). It has been shown that excitotoxic stimulation with glutamate can reduce
the proteasome activity, and lead to an accumulation of ubiquitinated proteins (Caldeira et al.
2013). Polyubiquitinated substrate transporter (POST)/DeSI1 contains a nuclear NES signal. It
interacts with UBIN and XPO1 to move UBIN and its polyubiquitinated protein cargo out of
the nucleus and into the cytosol. This UBIN-POST mechanism serves as a pathway designed
to effectively remove polyubiquitinated proteins from the nuclear environment, which could
play a role in maintaining nuclear protein balance (Hirayama et al. 2018). In our excitotoxicity
model we observed that there is an increase in XPO1 protein expression and nuclear localization
as a result of excitotoxicity. The observed effects could also stem from a disruption in the
proteostasis machinery, which requires validation. In this scenario, the inhibition of XPO1
through selinexor may regulate the transport of ubiquitinated proteins, potentially leading to

neuroprotection.

It is known that the autophagy process plays a pivotal role in safeguarding against and
mitigating pathological threats that could trigger neurodegeneration. Consequently, mutations
in genes responsible for autophagy components disrupt this process resulting in compromised
autophagy and ultimately contributing to neurodegenerative disorders like ALS (Chua et al.
2022). XPO1 has been identified as a modulator, participating in the transport of various
autophagy-related factors, such as transcription factors, kinases, and adaptor proteins such as
p62, from the nucleus to the cytoplasm. These exported factors, in turn, engage in orchestrating

autophagy induction, autophagosome formation, and lysosomal fusion. It has been shown that



XPOl-inhibition could enhance autophagy and induce p62 nuclear retention (Meng and Gao
2021) which we confirmed with our results. A pivotal orchestrator of autophagy and lysosomal
function genes, the transcription factor EB (TFEB), has gained attention as a promising target
for pharmacological intervention. It has been shown that obstructing the nuclear XPO1 through
RNA interference or SINE compounds results in the accumulation of TFEB within the nucleus.
This, in turn, amplifies autophagy as a safeguard against cellular aging. This could shift the
focus of the application of SINE compounds in cancer treatments to the potential advantages of

these compounds in neurodegenerative conditions and the aging process (Kumar et al. 2022).

4.3 Exportin 1-inhibition has neuroprotective effects in the
SA-toxicity model

Research on SGs in the context of ALS has attracted significant attention due to their
involvement in the degeneration of motor and cortical neurons. To assess our targets within this
model, we induced the formation of SGs in our cortical neurons. Notably, as previously
indicated, cortical neurons exhibited heightened resistance in generating SGs in comparison to
astrocytes. The effects were observed only under high concentration of SA and a longer
incubation time. Our results revealed improvement in cell survival by applying selinexor in
stress granule-induced cells. Disruptions in nucleocytoplasmic transport have been recognized
as a central factor in ALS and FTD triggered by the GGGGCC hexanucleotide repeat expansion
in C9ORF72 as well as other neurodegenerative disorders characterized by protein aggregation,
suggesting a common mechanism through which protein stress interferes with this transport
process (Freibaum et al. 2015), (Jovici¢ et al. 2015). It has been demonstrated that cellular stress
leads to the mislocalization of crucial nucleocytoplasmic transport components such as
RNA/protein complexes in stress granules that play a significant role in ALS progression. It
was shown that inhibition of stress granule formation alleviates both nucleocytoplasmic
transport impairments and neurodegeneration in C9ORF72-related ALS/FTD. These findings
establish a connection between stress granule assembly and nucleocytoplasmic transport (Kang
Zhang et al. 2019). On the other hand, a recent study showed that stress granules have the
potential to capture a notable portion of nucleocytoplasmic transport client proteins within the
cytoplasm. However, in that study, they showed that even though the arsenite treatment
significantly disturbed nucleocytoplasmic transport, the rate of nuclear import remained
unchanged over time when they inhibited the SGs formation. Therefore, there is no indication
that stress granules directly hinder nuclear import by sequestering nuclear import factors

(Vanneste et al. 2022). We also observed that XPO1 total gene and protein expression as well



as its nuclear intensity was not changed by sodium arsenite, which was sufficient to induce the
formation of stress granules. Our validation results also showed that inhibition of XPO1 with
selinexor did not significantly reduce the stress granule signal intensity which confirms the
independence of nucleocytoplasmic process from SGs assembly. As it was shown in the study
of Vanneste et al, arsenite treatment increased XPO1-mediated export or decreased importin-
B1-mediated import (Vanneste et al. 2022). Therefore, neuroprotective effects of selinexor
could be the consequence of inhibiting the export of ALS-related protein aggregates to the

cytoplasm, which needs to be further confirmed by Western blot in our model in the future.

4.4 MEK2-inhibition has neuroprotective effects in the
glutamate excitotoxicity model

The role of glutamate excitotoxicity in neurodegeneration and cell death in the context of
neurodegenerative diseases, such as ALS, has been demonstrated (Shaw and Ince 1997). We
confirmed that glutamate excitotoxicity negatively impacts cell survival and neurite length in
cortical neurons. It is known that the MAPK pathway has an important role in the regulation of
essential cellular functions. The exact involvement of this pathway in neurodegeneration is not
clear but there have been studies showing the role of MAPK/ERK pathway in
neurodegenerative diseases mostly through the inflammatory response and glial cell functions
(Ransohoff 2016). It has also been shown that glutamate can induce the activation of MAPK
pathways by promoting ERK1/2 phosphorylation (Ortufio-Sahagtn et al. 2014). Even though
ERK activation is important in cell survival and proliferation, delayed or persistent activation
of it can also be associated with neuronal damage (Stanciu et al. 2000). After glutamate
treatment in primary cortical cultures, we observed significant upregulation of p-ERK1/2. This
aberrant phosphorylation of ERK1/2, could be restored with 20 nM and 200 nM of trametinib.
Similar results were obtained by Xu et al. 2016 using T-006, a promising anti-Alzheimer
compound. In this publication, they demonstrated that inhibition of the MAPK/ERK pathway
with T-006 improves cell survival under glutamate-induced toxicity, but increase in neurite
length was shown only in unstressed conditions (Daping Xu et al. 2016). We observed that
trametinib does not impact cells in unstressed conditions. However, under excitotoxicity,
trametinib had an impact on cell survival and also significantly increased neurite length in
surviving cells. It is known that RAF-1/MEK/ERK 1/2 signaling cascade has an important role
in the regulation of neurite outgrowth through the phosphorylation of ERK1/2 (Liao et al. 2012).
However, this effect seems to be dependent on the duration and/or strength of the ERK signal

(Hausott and Klimaschewski 2019). Thus, an aberrantly increased phosphorylation or long-



lasting activation of ERK could result in negative effects, which could be the case in our toxicity
model. The effects of trametinib, achieved through the inhibition of ERK1/2 phosphorylation,
may explain the reduction in apoptosis and the increase of neurite length in surviving cells in a
stress-induced model. However, since the activation of this pathway is a result of the
phosphorylation cascade and involvement of many different players, investigating other up-
and down-stream components is necessary for a better understanding of the mechanism behind

it (Stanciu et al. 2000).

4.5 MEK?2 inhibition has neuroprotective effects in the SA-
toxicity model

Our data showed that sodium arsenite treatment resulted in cell death and also increased p-
ERK. It has been shown that arsenic compounds lead to activation of the MAPK pathways (p38,
JNK, and ERKI1/2). This modulation in turn activates the caspase pathway, ultimately
culminating in apoptosis (Juan et al. 2022). Increased phosphorylation of ERK in response to
arsenite was also shown in CL3 cells. Li et al, showed in their study that arsenite-activated ERK
could be blocked by two MEK1/2 inhibitors, PD98059 and U0126 (Li, Lin, and Yang 2006).
We also demonstrated that the elevated p-ERK levels were restored upon trametinib
application. This restoration was associated with a slight reduction in the number of cells
positive for cleaved caspase 3 and a notable increase in neurite length, showcasing overall
neuroprotective effects. Our findings indicated that trametinib treatment had no discernible
impact on the intensity of stress granules. The role of the MAPK signaling pathway in stress
granule formation has been previously established. However, previous studies unveil the novel
involvement of PI3K and MAPK/p38, which enhances the stress granule formation. These
kinases utilize the mTORC1 pathway, a master regulator of metabolism, to facilitate the
assembly of stress granules (Heberle et al. 2019). It's important to note that trametinib serves
as a MEK1/2 inhibitor, primarily influencing downstream components of the MEK pathway
without direct effects on upstream kinases. Consequently, we do not anticipate significant
alterations in stress granule formation as a direct outcome of trametinib treatment. Nevertheless,
given that the activation of MAPK signaling pathway involves a complex phosphorylation
cascade with numerous contributing factors as well as feedback responses, it is important to
explore additional upstream and downstream components to gain a more comprehensive insight

in the underlying mechanism.



4.6 Selinexor and trametinib as potential drugs for the
treatment of ALS

We have observed neuroprotective effects of selinexor in our in vitro models of ALS. However,
the exact mechanism of action behind this observation remains unclear and requires closer
investigation to substantiate the hypothesis regarding its precise mode of action. Nevertheless,
these findings also lend support to the potential of targeting the nucleocytoplasmic pathway as
a candidate for ALS therapy. Selinexor, has primarily been investigated in cancer studies and
in the context of neurodegenerative diseases due to its mechanism of action. Despite its
examination in relation to nucleocytoplasmic transport in ALS pathology, conclusive evidence
of its functional neuroprotective effects remains elusive (Vanneste and Van Den Bosch 2021).
Understanding this link is crucial for effective therapeutic targeting of nucleocytoplasmic
transport and harmful protein aggregates. Clinical trials have inadequately addressed
nucleocytoplasmic transport, despite its widespread dysfunction in ALS (Tzeplaeff et al. 2023).
To our knowledge, the only clinical trial investigating nucleocytoplasmic transport in ALS was
conducted by Biogen. This trial involved BIIB100, a nuclear-export inhibitor targeting XPO1
which was terminated in June 2021 without a clear explanation at the phase I trial stage
(NCT03945279). Nonetheless, this does not diminish the potential importance of targeting this
process for ALS therapy, particularly in the exploration of other underlying aspects of ALS
etiology.

We noted an elevated level of phosphorylated ERK1/2 in our both toxicity models.
Furthermore, in the SOD1 mouse model, we observed an increase in p-MEK?2 level, replicating
the abnormal activation of MAPK pathway. Importantly, this aberrant activation was
effectively reversed by the MEK2 inhibitor trametinib (Caldi Gomes et al. 2023). Trametinib
has gained attention as a candidate for drug repurposing in the realm of neurodegenerative
diseases. Currently, a phase I/I clinical trial (clinicaltrials.gov identifier: NCT04326283) is
underway to assess the safety, tolerability, and effectiveness of trametinib in ALS patients. No
previous published result demonstrates efficacy of trametinib, neither in vivo nor in vitro. Our
multi-omic data support the importance of separately evaluating male and female patients
(Caldi Gomes et al. 2023). It provides a unique insight into the molecular mechanisms of
trametinib using an in vitro model that mimics ALS pathology. Our work distinguishes itself
by separating the data by sex, revealing specific effects in females (Caldi Gomes et al. 2023).
This underscores the importance of considering sex as a variable, especially since ALS
predominantly affects males. In general, positive results in the validation of both molecular

targets and their inhibitors could advocate the translation of these to more clinical trials and



paves the way for considering selinexor and trametinib as promising candidates for potential

ALS treatment.



S Concluding remarks

The experiments conducted in this project highlighted the advantages of using high-throughput
omics techniques and leveraging of comprehensive datasets for the exploration of molecular
pathomechanisms of neurodegenerative disorders such as ALS. Our multi-omic profiling
approaches revealed multiple disease-relevant pathways and molecular therapeutic candidates
in ALS derived from the analysis of human prefrontal cortex tissue of ALS patients and
different transgenic ALS mouse models. XPO1 and MEK?2 were identified as being deregulated
and functionally enriched in various models, underscoring the significance of the MAPK
signaling pathway and nucleocytoplasmic transport in the pathomechanism of ALS. These
crucial targets were further corroborated through validation in stress-induced in vitro models.
The pharmacological compounds selinexor and trametinib targeting XPO1 and MEK2,
respectively, demonstrated neuroprotective effects in primary cell cultures subjected to stress.
We manipulated the expression of XPO-1 and MEK2 using small molecule inhibitors, selinexor
and trametinib. Our findings revealed that after a 72-hour treatment with trametinib at
concentrations of 20 nM and 200 nM, there was a complete restoration of elevated phospho-
ERK1/2 protein levels, a direct target of MEK2. This treatment also led to a significant
reduction in apoptosis and an increase in the average neurite length in cells exposed to glutamate
toxicity. Increase in neurite length was also observed with all 3 concentrations of trametinib in
SA-treated cultures without a direct effect on SGs intensity. This observation underscores
MEK?2 and the MAPK pathway as potential candidates to be targeted for halting neurite
degeneration. Conversely, when cells were exposed to selinexor at concentrations of 1 nM and
10 nM, a significant reduction in cell death was observed in both stress-induced models.
However, it did not induce a substantial effect on neurite length. This could draw attention to
the potential role of XPO1 and nucleocytoplasmic transport in regulation of apoptosis, this time
within the context of neurodegenerative diseases. Overall, these findings suggest the potential

of these compounds as promising novel therapeutic approaches for treating ALS.



6 Summary

In the context of MAXOMOD project, we conducted a comprehensive analysis involving
multiple omics data sets from the prefrontal cortex of 51 sporadic ALS patients and 50 control
subjects, along with four transgenic mouse models representing C9orf72-, SOD1-, TDP-43-,
and FUS-ALS, aiming to elucidate early and gender-specific disease mechanisms in ALS. Our
investigation revealed multiple deregulated molecular targets and pathways. XPO1 and
MAP2K2 (MEK?2) were selected to be validated in vitro. XPO1 is a major regulator of nuclear
RNA export and MEK2 has important roles in cell survival. To validate these molecular targets,
we established primary cortical cultures from PO C57/B16 mice. To assess the role of XPO1 and
MEK2 on neuronal survival we used in vitro toxicity models mimicking known disease
pathways in ALS, such as glutamate excitotoxicity and arsenite-induced stress granule
formation. We modulated the expression of XPO1 and MEK2 with pharmacological small
molecule inhibitors (selinexor and trametinib). Toxicity and functionality of the inhibitors were
investigated by Western blot, while neuroprotective effects of target inhibition were
investigated by immunocytochemistry (cleaved caspase 3) and analysis of neurite outgrowth
using image J. Our results demonstrated that 72 h treatment with 20 nM and 200 nM trametinib,
completely restored elevated phospho-ERK1/2 protein which is a direct target of MEK?2 and
significantly reduced apoptosis and increased average neurite length in glutamate-intoxicated
cells. 1 nM and 10 nM selinexor on the other hand, significantly reduced cell death in both
stress-induced models but didn’t affect average neurite length. Our findings suggest that XPO1
and MEK2 could be auspicious drug targets to be further explored for the treatment of ALS.
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9 List of abbreviations

AK: Adenylate kinase

AKDR: AK detection reagent

ALS: Amyotrophic lateral sclerosis

AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ANG: Angiogenin

ANOVA: Analysis of variance

ATXN2: Ataxin-2

C210RF2: Chromosome 21 open reading frame 2
C90ORF72: Chromosome 9 open reading frame 72
CHIT1: Chitotriosidase

CHI3L1: Chitinase-3-like protein 1

CNS: Central nervous system

CRM1: Chromosome maintenance protein 1

CSF: Cerebrospinal fluid

DDX3X: DEAD-Box Helicase 3 X-Linked

DIV: Day in vitro

DPRs: Dipeptide repeat proteins

DUSPs: Dual specificity phosphatases

EAAT?2: Excitatory amino acid transporter 2
ERK: Extracellular signal-regulated kinase

FDA: Food and Drug Administration

FTD: Frontotemporal dementia

FUS: Fused in sarcoma

G3BP1: GTPase-activating protein-binding protein 1

Glut:; Glutamate



HBSS: Hanks' Balanced Salt Solution

HRE: Hexanucleotide repeat expansion

ICC: Immunocytochemistry

iPSC: Induced pluripotent stem cells

ISR: Integrated stress response

JNK: Jun N-terminal kinase

LC3: Microtubule-associated protein 1A/1B-light chain 3
MAP2K2: Mitogen-activated protein kinase kinase 2
MAPK: Mitogen-activated protein kinase

MAXOMOD: Multiomic analysis of axono-synaptic degeneration in motoneuron disease
MEK2: Mitogen-activated protein kinase kinase 2

MND: Motor neuron disease

NEKI1: NIMA related kinase 1

NES: Nuclear export signal

Nf: Neurofilaments

NLRP3: NLR family pyrin domain containing 3

NMDA: N-methyl-D-aspartate

NOD2: Nucleotide-binding oligomerization domain-containing protein 2
NPC: Nuclear pore complex

OPTN: Optineurin

PBS: Phosphate buffered saline

PDH: pyruvate dehydrogenase

PFC: Prefrontal cortex

PI3K: Phosphoinositide 3-kinases

PSN: Penicillin-Streptomycin-Neomycin

RAN: Repeat-associated non-ATG

RBPs: RNA-binding proteins



ROS: Reactive oxygen species

RT: Room temperature

RTKs: Tyrosine kinase receptors

SA: Sodium arsenite

SETX: Senataxin

SG: Stress granule

SINE: Selective inhibitors of nuclear export
SOD1: Superoxide dismutase 1

SQSTM1: Sequestosome 1

TBK1: TANK-binding kinase 1

TDP-43: TAR DNA-binding protein 43

Trk: Tropomyosin receptor kinase

UsnRNPs: U-rich small nuclear ribonucleoproteins
WGCNA: Weighted gene co-expression network analysis

XPOL1: Exportin 1



